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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT
INSTITUTE OF SOUND AND VIBRATION RESEARCH

Doctor of Philosophy

by Ahmed YASHAR

This thesis covers the dynamic modelling of un-cracked and cracked rotating beams.
Accordingly, a new model of a rotating cracked beam is developed using the finite element
and the Rayleigh-Ritz method to characterise and analyse its dynamic behaviour. The
effect of various parameters are investigated, such as rotational speed, hub ratio and
slenderness ratio. In addition, the critical speed, buckling speed and veering phenomena
are identified. The numerical results produced are shown to be in good agreement with

models based on finite element representations.

In addition to the theoretical investigations, experimental validation is presented. A test
rig was designed and manufactured with a changeable rotating hub mount for different
test requirements. Moreover, the rig was conceived to incorporate capabilities such as
applying variable rotational speed using a variable frequency driver and provide vertical
base excitation input to the centre of rotation of the hub. The tests were performed using
random excitation at the root of the rotating cantilever beam to excite the flapwise modes
of the beam. The responses were then measured optically using a high-speed camera, and
the images were post-processed using a digital image correlation (DIC) method. This
non-invasive optical method was used to extract the temporal deflection of the beam.
The frequency response functions are then obtained from the measured responses. The
estimated modal frequencies were compared with numerical simulations to validate the
Rayleigh-Ritz and FE numerical models at various rotational speeds. Furthermore, an
experimental crack detection was implemented and the results showed a good match to
the introduced actual crack location and depth. The crack detection approach on the

rotating cracked beam uses the fundamental and second natural frequencies.

For vibration control of the rotating beam, a real-time velocity feedback control was
applied using a remote single optical high-speed camera. An electromagnetic actuator
was designed and mounted on the rotating hub to apply a feedback force on the rotating
beam. The results for vibration control of the rotating beam show significant active
damping and reduction in the amplitude of the first resonance over a wide range of

rotational speeds.
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Chapter 1

Introduction

Throughout modern history, turbomachinery remains a highly relevant mechanism in
rotating structures, such as wind turbines, helicopter blades and gas turbines. These
devices are essential in daily life supporting cities with power generation or use in trans-
portation, such as helicopters and aeroplanes. Typically, turbomachines comprise a
number of high speed rotating blades, nominally identical and dynamically balanced.
The operation of such machines can give rise to safety and durability issues. For ex-
ample, in the helicopter case flying a massive engine with sharp blades above buildings
could seriously endanger peoples lives. To overcome these problems, the possible fail-
ure of these devices must be considered and carefully eliminated or minimised to avoid
human and material losses. For these reasons, health monitoring and vibration con-
trol of rotating systems are constantly being developed and the pace of the growth in
the research in this area increases with improvements in computing capacity as well as

instrumentation and data acquisition from installed systems.

One of the most critical areas in health monitoring of a rotating structure is crack
detection, which is a cause for catastrophe and sudden collapse in turbomachinery ap-
plications. It is essential to understand how the crack occurs, to prevent or deal with it
using detection techniques. In addition to the manufacture or operational error, cracks
can occur due to environmental reasons such as erosion and corrosion or due to the fa-
tigue. Erosion occurs because of the physical impact of small solid particles such as sand
Castorrini et al. (2016), also according to Han et al. (2018) the leading edge of the blade
is more subjected to this type of damage. Corrosion takes place because of a chemical
reaction between moisture and metal blades Davis (2000) and this kind of damage can
occur anywhere in the helicopter body. According to the type of metal, both erosion and
corrosion can cause cracks on the blade surface. Besides, there are non-environmental
causes of cracks, such as accidents or fatigue. Accidents can be caused by misusing the
device mentioned above or by the fatigue of a material produced by frequently applied
loads on the blades from opposing directions Chen et al. (2013). In addition, the blades

can be subjected to variable forces in both direction and amplitude. As a result, each

1
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Figure 1.1: Applications of rotating beams. Wind turbine REpower 5M in the
North Sea off the coast of Belgium Hillewaert (2008). A General Electric J85-
GE-17A turbojet engine (1970) Acharya (2008). Bell 206 Jetranger helicopter
Field (2006).

taking off and landing decreases the lifespan of a helicopter blade and increases the crack
probability.

Mode 1 Mode 1 Mode 111
(Opening) (In-Plane Shear) (Out-of-Plane Shear)

- »

Figure 1.2: Crack modes. (Anderson, 2005)

The characteristic and behaviour of typical cracks can be very different but typically are
characterised according to three main factors, which are type, location and the depth

of the crack. Crack types are either opening, sliding and tearing Anderson (2005) as
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shown in Figure 1.2. These types give different behaviour depending on the direction
of the crack relative to the direction of any applied force. In addition to these modes,
there are two different variables that change the effect of the crack, firstly, the location
of the crack according to the attached structure or fixed points, for example, in the
wind turbine the centre of rotation. When the crack is near the root, the effect increases
because of the moment principle. When the distance from the tip of the blade to the
crack is longer, the effect of the crack becomes greater. The second variable is the depth
of the crack Liu and Jiang (2014). The deeper cracks impact more than the shallow

ones.

In accordance with this information, crack detection is a complicated procedure because
there are different types, sizes, directions and orientations of the cracks. This is why
there are numerous methods to detect blade cracks, each approach designed to inspect
specific types of these defects. Omne of the earliest methods is x-ray pictures, which
inspects damages and cracks, though cracks smaller than half an inch were impossible
to detect with this method G. P. Engels and Thomas (1993). The second method is
Magnetic Flux Preventive (MFP); this method is perfect to examine even tiny faults (in
all the types of cracks) on the surface of a metallic blade. However, magnetic flux does
not work on non-magnetic blades such as titanium and aluminium G. P. Engels and
Thomas (1993). The third method is Cockpit Blade Inspection Method (CBIM) Centro
de Publicaciones (2006); the process involves pressurising the inner hollow of the rotor
blades with nitrogen. When a crack is present, the pressure is lost and this indicates on
the cockpit display. This method is used in Sikorsky S-61 Series helicopters Figure 1.3.
The first two methods (X-Ray Pictures and Magnetic Flux Preventive) can be applied
in special laboratories that have the necessary equipment. The third method (Blade
Inspection Method) has the advantage of a real-time indicator that can detect hairline

fractures while the helicopter is on a mission.

Furthermore, according to Marks et al. (2017) the structural health monitoring (SHM)
techniques typically applied for helicopters and wind turbines can detect defects long
before they have influenced the performance of the system. Moreover, acoustic emis-
sion (AE) considers one of the powerful mechanisms for detecting the source of energy
release from the structure, such as due to fatigue crack initiation, growth or corrosion.
The advantage of this technique is in passive monitoring, which does not require external
excitation to detect and identify damage. However, the disadvantage of this technique
is that other acoustic signals exist, such as vibration or due to noise from the gear-
box, which can be incorrectly interpreted as a defect (Baxter et al. (2007)). Moreover,
the health and usage monitoring system (HUMS) has received considerable attention
recently for increasing the mission safety and the equipment reliability in addition to
reducing the maintenance costs. However, this system is based on monitoring the gear-
box and the usage of the helicopter (Pawar and Ganguli (2007)). As a result, detection

of cracks is of very great importance especially their location and orientation, since the
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symptoms can be different for each case. Most of these techniques are based on an in-
depth analysis of the signal from different locations of the vehicle. The signal processing
is based on analysing this data for comparison against a pattern of the signals recorded
for the healthy state of the structure. Then, the changes in these patterns are studied
constantly and remotely with consideration of the structure’s age. For example, Dervilis

et al. (2014) used damage diagnosis of a wind turbine based on pattern recognition.

Figure 1.3: Sikorsky S-61L Chen (2012)

This thesis presents a new approach to investigate and analyse the vibrational behaviour
of rotating cantilever beams with and without cracks, which can be representative for
example of helicopter blades or wind turbines blades, using optical measurements. The
numerical results of the developed models will be illustrated and compared with the

results reproduced from previously published work.

A model of uniform cross-section cantilever beam will be considered and the free and
forced vibration characteristics will be calculated. In addition, the effect of the angular
rotational speed will be considered, by comparing the natural frequencies with respect

to the rotational speed.

Subsequently, a numerical model of the crack will be introduced into the rotating system
and the same analysis will be performed on the cracked system. The outcome of this
will be compared with the theoretical results obtained from FEM and the Rayleigh-Ritz
method, to validate the models developed and to compare the method with a wide range
of published literature on the vibration of rotating beams, crack modelling and analysis

of rotating cracked beams and blades.

The design of an experimental test rig will be presented for comparison to the theoretical
predictions. In addition to the open crack, a bilinear or breathing crack will be modelled

for time-domain simulations using FEM. The experimental results will be acquired using
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a high-speed camera and three types of recently developed digital image processing

methods.

Finally, two applications will be presented based on the model developed in the last part
of this thesis, which is to do with crack identification and active vibration control of the
rotating beam. The crack location and depth detection will be based on the experimental
measurement and theoretical updated model. Regarding vibration control, a simulation
model in addition to the experimental test will be performed using velocity feedback.
The latter based on non-contacting optical measurements and electromagnetic force

application.

1.1 The aims and objectives of this research

In general, the aims of this research are; firstly, to determine via modelling the dynamic
behaviour of cracked and un-cracked rotating beams. Secondly, to identify the crack, if
it exists, from changes in the free and forced vibration characteristics. Thirdly, to apply
a suitable non-invasive method to measure the natural frequencies of the rotating beam
using optical measurements instead of using typical accelerometer sensors. Finally, the
project aims to apply active control methods to reduce or minimise the vibration of the

rotating beam.

The first objective covers the characterisation and analysis. This will require the devel-
opment of a new approach, using both the Finite Element Method and the Rayleigh-Ritz
method using method of variational energy principles for rotating cracked beams, con-
sidering the additional flexibility and centrifugal stiffening due to the crack and rotation,
respectively. Moreover, the gyroscopic effect will be included to simulate most of the

actual applied loads to structure.

For crack identification, the model of a crack is introduced to the rotating beam model.
The model should accurately represent the effect of different crack location, depth and
orientation. In addition, calculation of the second and third modes are required besides
the fundamental mode to identify the crack. These results will be compared with the
un-cracked beam and the difference will lead to a potential identification methodology

for the crack, its depth and its location.

Typical vibration instrumentation such as accelerometers have disadvantages for rotat-
ing systems, mainly due to the wiring and the extra mass. Therefore optical measure-
ment techniques will be applied to provide accurate and non-intrusive measurements for

validation of the model, the crack identification and also active control.

Active vibration control of a rotating beam will be considered. Using optical measure-
ment the velocity feedback control method will be implemented on the non-rotating and

rotating beam. Generally, rotating beams can be controlled passively by limiting the



6 Chapter 1 Introduction

rotational speed range, adding mass/damping and changing the profile design. Alter-
natively, active control can be used by employing sensors and actuators to control the
vibration by providing control forces in order to reduce undesirable vibrations or add

damping, etc.

1.2 The structure of the thesis

This thesis is organized into eight chapters. The scope of each chapter is provided as

follows.

Chapter 2 presents the literature survey, which reviews the relevant methods that are
currently used for modelling a rotating beam, either cracked or uncracked. In addition,
the relevant optical measurement methods are presented including a brief description of
the relevant digital image processing techniques such as digital image correlation. Fur-
thermore, experimental work covering vibration measurement and crack detection are

mentioned.

Chapter 3 covers the main methods for modelling a rotating beam, firstly by a sim-
ple force equilibrium method and then using Hamilton’s principle. In addition, various
numerical methods to solve the resulting partial differential equations are shown in de-
tail, using either the finite element or Rayleigh-Ritz method. Then, the modelling of a
rotating cracked beam element is developed with a massless spring connecting the two
segments of the beam and incorporating this within the FE model. Likewise, the crack is
also introduced into the Rayleigh-Ritz approach, as a reduction in the potential energy

of the system due to the additional flexibility of the crack.

In chapter 4 the results of simulations using the main two numerical modelling ap-
proaches are shown, focusing on various aspects such as comparing the two approximate
methods. Moreover, the effects of different parameters such as rotational speed, hub
radius and slenderness ratio on the natural frequency speed curves are illustrated. The
explanation of how they affect the results are described. Moreover, the effect of an open

crack and a bilinear crack are illustrated.

Chapter 5 presents an overview of the experimental design, which is subsequently
manufactured with specific dimensions, and a mechanism to measure the vibration of
the flapwise and chordwise vibrations of the rotating beam with and without crack.
Furthermore, the results are obtained for different beam dimensions using high speed
cameras in different configurations. Three different image processing methods namely
digital image correlation (DIC), marker detection and colour blob detection are evalu-
ated and contrasted. Moreover, the natural frequency results are then compared with

the simulation results.
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Chapter 6 applies an optical measurement method and image processing to detect and
identify the location and depth of a crack in a rotating beam. The method developed
is based on experimentally measuring the two lowest natural frequencies of the rotating
beam at different rotational speeds and generating natural frequency versus rotational
speed curves. Then, comparing these curves with the corresponding ones obtained from
a numerical two-dimensional parametric study, the parameters of which are the crack
location and depth, an updated Rayleigh-Ritz model is used to identify the optimum fit

for identification of the crack properties.

Chapter 7 applies active vibration control on a rotating beam. The active control
strategy is velocity feedback. Firstly, a simulation model is developed and tested to
reduce the amplitude of the vibration during the rotation of the beam. Then, a novel
experimental test is performed using a high speed camera, as a sensor, and an electro-
magnetic actuator after modifying the earlier test rig for this application. Active control
is applied at different rotational speeds and behaviour of the open and close-loop system
is analysed to obtain the gain margin and the phase margin of the system for stability

analysis.

In chapter 8, the overall conclusions and suggestions for future work are provided.

1.3 The contributions to date

This thesis includes numerical and experimental contributions to the field of the vibration

modelling and control of rotating beams with and without cracks.

e The numerical contribution starts with models of a rotating cantilever beam us-
ing a Rayleigh-Ritz method, with a special trial function to reduce the numerical
errors. In addition, a new rotating open and bilinear cracked finite element is
developed, using an energy method and the principle of fracture mechanics. Fur-
thermore, the gyroscopic coupling effect, which couples the stretch and bending
motion of the chordwise vibration, is considered in this new rotating cracked beam
model. Moreover, a novel model of a cracked cantilever beam is developed by sub-
tracting the effect of the crack from the total potential energy of the intact rotating
cantilever beam utilizing the Rayleigh-Ritz method.

e The experimental contribution to date is the design and manufacturing of a test rig
with a multi functional rotating hub. The rig has the ability to test a beam up to a
controllable speed of 24000 rpm and apply an excitation through the rotating shaft

to the base of the rotating cantilever beam. Furthermore, the flapwise vibration
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can be measured using an optical high speed camera. In addition, the rig possesses

the ability to perform an active vibration test using an electromagnetic actuator.

e The experiment uses recently available optical measurements for the non-invasive
or remote measurement of the vibration, comprising three different types of digital
image processing. The experimental and simulation results were compared to verify

the results.

e Active vibration control of rotating beam based on real time, remote optical mea-

surement and velocity feedback.

This study has a potential impact and application in the development of a health mon-
itoring and vibration control system for rotating structures, such as wind turbines or

helicopter blades.



Chapter 2

Literature review

Rotating beams play a significant role in the design of various engineering applications
such as gas turbine blades, helicopter propellers and wind turbines. Cracks are the most
common defects in these structures that might lead to increased vibration, which can
eventually destroy the structure. Investigations are often made regarding the vibrational
behaviour of a cracked rotating blade, which includes crack identification and detection

methods so that consecutive damage could be prevented or reduced.

This chapter will concentrate on studies, which investigate the area of rotating cracked
beams. Three main aspects that deal with modelling a rotating beam structure with
and without cracks will be discussed in the first three sections, which include modelling

of rotating beams, modelling of cracks and modelling of rotating cracked beams.

In addition, the digital image correlation is used to measure the vibration without con-
tact with the vibrating object. The method can determine the vibration of the rotating
structure. Furthermore, several experimental results and procedures will be explained

in the final section.

2.1 Vibration of rotating homogeneous cantilever beams

The main two well-known beam theories are Timoshenko and Euler-Bernoulli. The main
assumptions are based on small displacement of linear vibration. These assumptions can

be listed in three main points for the Timoshenko beam theory;

e The material in the plane, which is perpendicular to the longitudinal axis before

deformation, will remain in the plane during deformation.

e The displacement along the unloaded direction is zero (plane strain assumption).
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e Along any cross-section the displacement in the loaded direction is the same, which

means there is no stretch in the thickness of the beam.

Regarding Euler-Bernoulli beam, the additional assumption is that the shear deforma-
tions are negligible if the beam is long and thin so that the aspect ratio (length to
thickness) is greater than 10 Inman and Tech (2006). Intact rotating beams are gener-
ally simplified as being a one dimensional Euler-Bernoulli or Timoshenko beam subjected
to centrifugal forces.The stretching causes additional stiffness to the bending stiffness
of the structure, with certain consequences in the variation of the natural frequencies
and the mode shapes. Numerous published studies have looked into the effect of the
rotational speed on the natural vibration of rotating cantilever beams, which will be

briefly presented below.

Various studies deal with modelling and developing mathematical expressions to de-
scribe vibration of rotating beams. Rubinstein and Stadter (1972) studied the vibration
of rotating simply supported-free uniform beams and found that the natural frequencies
of bending vibration tended to increase above those for the non-rotating beams due to
the centrifugal effect. Bhat (1986) applied the Rayleigh Ritz method for modelling a
cantilever rotating beam (fixed-free) with a tip mass, using beam characteristic orthog-
onal polynomials to evaluate the natural frequencies of the flexural modes. However,
both studies only considered the lateral vibration of cantilever beams, which is in the

flapwise motion.

Subsequently, a significant improvement in describing the vibration of rotating beams
were proposed by Yoo and Shin (1998), where a new set of coordinates was introduced
based on stretching and bending deformation using energy methods. Cai et al. (2004),
Chung and Yoo (2002) and Yang et al. (2004) expressed the linear partial differential
equations for the flapwise, chordwise and stretch motions of a rotating beam, which
consist of a non-cartesian variable to describe the elastic (stretch) deformation as shown
in Figure 2.1, and two Cartesian variables (chord-wise and flap-wise deformations). All
of the displacements in the three directions are linear and Chung and Yoo (2002) used a
finite element method, derived from Hamiltonian’s principle, which was also used by Kim
et al. (2013), to investigate the free vibration characteristics of rotating beams for the
axial, chordwise and flapwise motion. The new coordinates introduce the coupling effect
between the chordwise and the longitudinal vibration, which significantly changes the
vibration behaviour by veering between chordwise bending and longitudinal stretched
modes. In contrast, Zhao and Wu (2017) indicate that the Coriolis term does not
significantly affect the chordwise bending frequency of a rotating beam without crack.
Advanced investigations subsequently have been developed to study rotating beams
with specific profile and shapes. Rao and Gupta (2001) included the effects of twist,
offset, speed of rotation and taper ratios on the natural frequencies and mode shapes

of a rotating twisted and tapered beam using a finite element method. However, an
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important contribution is the application of the dynamic stiffness method (DSM) by
Banerjee et al. (2006), which extended the analysis to a wider context at the same
time as providing accurate results using the Frobenius method. The method formulated
the dynamic stiffness matrix for the dynamic analysis of rotating tapered beams. The
dynamic stiffness method has all the features of the finite element method, nevertheless

the DSM allows an exact vibration analysis of structures to be possible.

Simultaneously, another group of research has worked on optimizing beam profile shape
or dimensions to adjust the natural frequencies, which could increase the working life
of the blades or the rotating structures. Yoo et al. (2006) introduced an optimisation
method for rotating cantilever beams to satisfy certain modal characteristics, result-
ing in the beam profiles as shown in Figure 2.2. The shape optimization was per-
formed to increase the fundamental frequency of the beam. Ozdemir and Kaya (2006)
investigated the vibration characteristics of rotating tapered cantilevers following both
Fuler-Bernoulli and Timoshenko beam theory from a differential transformation method
(DTM). This investigation led to finding an inverse relationship between the taper ratio
and non-dimensional natural frequency, as shown in Figure 2.3, where the taper ratio
is1— ﬁ—i with Ay and Ay being the free end area and the area of the cantilever base,
respectively. In practice, for example, wind turbines or helicopter blades are not uniform
beams and they are considered to have a taper ratio. Again, their study was also limited
to flapwise direction motion. However, Mazanoglu and Guler (2017) proposed a flapwise
and chordwise flexural vibration analysis for centrifugally stiffened for the axial direction
tapered beam. The axially functionally graded (AFG) model was simulated using the
Rayleigh-Ritz method and compared with solid FE model built in FE simulation soft-
ware. The model simulated different boundary conditions. The Rayleigh-Ritz method
also can be adapted for composite material using a different structural theory. An ex-
ample is the Classical Laminated Plate Theory Chai (1994), where the free vibration
of beams on different support conditions were studied. Another reported study used a
first-order shear deformation theory (FSDT) Oliveri and Milazzo (2018). Here in these
two theories the change in mass density and the elasticity of the material were necessary

in order to formulate the problem for its solution using the Rayleigh-Ritz method.

In addition to modelling and optimisation, the frequency and time domain responses
were investigated to study the behaviour of the rotating cantilever beam under various
operating conditions. Chung and Yoo (2002) studied the time response of rotating beams
during start-up, steady speed and decreasing speed. With two different patterns of
running machine (smooth running and non-smooth running), as shown in Figure 2.4, the
results led the investigators to conclude that working under a smooth running condition
causes a large reduction in the vibration of the rotating beam. Obviously, from all of
these different research results, which include modelling, optimising and analysis, the
conclusions are consistent in that increasing the rotational speed leads to an increase in

the natural frequencies of vibration for rotating cantilever beams.
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Figure 2.1: Description of the deformation of a rotating beam.
up, ug, wi represent the deformation in the X direction, Y direction and non-
Cartesian stretch direction. (Cai et al., 2004)

(a) Beam shape that minimises the first natural fre- (b) Beam shape that maximises the first natural fre-
quency. quency

Figure 2.2: The optimisation research of rotating cantilever beams (Yoo et al.,
2006).

Nondimensional Natural Frequency

1.2

Taper Ratio

Figure 2.3: The inverse relationship between the taper ratio and the six low-
est non-dimensional natural frequencies. Hub ratio= 0 (Ozdemir and Kaya,
2006). The taper ratio is the function of the change of the beam area at the tip
compared to the base area.
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Figure 2.4: Profiles of the dimensionless rotating speed  for the dimensionless
time 7: (a) the smooth profile and (b) the non-smooth profile (Chung and Yoo,
2002). The forms lead to reduced vibration during operation of speed up and
slowing down of the rotational speed.

2.2 Crack modelling

A decrease in the natural frequencies occurs in cracked beams because of the additional
flexibility that is brought forth due to the presence of cracks. Countless researchers have
looked into the modelling of cracks. In general, these models are based on crack modes,
which are three in type namely opening, sliding and tearing as shown in Figure 1.2
(Anderson, 2005). These modes depend on the location and orientation of the crack

according to the forces, which are applied to the structure.

The analysis of the local flexibility of the cracked area in the structural element has been
computed by relating the flexibility to the crack stress intensity factor (SIF'), which shows
the stress intensity near to the tip of a crack that occurs due to remote loads or residual
stresses. According to this principle, a method was developed for the calculation of the
SIF based on local bending stiffness Schijve (2004), which is the inverse of the local
flexibility of a cracked beam that can be determined theoretically. The stress intensity

factor can be obtained from (2.1),

K = o\/maF (2.1)

where o, F' and a represent the applied stress, correction factor from the geometry change
and crack length, respectively. This concept was applied subsequently by numerous
researchers. Anifantis and Dimarogonas (1984) extended the Paris equation principle,
which is used to determine the deflection of a cracked member, to calculate the deflection
of cracked elements in the buckling of a cracked beam. A similar approach was used by
Gounaris and Dimarogonas (1988) to develop a single cracked element consistent matrix
for an Euler-Bernoulli beam; the ability of this research was limited in finding the crack
size when the location of the crack is known by measuring the amplitude of vibration .
Qian et al. (1990) developed a finite element model of a cracked cantilever beam with
an edge-crack, by deriving an element stiffness matrix of a beam with a crack from an
integration of the stress intensity factors, which shows a very good agreement with the

experimental results. However, this work was restricted to in-plane vibration, which did
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not include the tearing mode of vibration. Another publication by Chondros et al. (1998)
studied a continuous cracked beam vibration theory for the lateral vibration of cracked
Euler-Bernoulli beams with single/double edge open cracks. They also compared the
results of a double edge for the crack with experimental results. Multi cracked beams
can also be modelled using their technique. Various applications used different cross
sectional area or structural design that needs a number of stress intensity factors. Zheng
and Kessissoglou (2004) determined the natural frequencies and mode shapes of cracked
rectangular and circular cross sectional beams using the finite element method based on
fracture mechanics principles. An overall additional flexibility matrix was added to the
flexibility matrix of the corresponding intact beam element to obtain the total flexibility

matrix of the cracked beam.

Regarding structural design, Ibrahim et al. (2013) investigated the effects of crack depth
and crack location on the in-plane free vibration of cracked frame structures numerically
using the Finite Element Method. The results of this research show clear relationships
between the crack location and crack depth versus natural frequencies and concluded
that an inverse relationship existed between the crack depth ratio and the natural fre-
quencies. Moreover, the closer the crack is to the fixed end of the beam, the larger is the
crack effect on the natural frequencies. Similar effects were studied by Panigrahi and
Parhi (2009) and the results were compared with solid models built using FE software,

as shown in Figure 2.5.

Further investigations were discovered where determining the crack depth using open
crack models lead to an underestimation of the actual depth of the crack, which could
be a reason to ignore the seriousness of the crack. Therefore, the breathing or closing
crack was studied to mitigate this issue. The breathing or closing crack was studied
by Vigneshwaran and Behera (2014) using Castigiliano’s theorem and strain energy
release rate (SERR) to calculate the influence coefficients, which were later used to find
the stiffness of the cracked beam. To simplify the non-linearity of a closing crack the
breathing crack beam can be modelled as a piecewise linear system (bilinear breathing
crack). Chondros et al. (2001) followed this simple bilinear beam approach with only
two states, either fully open or fully closed, as shown in Figure 2.6. It was also assumed
that the undeformed state of the beam is a transition period from the open state to
closed state. Simulation of a bilinear crack was represented as a time variable stiffness
crack Ruotolo et al. (1996), where the properties of a crack are changing with time. In
addition, the time variation was represented as a square-wave function. The equation

of motion becomes,

Mii + Div+ (K — 6K f(t))u = R (2.2)

where M, D and K represent mass matrix, damping matrix, stiffness matrix and f(t)
is represented by a square wave as shown in Figure 2.7. The upper and lower side of
the wave represent opening and closing movement of the crack. Actual or physical crack

face contact were studied by Chati et al. (1997). This approach is more realistic from
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the physical means than the time variable stiffness. The study of either the fully open
and fully closed crack state was defined depending on the slope of the left and right hand
side of the crack. Furthermore, SDOF and two DOF models of a bilinear crack were
identified to determine the first two lower bilinear frequencies as given in Equations 2.3

and 2.4 and shown in Figures 2.8 and 2.9.

2
Qg = A2 SPOF (2.3)
w1 + w2
2 2
Ql:m QQZM — v 9DOF (2.4)
w11 + wWa1 w12 + w22

where g, €21 and 9 represent the fundamental bilinear frequency of SDOF system,
the first lower bilinear frequency of the two DOF system and the second lowest bilinear
frequency of two DOF lumped mass system respectively. w1 and we are the fundamental
natural frequencies for a SDOF system with a single and double spring respectively.
Finally, w1, w12, wo1 and woo are the fundamental and second natural frequency for the
first mass and the fundamental and second natural frequency for the second mass respec-
tively Chati et al. (1997). This model was built to understand the essential nonlinear

dynamics of the cracked beam.

According to these studies, cracks can be modelled by the following two steps, firstly by
using the stress intensity factors, which are based on the principles of fracture mechanics
and secondly by applying the Paris equation to calculate the deflection of the cracked

elements. Using these steps, the equation of motion for cracked beams can be formulated.

The cracks are divided into three types: opening, sliding and tearing as shown in Fig-
ure 1.2(Anderson, 2005). These types are dependent on the load direction. However,
the most important factors, which reduce the natural frequencies, are the crack depth

and its location.

Cracks can be modelled based on:

1. The boundary relationships between crack sides (I:left and r:right). Considering

(a) Continuity of vertical displacement, v; = v,

(b) Discontinuity of the slope or cross section relation, ¥; = v,+ fracture term,
where '= partial derivative with respect to x, where z is the length along the

beam.
(¢) Equilibrium of vertical bending moment, M; = M,
(d) Equilibrium of shear force. S; = S,

The continuity refers to equal values on both sides of the crack. Regarding dis-

continuity, this is where stress intensity factors will be added to the equation’s
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right-hand side to become equal with the left side as in point (b) (Karaagac et al.,
2009; Ibrahim et al., 2013).

2. An additional local flexibility by considering the crack as a massless spring. Here
the flexibility of the beam will be calculated first, then the extra flexibility that is
generated by the crack will be added to the beam’s flexibility. (Qian et al., 1990;
Vigneshwaran and Behera, 2014)

3. The elasto-plastic crack, being similar to the previous two methods, with the only

difference is to consider the plastic zone in the calculation. (Krawczuk et al., 2000)

4. Bilinear crack or breathing crack, which is variable with time. A bilinear-type
breathing crack is either fully open or fully closed as illustrated. The response

develops as a function of time as shown in Figure 2.6. (Chondros et al., 2001)

Figure 2.5: Cracked beam meshed with solid element. (Panigrahi and Parhi,
2009)

OpeIAl ;r k Open crack
24r*
t t, t, t t

Closed crack
2Ar*

-1
'
Figure 2.6: Lateral motion of a simply supported beam with a breathing crack
at the mid-span initially bent in its first mode, where ¢, w refer to time and
vibration amplitude, respectively. Chondros et al. (2001)
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Figure 2.7: The dotted line represents an approximation to the square wave
(Ruotolo et al., 1996)
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Figure 2.8: The SDOF bilinear system Chati et al. (1997)
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Figure 2.9: The two DOF bilinear system Chati et al. (1997).

2.3 Vibration of rotating cracked cantilever beams

The probability that cracks occur becomes much higher in dynamic structures, especially
when the structures are rotating objects because of physical impacts or friction with
other objects or cyclic loading. Therefore the investigations into cracked blades or
rotating beams were carried out from as early as the 1970s, yet some failure cases were
reported during the 1950s Bachschmid et al. (2010).

Most researchers built their models based on the local flexibility, correlated to the crack
geometry. Chen and Shen (1997) and Lien-Wen and Chiung-Lu (1988) investigated the
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vibration and stability of thick rotating blades with a single crack by considering the
transverse shear deformation effect and the rotary inertia effect. Numerous research has
been concentrated on rotating cracked shafts Papadopoulos and Dimarogonas (1987);
Sekhar and Prabhu (1998); Silani et al. (2013) deal with axial and lateral coupling
vibration of cracked rotating shaft, health monitoring in rotors and detecting cracks in

rotating shafts, respectively.

Kim and Kim (2003) numerically simulated a rotating cantilever beam with a breathing
crack. The local flexibility matrix was determined by a mechanical fracture approach.
This study mentioned the importance of modelling breathing cracks, since for an open
cracked beam the outcome revealed a frequency reduction and underestimated the crack
depth due to neglecting the influence of opening and closing of the crack. However,
most research carried out before Chung and Yoo (2002) have modelled rotating beams
without considering the effect of the gyroscopic coupling between the longitudinal and

chordwise vibrations.

Furthermore, statistical methods have been used to identify cracked rotating beams.
Banerjee and Pohit (2014) studied the crack detection (location and size) on a rotating
cantilever beam based on fractal dimension (FD), which is a statistic of a geometrical
ratio, as shown in Figure 2.10. The main focus of their study was to extract damage
from measuring the fractal dimension between two successive points on the mode shape,

as shown in Figure 2.10(c) for a rotating cracked beam.

Silani et al. (2013) studied vibration analysis of rotating systems having cracks by mod-
ifying the integration limits of the flexibility matrix of the crack, which provides more
accurate results. The research provided a dynamic response of a rotor with an open and
closed crack using the frequency/time domain approach and it is considered as a basis
for producing an on-line monitoring system. However, modelling needs to be modified

so it fits on rotating blades or beams.

According to the authors, not much investigation has been made into the area of rotating
cracked beams, ”from the literature review, it is evident not much work has been carried
out on cracked rotating beams.” (Banerjee and Pohit, 2014). In addition, ”compared with
enormous research on vibration analysis of intact rotating beams, less attention has been
focused on the vibration characteristics of cracked rotating beams.” (Cheng et al., 2011).
From the previous two papers, that were published in 2011 and 2014, it is evident that

a lot of research might still be applicable in this area and still needs to be developed.
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Figure 2.10: Modelling and results of a rotating cracked cantilever beam (Baner-
jee and Pohit, 2014)

2.4 Digital image correlation method

Digital Image Correlation (DIC) is a full-field image analysis method, non-intrusive,
based on grey value digital images, which is easy to implement. Powerful optical metrol-
ogy can thus determine the outline and measure the deformations of an object under

load in two or three dimensions.

The elementary principle of DIC is the tracking (or matching) of the same spots (or
pixels) between the two pictures taken before and after deformation. In order to calculate
the displacements of point P, a square reference subset of (2M + 1) x (2M + 1) pixels
centred at point P (x0,y0) from the reference image is selected and used to track its
corresponding location in the deformed image, where M refer to the minimum numbers
of pixels for each point or spot is a number varying from different software and also
depends on the test specimen size. A square subset, rather than an individual pixel,

is selected for matching since the subset comprising a wider variation in grey values
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Figure 2.11: Basic principle of subset-based DIC method: tracking the same
pixel point in the reference and deformed image determine its displacement
vector Pan et al. (2009).

distinguishes itself from other subsets, and can, therefore, be more uniquely recognised

in the distorted image as shown in Figure 2.11.

One of the most important advantages of this method is its ability to measure the vi-
bration without attaching sensors to the system, especially in the high-speed rotating
system where attaching extra sensors such as accelerometer are not viable due to con-
necting the wiring. Even for wireless sensors, the mass of sensors could be considerable

and affect the vibration of the system.

Due to the rapid increase in the image recording speed and quality, recently the digital
image correlation methods have become accessible and applicable in numerous vibration
analysis. For example, Hagara et al. (2015) performed experimental modal analysis of
the vibration of plates using high-speed digital image correlation. The block diagram for
a test setup is shown in Figure 2.12, where an impact hammer is used to excite the object
and two high-speed cameras feed a stereo image to the data acquisition system. Cameras
are set to 2000s frame per second (sample per second) to measure response approximately
between 0 and 1000 Hz. It is worth mentioning that a stereo camera system is usually
employed to measure 3D displacement. This system has the capability to detect out of
plane displacement. Nevertheless, a single camera system can be applied to assess the
lateral oscillation of the beam as in Romaszko et al. (2015), where the camera is set up
perpendicular to the plane of motion. Furthermore, Molina-Viedma et al. (2018) used
a combination of digital image correlation and a motion magnification algorithm. This
was performed in order to provide numerical information in the magnified videos and
perform DIC mode shape characterisation at high frequencies, through increasing the
amplitude of the displacements. Furthermore, the phase change in the different scale
magnified video frames were used to extract the motion of the structure. Utilizing an
edge detection approach, this method allows a full field motion study to be carried out
without special coating of the structure with point or other markers Yang et al. (2017).
However, due to the multi post-processing stages this method limited to the optical

vibration measurement and not suitable for real-time control applications.
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Figure 2.12: Block scheme for correlation system Q-450 Dantec Dynamics used
for the purposes of experimental modal analysis Hagara et al. (2015).

2.5 Experimental work on crack detection

Experimental studies have been performed by numerous researchers to validate the nu-
merical results. Selected works are listed below, which would give an idea about specimen
selection and test setup. Cantilever non-rotating beams are usually chosen as specimens
in examining the effects of cracks. Excitation methods vary between hammer impact and
using electrodynamic shakers, which are typically attached to the base of the cantilever
beam. Roving accelerometer or hammer positions are used in a procedure to estimate
the mode shapes. Chondros et al. (2001) studied a breathing crack and assumed two
states for the cracked beam (fully open crack and fully closed crack). The experimental
model was built as a prismatic beam made of aluminium. A sharp notch was placed at
the mid-span with a perpendicular orientation to the longitudinal axis and the longest
length of the cross section, i.e. the height of the beam. One end of the beam was fixed
to the shaker table, and the other end was set free. Thirty specimens were set up with
crack depths ranging from 5 to 60% of the beam thickness. A similar test was performed
with simply supported beams. The analysis based on the effect of crack depth on the

natural frequency are shown in Figure 2.13.

Vakil Baghmisheh et al. (2012) carried out six beam experiments with different crack
positions and depths. The crack was created using a 0.5mm thickness saw. The di-
mension of the beam was 820mm length, 20mm width and 10mm thickness, made of
aluminium with density 2700 kg.m™3 . The beam was fixed free. Hammer testing was
performed by hitting at 90mm distance from the fixed end and the dynamic response
was measured by an accelerometer placed at 650mm from the fixed end. The results
were obtained using a FFT analyser. Figure 2.14 shows the experimental results of the

frequency response with and without crack.

Nahvi and Jabbari (2005) studied crack detection using experimental modal data and an

FE model. The cracked beam modelled was 290mm length, 22.5x13mm cross-section,
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(Chondros et al., 2001)

2800 kg.m ™2 density, 0.3 Poisson’s ratio, 175 GPa Young’s modulus. An impact hammer
test was performed using a 8202 B&K hammer and an accelerometer (PCB Triaxial ICP).
Nahvi and Jabbari (2005) used the first two natural frequencies to identify the crack in
the beam. To obtain the best results the beam was excited at various points along the

length, as shown in Figure 2.15. The test was repeated eight times.

The previous three research attempts repeatedly implemented a classic method using
force excitation and acquisition of the accelerometer data. Nevertheless, recently re-
searchers tend to use visual methods, since it is non-intrusive. To be exact, there is no
additional mass due to attaching an accelerometer. Moreover, there is no necessity to
use a roving hammer or accelerometer, owing to full-field imaging. Even more, the en-
vironment of the test could avoid connecting the test specimen to the analyser by wires
such as moving parts, for example blades or the propeller of turbines. The digital image
correlation was used in research as mentioned previously in section 2.4 by Romaszko
et al. (2015); Hagara et al. (2015).
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Conclusion

An overview of the dynamic behaviour of a rotating cantilever beam with and without
crack provides a picture of the studies that focused on two main aspects that will con-
tribute to developing a new model of a rotating cracked cantilever beam. These aspects

are the modelling of a rotating beam and modelling of a cracked beam.

Each topic is well established, however in the case of studying rotating cracked beams
there is a lack of publications and many gaps are observed, such as considering the gy-
roscopic effect, which was introduced to the rotating intact beam after 2002. Regarding
the effect of cracks, open and breathing cracks are modelled and studied carefully in
non-rotating structures. In rotating structures, most research which deals with cracked
rotating structures discount the effect of stretch vibration and thus the coupling of modes
in the chordwise vibration. Nevertheless, investigation into rotating cracked beams still

needs to be extended as mentioned in Section 2.3.

Therefore, an aim of the research is to investigate the vibrational behaviour and control
of rotating beams with and without cracks. The primary contribution of this study
thus far is on introducing a crack modelled using fractional mechanics principles to
the rotating beam possessing three-dimensional described vibration (including flapwise,
chordwise and stretched vibration). Also, the gyroscopic effect is considered which cou-
ples the chordwise and stretch modes together. In addition to the crack, introducing a
new method of measuring will be applied using a digital image correlation method, which
is a non-invasive and remote measuring method. This study has a potential future ap-
plication in remote and non-invasive real-time health monitoring of rotating structures,
such as wind turbines or even in high speed rotating helicopter blades especially with the
vast improvement in camera sensors and computational speed. The next chapter covers
the original developments in modelling the intact and cracked rotating beam pursued

and developed in this study.






Chapter 3

Modelling of a rotating beam

with and without crack

3.1 Introduction

This chapter will provide an introduction to the modelling of a rotating cracked cantilever
beam. In general, beams have three main types of vibration which are extensional,
torsional and bending. Similarly, rotating cantilever beams can possess these three main
types of vibration. However, the focus of this thesis is on the bending and stretch modes.
As shown in Figure 3.1, the first type of motion is the flapwise motion, which is a lateral
bending motion perpendicular to the plane of rotation, i.e. out of the plane of rotation.
The second type of motion is the chordwise vibration, which is also bending motion
conversely it is parallel to the plane of rotation. While the third type of motion is called
a stretch, which occurs radial along the longitudinal axis of the beam. The rotational
motion applies a radially centrifugal force on the beam. This additional force tends to

stretch the beam in the axial direction and increase the beam natural frequencies.

In the first part of this chapter three different modelling approaches are developed for
a rotating beam. The equation of flapwise vibration of the rotating cantilever beam is
used first, employing a simple force equilibrium equation. This method is simple and
straightforward to use to formulate a model, but the representation of the motion is
limited to the flapwise vibration. Therefore, a more general description of the three-
dimensional motion of the flapwise and chordwise vibration of the rotating beam will be

derived using Lagrange’s equations as in Chung and Yoo (2002).

The equations of motion for the rotating beam will be solved numerically using a finite
element method (FEM). Regarding FEM, two types of rotating beam elements will be
generated. The first one is an element with two degrees of freedom at each node used

for the flapwise motion and the second model is one having three degrees of freedom at

25
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the nodes used for the chordwise vibration. This difference is related to the coupling of
chordwise and stretch motion and is independent of the flapwise motion. These elements

will be explained in detail in section 3.2.1.

Subsequently, a new three dimensional model of a rotating beam is developed utilizing
a variational method (Rayleigh-Ritz). The model proposed is based on a combination
of the shape functions for the static deflection of a tip loaded cantilever beam. Later,

the corresponding stiffness and mass matrices are obtained.

Next, the additional local flexibility that is generated by an open crack will be included
in the mathematical dynamic formulation by applying fracture mechanics’ principles.
The open crack is modelled as a massless spring, which creates a relationship between
the strain energy and the applied force on the structure as discussed by Dimarogonas
(1996); Zheng and Kessissoglou (2004).

Finally, the additional flexibility in the proposed model that is generated from the crack
is introduced to the system by subtracting the effect of the crack from the total potential
energy of the system when using Rayleigh Ritz method. This is instead of the typical
crack modelling, which considers two intact segments in the left and right of the crack

and the total potential energy of the system are obtained by summation the energy of

the intact parts and the massless spring.

1z

flapwise

Figure 3.1: Rotating cantilever beam configuration.
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3.2 Modelling of a rotating uncracked cantilever beam

A rotating beam is considered as a homogeneous Euler-Bernoulli, uniform and isotropic
cantilever beam of a length L, with a cross sectional area A, Young’s modulus of elasticity
F and mass density p. It is attached to a rigid hub with radius » about an axis through
point O as shown in Figure 3.1. The cantilever beam and the rigid hub are rotating
about the vertical axis z with angular velocity §2. The cantilever beam’s length is along
the z axis. The chordwise vibration occurs in the xy plane, parallel to the plane of
rotation, and flapwise vibration in the xz plane, perpendicular to the plane of rotation.
This coordinate system (zyz) rotates with the hub. According to many researchers (Kim
et al., 2013; Lima, 2012; Cheng et al., 2011), rotating cantilever beams can possess two
main types of vibration. The first one is the flapwise motion, which is perpendicular to
the plane of rotation and the second one is in the chordwise direction, which is parallel

to the plane of rotation, as shown in Figure 3.1.

The equation of motion for the lateral flapwise vibration of the beam subjected to an

axial force can be written as;(Rao, 2007)

Pw 9 0w 0 ow

where p, A, E, I, w, P and f represent the mass density, cross sectional area, modulus of
elasticity, second moment of area, transverse displacement, longitudinal axial force and
transverse lateral distributed force, respectively. For free vibration and uniform cross
section, Equation 3.1 can be rewritten as

pA

2 4
07w Ow 9 (P?Z) —0 (3.2)

Y ) Sl
oz T T o

For a rotating beam, the axial force P is due to and equal to the centrifugal force in

Figure 3.2 and can be obtained from,
L 1
P(z) = / pAQ* (x + r)dx = pAQ*{r(L — z) — §(L2 —2?)} (3.3)

The equation of motion for the transverse vibration of the rotating beam can be obtained
by substituting Equation 3.3 into Equation 3.2;

O?w *w

0
A— + ET— —
P Y + Ozt

1 ow
— pAQ? L—z)— (> 2%+ ¢ = 4
pa? im0 - -G =0 (3a)
For the free vibration of the rotating beam, a harmonic solution of the following form
is assumed.
w(z,t) = W(z) cos(wt — ¢) (3.5)
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where W, w, ¢ are the amplitude, angular frequency and the phase of the vibration.

Substituting the solution, Equation 3.5, into Equation 3.4 yields,

— pAWW? + EI

w1 d 1 dW
— ZpAQ2— L—12)—=(L?=2)]— =0 3.6
ot~ A (- o) - -] (36)

and the boundary conditions assumed are

W(x):dVZgEz) =0 , =0
W (z) W (x)
a2 e 0, =z (3.7)
Q
&
w
v
P(x)

x dx

Figure 3.2: Lateral vibration of the beam subjected to an axial force P(x)

The exact solution of Equation 3.6 is difficult to obtain analytically due to the inclusion

of centrifugal force and the term %(:UQ%). Nevertheless, an approximate method using
a numerical method such as the finite element method or the Rayleigh-Ritz method can

be used to solve this equation, as will be explained in detail in the next two sections.

3.2.1 An energy method using Chung and Yoo (2002)’s approach

Obtaining the equation of motion for the rotating cantilever beam using the continuous
system is already known. However, the result of this method is particular for the flapwise
vibration. In order to calculate both the flapwise and chordwise vibration, it is necessary
to use a general method that enables one to describe the system in three dimensions.
Most recent research (Chung and Yoo, 2002; Kim et al., 2013; Lima, 2012) follows an
energy method, which is firstly an evaluation of the displacement and the velocity of
the deflection. Then, calculation of both the Lagrangian functional and work done on
the system is used to derive the equations of motion, as explained later by applying an
extended Hamilton principle (Chung and Yoo, 2002). Finally, the equations of motion

can be solved by one of the numerical approximations.
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The extended Hamilton’s principle, which is based on the kinetic energy, potential energy
and the work done on the system, will be used to derive the differential equations of

motion. This principle can be expressed mathematically as

S = /tf (L +W)dt =0 (3.8)

where S is defined as the action integral (Thomsen, 2003), t;, t¢ represent the initial and
final time, respectively. £ is known as Lagrangian functional or the Lagrangian density
function, and W represents the work done on the system by non-conservative forces.
The Lagrangian functional £ is related to both kinetic K F and potential energy PE

and is given by the following equation,
L=KFE—-PFE (3.9)

Replacing Equation 3.9 into Equation 3.8 and also taking into account that the vari-
ational and integration operators are interchangeable, Hamiltons principle can also be

stated as .
s
/ (6KE — 5PE + §W)dt = 0 (3.10)
t;

To estimate the kinetic energy of a mechanical system, the velocity field of the system
needs to be evaluated first, which requires a description of the velocity at any specific
point through a set of generalised coordinates. Let Vg represents the velocity vector of
any specific point ) in a mechanical system, the kinetic energy can then be expressed

as follows

1 L
KE:2/ pA V§ Vg dw (3.11)
0

where p and A are the material density and the cross-section area. The superscript ©
denotes the transpose. It can easily be evaluated knowing the strain and stress fields of

the system. With ¢ as the strain field and o as the stress field, the potential energy is

1 L
PE = / /eTad:r (3.12)
2Jo Ja

The strain field is derived from the displacement field via the Green’s tensor, while the

then estimated as,

stress field is evaluated using the strains and the widely known elastic constants from

the generalized Hooke’s law.

According to Kim et al. (2013), the displacement of point @ to @', as shown in Figure 3.3,
can be expressed in terms of the component displacements u;,u, and u, where they
correspond to the axial, chordwise and flapwise deformations, respectively. There is a
geometrical relation between the length of the beam before and after the deformation
as given in Hh (1995) by
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1
T+Uy ou 2 u 212
x-l—.s:/ 1+(—y> +(—) d 3.13
; an an n (3.13)

where s represents the change in beam’s length (stretch) and 7 is a dummy variable.

The velocity of the point @ in Figure 3.4, can also be found from,

Vo = (0 — Quy)i+ [0+ Q(r+x+ug)lj+ wk (3.14)

Figure 3.3: Configuration of a rotating cantilever beam.
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Figure 3.4: Top view of the system, showing the relation between the angular

and linear velocity.

Following the result by Kim et al Kim et al. (2013), leads to a set of nonlinear partial

differential equations. After simplifying the differential equations and linearisation by
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neglecting higher order terms in the displacements, the following linear partial differen-

tial equations can be obtained,

2 ) 2
pA (th Q% — 0% — Qv) . EA% = pAQ%(a + 1) (3.15)
0v ds v 5 0 1, ., 5.0
pA<8t2 QQE_Q v—Qs) +EI, > 0h — pAQ p <r(L—x)+2(L - )]895> = py
(3.16)
0w *w B, 1 w
pAW + Bl — pAQ2 o ([ (L —x)+ 5(L2 ”w) = pw (3.17)

where p, and p,, are the applied forces per unit length along the beam in the y and z
directions and I,, I. are the second moment of area about the y and z directions. It
is interesting that Equation 3.15 and Equation 3.16 are coupled together, while Equa-
tion 3.17 is independent of the other two. The boundary conditions from Equation 3.7

are given by

s—v—w—@_aﬂ_ z=0
- 9x oz -
2 2 3 3
0s 0w 06w O Ow_ . . (3.18)

Or  0x2 0x2 9x3 Oxd ’

A solution which satisfies the governing equation of motion together with the bound-
ary conditions at every point over the domain is known as a strong form of solution.

Conversely, a weak form of solution satisfies the conditions in an integral sense.

Following this step, the weak forms need to be obtained from the strong forms that are
given by the partial differential equations and the corresponding boundary conditions.
To derive the weak forms for the equation of motions for the Euler-Bernoulli beam,
Eqs.(3.15)-(3.17) are multiplied by the weighting functions s, v and w respectively,

summed and integrated over the length L as follows.

For the chordwise

925 o ) . 8%v Os 9 .
,oA/ [(8752—29875—93—91))—1—@((%2 2Qm—ﬂv—98)]dm

05 Os 9%v 02w
+/O (EAM&E+E18:U2(%2> dx

L 1 0v Ov
AQ? L- (L% -
wpa02 [ |z o+ g2t

L
- /0 {PAQ*(r + 2)5 + [py — pAQr + 2)0}dz (3.19)
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and for the flapwise

L 92w 02w

L 2
0w
A U ——-d KBl — =
P /0 o TRy o Oz? Ox? v

L
:/ wpydr  (3.20)
0

The displacements and weighting functions are now approximated by the shape functions

as

5= (@) Nyss = N

o= (") Ny;v = NIds
w = (d*)" Ny;w = NId¥ (3.21)
5" = {5¢, Ve, 0c, Sei1, Vo1, Oet1} (3.22)
dY = {We, Yo, Wer1,Yer1}’ (3.23)

where di¥ and dY are the element displacement vector for the chordwise and flapwise
motion, respectively. d5V and d¥ are arbitrary vectors with the same dimensions of d5v

and dY correspondingly. Finally Ng,N, and N,, represent the trial shape functions.

Introducing these approximate solutions (3.21) in the weak equations given by Equa-
tion 3.19 and Equation 3.20, the integrations produce equations which can also be written

in a matrix form. This yields the discretized equations for the chordwise and flapwise

motion as,
N —_ .. . . N —
S )T g de 4 202 d + (e + Q3 (53— mi?) + Qg2 = S O(d)T A (3.24)
e=1 e=1
N — . N —
D (@) [mEdy + (k¢ + QPs2)de] = (d) Y (3.25)
e=1 e=1

where m;Y, ¢g2¥, k¥ and s’V are the element mass, the element gyroscopic, the element
stiffness and the element motion-induced stiffness matrices for the chordwise motion.
Meanwhile, mY, k¥ and s? are same factors for flapwise motion. fZ” and f’ are the

element load vectors for the chordwise and flapwise motions.
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The weak form requires the conversion of the continuous system to the discrete elements,
which can have degrees of freedom and can be solved by a finite element method or by
given shape functions using the Rayleigh-Ritz method. However, the next step is to
represent the system dynamics by a system of matrices and convert the weak form to

the equations of motion based on the mass and stiffness matrices.

Modelling of the beam element is widely known and mentioned in numerous textbooks
(Rao, 2005; Jochems et al., 2002). One of the significant tasks in producing the element
matrix is the element’s degrees of freedom at each node. Therefore, the beam elements
can be split into two cases. The first type of beam elements have two degrees of freedom
at each node, and they are the lateral displacement and slope. This type of beam
element is more suitable for flapwise vibration, which comprises vertical movement of
the cantilever beam above and under the plane of rotation. The second type of beam
element has three degrees of freedom according to the shape function for the element,
the movement left and right in the ZX plane; in addition, it has axial movement i.e.
longitudinal deformation. These two types of elements share the property that both of
them have two nodes. These two types of elements will be discussed in detail in the next

two sections.

Solving the system of differential equations using the finite element methods requires
discretization of the beam into n numbers of two-noded elements as shown in Figure 4.1,
where the numbers above and below of the beam in Figure 4.1 refer to the number of
the elements and nodes respectively, while s, v and w represent three DOFs of each
node of the element and they refer to the stretch, chordwise and flapwise direction of
deflection. The finite element shape function for both the flapwise and the chordwise
deformation can be expressed as a cubic polynomial as they are the consequence of the
bending moment and shear force. Whereas the stretch deformation can be expressed as

a linear polynomial as a result of an assumed longitudinal force only.

Figure 3.5: Configuration of the elements in the finite element method.
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According to the previous qualitative description the finite element shape functions

assumed are

S = a1 + azx

V= a3+ aqx + a5332 + a6x3

w = a7 + agx + agz? + ajpr’ (3.26)

where a; are the constant coefficients related to the deformation and slope at each node.
These deformations are s, for stretch, v, for chordwise and w, for flapwise also 6. and
1 represents slopes in chordwise and flapwise, respectively as shown in Figure 3.6. Note
that the subscript e refers to the element.

v Y

« Se+1
“Oes1 “Ye+1

Vet1 We+1

96 * 1 we *
Se i Ve B .
x'e x.e+1 Xe X.e+1
(a) The chordwise motion. (b) The flapwise motion.
Figure 3.6: Finite element for the chordwise (three degrees of freedom for each
node) and flapwise motions (two degrees of freedom for each node).
Ny = {(zes1 — ) /he, 0,0, (x — z¢) /he, 0,0} . (3.27)

Ny = {0, (& = 0412 (2 — 3¢ + T(e41)) /B, (& — 20} (@ — 5o 41)) /12,
0, — (2 — x)*(22 + x0 — 33:(6+1))/h§, (z — x)?(x — x(e“))/hg}T. (3.28)

Nuy = {(& = 0e11)2(22 — B2 + 2(ean) /2, (2 — 2) (& — 2(000))2/ 12,
(@ = 20)%(20 + 20 — (o)) /3, (2 — 202 — 2 i) /12)T. (3.29)

where h. represents the element size he = T(ey1) — Te-

In order to determine an approximate solution for equations (3.15)-(3.17), the weak forms

given by equations (3.19)-(3.20) are discretized using the two-noded beam elements
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defined above. After discretizing the domain [0, L] into sub domains [z, Zet1], € =
1,2,..., N, as shown in Figure 4.1, and then building the finite element global matrices

using for the chordwise,

Te+1
m = pA / (NyNT + N,NIdz, (3.30)
xexe+l
g = pA/ (N,NI + N,NYdz, (3.31)
Tetl dNg dNT d’N, d*N}F
ks = EA S 4 BI,—2——2 | dx, 3.32
€ /xe < dr dz * dz?  da? ) v (3:32)
Tetl 1 dN, AN}
sv_ A L — — L2 _ 22 v v d .
2= pd [ [ g2 o | T T (3.3
Tet1 .
fesv = / {,OAQQ(T + m)Ns + [pv - pAQ(T‘ + :U)]Nv}d$7 (3'34)
Te

and for the flapwise

Te+t+1
m¥ = pA / NyNIde, (3.35)
w Tetl d> Ny, d° N
ke :Ely /$e Wﬁdﬂj, (336)
Tet1 1 dN,, dNT
W—pA L— —(L? — %) =2 2w .
wepd [ (L) + 502 -t G T (3.37)
Te+t+1
1Y :pw/ Ny dzx, (3.38)

where m;Y, ¢3¥, K3V and s}V are the element mass, the element gyroscopic term, the

element stiffness and the element motion-induced stiffness matrices for the chordwise

motion. Meanwhile, m{, k¥ and s’ are the same parameters for the flapwise motion.

SV
e

Introduction of equations (3.26)-(3.35) into equations (3.19)-(3.20) yields the discretized

equations. The discretized equation for the chordwise is therefore,

and 2’ are the element load vectors for the chordwise and flapwise motions.

Msvdsv + 2QC"'svd.s'u + [st + QQ(SSU - Mcv) + QGsv]dsv = lsv (339)

and for the flapwise it is

My dy, + (Kuy + Q2Sy)dy = £, (3.40)
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3.2.2 Variational method (Rayleigh Ritz method) for chordwise and
flapwise vibration

The Rayleigh-Ritz method is based on the idea that a closer estimate to the lowest
eigen function can be obtained by superposing a number of admissible trial functions,
which are typically a set of polynomial equations that satisfy the boundary conditions
of the beam. If the assumed functions are suitably chosen, this method provides an
approximate value for the fundamental frequencies and corresponding mode shapes. An
arbitrary number of functions can be used, and the number of frequencies that can be
obtained is equal to the number of trial functions used. A large series of admissible
trial functions, although involving more computational work, generally leads to more

accurate results.

N represents the admissible functions and the subscript letter w refers to the the flapwise
direction. The admissible function R,, is assumed as a vector, which is a result of
the constant Ritz coefficients that satisfy the boundary conditions By1 w2,ws3,....wn and
the shape functions Y1 w2,w3,....wn Of the static deformation shapes of a non-rotating
uncracked cantilever beam that is subjected to a concentrated load on the free end. n
represent the number of shape functions used. The admissible and shape functions can

be expressed as Equation 3.41 and Equation 3.42 respectively.

-le(x)-
ng(x)
Rw(x> = [/Bwl BwQ 51113 . B’wn] Yw3($) (341)
| Y (z) ]
X n— — x2 f,US
Y () = <L>( ! ( g + 6) (3.42)

Introducing the approximate solutions given by equation 3.21 and substituting into the
weak equations given by equation 3.19 and 3.20, the equations of motion can also be

written in a matrix form, yielding the discretised equations for the flapwise motion as

(dw) T Mydy + (K + 9%Sy)dy] = (dw)Tf, (3.43)

where M,,, K,, and S,, are the mass, stiffness and motion-induced stiffness matrices for
the flapwise motion. f,, is the load vector for the flapwise motion. The subscript letters

w denote the flapwise direction and the matrix terms are
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L
M,, = pA / R, RYdx, (3.44)
0

L @’R,, d*RY

K,=FEIl, | 7w Mg, 3.45
Y]o dx? dx? v (345)
L 1 dR,, dRT
w = pA L — — L2 _ 2| 2w T w 4
Sw=0p /0 [r( x)+ 2( x) T g O (3.46)
L
f, = pw/ Ryduz, (3.47)
0

According to Chung and Yoo Chung and Yoo (2002), the chordwise vibration is coupled
with the longitudinal or extensional vibration due to a gyroscopic effect and they are
both uncoupled with the flapwise vibration. Furthermore, the chordwise vibration can
be written as Chung and Yoo (2002),

(dsv) {Mudsy + 202G 0 dsy + [Keo + Q2(Sep — May) + QGu)dso} = (dav) fuw  (3.48)

where subscript letters s and v represent stretch and chordwise directions respectively.
Mgy, Ky, Ggy, Ssp and £y, are the corresponding mass, stiffness, gyroscopic, rotational

stiffness and external force matrices.

L
M,, = pA / (RsRT + R,RI)dz, (3.49)
0
L
G, = pA / (RyRY + R,RY)dx, (3.50)
0
L T 2 2 T
dRs dR d&*R, d*R
K, = EA S 4 BL——2——2 ) da, 3.51
/0 ( dr dx + da? d:EQ) v (3:51)
L 1 dR, dRT
so = pA L— —(L? - 2* v 52
S p /0 [r( 3c)+2( :L‘)] Ty 0% (3.52)
L
£, = / (pAQ2(r + 2) Ry + [ps — pAQUr + 2)] Ry} da, (3.53)
0

where the static deflection function for the chordwise bending and longitudinal vibration
can be expressed similar to the flapwise admissible Equation 3.41 and shape functions
equation Equation 3.42 and the chordwise bending admissible and shape functions equa-
tions become Equation 3.54 and Equation 3.55 respectively. The chordwise longitudinal

admissible and shape functions become Equation 3.56 and Equation 3.57 respectively.

Rv (1') = [Bvl /8’1}2 5113 . an] Yvd(l‘) (354)
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z\n-1 (—Lz> 23
Yn () = <Z> 1( ]; +6) (3.55)
[V (z)]
Yia(z)
Rs(x) = [/851 652 583 . Bsn] }/53(1‘) (356)
_st(l’)_

o= () (2 o1
3.3 Crack modelling

3.3.1 Crack modelling using the Finite Element Method

According to fracture mechanics theory, an open crack in a structure can be considered
as a source of additional local flexibility because of the increase in the strain energy in
the area surrounding the crack tip. The idea of substituting massless springs instead of
a crack is to create the relationship between the strain energy and the applied loads as
shown in Figure 3.7. The flexibility coefficients are stated in terms of stress intensity
factors (SIF).

Applying Castigliono’s theorem, the linear elastic deflections are determined based on
the partial derivatives of the energy (Silani et al., 2013; Zheng and Kessissoglou, 2004).
In Figure 3.8, the generalized loading conditions is shown for a beam with a rectangular
cross section and an open edge surface crack. The beam is loaded statically with an axial
force, P, shear forces, P, and Ps, bending moments, P, and P5, and torsional torque,
Ps. However, determining the additional flexibility can be achieved using Hooke’s law,
which introduces the stiffness that relates the force acting and the resulting deflection

displacement. The flexibility can also be calculated from this law using equation (3.58).

09;

Cij = a—Pj, (i,j =1,2,3). (3.58)

In this equation c¢;;, d;, I, and P; represent the additional flexibility, the displacement,
the additional strain energy and the effective loads respectively, and can be obtained

from Castiglione’s second theorem.
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¢—

Figure 3.7: Modelling the crack as a massless torsional spring.

Figure 3.8: Beam with an open crack under generalized loading condition.

Oll.

%= 5h

(3.59)

m, = / JdA (3.60)

where A, is the effective crack area and J is the strain energy release rate function
expressed as (Tada et al., 2000a).

n 2 n 2 n 2
J = % <Z Fih‘) + (Z Hm) + (Z FLIHi) (3.61)
i=1 i=1 i=1

For plane stress problem (Zheng and Kessissoglou (2004)) E' = E and for the plane
strain problem E’ = E/(1 — p?) , xs are the stress intensity factors (SIF) due to forces.
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I,11,111 represent the modes of the crack namely opening, sliding and tearing respec-
tively, and ¢ = 1,2, 3, ..., n related to the applied loads on the beam P, P», Ps, ..., P,. In
this study, the in-plane vibration beam model is developed. The applied forces are shown
in Figure 3.9. Rearranging Equation 3.61 to match the case of the in-plane vibration
Ibrahim et al. (2013), yields

Figure 3.9: Beam with an open crack under in-plane loads condition

1
J:E </€11+f@]2+/€[3)2+(l€112)2 . (3.62)

where according to Ozturk et al. (2016) the SIF for each force and mode becomes

K1 = %\/%Fl (3.63)
N (3.64)
w13 = D /TEF (3.65)
KIrg = %\/EFH (3.66)

where £ is the crack depth, F; is the correction factors of the SIF. Notice that a is the
final crack depth, whereas £ is the depth within the process of going from zero crack

depth to final depth a, which is the maximum crack depth.
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——
€ cos( g)

2

\/i() 923 +0.199 [1 — sin (%5>]4 (3.68)
€ cos (ﬁ)

1.122 — 0.561¢ + 0.085¢2 + 0.18¢3
V1=¢

Frp = (3¢ - 2¢%) (3.69)

Substituting Equations 3.59 to 3.67 into Equation 3.58, yields,

& “rp 3P,L, 6P 2 (R 2
= [ | /xR ¢ \/mEF JEF “2. JnEF
“ = poprop; / [bh e T VISEL s Ve I} +[bh meEir
(3.70)

where ¢;; is the additional flexibility that results from the existence of a crack.

One considers the additional local flexibility due to the existence of the crack by updat-
ing the global stiffness matrix of the uncracked rotating beam. The updated stiffness
matrix is calculated by replacing the corresponding terms in the uncracked beam stiff-
ness element where the crack is introduced. The stiffness of the cracked element is
obtained by adding the local flexibility ¢;; due to the crack to the flexibility of the intact
beam element. This is then used to find the local stiffness of the cracked element and

substituted into the original stiffness matrix.

N N
S (@) T gt + 20637 + el + Q353 —me) + g2 = ST (3.7)
e=1 e=1
N — . N —
S @)l + (ke + 0252)de) = S (AT (3.72)
e=1 e=1

where kc represent the stiffness of a cracked beam.

As a result, in this chapter all the main equations of motion are derived. Firstly, the
equation of motion for the flapwise vibration are developed from the continuous system
approach (force equilibrium) as in Equation 3.6. Secondly, the equations of motion for
both the flapwise and chordwise are derived using an energy method, which is a general
method for this situation and it is based on the Hamiltonian principle as in Equation 3.15

to Equation 3.17. Moreover, new equations of motion for the cracked rotating beam are
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developed by modelling a linear open crack using fracture mechanic principles. The
additional flexibility, which is generated by the crack, is calculated using the strain
energy release rate as in Equation 3.61, then Castigliono’s theorem Equation 3.60. The
final formulae for the cracked rotating beam are Equation 3.71 for the chordwise and

Equation 3.72 for flapwise.

In this section, the crack element will be developed from fracture mechanics, which is
explained in section 3.3. The flexibility can be calculated by substituting (3.59) into
(3.58).

0211

where ¢;;, IT and P; ; are the flexibility, the displacement and the effective loads, respec-
tively. The displacement 1I. and II; for the cracked and intact element respectively are

equal to

b a
II. = E/ (H[l + Ko + I<L13)2 + (H[]Q)Zda (3.74)
0
P2L P3P L? P} PL
I = 3 3472 2 1 (3‘75)
2E1 2E1 6FEI 2FA
The total flexibility coefficient for crack element is
Cij = cfj + i (3.76)

The element stiffness matrix of the crack element can be found from the equation,

ke=TTc'T (3.77)

where T represents the transformation matrix, which is obtained from the equilibrium

condition see Figure 3.10.
[Py; Py Py Pyy Poy Py ]" =T [Py, Pay Py]" (3.78)

For flapwise vibration the transformation matrix is equal to

T = (3.79)

T
-1 -1 1 0
0 -1 0 1| °

for chordwise vibration the transformation matrix is equal to
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Py Ps,

Figure 3.10: Applied force on the chordwise cracked element. Subscripts r, [
refer to the right and left hand ends of the element.

(3.80)

~

Il

[an}

|

[

o~~~
[ R e R
S = O
_ o O

where [ represents the element length.

3.3.2 Introduction of a crack in the Rayleigh-Ritz model

Regarding fracture mechanics theory, an open crack in a structure can be considered as
a source of additional local flexibility because of the increase in the strain energy in the
area surrounding the crack tip. The idea of substituting massless springs instead of a
crack is to create the relation between the strain energy and the applied loads as shown
in Figure (3.11).

[/

Figure 3.11: Modelling the crack using a massless torsional spring. The potential
energy of the rotational massless spring is subtracted from the total potential
energy of the intact beam using the rotations on the faces of the opening crack.
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The typical method of modelling a cracked beam is based on dividing the beam into two
segments and building a relationship between two sides using the compatibility condi-
tions. The transverse displacement, bending moment and shear force are equal through
the cracked edge. Nevertheless, the presence of the crack introduces a discontinuity or
change in the slope of the beam, which is proportional to the bending moment that is
transmitted through the cracked section. For the axial vibration, it is assumed that the
tensile force is the same through the cracked segments. However, the axial displacement
is proportional to the transmitted force through the crack, and it is proportional to
the tensile force. The bending and axial discontinuity can be expressed as presented in
Fernandez-Séez et al. (1999) and Ibrahim et al. (2013).

Oy = 01 + AO, AO = Cvjwpg (3.81)
s$9 = 81 + As, As = C,P; (3.82)

where A@, C, P3 represent slope discontinuity, flexibility constant and the bending
moment transmitted through the crack section. As and P; represent the discontinuity
of axial displacement and tensile force respectively. The flexibility constant is dependent
on the geometrical dimension of the cross section and can be derived from the stress

intensity factor . (SIF).

ke = o/maF (%) (3.83)

here o, a, h and F are the stress according to the bending moment or tensile force,
crack depth, beam thickness and correction factor respectively. F' depends on the crack’s
mode and force configurations. The stress o and the correction factor F' for the bending
moment and opening mode can be obtained from Zheng and Kessissoglou (2004); Eroglu
and Tufekci (2016). P1, P2 and P3 refer to the longitudinal load, shear load and bending
moment respectively (see Figure 3.9). The subscripts I and I are for the opening and
sliding modes of crack.

op; = (3.84)

bh?

. - 4
Fom \/mggm +0.199 1 ;sm ()] -
COS ( >

2

The effect of the sliding mode is neglected in this study due to its very small effect relative
to the opening bending moment mode. For shorter and thicker beam this sliding mode

becomes more considerable defect. The stress and error function in Equation 3.86 to
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Equation 3.88 are for the sliding mode.

3P

orp, = Wi (3.86)
3P

o1rp, = Thz (3.87)

1.122 — 0.561¢ + 0.085¢2 + 0.18¢3
V1=¢

where b represents the beam width and the crack depth to thickness ratio & = (a/h),

Frip, = (3¢ — 26%) (3.88)

while for the tensile and opening mode, are

P
op, = 571 (3.89)

NARSE
o MO.M +2.02¢ + 0.377£1 —sin (%] 500
COS (T)

These error functions, reported by Tada et al. (2000b), are accurate to better than 0.5%

for any crack depth ratio £&. The total strain energy of the elastic deformation of the

crack is given by,
PFE,oal :/ JdA, (3.91)
Ac

where J is the elastic energy available per unit increase in the crack surface area. The
width of the crack is fixed i.e. dA. = bda and the integration is applied along the depth

of the crack which is a.

2
K
J === 3.92
iz (3.92)
Substituting equations 3.83-3.92 into equation 3.91, yields
37 Pih YraN o
PEp3:< 2 >/0 (ﬁ) F?p da (3.93)
mP2h [/ a 9
PEp =" | <ﬁ) F2p, da (3.94)

where PEp, is the strain energy due to the bending and PEp, is the tensile strain energy
due to tension. Utilizing Castigliano’s theorem (Chondros and Dimarogonas (1998)), the
change in the rotation angle A@ and the change in the stretch length As corresponding

to the applied moment and longitudinal force can be expressed as,

dPEp

AB = :
dP;

_ OPEp,

As= =50 (3.96)

(3.95)
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Finally, the additional flexibility in flapwise C,, chordwise C, and stretch Cs directions

due to the presence of the opening crack can be expressed as

AO

Cy,=Cy = ?3 (3.97)
As

C, = i (3.98)

According to this approach, an admissible function of the non-rotating intact beam
satisfies the boundary conditions and it is used directly without any modification. The
potential energy of the system is modified to include the effect of the extra flexibility

due to the existence of the crack.

The potential energy of the non rotating intact beam can be expressed as,

EI (' d®R,, d*RL
PEngintactfnonrotate = 2/0 d';;w d.;;’w dx (3.99)
EA [T
PEpl—intact—nonrotate = 2/ R Rgd$ (3100)
0

The additional potential energy due to the centrifugal effect on the intact beam can be

written as,

1 L 1 dR, ., dRY
PE . — 20204 I — S(L2 g2 v,W RN
centrifugal 2 P /0 (’I“( CL’) + 2( T ) dr dr

dz (3.101)

Finally, the presence of additional flexibility due to the crack can be represented by a
massless rotational spring and the corresponding potential energy in the spring has two

components, which can be expressed as (Afshari and Inman (2012)),

1 1 dQRv,w d2R£w

PEPg—crack - §(A@)P3 == iE_[CU’w W d$2 (3102)
1 1

PEp,_crack = 5(As)P1 = 5EACS(RS RT) (3.103)

The kinetic energy of the system KFE is equal to the kinetic energy of the beam itself,

ie.
1 L
KEflapwise = 2ﬂA/ Ry Rgdl’ (3104)
0
1 L
K Echordwise = 2,0A/ (Rs RZ + R, Rg)dl' (3105)
0

The Rayleigh-Ritz method can now be employed after determining the kinetic and po-

tential energies of the system.
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When applying the mode shapes of the uncracked beam as the admissible functions
for the Rayleigh-Ritz approximation, the maximum strain energy needs to be altered
to account for the reduction of the energy as a result of the presence of the crack.
This energy reduction is proportional to the amount of additional flexibility due to the
rotational spring. As a result, the total potential energy of the cracked rotating beam is
equal to the summation of the potential energy of the uncracked beam and the additional
potential energy due to the centrifugal force with subtraction of the potential energy of

the massless rotating spring representing the crack.

PEtotal = PEintactfnonrotate + PEcentrifugal - PEcrack: (3106)

Substituting equations 3.99-3.100, 3.101 and 3.102-3.103 into equation 3.106 provides
the total strain energy of the system for the flapwise vibration and the equations 3.104-
3.105 gives the kinetic energy. These two energies were subsequently used to calculate

the flapwise and chordwise natural frequency of the rotating cracked cantilever beam.

3.4 Summary of the modelling approaches

In this chapter, a rotating cracked beam was modelled using force equilibrium for the
flapwise motion. Using this model the equations of motion were derived by applying
Hamilton’s principle for both the flapwise and chordwise vibration. Then, the residual
weight function is applied to convert the equations of motion to a weak form. The
discretised system can then be solved using two approximate methods, which are the

finite element and the Rayleigh Ritz methods.

The finite elements chosen are based on two different types of beam elements; the first
type have two degrees of freedom at each node, which are the lateral displacement and
slope. The second element type have three degrees of freedom at each node, which are
the longitudinal and lateral displacements and the slope. In the Rayleigh Ritz method,
the entire beam is selected as a one domain and the static deflection of a tip loaded
cantilever beam is selected as shape functions terms for the admissible functions for the

bending mode and axial deformation for the stretch mode.

Regarding the crack modelling, in the finite element model the crack is presented as a
connection between the two segments comprising beam elements. The assumption of this
connection is built upon continuity in the shear force, bending moment and the lateral
deformation of the two cracked edges. The formulation given have follows from analysis
previously presented from static analysis. However, the effect of the crack appears in
the discontinuities of the slope. On the other hand, the crack is introduced into the
intact beam by applying the Rayleigh Ritz method. The additional flexibility due to

the crack is subtracted from the total potential energy of the intact rotating beam. The
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most significant advantage of this approach is that the beam shape functions due to the
crack are unchanged and correspond to a series of functions based on the deformation

of tip loaded intact cantilever beam.

The numerical solution for these model will be presented in detail in the following chap-
ter, including the comparison between the two approaches, which are the FE model and
the Rayleigh Ritz implementation. Their relative accuracy, computational effect and

limitations will be presented and discussed.



Chapter 4

Numerical results

In this chapter numerical results will be presented using both the finite element mod-
els and the Rayleigh-Ritz method, which were developed and derived in the previous
chapter. The numerical simulations will start with defining the dimensions of the beam.
Then the results for uncracked non-rotating and rotating beams will be shown. Next,
the results for an open cracked rotating beam will be presented. Finally, the simulations
of a bilinear cracked beam will be given and discussed with conclusions. Various pa-
rameter studies will be undertaken and explained. For the convenience of the discussion
and for the sake of comparison with results in the literature, the following dimensionless

parameters will be introduced.

2
(5:%, o= AL 'yzﬂ, w:ﬁ, (4.1)

where §, «, v, w and wy,, represent the hub ratio, the slenderness ratio, the angular
speed ratio, the frequency ratio and the fundamental natural frequency of an identical

but non-rotating cantilever beam, respectively.

4.1 Simulation model properties

The dimensions and properties of material were selected to simplify the analysis, as
given in Figure 4.1 and Table 4.1, where the value of « is set to 70 to compare with the
previously published study by Chung and Yoo (2002). This value of « is based on the
dimensionless relationship between the cross section and the length of the beam. The
beam cross section was chosen to be square, and the beam length long enough so that
the beam would satisfy EulerBernoulli beam theory. In addition, changing the value of «
for a fixed length of the beam means a change in the thickness of the beam when having

the rectangular cross section. For example, multiplying o by 2 for the fixed length of

49
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the beam means reducing the height of the beam to half. In contrast, dividing the « by

2 means increasing the height of the beam to the double for the same beam length.

Whilst the main focus of this chapter is a presentation of the results of the newly
developed models, at the end of the chapter there is some coverage of a simple model

for a breathing crack for completeness.

Figure 4.1: Configuration of a rotating cantilever beam.

property quantitiy
beam length(L) 0.5m
height(h) 0.0247m
width(b) 0.0247m
density(p) 2770 kg.m 3
elasticity (E) 7.1x101° Pa
poison ratio(v) 0.33

Table 4.1: Model properties of the square section beam

4.2 Beam without crack

The numerical results for a rotating intact cantilever beam are examined first. Table 4.2
reproduces results from Chung and Yoo (2002), where one can see how the first four
natural frequencies for a stationary beam are converging with increased number of ele-
ments in the FEM model. Similar convergence can be observed using the Rayleigh-Ritz
method when increasing the number of shape functions, as given in Table 4.3. Notice
that, the number of frequencies is equal to the number of trial functions in the Rayleigh-
Ritz method. For example, in Table 4.3 when the number of trial functions is equal to 1
only the fundamental natural frequency is calculated. Also, for the number of elements
greater than 10 in the FEM model and the number of functions greater than 3 in the
Rayleigh-Ritz method, the results for the fundamental natural frequency are in good
agreement. The time is included for a MATLAB calculation for relative comparison
only. In addition, for the stationary non-rotating square section cantilever beam the

first seven flapwise frequencies are equal to the first nine chordwise frequencies, except
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for the fourth and eighth, since for a stationary beam the chordwise bending and axial

vibration is uncoupled, as shown in Table 4.4.

No. of elements 1st 2nd 3rd 4th  Time(sec)
5) 1 6.270 17.610 34.789 0.2145

10 1 6.267 17.552 34.419 0.4277

20 1 6.267 17.548 34.388 0.6343

40 1 6.267 17.547 34.386 0.8337

60 1 6.267 17.547 34.386 1.0508

80 1 6.267 17.547 34.386 1.2996

100 1 6.267 17.547 34.386 1.4671
Exact 1 6.267 17.547 34.386

Table 4.2: Convergence of the dimensionless natural frequencies for the non-
rotating intact cantilever beam using FEM

No. of trial functions 1st 2nd  3rd 4th  Time(sec)

2 1 7.629 0 0 0.0659
3 1 6.315 26.985 0 0.0767
4 1 6.292 18.077 66.200 0.0876
5 1 6269 17.908 36.754 0.0929
6 1 6.267 17.571 36.233 0.1035
7 1 6.267 17.550 34.515 0.1085
8 1 6.267 17.547 34.427 0.1230
9 1 6.267 17.547 34.388 0.1428
Exact 1 6.267 17.547 34.386

Table 4.3: Convergence of the dimensionless natural frequencies w for the non-
rotating intact cantilever beam using the Rayleigh-Ritz method

No. Frequency Chordwise Flapwise

1st 1 1
2nd 6.267 6.267
3rd 17.547 17.547
4th 31.328 -
5th 34.386 34.387
6th 56.858 56.860
Tth 86.005 86.004
8th 95.245 -
9th 122.855 122.837

Table 4.4: Dimensionless natural frequencies w of the non-rotating intact square
section cantilever beam using the Rayleigh-Ritz method

Regarding the mode shapes, the comparison between this work and that by Chung
and Yoo (2002) also shows an excellent agreement for various rotational speeds. The

comparison is done by applying the Modal Assurance Criterion (MAC), which is a
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statistical indicator of the correlation in the mode shapes. The general formula for the
MAC, as given in Pastor et al. (2012)

B QY {Qx )l
MAC 0 = 7 3T Q) (10x ) T (G T (4.2

where {Qx }4 and {Q 4}, represent the respective eigenvectors coming from the FEM in
Chung and Yoo (2002) method and corresponding point position of this work (Rayleigh
Ritz), respectively, and the superscript T refers to the transpose of the the vector matrix.
When the MAC is 1, there is a perfect agreement and a MAC of 0, means there is no

correlation between the two results.

In the MAC plot, given in Figure 4.2, the abscissa axis represents the mode shapes
calculated by the Rayleigh-Ritz Method, and the ordinate axis represents the mode
shapes calculated by the FE model. The red squares show the matching modes. When
the cantilever beam is non-rotating, the MAC for the chordwise vibration is shown in
Figure 4.3. The 4th and 8th modes represent the longitudinal vibration likewise when
the beam is rotating v = < = 7.11 the 4th and 7th similar effect can be observed at

w1 =
v =14.22 and v = 28.44.
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Figure 4.2: The MAC plots for the flapwise vibration at non-rotating v = 0 and
for rotating speeds ratio y = 7.11,14.22 and 28.44 (y = %)
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Figure 4.3: The MAC plots for the chordwise vibration at non-rotating v = 0
and for rotating speeds vy = - 7.11,14.22 and 28.44
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4.2.1 Flapwise vibration of a rotating cantilever beam

Flapwise vibration is described in chapter 3 as the vibration that appears in a plane per-
pendicular to the plane of rotation. Nevertheless, this vibration is affected by numerous
parameters, such as the rotational speed, hub ratio and beam slenderness. All of these

factors produce variations in the natural frequency of the rotating cantilever beam.

Table 4.5 shows a comparison between the results obtained by the Rayleigh-Ritz method
with results reproduced from Chung and Yoo (2002), and the solid finite element model
assembled using the commercial FE software ANSYS. Substantial agreement in the final
results is achieved and the accuracy of Rayleigh-Ritz method is validated. The maximum
percentage error between the finite element (Chung and Yoo, 2002) and present work
(Rayleigh-Ritz method) is equal to 0.006% at zero speed for the flapwise vibration. This
error value becomes less for v within the range of 0 - 2.844 non-dimensional rotational

speed.

As shown in Figure 4.4, increasing the rotational speed leads to an increase in the dimen-
sionless natural frequency, due to the tension that is generated from centrifugal forces.
Note that the natural frequencies for the flapwise vibration monotonically increase with

rotating speed.

In additional to the rotational speed, there is another parameter, which significantly
affects the natural frequencies of the rotating cantilever beam, which is the hub ratio.
The increase in the hub ratio for a fixed length cantilever leads to an increase in the
natural frequencies due to a proportional relationship between the stiffness and the

centrifugal force as shown in Figure 4.5.

Finally, from Table 4.6, one can see the slenderness ratio a has a negligible effect on
the dimensionless natural frequency of the flapwise vibration, where the results are
divided by the fundamental natural frequency of the non-rotating beam with the same

slenderness dimensions.
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Natural frequency ratio (=)

frequency w
y Chung and Yoo 2002

ANSYS RRM Error %

0 1.000 1.001 1.000 0.006
0.284 1.047 1.048 1.047 0.000
0.569 1.177 1.177 1.177 0.000
0.853 1.364 1.364 1.364 0.002
1.138 1.588 1.588 1.588 0.000
1.422 1.834 1.833 1.834 0.000
1.706 2.093 2.091 2.093 0.001
1.991 2.360 2.357 2.360 0.000
2.275 2.633 2.629 2.633 0.000
2.560 2.908 2.903 2.908 0.001
2.844 3.186 3.180 3.186 0.000

Table 4.5: Comparison between different methods for the fundamental natural
frequency of the flapwise vibration (Chung and Yoo (2002), FE using ANSYS
and Rayleigh-Ritz model)

[e2]
o

N
o
T

20~

10

Speed ratio (v)

Figure 4.4: First five natural frequencies of flapwise vibration of a rotating
cantilever beam

25
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o7

Figure 4.5: The effect of the hub ratio (d)on the dimensionless fundamental

natural frequency (w) for three rotational speeds (7).

vy a=175 a=35 a=70 a=140 a=280.5

0 1.000 1.000  1.000 1.000 1.000
2.844 3.186 3.186  3.186 3.186 3.186
5.688 6.006 6.006  6.006 6.006 6.006
8.532 8.844 8.844  8.844 8.844 8.843
11.38 11.685  11.684 11.685 11.684 11.685
22.753  23.065  23.063 23.065 23.063 23.065
25.597 25916 25914 25916 25.914 25.916
28.441  28.763  28.766 28.763  28.766 28.763

Table 4.6: The effect of the slenderness ratio on the flapwise vibration for various
non-denominational rotational speeds ~.



58 Chapter 4 Numerical results

4.2.2 Chordwise vibration of a rotating cantilever beam

Chordwise vibration, described in chapter 3, is the vibration that takes place in a plane
parallel to the plane of rotation. However, this vibration and the corresponding natural
frequency is affected by numerous factors, for instance, the rotational speed of the beam,
the hub ratio and the slenderness ratio. Furthermore, there are several different critical
behaviours of the rotating cantilever beam such as veering phenomena, critical speed

and buckling speed.

Table 4.7 illustrates a very good agreement in the fundamental dimensionless natural
frequency for the chordwise vibration calculated by this study, the work by Chung and
Yoo (2002) and an FEM model using ANSYS, for a = 70 and various values of hub
ratio 0 and speed ratio 4. The maximum percentage error between this work and the
previous one Chung and Yoo (2002), is equal to 1.264 at 6 = 1 and v = 0.569.

Regarding the rotational speed, as in flapwise vibration, the natural frequencies are
changing with the changes in the angular velocity. Seemingly in Figure 4.6(a), the ex-
istence of the gyroscopic coupling influences the bending and stretching modes created
by a rotational motion, which results in the veering phenomena in the natural frequency
versus speed plot. The veering phenomena occurs when the natural frequency of two
different modes become closer to each other. In chordwise vibration, the veering phe-
nomena arises due to coupling of bending and stretching modes. For example, when
roughly v = 7.5 the 3rd and 4th natural frequencies veer together for a slenderness ratio
of & = 70 while the 5th and 6th natural frequencies veer at about ~y for slenderness ratio
of @ = 17.5 (see Figure 4.6).

Figure 4.7, shows in detail the veering points for the lower natural frequencies. The cir-
cles V1, V2 and V3 indicate the veering phenomena. The 3rd, 5th and 6th dimensionless
natural frequencies correspond to the modes that are veering from being primarily bend-
ing vibration to longitudinal vibration in V1 and V3, as illustrated in Figure 4.7(b) to
Figure 4.7(j). For example the 3rd frequency is veering from the third mode shape of
bending vibration as in Figure 4.7(b) to the first mode of stretch vibration as in Fig-
ure 4.7(c). However, the 4th and the 6th are veering from longitudinal vibration to
bending vibration at V1 and V2. For instance, the 4th dimensionless natural frequency
is veering from the first mode of longitudinal vibration as in Figure 4.7(d) to the 3rd

dimensionless natural frequency of the bending mode as in Figure 4.7(e).

Another noticeable fact is the existence of potential instability, when the fundamental
natural frequency of the chordwise vibration reduces to zero. This speed can be defined
as the critical speed or buckling speed as discussed in Lima (2012); Chung and Yoo
(2002).

Considering the slenderness of the beam, Figure 4.6(b) shows how the values of the slen-

derness ratio affects the rotating beam. Increasing the slenderness leads to an increased
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chance of veering at low frequencies, since the beam becomes thinner and more able
to bend than to stretch. While decreasing the slenderness ratio means a thicker cross

section and the probability of veering at low frequencies is reduced.

Finally, the most significant feature is the resonance issue and the matching between
the rotational speed and the fundamental natural frequency of the chordwise vibration.
The rotational speed v and chordwise dimensionless fundamental natural frequency w
become equal when -y is approximately equal to 1.1 in Figure 4.8(a). This problem is not
apparent in the flapwise vibration when inspecting Figure 4.8(b). An additional factor
that plays a part in increasing the natural frequency is the hub ratio §, which enhances
the radius of the hub, leading to an increase in the natural frequencies as shown in
Figure 4.9. One can also see that increasing the hub ratio eliminates the critical speed
issue, as illustrated in Figure 4.9 where the figure shows the relationship between the
rotational speed and dimensionless fundamental frequencies. Each of these coloured
curves represent the fundamental frequency for a different hub ratio. When the hub is
removed, i.e. the hub ratio is equal to 6 = 0, the intersection occurs with the Q = ~
line which represents the dimensionless natural frequency being equal to the rotational

speed, occurs again at around v = 1.1.

0 v ANSYS Chung and Yoo 2002 RRM Error %

0 0.569 1.028 1.029 1.029 0
2.844 1.422 1.413 1.413 0
14.219 2.264 2.088 2.088 0.008

1 0.569 1.248 1.235 1.250 1.264
2.844 3.744 3.711 3.711 0
14.219  13.157 11.745 11.740 0.043

5 0.569 1.883 1.889 1.889 0
2.844 7.819 7.754 7.754 0.006
14.219  37.885 21.101 21.086 0.068

Table 4.7: Comparison between different prediction methods for the chordwise

fundamental natural frequencies. 4§, + represent the hub ratio (7) and the

rotational speed ratio w& respectively. RRM=Rayleigh Ritz Method
n1
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(a) Chordwise vibration of a rotating cantilever beam at oo = 70
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(b) Chordwise vibration of a rotating cantilever beam at oo = 17.5
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Figure 4.6: Chordwise vibration of a rotating cantilever beam showing the effect
of rotational speed for different values of the slenderness ratio.
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5th and 6th are veering from bending vibration to longitudinal vibration at points V1 and V3 while the 4th and
6th modes are veering from being longitudinal modes to bending modes at points V1 and V2.
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Figure 4.7: Mode shapes before and after veering. x-axis and y-axis represent
the position along the length of the beam and the chordwise displacement,
respectively. Figures (b), (e), (f), (h) and (j) show the mode shapes of bending
vibration while Figures (c), (d), (g) and (i) show the mode shaped of longitudinal

vibration.
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4.2.3 Time and frequency domain analysis

Subsequently, the time domain response of the base harmonically excited for a rotating
intact cantilever beam has been calculated for flapwise and chordwise vibration, as
shown in Figures 4.10 and 4.11, respectively. It can be seen in the first initial part
of the time domain response that the beam undergoes a transient response, whilst the
second part shows the beam has reached steady state response. In addition, the direct
frequency response was calculated and is shown in Figure 4.12 for flapwise vibration
and Figure 4.13 for chordwise vibration. These simulation results were calculated for a
rectangular cross section beam with specifications L = 300mm, b = 15mm, h = 2mm,
p = 2770 kg/m®, E = 7.1 x 10'°Pa and applying Rayleigh damping for the first two
lower frequencies, assuming ¢ = 0.01 as a damping ratio. Figure 4.14 shows the results
of the frequency response calculated from a transfer function with harmonic input and
from the time domain by using ’ode45’ function in MATLAB with step sine input. The
symbols (*) refer to the step sine response in the time domain using the amplitude of

the steady state results for each excited frequency.

Figures 4.15 and 4.16 show the effect of the rotational speed on the lowest three natural
frequencies of the flapwise and chordwise mode of the cantilever beam respectively.
Increasing the rotational speed leads to an increase in the natural frequency of the
rotating cantilever beam, due to the centrifugal force, which increases the stiffness of
the beam (as was shown in the second term of the equation (3.40)). However, this
increase in the chordwise natural frequency is less than shown previously due to the
cross sectional profile (2mm width and 15mm hight for the chordwise versus 15mm

width and 2mm height in flapwise) and the gyroscopic effect of the chordwise motion.

The response amplitude increases or decreases, for the particular excitation frequency,
depending upon the closeness or remoteness of the excitation frequency from the reso-
nance frequencies. For example, Figure 4.17 shows the time domain response for the free
end of a rotating intact cantilever beam, when the base excitation frequency is 10Hz.
Increasing the rotational speed from 0 rpm to 1000 rpm helps to reduce the vibration
amplitude. This is because the increase in the natural frequency increases the separation

between the excitation frequency and the resonance.
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Figure 4.17: Time and frequency domain for the flapwise rotating beam with
base excitation.
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4.3 Beam with a crack using the finite element method

A finite element model of a cracked beam was simulated using the formulation given in
equations (3.71) and (3.72). The cracked beam model utilizes a cantilever beam with a
crack on a single edge. In order to compare the results, a solid finite element model was
assembled in a commercial FE code ANSYS. The model is presented in Figure 4.18. In
Figure 4.19 the numerical simulations are shown for the beam with a crack at its midpoint
for two different crack depths. The two set of results for the natural frequencies are in

excellent agreement.

There are numerous factors that affect the natural frequencies related to cracks, for
example, the depth of the crack, its location and the orientation of the crack according
to the direction of the loads (see Ibrahim et al. (2013)). Figure 4.19 shows that when the
crack depth is equal to half the beam thickness, i.e. @ = h/2, the dimensionless natural
frequencies for a crack at the root of the beam drops to 0.78, while for a crack depth
less than a = h/3 the frequency ratio is about 0.91. A deeper crack leads to a greater
reduction in the frequency than a shallow one because of the additional flexibility, as

expected.

Examining the effect of the crack location, it appears that when the crack is close to
the root of the beam, i.e. close to the end, which is attached to the hub, the effect of
the crack becomes more significant and conversely this effect reduces when the crack is
closer to the free end. This results from the bending moment being greatest at the fixed
end. In addition, the crack effect vanishes or is negligible at some frequencies when it is
located at a node of the higher order modes. This becomes evident in the results for the
second and higher modes. Table 4.8 shows the agreement between the present work and
an ANSYS FE model using solid elements. The maximum percentage error is 0.33% for
the fundamental natural frequency at v = 0 and 0.66% for the second natural frequency

for the non-rotating beam.

Considering the influence of the two main parameters, the crack location and the ro-
tational speed in one graph Figure 4.20, where one can observe a clear picture of how
the crack reduces the natural frequency. In addition, it can give a pre-estimation of
the possible crack location. To assist the identification of the crack location the results
are shown using the same two parameters in a 3D plot of the second relative natural

frequency as shown in Figure 4.21.

Utilizing the fundamental natural frequency chart in Figure 4.20 side by side with the
second natural frequency in Figure 4.21, a better estimation of the crack location can be
provided when the crack occurs in the second half of the beam, where the fundamental
frequency has a low sensitivity to the crack location. Figures 4.22 and 4.23 clearly show
the sensitivity of the two lowest natural frequencies of a rotating beam with respect to

the crack location for a fixed rotational speed.
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rotating cantilever beam
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1st w 2nd w
ol present work ANSYS Error % present work ANSYS Error %
0.000 0.966 0.969 0.335 5.476 5.912 0.661
0.284 1.016 1.019 0.269 5.526 5.561 0.629
0.569 1.153 1.154 0.136 5.675 5.706 0.542
0.853 1.348 1.350 0.160 5.914 5.937 0.395
1.138 1.579 1.580 0.049 6.232 6.249 0.257
1.422 1.830 1.829 0.023 6.619 6.626 0.113
1.706 2.092 2.091 0.070 7.061 7.060 0.026
1.991 2.362 2.359 0.105 7.549 7.538 0.150
2.275 2.636 2.632 0.134 8.073 8.052 0.262
2.560 2.913 2.908 0.163 8.626 8.595 0.360
2.844 3.191 3.185 0.189 9.202 9.161 0.445

Table 4.8: Comparison between the present work and an ANSYS FE model for
a single edge cracked rotating beam. The dimensions of the beam are 0.5m,
0.0247m and 0.0247m for the length, height and base, respectively. The crack
is located at the middle of the beam with depth equal to 0.5 of the height of
the beam.
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4.21: The second natural frequency ratio as a function of the crack
ocation and rotational speed. The crack depth a is half of the beam thickness

a=h/2
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4.4 Beam with an open crack modelled using the Rayleigh
Ritz method

The numerical results for the newly developed simple model are compared with the
previously illustrated FE model in section 4.3. The results are also compared with a
solid 3D element model assembled and solved using ANSYS. The solid model was built
using a mesh of hexahedral solid elements (3073 nodes and 1453 elements) with a fine
sized mesh around the crack tip as shown in Figure 4.24. The frequency ratio for the
natural frequencies of the rotating cracked beam for different fixed rotational speeds
against the fundamental frequency of the uncracked beam are shown in Figure 4.25.
The natural frequencies all increase as the rotational speed increases. The estimated
values using the Rayleigh-Ritz method show good agreement with the values from the

one dimensional FE model with a maximum error less than 0.5% in the third mode.

AN

- Academic

Centre of rotation
Crack location

0.000 0.050 0.100 (m)
L —  ES—

0.025 0.075

Figure 4.24: Rotating cracked cantilever beam modelled using 3D hexahedral
FE elements in ANSYS.

Figure 5.7 shows the effect of the crack location on the natural frequencies of the rotating
beam. The closer the crack is to the hub supporting the cantilever beam, the greater the
reduction in the natural frequencies. Moreover, when the crack is located at a modal
node, its effect becomes less evident, as shown for the second and third modes in Figure
5.7. The maximum error occurs in the first mode when the crack is located at the root

(fixed end) of the rotating beam.

In addition to the natural frequency comparison, the mode shapes of the cracked rotating
blades were evaluated and compared with the corresponding modes using the finite
element model. Figures 4.27 show the Modal Assurance Criterion (MAC) between the
results of the present work and the one dimensional FE model. The diagonal white

squares indicate the good agreement between the mode shapes using the two approaches.
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Figure 4.26: Frequency versus crack location as a ratio of crack position divided
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and (c) for 1000 rpm) and crack depth ratio £ is 0.5. Solid and dashed lines
refer to the proposed method and FEM results, respectively. The error bars are
1% difference.
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Figure 4.27: MAC diagrams for the lowest six modes from FE and the Rayleigh
Ritz method the flapwise vibration of the rotating cracked beam. The crack
location ratio is 0.075 and the crack depth ratio is 0.5 and rotational speeds (a)
non-rotating, (b) 500 rpm and (c) 1000 rpm.

Regarding chordwise vibration, similar comparison was made for the lowest three natural
frequencies with a model built using one-dimensional beam finite elements Yashar et al.
(2016) and a solid finite element model using ANSYS. The frequency ratio between
the natural frequency of the rotating cracked beam for different fixed rotational speeds
against the fundamental frequency of the uncracked beam are shown in Figure 4.28. The
estimated values using the Rayleigh-Ritz method show good agreement with the values
obtained from one dimensional FE models having a maximum error of less than 0.77%
in the third mode.

Furthermore, the crack location versus the natural frequency was compared in the chord-
wise vibration with the FE model and shows good agreement with a maximum error
less than 1% for the at first natural frequency when the crack is close to the root of the
cantilever beam. Likewise, the mode shapes of the chordwise vibration cracked rotating
beams were evaluated and compared with the corresponding modes produced from the
finite element model. Figure 4.30 shows the Modal Assurance Criterion (MAC) between
the results of the proposed method and the FE model. The diagonal white squares

indicate the good agreement for the mode shape matching between the two approaches.

Figure 4.31 shows the flapwise and chordwise natural frequency ratios versus rotational
speed for the same cross sectional dimensions and identical crack location and depth.
The chordwise vibration shows less sensitivity to the rotational speed than the flapwise

vibration, due to the gyroscopic coupling effect in the chordwise vibration.

The coupling between bending and longitudinal displacements in the chordwise plane
leads to a veering phenomena in the natural frequency versus rotational speed graph as
can be seen in Figure 4.32. In the third lowest natural frequency, the bending chordwise
mode natural frequency veers to become a stretch mode at the speed of 5900 rpm. The

fourth is veering from bending to stretch at a rotational speed of 3800 rpm, then veering
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from stretch to bending again at a speed 5900 rpm. A similar phenomena appears in
the fifth to seventh natural frequencies at the rotational speeds of 2800, 2050 and 1450
rpm respectively.
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Figure 4.28: Lowest three chordwise natural frequencies of a rotating cracked
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Figure 4.29: Natural frequency versus crack location for the lowest three chord-
wise natural frequencies of a rotating cracked beam at three different rotational
speeds ((a) non-rotating, (b) for 500 rpm and (c) for 1000 rpm) and crack depth
ratio £ is 0.5. Solid and dashed lines refer to the proposed method and FEM
respectively. The error bars are of 1% difference.
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Figure 4.30: MAC diagrams for the lowest six modes of the chordwise vibration
of the rotating cracked beam. The crack location ratio is 0.075 and the crack
ratio is 0.5 and rotational speeds (a) non-rotating, (b) 500 rpm and (c) 1000
rpm.
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Figure 4.31: Lowest three flapwise and chordwise natural frequencies of a ro-
tating cracked beam versus the rotational speed of the same cross sectional
dimension. The crack location ratio is 0.075 and the crack depth ratio is 0.5
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Figure 4.32: The veering of the bending and stretching natural frequencies at
high rotational speed in the chordwise plane for the rotating cracked beam. The
seven lowest natural frequencies are shown, where s represents stretching and b
represents bending modes. The crack location ratio is 0.075 of the beam length
and the depth ratio is 0.5 of the beam thickness.
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4.5 Beam with a breathing crack (Bilinear crack)- an al-

ternative formulation

A breathing crack is also often described as being a fatigue, closing crack or bilinear crack
Vigneshwaran and Behera (2014); Yan et al. (2013); Andreaus et al. (2007); Chatterjee
(2010); Friswell and Penny (1992). It is a type of crack, which changes its stiffness
according to the load applied to the structure. For example, when the crack is under
a tensile load, it is fully open and the beam has minimum bending stiffness, conversely
when the crack is subjected to a compression load, it is fully closed and the beam behaves
as an intact system. The behaviour in the fundamental mode of a beam with a breathing

crack can be representing as a SDOF system as illustrated in Figure 4.33 below.

WF

K = ke
* X
| < X
Ka

a3

Figure 4.33: SDOF bilinear system, where k. = ko + kp, ki = kq.

When the displacement is positive, i.e. > 0, the equivalent stiffness of the system is
equal to the total stiffness k. = k, + kp. In contrast, the stiffness of the system is equal

to k; = k, which represents the stiffness of the system,

mi +ct + ke =0,2 >0 (4.3)
mZ +ct + kgzr =0,2 <0 (4.4)

According to this definition, the frequency of the free vibration of the mass and hence

beam is changing during one half cycle of oscillation between w; and ws, where w; = 4/ %

and wy = % The bilinear frequency of the system can be calculated by finding the
time of one complete cycle of the period of oscillation, which is the combination of the

upper half cycle and lower half cycle as shown in Figures 4.34 and 4.35 below.
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Whilinear Tepresents the bilinear frequency of the system Yan et al. (2013); Douka and
Hadjileontiadis (2005)

Regarding the response in the frequency domain, a significant difference between the
opening and the closing stiffness leads to multiple harmonic frequencies, which can be
used in detecting bilinear cracks. For example, a frequency response for a SDOF system
should have one peak, which represents the resonance of the system. However, when
the bilinear effect occurs, harmonic frequencies will appear in the frequency domain in

addition to the main resonance frequency of the system, as can be seen in Figure 4.36.

Due to the non-linear effect, the procedure to extract the step frequency response in
Figure 4.36 was based on applying a sine displacement excitation on the base and eval-
uating the displacement response. Then, the amplitude of the main response frequency
is obtained by using a single term Fourier series fit of the time domain after removing
the transient duration. These steps are repeated at the different excitation frequencies
starting from 0.005 Hz to 1 Hz. Also, the response is obtained at different excitation

amplitudes corresponding 0.01, 1, 50 and 100 mm.

This type of bilinear pattern, known as a homogeneous system, where the response
amplitude is proportional to the amplitude of the input excitation. For example, Fig-
ure 4.36 shows the response of a nonlinear system for the various input amplitudes and

the ratio between the output and the input is remained fixed.

The same principle for representing the cracked rotating cantilever beam with a bilinear
crack, that behaves as either fully opened or as fully closed during vibration according
to the direction of motion of the beam was investigated and shown in Figure 4.37, (see

Bovsunovsky and Surace (2015)).

Figure 4.39 shows the base excitation FRF comparison of a rotating intact cantilever
beam with a linear open crack and breathing crack. The bilinear curve lays in between
the frequency behaviour of the open crack and the intact beam frequency curves. The
first resonance frequency for the intact beam, with open crack and beam with bilinear
crack are approximately 25.66Hz, 25.23Hz and 25.5, respectively. Obviously, the bilinear
frequency for the first resonance follows equation (4.7). However, this result does not
reveal the harmonic frequencies of the bilinear crack due to the small effect of the crack.

A significant bilinear crack most likely causes several harmonic frequencies, as can be
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Figure 4.34: SDOF bilinear system under free vibration.
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Figure 4.35: Blue and orange lines represent the stiffness and amplitude of a
bilinear SDOF system respectively.

seen in Figure 4.39. The first resonance occurs at about 39.5Hz, which leads to a
harmonic at 79Hz which is twice the fundamental frequency.

Comparison of the time domain response of the free end of a rotating cantilever beam

for an intact, open cracked and bilinear cracked is shown in Figure 4.40. Obviously, the
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Figure 4.36: SDOF bilinear system frequency response function for base excita-
tion. This system vibrates with several harmonics generated from the bilinear
stiffness. However, the output amplitude is directly related to the input ampli-
tude. The amplitude of the frequency response remains unaltered for various
input amplitudes. This figure is the simulation of simple mass spring system
response to the base excitation where X represents the displacement of the the
base and Y is the displacement of the mass. This result is obtained from the time
domain. The mass, stiffness of open crack, stiffness close crack and damping
are 1 Kg, 1 N/m, 2 N/m and 0.01 N.s/m, respectively.

bilinear crack shows unsymmetrical displacement around the static equilibrium position.
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Figure 4.37: A Cantilever beam with breathing crack. According to the direction
of motion, the state of the crack switches between fully opened of fully closed.
Bovsunovsky and Surace (2015)
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Figure 4.38: Comparison of the FRF for three types of rotating cantilever beam.
The first curve is for an intact beam, the second curve for a beam with an open
crack and the third for a beam with breathing crack. The bilinear crack FRF
is obtained from time domain simulation of the forced base vibration. All three
FRFs are determined for the rotating cantilever with a free end. The beam
dimensions are 300mm, 15mm and 2mm for the length, width and thickness,
respectively. and the rotational speed is 1000 rpm. The crack is located at 0.25
of the beam length from the root and the depth is in 0.55 of the beam thickness.



88

Chapter 4 Numerical results

10t : : : — T ,
X:39.5 X:40.69
Y:1.5603 Y:1.694
X:79
Y:0.3127
0 X:38.5 Harmonic of

107 ¢ Y:1.558 bilinear crack E
z
<
£ Intact beam
§, — — Open crack
E:L P I Bilinear crack
o 107 F i

R
L
2L _
10
1st 2nd
Resonance
Resonance
1 1 1 1
10 90 170 250 330400
Frequency(Hz)

Figure 4.39: Comparison of the FRF for three types of rotating cantilever beam.
The first curve for an intact beam, the second curve for a beam with an open
crack and the third for a beam with a breathing crack. The bilinear crack FRF is
obtained from the time domain simulation of the forced base vibration. All the
three FRFs are determined for the rotating cantilever with a free end. The beam
dimensions are 300mm, 15mm and 4mm for the length, width and thickness,
respectively and the rotational speed is 1000 rpm. The crack is located at 0.25
of the beam length from the root and the depth is in 0.55 of the beam thickness.
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Figure 4.40: Time domain response comparison for an intact beam, beam with

an open crack and a beam with a bilinear crack displacement at the free end

of the rotating cantilever beam. Rotational speed

1000 rpm and the base

The crack located at 0.25 of the beam length from the

root and the depth in 0.55 of the beam thickness.

excitation is at 40Hz.



90 Chapter 4 Numerical results

4.6 Conclusions

The simulation of rotating beam with and without crack were presented and discussed
in this chapter using both the finite element and Rayleigh-Ritz methods. The effect of
various parameters on the natural frequencies are illustrated such as rotating speed, hub
ratio and slenderness ratio. In addition, the critical points of the system are identified
for example the critical speed, buckling speed and veering phenomena. Furthermore, the
effect of cracks are investigated at various positions and depth. To sum up the following

conclusions can be drawn from the present results:

Flapwise motion:

e The natural frequencies monotonically increase with increasing rotational speed.

e No critical angular speed arises, where the critical speed is reached when any

natural frequency equals the rotational speed.

e An increase in the hub ratio increases the natural frequencies.

Chordwise motion:

e The natural frequencies do not increase monotonically due to the gyroscopic cou-

pling.

e A critical rotational speed can occur i.e. the fundamental natural frequency of the

rotating beam becomes equal to the rotational speed frequency.

e The existence of a buckling speed is evident, when the natural frequency of the

beam reduces to zero with increasing the rotational speed.
e Slenderness and hub ratio have a significant effect on the critical rotational speed,
since the thinner beam tends to bend more than stretch.
Cracked beam vibration:
e The crack location has a significant effect on the natural frequencies. The closer
the crack is to the hub, the lower are the natural frequencies.
e There is an inverse relationship between the crack depth and the natural frequency.

e When a crack is located at one of the nodes of vibration of a particular mode then

the frequency of that mode is unaffected.

e Treating a bilinear crack as an open crack could be lead to an underestimation of
the depth of the crack. The bilinear crack reveals shallow depth if it considered as

an open crack.
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e The appearance of superharmonic and subharmonic in the frequency domain could

be an indication of bilinear crack existence on the beam.

e The natural frequency of a bilinear cracked beam lies between the natural fre-
quency of an open cracked beam, with the same dimension and depth, and the

natural frequency of the identical but intact beam.

Finally, the results of the new simplified model for a rotating cracked beam was compared
with both solid and the one dimensional FE model. The new approach was accurate and
showed a good agreement, especially for the lowest three modes of the vibration, with
FE numerical models using one-dimensional beam and solid elements. The maximum
natural frequency error between the method proposed and FE was less than 0.5% for
the flapwise and less than 0.77% for the chordwise. Furthermore, the predicted vibra-
tion mode shapes matched well with corresponding mode shapes evaluated using the
FE model as shown with MAC plots. The bending vibration in the chordwise direction
showed less sensitivity to the rotational speed than the bending vibration in the flap-
wise direction due to the gyroscopic coupling. Moreover, a veering phenomena clearly
appeared in the higher natural frequencies for the chordwise vibration due to gyroscopic

coupling at high rotational speeds.

The next chapter deals with the experimental vibration measurements for the rotating
beam with and without crack using optical sensors and different digital image processing

methods to verify the simulation results that were presented in this chapter.






Chapter 5
Experimental setup and results

After modelling of a rotating beam with and without crack in Chapter 3, illustrated
by the simulation results in Chapter 4, the numerical results will now be validated
experimentally. The results and comparison will then be discussed in detail. Measuring
the natural frequencies and the mode shapes of a cracked rotational beam can have
challenges, due to potentially the high rotational speed of the beam. Measuring the
natural frequencies using wired sensors, such as accelerometers, is difficult to apply in
this case. However, using wireless accelerometers can also affect the results due to mass
loading. To overcome these problems, a non-intrusive optical method is applied using
a high speed camera with the aid of digital image processing. This approach has many

advantages; the most significant one is the remote non-contacting acquisition of the data.

In this chapter, first the experimental design will be described in detail. Then, the prop-
erties and dimensions of the specimen will be discussed. Next, three methods of digital
image processing (DIP), which are namely digital image correlation (DIC), Marker detec-
tion and Colour blob detection, will be explained and contrasted to show the advantages
and disadvantages of each approach and the suitable corresponding test method. Follow-
ing this, four different configurations for the camera setup will be discussed. The choice
of using speckles or markers also will be highlighted, to demonstrate suitable markers

for various image processing techniques.

The experimental test setup for the non-rotating and rotating beam will be explained
using the mathematical relationship between the different test parameters, such as op-
tical sensor size, the area of the field of view and image magnification. Then, the
experimental results will be processed for different test setups and image processing ap-
proaches. The results of the non-rotating beam will be presented first. Three different
acquisition systems are validated for the image processing methods with comparison to
accelerometer measurements. Subsequently, the results for the rotating beam with and
without crack will be presented. Various tests were performed to measure the natural

frequencies and mode shapes. In addition, the results will be compared with the model

93
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that was developed in Chapter 3. Finally, the overall results will be briefly listed in the

conclusions.

5.1 Experimental design

An experimental test rig was designed incorporating a controllable high rotational speed
and vertical base excitation. The foundation of the design should be rigid enough to
avoid frequency interference between the specimen and the foundation. To achieve these
requirements, a test rig was designed as shown in Figure 5.1. This design comprises four
main parts. A steel foundation, a high-speed air-cooled controllable motor, a rotating

hub and a rotating beam.

The rotating hub assembly allows the introduction of a vertical excitation to the base
of the rotational beam as shown in the Figure 5.2, where the four shafts can slide in the
linear bearings. This vertical excitation was achieved using an electrodynamic shaker,

which excites the beam in a flapwise direction at its base.

The rotating hub is connected to the high speed motor by a belt to reduce the transmis-
sion of vibration generated by the motor. Also, the motor is clamped to the foundation
using a 3D printed plastic clamp for the same reason. The motor can provide a speed
range between 0-24000 rpm using a variable frequency drive (VFD) to control the rota-

tional speed as shown in Figure 5.3.

This design was optimised using FE vibration analysis in simulation software. The
main component of the rig foundation is based on standard mild steel channel 150mm x
90mm x24mm. These dimensions are fixed. The length of the Bridge, Sidel, Side2 and
the angle cut of the Sidel and Side2 as shown in Figure 5.1 were selected as variables
in the optimisation process. The optimisation used is based on a single calculation
of the modes over a matrix of the parameter values. The mechanical drawing and
assembly of the Bridge, Sidel and Side2 can be found in Appendix A. The main design
is built using SolidWorks, then the geometry file imported into ANSYS software. The
mentioned variables lengths are selected as parameter sets (for more information see
Chen and Liu (2014)) and the change step in the lengths set to 5 mm, then the lengths
obtained from the maximum fundamental frequency. The estimated test beam natural
frequencies, covering the fundamental, second and third modes are between 8-500Hz.
The fundamental natural frequency of the test rig foundation after optimisation is about
850Hz, which is much higher than the specimens’ frequencies. The fundamental mode

of the test rig is shown in Figure 5.4.

Furthermore, the test rig was designed and manufactured with a changeable rotating
hub mount for different test requirements. Figure 5.5 shows two different applications

for the test rig. The camera off the system in Figure 5.5(a) using this test rig to be
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used with the variable high-speed camera without considering the size of the camera.
Furthermore, this configuration permits the use of an advanced application such as real-
time measurement and control. However, using a reflecting mirror limits the array of
the measurement points on the beam. This is due to the need for constantly processing

rotating images with respect to the camera field of view.

The second configuration in Figure 5.5(b), shows the camera mount on the rotating
hub. This configuration is suitable for performing tests with a smaller camera and is
more accurate to directly capture the markers. Furthermore, more information can be
extracted from the images such as flapwise, chordwise and torsional deflections. However,
due to limited space for the camera, the acquisition images are recorded in the memory

of the camera and are then post processed after performing the test.

The technical information and mechanical draw of the test rig design can be found in

the appendix A.

Rotating hub Belt
Rotating beam

Electrodynamic shaker

Figure 5.1: Experimental test rig
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Figure 5.2: Rotating hub assembly

. Main cover to clamp the beam,

. Main rotational ball bearing ”6009/C3” (high speed),
. Linear bearings LM8UU,

. Sliding shafts 8mm,

. Linear bearing holder,

. Small ball bearing (to connect with shaker),

. bottom cover,

. M6 nuts.
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Figure 5.3: 0.8kw erll air-cooled spindle motor and 1.5kw inverter drive ”vari-
able frequency drive (vfd)”.
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Figure 5.4: Fundamental natural frequency of the experimental test rig founda-

tion.
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High-speed camera .
High-speed camera

Rotating beam Belt

Electrodynamic shaker
Electrodynamic shaker ectrodynamic shaxe

(a) (b)

Figure 5.5: The test rig with two different test configurations. (a) the test rig
with a single camera and a reflecting mirror and (b) the test rig with an on hub
camera

5.2 Specimen properties

Three specimens of different lengths were used in the tests. The specifications of these
specimens are listed in Table 5.1, together with the three natural frequencies. These
dimensions were selected to prevent interference between the vibration of the specimen
and the rig. Moreover, the length of the beams was selected based on the size of the

camera sensor.

Specimen No.1 No.2 No.3 No.4 Units
Width 15 15 15 mm
Thickness 2 2 2 mm
Length 400 330 300 mm
Material ~ Aluminium Aluminium Aluminium

1st freq 10.2 18.2 Hz
2nd freq  64.0 113.8 Hz
3rd freq 179.3 318.8 Hz

Table 5.1: Cantilever specimen dimensions and predicted natural frequencies.
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Figure 5.6: The manufactured test rig.

5.3 Digital image processing

There are numerous digital image processing methods to extract the information from
the image. In this section, the three main types of image processing method will be
described. These are digital image correlation, marker detection and blob area detection
methods. The main reason for using three different methods is related to the advantages
and the conveniences of each method with the specific applications. For example, the
image correlation method (DIC) is more likely to be used in finding the strain of the
surface of the object since the estimation of the rate of change of the surface displacement
is more accurately measured. However, it is difficult to apply (DIC) for later control

applications due to the processing delay.
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5.3.1 Digital image correlation

Digital Image Correlation (DIC) is a pattern tracking method and it is designed to
recognise and track a special density of grey levels Helfrick et al. (2011). To achieve this,
specimens are typically painted with two contrasting colours such as black and white as
shown in the Figure 5.11(a) (see section 5.5 for more information). This pattern should
be random and the size of the black points should not be less than three pixels to avoid
pixel aliasing. Three different markers were used instead of the speckles for the purpose
of tracking the tags using a simple MATLAB image processing algorithm. This was in

addition to using a commercial DIC software package for comparison of the results.

Figure 5.7 shows the digital image correlation steps, where Figure 5.7(a) shows the
unprocessed image including the markers. Figure 5.7(b) illustrates the image of the
second marker, which is selected for detection. Figure 5.7(c) shows the cross correlation
result between the unprocessed image and the image of the marker. The white spot is

the identified position for maximum correlation of the image.

Different approaches were used to extract the information from the image. The main
procedure of DIC starts with applying a Gaussian filter to reduce pixel aliasing and noise.
The latter is generated from the pixels’ different sensitivity. Then, the main image was
divided into the small subsets; each subset will correlate with the pattern image (target).
The maximum correlation results refer to the best match between the location in the
image and the target. However, the difference between the commercial software starts
after the first matching point. The algorithm in MatchID tends to apply interpolation
between higher correlated subsets to accurately locate the target in the image. These
options are limited in the MATLAB image processing toolbox and required extra coding.
The interpolation algorithms in MatchID used either a least-square based approach (Ap-
proximated NSSD, Normalized sum of the squared differences and zero-normalized sum
of squared differences) or Cross-correlation based. Examples of the cross-correlation
include normalized cross correlation and zero-normalized cross-correlation. For more
information see MatchID (2016). Each of the algorithms have advantages and disad-
vantages according to the light condition, speckle size, optical sensor sensitivity and

processing time.

5.3.2 Marker detection

The process of marker detection is based on detecting specific geometrical shapes such
as a circle, square, pentagon or hexagon, etc. In this study, a single or a group of circles
is selected as a marker and the algorithm of the Circular Hough Transform (CHT) Song
et al. (2014) is applied as the detector. The purpose of the technique is to find circles

for imperfect image inputs and return the positions of the centres of the circles.
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(a) (b)

()

Figure 5.7: Digital image correlation process. (a) the original field of view, (b)
the marker and (c) shows the result of two dimensional digital image correlation.
The white circular area represents the point of best correlation between the
original image and the marker.

In general, a circle can be defined by three parameters X., Y, and R.. The first two
parameters specify the centre of the circle while the third one represents the radius of
the circle. The designed markers are with known parameters as shown in Figure 5.8.
However, the deflection of the beam will change the position of the circle centres within
the field of view. As a result, the radius R, of the circles is still constant during the
position change of the marker. The fixed radius will reduce the unknown parameters to

two, which are the parameters of the centres.

The procedure for detecting the centres of these circles can be explained in three steps
Luo (1998)

e Converting the input image into a binary image using an edge detecting filter.
e Generate a circle from each edge with known radius.

e Using votes to the number of intersections of the generated circles and the higher

intersected point, which represents the centre of the circle.

5.3.3 Colour blob detection

This approach is based on recognizing and detecting the area with different levels of the
grey colour. This method is faster than the previous two approaches, especially if the
tracking object has a significant different level of the grey colour from the surrounding.
The procedure is firstly applied by a 2D Gaussian filter, to smoother and remove the
pixel noise from the image. Then, a threshold is applied to the image to separate the
high level of grey from the low level. The image produced becomes binary such as black
and white. Then, the centre of the black colour is determined if selected as a tracking
target by summation of the black pixels at = position and divided into the number of
pixels. The same process is applied for the y detection. The resulting mean values for

x and y represent the centre of the black marker area, as shown in Figure 5.9
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Marker image Marker image Circle generate at the edge
after edge filter apply of the markerand detect the center

Figure 5.8: Circle detection procedure. After applying an edge filter a number
of circles will be generated from the pixels of the edges with radius equal to the
radius of the circles to be detected. The intersection of the circles generated
becomes a centre candidate. The actual centres are selected according to the
number of intersections. In this figure, the white circles represent the actual
markers and the red circles are the generated circles used to detect the centre.
Only the upper circles are illustrated in this figure for simplicity.

Marker image 2-D Gaussian filtering Marker image Marker image
after applying threshold with detecting the centres
and detecting area

Figure 5.9: The colour blob detection procedure. The steps from left to the
right are started by loading the image, then applying a 2D Gaussian filter to
remove pixel noise. Then, one applies a threshold to separate the high and
low grey level. Finally, obtain the centre of the markers, which are required by
determining the mean value for the x and y.

5.4 Camera set up procedures

The test setup is based on, firstly, the measurement equipment capability which depends
upon the frame rate and resolution of the camera sensor. Secondly, it is a function of
the frequency range, which depends upon the rotational speed and measured frequencies
and thirdly, the field test area.

For flapwise vibration of a non-rotating beam, the test configurations shown in Figure

5.10 are applicable. However, the most suitable arrangement is Figure 5.10(a), which
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was used previously for non-rotating beams by Romaszko et al. (2015). A single high-
speed camera is set perpendicular to the plane of motion. This arrangement allows the

camera to capture the lateral vibration of the beam with minimum equipment.

For the rotating beam the first two setups are difficult to apply. In setup (a), the
rotational speed is much lower than the frequencies of the beam. Therefore, more than
one camera should be used to avoid frequency aliasing. For the second setup, Figure
5.10(b), the same sampling problem occurs, which requires a high-resolution camera to
analyse the field of view and increasing the resolution can lead to a decrease in the image
frame or sampling rate. In addition, using two cameras can increase the complexity of
information and extracting information from the two images due to extra unnecessary
data. The third and fourth setups, in Figure 5.10(c) and Figure 5.10(d), are considered
for the rotating beam case, because of the continuous capture and minimum field of view
area used. The images obtained from the latter also use a rotating frame of reference,

which is the same speed as the rotating beam itself.

Camera 2

Rotating beam

Rotating hub

View frame

Rotating beam

Camera : View frame

Camera

Rotating beam

Rotating hub

o View frame

Rotating hub T
! View frame

c S — d

Figure 5.10: Types of camera setup: (a) single camera perpendicular to the
plane of the lateral displacement, (b) stereo vision system for 3D imaging, two
cameras with arbitrary setup angle, (c) single camera with a reflecting mirror
that targets one or more markers along the beam and (d) a single camera fixed
to the centre of rotation, targeting one or several markers along the beam.
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5.5 Speckles or markers

Digital image processing, which is used in this research, is a pattern tracking method
and it is designed to recognise and track a special density of grey levels. To achieve
this, usually the specimen is painted with two contrasting colours such as black and
white as shown in the Figure 5.11(a). This pattern should be random and the size of
the black points should not be less than three pixels. Herein, three different markers
were used instead of the speckles for the purpose of tracking the tags using digital image
correlation and a simple MATLAB image processing algorithm. These three markers
are 10mm in diameter black circles, three 2mm in diameter black points and a pattern
of 2mm in diameter set of five black points as shown in Figure 5.11(b-d). The corre-
sponding test configuration for the non rotating beam shown in Figure 5.12,Figure 5.13

and Figure 5.14, respectively.

In addition, to the speckles and markers, LED diodes can be use as traceable targets.
An advantage of using LED is to create a significant grey level difference between the
target and the background. Furthermore, the LED sources are usually made in standard
geometrical shapes which can be recognised when using a circle detection method (see
Section 5.3.2). These two advantages could be used to improve the processing speed,
especially when used with a blob detection method (see Section 5.3.3). However, LEDs
also have disadvantages such as adding extra mass and required a wired powering, which

is not suitable for the direct application onto the rotating beam.

® o°

@ o
® 0 %,
C d

Figure 5.11: Speckle pattern (a), 10mm diameter black circle (b), three 2mm
diameter black circles (d) and five 2mm diameter black circles (e).

a b

Figure 5.12: Marker 1 , 10mm diameter circle black single circle.
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Figure 5.13: Marker 2 , 2mm diameter circle three black circles.

Figure 5.14: Marker 3 , 2mm diameter pattern of five black circles distributed
along the beam.

5.6 Experimental test setup

5.6.1 Non-rotating beam

Experiments were first carried out for a non-rotating beam using DIC to compare the
results with those obtained using accelerometers. For the DIC system setup, two LED
lights were used with a Motion Pro X3 Plus high-speed camera. For the acquisition and
recording of the data Motion Studio software (reference) was used. Simultaneously, on
the other hand, the accelerometer and impact hammer were connected to the LMS test
lab.

In this test, only flapwise or lateral displacement of the beam was measured. For this
reason, only one camera is required. The camera is installed perpendicular to the plane
containing the beam movement as explained in section 5.4 in Figure 5.10. The camera
captured the motion in the XY plane when it was fixed at a perpendicular distance Z
from this XY plane.

According to the DIC method, the minimum number of pixels per black speckle should
be at least a 3x3 pixels array in the image. In addition, at least 3 speckles per subset are
required to guarantee reasonable matching precision Pan et al. (2009). However, in this
experiment the thickness of the beam is 2mm. The magnification is also the relationship
between the object size on the beam and the image size on the sensor. The equivalent
length to the number of the pixels is equal to 2.27 pixels/mm. For this reason, a large
marker is used instead of a group of speckles as mentioned in Section 5.5. The sensor

size, field of view (FOV), magnification and the distance from the object are obtained
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from Equations 5.1 to 5.4.

Sensor size =pixzels number x size of each pizel (5.1)

Sensor size =1024 pixels number x 12um size of each pizel = 12.288mm

Sensor size x Distancetoobject

FOV = 5.2
focal length (5:2)
Sensor size
Magni fication =—————— 5.3
agni fication OV (5.3)
12.288mm Sensor size
Magni fication = = 0.0273
agni fication 150mm FOV
FOV x L llength
Distance fromthe object = x Lens focalleng (5.4)

Sensor size

The equivalent length to the number of the pixels is equal to 2.27 pixels/mm. For the

test setup, the calculation steps are shown in Table 5.2

Motion Pro X3 Plus Photron SA3  units
Pixel equivalent in mm
pixels 1024 1024 pixel
pixel size 12 17 pm
sensor size 12.288 17.408 mm
Magnification factor
Field of view 450 450 mm
magnification 0.027306667 0.03868444
Lens Focal length(mm) Distance from the object
Sigma 2.8 105mm 3845.215 2714.269 mm
AF NIKKOR 50mm 1831.055 1292.509 mm

Speckle size

Pixel size on beam 0.439453125 0.439453125 mm
Minimum speckle size 1.318359375 1.318359375 mm

Table 5.2: DIC calculation for the sensor size, magnification, distance from the
object and speckle size.
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LED lights

PC1 for DIC High speed camera Test rig and spacemen PC2 for LMS LMS

Figure 5.15: Experimental test rig set up showing the rig, camera and data
acquisition system.

5.6.2 Rotating beam

Flapwise vibration is out of the rotational plane of motion of the beam. In addition, a
rotating beam covers a circular area with a diameter equal to twice that of the rotating
beam length and hub radius. This motion can be captured by setting up the high-speed
camera perpendicular to the plane of vibration as shown in Figure 5.10(a). However,
this method is limited to only being applicable when the maximum frequency of the
vibration to be measured is less than twice the rotational speed of the beam in order
to obey the Nyquist sampling rate. The second method uses a stereo vision system.
Nevertheless, a larger area needs a larger number of pixels for accurate measurement.
This problem becomes significant when a longer beam is used. Two high-speed cameras
capturing the beam from two different angles, then matching these two images will
reveal the deflection of the beam. Nevertheless, using a single high-speed camera with
a reflecting mirror at the centre of rotation solves both aforementioned problems of the

sampling rate and image resolution, as shown in Figures 5.10(c) and 5.10(d).
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5.7 Experimental results

5.7.1 Results for the nonrotating beam

Vibration measurements performed for a non-rotating beam are used for comparison be-
tween the results from the image processing methods and the ones obtained using beam
mounted accelerometers. The frequency response function of a non-rotating cantilever
beam was measured using a simple impact hammer test using a hammer (PCB 5800B3
with sensitivity 207.287 mV/N). The frequency response function of the non-rotating
beam was measured using an accelerometer (PCB 3035BG sensitivity=103.90 mV /m/s?)
and the results were compared with simultaneous recordings using a high-speed camera
(MotionPro X3 plus, 50mm lens at 800 frames per second). The camera was setup as

shown in Figure 5.10(a).

MATLAB image processing toolbox was used to locate the displacement of a marker by
using the circle detection method as shown in Figure 5.16, where specimen 1 was used.
This program is limited to large displacements and therefore the data becomes very
noisy for small displacements. However, there are several commercial software packages
for DIC which are able to tackle this issue using the average grey level and sub-pixels
for locating objects. MatchID was employed in this work to post-process the data. This
software is based on pattern detecting using DIC, which selects the markers and the
search area as shown in Figure 5.17. The program will track the pattern through the
sequence of images. Then, the displacement result can be plotted as a function of time
as shown in Figure 5.18. Figure 5.19 shows the comparison of the measured results for
three different methods such as using an accelerometer (LMS), digital image processing
using a circle detection method (MATLAB) and digital image correlation (MatchID).

The second test was performed using specimen 2, with five point marker patterns to
check again the matching of the three methods, which are DIP circle detection, DIC and
using an accelerometer. The results of digital image processing using marker detection
method is shown in Figure 5.20. Similar to the first test, the DIC software shows
the displacement as a function of time presented in Figure 5.21. Furthermore, the

comparison between the results is shown in Figure 5.22.

Figure 5.19 and Figure 5.20 shows the comparison between the accelerometer measure-
ment and the optical sensor results. The accelerometer data was converted to displace-
ment amplitudes. Its curve tends to start from a higher amplitude due to this conversion
from acceleration to displacement. The high value of the displacement at 0 Hz is due
to the division by 0, according to Equation 5.5. At higher frequency, the accuracy of
the optical sensors will reduce as the displacement amplitudes are low. Furthermore, in
contrast the method DIC using MatchID shows a better performance in measuring the

displacement than the DIP using the circle detection method.
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Figure 5.16: MATLAB results by an using image processing toolbox. In the
first row the red circles refer to the marker detection points. The field of view
is cropped to small search areas to speed up the image processing. The second
row shows recorded time domain decay from a hammer input. The third row
shows the transfer receptance measured for the three points.
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Figure 5.17: MatchID software showing the selected marker and the search area.
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Figure 5.18: Displacement as a function of time obtained from the selected point

using MatchID software
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Figure 5.19: Comparison between the transfer receptance results using an ac-
celerometer (LMS), the digital image processing DIP (MATLAB) and the digital
image correlation DIC (MatchID) methods for specimen No.l. Beam length is
400mm, the hammer input at 100mm away from the fixed end and the output
at 300mm from the fixed end. The fundamental natural frequency is 8.14 Hz,
the second natural frequency is 55.54 Hz and the third natural frequency is 153

Hz.
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Figure 5.20: Specimen No.2 using MATLAB code for the displacement identifi-
cation. Five point markers were used to increase the accuracy. In addition, an
LED trigger was used to trigger the high-speed camera at the hammer impact.
The dimensions of the beam are 200mm, 15mm and 2mm for the length, width
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Figure 5.21: Specimen No.2 MatchID software processed results showing the
vibration displacement impulse response versus time.
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Figure 5.22: Comparison of the results using an accelerometer (LMS), DIP circle
detection method (MATLAB) and DIC (MatchID) methods for specimen No.2.
The beam length is 300mm, the hammer input is at 50mm from the fixed end
and the output measured at 200mm away from the fixed end. The fundamental
natural frequency is 16.04 Hz, and the second natural frequency is 105 Hz.
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Since the accelerations are measured in g, the results are scaled and the sensitivity of the
accelerometer are also included. LMS software calculates the accelerance, the transfer

function between the acceleration and force (‘“”C‘}ls%) where the DIC calculates the

displacement

receptance, the transfer function between the displacement and force ( Force

) as

shown in Figure 5.23 . To convert accelerance of G*(jw) to the receptance G"(jw),

LMS test lab

Impact force (N) m Acceleration (g)

Impact force (N) m Displacement (mm)

Figure 5.23: Measured output data is acceleration for LMS test lab and dis-
placement for the DIP method.

@ (ju) = G (jw) X — (5.5)
LMot (M (5:6)

5.7.2 Results for the rotating beam

For the rotating beam, a single camera with a mirror, as shown in Figure 5.5(a) and
Figure 5.10(c), was used to measure the vibration. The reflected image can reveal
both the rotational speed and the beam deflection as a function of time in Figure 5.24.
Converting the marker position from the Cartesian system to the Polar system and by
taking the FFT of the time history, the fundamental and second resonance frequencies
can be obtained as shown in Figure 5.25. The maximum percentage of the error between
the theoretical predictions Yashar et al. (2016) and experimental results for the first and
second resonances are less than 5% as illustrated in Figure 5.26. The differences between
the analytical and the experimentally estimated natural frequencies are partly due to the
uncertain boundary conditions in the experimental rig. Theoretically a fixed end was
assumed, but here in the experimental test the beam constraint was dependent upon the
clamped edges and applied bolt force. This factor led to a reduction in the estimated

frequencies from the experimental results when compared to the theoretical results.

Utilizing two different systems is not efficient due to signal misalignment as well as due
to having different sampling rates between the two systems, which requires subsequent
data interpolation. This issue was resolved using the same camera to capture both the

input signal as well the output signal. As shown in the block diagram in Figure 5.28,
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Figure 5.24: The camera off the hub test procedure. The marker is attached
to the rotating beam and the camera is fixed on the tripod pointed to the
mirror which reflecting the motion of the marker during the test. The rotational
speed can be estimated from the motion of the marker around the centre of
the rotation, while the change in the radius of the marker position reveals the
response of the beam at the marker attached point.

another marker was placed at the centre of rotation. This method is used for random
vibration tests to compare between the accelerometers and the response obtained from

markers as shown in Figure 5.29.

The camera on hub method has a great advantage due to less complexity in extracting
information for the images and have the capability to measure more than one measure-
ment point along the rotating beam. The field of view of the camera is directly on the
markers as shown in Figure 5.30(a). Furthermore, the chordwise and torsional vibration
can be measured by using this method shown in Figure 5.30(b). As a result of measuring
more than one point, using the camera on hub, the mode shapes of the beam can also
be obtained. Figure 5.32 shows the fundamental and second mode shapes of the beam.
These mode shapes were obtained from the experimental measurement in the frequency

domain utilising the Nyquist circle fit to increase the accuracy.

The measured mode shapes are compared with the estimated ones corresponding to two
different rotational speeds for the intact beam using the MAC method and the results
are shown in Figure 5.33. For a rotating beam with a crack located at the length ratio
equal to 0.103 and the depth ratio equal to 0.375, the results are shown in Figure 5.34.
The MAC result shows over 99.5% of match between the theoretical and experimental

mode shapes for the fundamental and second modes.

Similar to the theoretical study, the effect of the crack on the rotating beam shows a
reduction in the natural frequency for the fundamental and second modes. Figure 6.7
shows the measured frequencies for different rotational speeds for the intact and cracked
rotating beam with dimensions 330mm, 15mm and 2mm for the length, width and
thickness respectively. The crack was located at 24.5mm from the root of the beam with

a crack depth 1.1mm.
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Figure 5.25: Frequency response function (transmissibility) of a can-
tilever aluminium beam with cross section (height=2mm, width=15mm and
length=330mm), rotating at different speeds (150, 396 and 587).
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Figure 5.27: Experimental test set up for a single camera with a mirror on
the hub. Two different systems were used for data acquisition; LMS lab test
connected to an accelerometer to measure the excitation and digital high speed
camera to measure the response of the beam.
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Figure 5.28: Experimental test set up with a single camera on the hub. Addi-
tional marker is placed on the centre of the rotation and a single camera is used
to measure the excitation and response of the beam.
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Figure 5.29: Single camera on hub is used to measure the FRF between
the output marker and input marker (blue solid line) and output of the ac-
celerometer and the input marker (red doted line) for the non rotating beam

(length=330mm).
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Figure 5.30: The marker configuration on the rotating beam. These images are
samples from the high-speed camera record.
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Figure 5.31: The transmissibility and coherence measurements for a rotating
beam with six measurement points along the beam. The rotational speed is
373.11 rpm.
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Figure 5.32: Experimental mode shapes of the rotating beam measured using
digital image processing. The dimensions of the beam are 330mm, 15mm and
2mm for the length, width and thickness, respectively. The markers are attached
at positions corresponding to the length ratios of 0.21, 0.33, 0.45, 0.57, 0.69 and
0.98 from the root of the rotating beam.
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Figure 5.33: MAC comparison between experiment and the Rayleigh-Ritz pre-
diction method. The dimensions of the beam are 330mm, 15mm and 2mm for
the length, width and thickness respectively. The mode shape predictions are
evaluated using the Rayleigh-Ritz method at the same point as the attached
markers along the length, at ratios of 0.21, 0.33, 0.45, 0.57, 0.69 and 0.98 from
the root of the rotating beam.
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Figure 5.34: MAC comparison between experiment and the Rayleigh-Ritz
method. The dimensions of the beam are 330mm, 15mm and 2mm for the
length, width and thickness respectively. The estimated response at points
which are the same as the attached marker points at the length ratios of 0.21,
0.33, 0.45, 0.57, 0.69 and 0.98 from the root of the rotating beam. The crack is
located at 34 mm from the root of the beam and its depth is 0.75 mm.
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Figure 5.35: The fundamental and second flapwise natural frequencies measured
using a high-speed camera for a rotating beam with and without crack. The
length of the beam is 330mm and the cross section is 15mm wide and 2mm
thick. The crack is located at 25.5mm from the root of the beam and the crack
depth is 1.1mm.
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5.8 Conclusions

The experimental measurement using possible alternative optical systems is presented
in this chapter. The first sections of this chapter explained the test rig design and
its capability in performing different types of configuration according to the required
measurements. Then, the properties and dimensions of the used specimens are listed.
The test rig and the specimens were designed and manufactured in dimensions and
materials selected specially to avoid the interference between the resonance of the three
lower modes of the rotating beam with the resonance of the test rig. Then, three different
image processing approaches namely DIC, marker detection and colour blub detection

are explained and illustrated in detail.

The first two image processing methods, which are the DIC and marker detection, are
used in a post-processing procedure while the third method (colour blob detection) is
more likely to be used in real-time applications. Moreover, the optical methods could be
considered in four different camera setups. In this chapter, three different cameras setups
used are shown in Figure 5.10(a) for a non-rotating beam test and in Figure 5.10(c),(d)
for a rotating beam. Furthermore, the markers were used instead of speckles due to the
simplicity and the ability to extract information from the image using marker detection
as well as digital image correlation. The magnification, marker size and the distance
of the lens from the beam are also illustrated and expressed for two different camera
sensors and lenses. Before performing a test on the rotating beam, a non-rotating test
was performed to verify the optical methods’ accuracy using a simple impact hammer
test with accelerometer measurement. The results of three different methods namely
DIC, marker detection and accelerometer data analysed using the LMS test lab show
good agreement, especially for the lower frequencies. The optical methods measure the
displacement of the markers on the beam as a function of the time. The higher the

amplitude, the better the measurement accuracy is from the optical measurements.

Regarding a rotating beam, a single camera with mirror is used first with a single marker
to measure the response of the beam and an accelerometer attached at the centre of the
rotation to measure the input excitation. This configuration can be used with different
types of high-speed cameras regardless of the size of the cameras due to attaching the
camera on the mount separate from the test rig. Although this method has the advantage
of measuring high vibration frequencies, it has a signal alignment issue due to using more
than one piece of equipment in the measuring set up. However, subsequently, a camera
attached to the hub configuration was used. This method is limited by the size of the
camera because of the camera is mounted on the rotating hub. In contrast to the first
configuration, this method has the advantage of using multi-measurement points along
the beam and the simple steps to extract the information from the images. Moreover,

as a result of multi-point measurements, the mode shapes can be obtained from the
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measurements. Furthermore, the excitation and the response markers are captured

from the single camera, so there is no misalignment or delay in the signals obtained.

The increase in the rotational speed leads to the increase in the natural frequencies of
the rotating beam as estimated from the simulation model in Chapter 4. In addition, the
existence of the crack leads to a decrease in the natural frequencies of the rotating beam.
Furthermore, the mode shapes of the experimental test and the prediction model are
compared using MAC and the results show good agreement between the corresponding
modes. The results for the natural frequencies from the experimental test are less than
those estimated from the simulation model. The maximum percentage error between
the simulation model and the experimental measurement is less than 5%. This error is
most highly due to the uncertainty in the boundary conditions of the attached beam,
such as strictly not fully clamped condition, and the damping in the system. Model
updating will be discussed in the next chapter to obtain more accurate results from the

simulation model.






Chapter 6

Crack detection

6.1 Introduction

The majority of existing vibration instrumentation used for vibration measurements
on rotating objects is typically through an electrical connection using slip rings wired
to an acquisition system. These connections have significant disadvantages, such as
inherent low signal to noise ratio and the potentially unreliable electrical connections.
An optical high-speed camera in conjunction with digital image processing is used herein

to overcome these issues and monitor the health of a rotating system during operation.

Numerous studies Barad et al. (2013); Satpute et al. (2017); Mazanoglu and Sabuncu
(2012) have investigated crack identification of non-rotating elements using various dy-
namic characteristic based techniques, such as natural frequency changes. Generally,
these methods are based on detecting the crack location and depth from the lowest or-
der natural frequencies, typically three frequencies for a cracked beam. Subsequently,
the point of intersection for these three frequencies on a crack location and depth chart
can identify the crack. Alternatively, Nguyen et al. Nguyen (2014) used the sudden
change in the slope of the three-dimensional mode shapes as an indicator for the crack
location and depth. In addition to changes in the natural frequencies, anti-resonance
frequency shifting has also been used to identify multiple crack positions Douka et al.
(2004). These reported studies are limited to non-rotating beams. In contrast, the anal-
ysis and identification for rotating cracked beams are relatively scarce in the literature
Banerjee and Pohit (2014); Cheng et al. (2011). Masoud and Al-Said (2009) proposed
an algorithm for crack detection in a rotating Timoshenko beam. The algorithm is
based on firstly detecting the crack depth then locating the crack position along the
beam. Further, the crack location was then confirmed by applying the same algorithm

at different rotational speeds.
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The objective of this chapter is to describe an experimental method to determine the
crack location and depth using a contactless optical method, namely digital image corre-
lation (DIC). Various on hub camera configurations are proposed in the previous chapter
to measure the vibration of a rotating beam and tested on a non-rotating beam to verify
the measured values. This was then followed by measurements on a rotating beam at
different rotational speeds. Subsequently, model updating is applied to the intact rotat-
ing beam results in order to characterise and capture the boundary conditions at the
attached end more accurately. Later, an updated model is then used with the measured
fundamental and second natural frequencies of the cracked rotating beam to identify
a crack, which has been deliberately introduced. The crack detection method is then
tested by comparing the two lowest natural frequencies from the updated simulation
model and the actual cracked beam. The natural frequency-speed curve generated from
the actual model is then optimised to find the best combination of crack depth, location

and rotational speed curve.

6.2 Rotating beam measurements

For the rotating beam, the captured footage can reveal both the rotational speed and
the beam deflection as a function of time. The rotational speed is obtained from track-
ing the background of the images and the beam deflection from the markers’ position
according to the field of view image frame, which is fixed in the process. The measured

displacement is converted from the image pixels to actual displacement in mm.

The fundamental and second resonance frequencies can be estimated from the power

spectral density (PSD) of the time history, as shown in Figure 6.1.

The values of the measured natural frequencies marked with circles in Figure 6.4 are
lower than the predicted numerical results Yashar et al. (2018) marked with a dotted line
for a cantilever beam. This difference in the natural frequencies is due to the flexibility
at the end of the beam attached to the rotational hub and the approximate clamped

edge boundary conditions.

In order to subsequently use the numerical model for assisting with the crack detection,
it is necessary to update the simulation boundary conditions at the hub in order to

improve the accuracy of the numerical model.
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Figure 6.1: Frequency response function (transmissibility) of a non-cracked
cantilever aluminium beam with rectangular cross section (height=2mm,
width=15mm and length=330mm), rotating at three different speeds (150, 396
and 587rpm). Random excitation is applied at the centre of rotation of the can-
tilever beam and the response is measured at 70mm from the root of the beam.
A Go Pro hero 4 black camera is used with images acquired at 240 frames per
second, a shutter speed of 1/960s and an equivalent ISO of 100.

6.2.1 Model updating

The first and second natural frequencies of the intact rotating beam were measured
for different rotational speeds and were used to update the boundary conditions in
the simulation model. Typically, in structural dynamics, the experimentally measured
frequencies are lower than predicted ones due to the additional flexibility in the physical
boundary conditions. To update the model, a linear and torsional spring were added
to represent the constrained end of the cantilever, representing the additional flexibility
due to the complex mechanism of the rotating hub and linear bearings and replacing

the fully built in conditions.

The theoretical admissible function Y (x) of the rotating cracked beam, which is based
on static deformation of cantilever beam under a concentrated load applied at the free

end, can be expressed as Yashar et al. (2018);

o) = (1) g1 (57 5) 6
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where L, x, n, E and I represent the beam length, distance from the root of beam to
the location of the lateral deflection, order of the shape function, Young’s modulus of

elasticity and the second moment of area, respectively.

In the updated model the end attached to the rotating hub, which is considered to be
at a point, is constrained by a linear and a rotational spring and the second end is free,

as illustrated in Figure 6.2.

Linear spring (k)

Fixed Free * Free

Rotational spring (k)

h—ﬁ?—

Figure 6.2: The boundary conditions of the beam, initial theoretical model and
updated model to fit to the experimental test beam.

The corresponding updated admissible function for predictions of the rotating cracked
beam can be expressed from the resulting tip load static flexibility shape function Wang
and Yang (2011);

v = (2)7 (o [+ 2] - 24 L) ©2)

where k7, and kp represent the linear and torsional spring stiffnesses respectively at the

attached end of the rotating beam.

A genetic algorithm was used to obtain the two stiffness parameters that minimise
the error between the experimental intact beam frequency-speed curve and the curve

obtained from simulation model as expressed by the error function.

Z |fls ]{L,kT fle‘ + ’f2s(kL,2T) - f26| (63)

ETTOTstif fness —
Q=0

Here f1 and fo are the first and second natural frequencies of the rotating intact beam,
Q1,2,3,...n represent the speeds at which the natural frequencies are estimated and the
subscripts s and e refer to the simulation and the experimental values, respectively. Here
a genetic algorithm was used due to its capability in finding the global minimum for the

error in terms of the two unknown stiffnesses.
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6.3 Crack detection using a frequency-speed curve

Crack detection herein is based on a frequency change using the experimental measure-
ments and numerical model predictions. The crack detection process is divided into two
main steps. Firstly, the simulation model boundary conditions were updated using the
experimentally measured first two natural frequencies of the uncracked rotating beam as
mentioned in Section 6.2.1. Secondly, the comparison was made between the measured
frequencies of the rotating cracked beam and the updated simulation model results for

a cracked rotating beam.

The frequencies of a cracked rotating beam were measured for various rotational speeds
and the experimental natural frequencies versus rotational speed curves were generated.
From the updated simulation model, a two-dimensional parametric study was performed
to generate the frequency change due to different crack location and crack depth. Then,
a comparison was made between the experimental curves and corresponding theoretical

curves. This comparison was obtained using the MATLAB Optimization Toolbox.

A genetic algorithm was used to find the global minimum error. In general, this algo-
rithm was inspired from the Darwinian evolution theory which is based on the mutation
in the new generation and natural selection as a filter Vakil-Baghmisheh et al. (2008);
Mehrjoo et al. (2013). Figure 6.3 illustrates the procedure to obtain the crack location
and depth. The search area was limited to the actual beam length and the crack depth
between 0 to a maximum crack depth ratio of 0.60 of the beam thickness in order to
find the best fit crack location and depth.

The procedure starts by generating a population of about 70 elements. Each element
contains one chromosome which is a pair comprising the crack location and depth. The
search minimises the error between the experimental and updated simulation model
curves for the natural frequencies versus rotational speed. The two parametric chromo-
somes namely the crack location and depth, are given in Equation 6.4. The elements
that produce minimum error will survive to the next iteration and will produce a new
generation. The crossover fraction set to 0.8 and the uniform mutation with rate 0.01 are
setted as a default of the Matlab optimisation toolbox. The chromosomes of the fitted
elements are retained, whilst the rest of the elements will be discarded. The iteration
loop will stop when the maximum stall generation reaches 20 and the function tolerance

selected is equal to 1 x 107°.

Qn
7O crack = > |fls(CL,fCD) Jiel |fzs(CL,fCD) foe| (6.4)
=0, le 2e

Here Cp and Cp represent the crack location ratio % and the crack depth ratio; the
latter is equal to the crack depth divided by the beam thickness.



130 Chapter 6 Crack detection

Generate initial population

Chromosomes {C;,Cp}

Population
1 \ Mutation

A
{f1e 20} Find {f 15, f25} from
simulation for each
From experimental AT
Reproduction
| | s
Select the best
error ack ——p Sortpopulation ___, Convergencecheck _ chromosomes and

discard the rest

!

Display results

Figure 6.3: The procedure for obtaining the crack location and depth based on
a genetic algorithm.

6.4 Crack detection experimental validation

The experimental tests were performed to validate the proposed crack detection method
with two aluminium beams. The material properties were the density of 2633 kg.m™3
and modulus of elasticity 71 GPa. The geometric dimensions of both beams were 330
mm length, 15 mm width and 2 mm thickness. A crack with 0.75 mm depth was
introduced to the first beam at a distance 34 mm away from the end constrained by the
rotating hub. For the second beam a deeper crack with 1.1 mm depth was introduced
at a distance 24.5 mm away from the end constrained by the rotating hub The test

procedure, results and discussion will be presented in the next three sections.

6.4.1 Casel

The intact natural frequencies of the first beam was measured first to update the model
by adding equivalent linear and torsional springs to the boundary conditions at the
cantilever attached end. The stiffness of the springs determined by minimising the error

using Equation 6.3.

The numerical values for the linear and torsional spring stiffnesses were investigated.
The estimated and best fit linear spring ky, is almost constant with rotational speed and
is equal to 166.4 kN.m~!'. However, the best fit torsional stiffness kr is not constant,

being a function of the rotational speed and varying linearly from 45 Nm at a rotational
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speed of 150 rpm, increasing up to 50.7 N m at a speed of 510 rpm, ie about 10%

variation.

Substituting k;, and kr for the intact beam in Equation 6.2 produces a closer numerical
intact beam model to the experimental measurements, as illustrated in Figure 6.4 for

the rotating intact beam.
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Figure 6.4: Comparison of the fundamental and second natural frequencies of
the flapwise vibration between the experimental results and theoretical results
using a Rayleigh-Ritz approach Yashar et al. (2018). The length of the beam
is 330mm and the cross section is 15mm wide and 2mm thick. The solid curve
refers to an experimental data fit. The dotted curve is for the numerical simula-
tion assuming a fully fixed base for the beam. The dash-dotted curve represents
the updated simulation results.

After introducing the crack to the first beam, the effect of the crack can be observed in
Figure 6.5. The measured results for the intact beam marked with ”0” and cracked beam
marked with ”x”. For example, at the rotational speed of 202 rpm the first and second
natural frequencies of the intact beam are 13.64Hz and 82.76Hz, while the corresponding
natural frequencies of the cracked beam are 13.56 Hz and 82.53, Hz respectively. This
reduction was predicted previously Yashar et al. (2018) due to the additional local
flexibility from the edges of the crack.

Finally, using a genetic algorithm with two chromosome parameters namely the crack
location and crack depth a global minimum for Equation 6.4 was determined. The min-
imum error indicates a closer match for the predicted fundamental and second natural
frequencies versus speed curves to the experimental results. In this validation test, the
lowest value of the error function was 0.0312 and the value of the crack location and
depth were accurately estimated and found to be 34.32 mm and 0.762 mm, respectively.

The actual crack location and crack depth were 34 mm and 0.75 mm, respectively.
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Figure 6.5: The fundamental and second lowest natural frequencies are mea-
sured using a high-speed camera for a rotating beam with and without crack.
The beam length is 330 mm and the cross section is 15 mm wide and 2 mm
thickness. The crack is located at 34 mm from the root of the beam and the
crack depth was 0.75 mm.

6.4.2 Case 2

A test was then repeated and assessed the applicability of the procedure on a second
beam having the same geometrical dimensions and physical properties. The estimated
and best fit linear spring kz, is almost constant with rotational speed and identical to case
1 being equal to 166.4 kN.m~'. The best fit for the torsional stiffness k7 is not constant,
being a function of the rotational speed and varying from 65.41 Nm at a rotational speed
of 150 rpm decreasing down to 56.54 Nm at a speed of 510 rpm. However, the deeper
crack introduced to this beam was at 24.50 mm thus closer to the root of the beam with
a depth equal to 1.1 mm. The equivalent linear and torsional springs were determined
from the difference between the simulation and experimental results for the intact beam
as shown in Figure 6.6. The natural frequencies measured for the cracked beam and the
reduction was significant, as shown in Figure 6.7, due to the size and location of the
crack. The estimated crack location from the frequency-speed curve fitting was at 24.62
mm with a depth equal to 1.07 mm. The difference between the actual and estimated

crack location is 0.12 mm and the difference for the crack depth is 0.03 mm.
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6.4.3 Discussion

Theoretically, the closer the crack is to the root and the deeper that the crack is, the
more accurate the detection results should be, due to the greater effect of the crack on the
natural frequencies. However, the experimental results show a slightly increased error in
the estimated crack depth for the closer and deeper crack. The error between the actual
and estimated crack depth is 0.018 mm. This error could be related to the experimental
error in measuring the natural frequency or due to the multi post processing of the
data including digital image correlation, Nyquist circle fitting, model updating and the

optimization process in determining the boundary conditions.

In this study, the model updating is based on comparing the experimental and esti-
mated uncracked beam frequencies. However, for the sake of evaluating the accuracy
of the updated method, a new simulation was performed applied to the cracked beam
based on the comparing the measured cracked with the actual crack location and depth
substituted into the model. The results obtained for first beam are shown in Figure 6.8
and the maximum error is less than (0.52%) between the two estimations, i.e the update
based on intact measured and cracked measured. Figure 6.8 shows the results for the
second beam and the maximum error is about (1.34%) between the two estimations.
The results of this test show a higher error in the updated second beam, and this reveals
the slightly higher error in identification of the crack in the second case due to the crack
depth, which is close to the limitation of the crack modelling assumption. The maxi-
mum numerically valid allowed crack depth ratio is 0.6 for the derived expressions and
in this experiment it is 0.55. Also another factor which might affect the test such as the
change in the boundary conditions of the clamped end of the beam in addition to the
aforementioned factors. One would expect that the clamping force in the attachment
of the beams tested would produce some variability. In practice, this might well be the
cause of the slight of difference in the estimated rotational spring stiffness at the root of

the beam.
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Figure 6.8: The comparison between the actual and two different estimated
results using updated intact and cracked beams for the fundamental and second
lowest natural frequencies of a rotating cracked beam. The length of the beam
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Figure 6.9: The comparison between the actual and two different estimated
results using updated intact and cracked beams for the fundamental and second
natural frequencies of a rotating cracked beam. The length of the beam is 330
mm and the cross section is 15 mm wide and 2 mm thick. The crack was located

at 25.5 mm from the root of the beam and the crack depth is 1.1 mm.

6.5 Robustness of the detection method

The reliability of the proposed crack identification method was investigated using a

Monte-Carlo simulation(MCS). This simulation was used to determine the sensitivity
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of the crack location and depth identification on a rotating beam. The simulation was
performed for different combinations of normalised random crack location and depth in
the updated rotating cracked beam model. The same dimensions, boundary conditions

and material properties were used for each case.

The simulation was repeated for 100 samples for each of four specified crack locations
along the beam and these locations were selected at fixed positions corresponding to
points where the ratios of the positions to the length of the beam are 0.1, 0.3, 0.6 and
0.9 from the supported end of the beam.

Figure 6.10 shows the simulated and estimated crack locations and depth for all four
locations. The closer that the introduced crack is to the fixed end, the more accurate
were the estimated results due to the greater effect of the crack on the reduction of the
natural frequencies. In contrast, the crack identification becomes difficult when a crack
is located closer to the free end due to the smaller reduction in the natural frequencies.
For example, a crack at a location ratio of 0.9 shows in Figure 6.10 an increased error in
the crack identification. The optimisation algorithm had difficulty in determining both
simultaneously the exact location and depth due to the flat area in the global minimum

of the optimisation surface.

Figure 6.11 show an increase in the standard deviation of the error in the crack depth
ratio and location ratio respectively for cracks located closer to the free end of the

rotating beam.

Regarding the effect of the crack depth, a deeper crack is more accurately estimated due
to the greater reduction in the natural frequencies. Figure 6.12 shows the comparison of
the standard deviation for the two sets of the crack depth. In both figures, for the crack
depth ranging between 0.36-0.39 of the beam thickness, the identification procedure
produces smaller error for the standard deviation compared to the case for larger cracks
in the depth range of 0.4-0.46.
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6.6 Conclusions

Using the previous developed optical methods in Chapter 5, the measurement technique
was applied to rotating intact and cracked beams in order to produce a crack detection
identification. This method estimate a crack location and depth in a rotating cracked
beam using the predicted natural frequency-speed curves. The frequency-speed curves
of the intact beam were initially used to update a numerical model for the boundary
conditions at the root of the beam. Then, the numerical frequency-speed curves of
the cracked beam were used to identify the crack. The experimentally detected crack
location and depth are found to be in good agreement with the actual crack location
and depth. This method shows a sensitivity to the boundary conditions changed at the

clamped end of the rotating cantilever beam due to the model updating step.

Finally, Monte-Carlo simulations were performed to check the robustness of the frequency-
speed crack detection method and identify how accurately the crack location and depth
can be determined. The method was subsequently shown to be more accurate in de-
tecting the location and depth of the crack when a crack is deeper or located close to
the supported end of the rotating cantilever beam. The next chapter will be deal with
active vibration control of the rotating beam using the optical measurement procedure.
This has the potential to reduce the vibration response, increasing the fatigue life or

reducing the accrue of failure.






Chapter 7

Active vibration control of a
rotating beam using the
developed model and optical

measurement

7.1 Introduction

Vibration control of rotating beams plays an essential role in aviation and space applica-
tions for better performance and increased stability. Numerous investigations deal with
vibration control of beams using passive modification, such as using tuned mass dampers
and eddy current dampers Sodano et al. (2005); Younesian et al. (2006, 2008); Cheng
and Oh (2009); Yan et al. (2012). In addition to passive control, active vibration control
has been widely used for control, where actuators and sensors are employed typically to
generate velocity feedback using inertial actuators by Rohlfing et al. (2016); Camperi
et al. (2016) and piezoelectric actuators by Xue and Tang (2008).

In passive control, the change in the response of the structure can be obtained by
modifying the system properties such as damping and stiffness. In active control, the
structural response is controlled by adding control forces to the structure using sensors
and actuators. Although the extra added equipment may increase the cost of the system,
the system’s performance however in vibration suppression is significantly improved

when compared with passive control.

This chapter presents an application of the developed rotating beam model from Chap-
ter 3 in conjunction with the optical vibration measurement technique in Chapter 5 to
active vibration control of a rotating beam. A simple velocity feedback system is devel-

oped. It comprises a collocated electromagnetic force actuator and a hi-speed camera.
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The latter is used as a velocity sensor and implemented to suppress the response of the
rotating beam by means of actuator applied active damping. The colour blob detection
method (see Section 5.3.3) is used to extract the displacement from the images as a
function of time. This information is subsequently differentiated in real time to obtain
the velocity of the beam. The simulation model for the active control system, based on
velocity feedback, and the model of the rotating beam, developed in (see Chapter 3.2),
is used for the simulations. In an ideal velocity feedback loop, the collocated sensor-
actuator guarantees unconditional stability Rohlfing et al. (2016) if the dynamics of the
actuator is not included. In the experimental test, different factors affect the stability,

especially the sampling frequency and feedback gain.

7.2 Active control simulation

The simulation model of the rotating beam with vibration control is based on veloc-
ity feedback as shown in Figure 7.1 The system based on the developed FE model in
Chapter 3, where M, C, K and S represent the mass, damping, stiffness and rotational
stiffness matrices for a rotating beam that has been divided into five beam elements.
Each element has two nodes and each node has two degrees of freedom, which are the
vertical displacement and slope as shown in Figure 7.2. F,(t) and F,(t) represent the
excitation forces at the base of the beam and the controller feedback force. The mea-
surement point and the actuator collocated at the third node, where the sensor measures
the vertical velocity of the node and the actuator applies a vertical force. The dynamic

equation of the system with the control is
M (t) + Kw(t) + Cw(t) = Fp,(t) + Fp(t) (7.1)

The velocity feedback is activated by the manual switch. The signal of the feedback
depends on the gain and actuator transfer function. The actuator is made of a permanent
neodymium magnet and electromagnetic coil. The generated force by the actuator,
which is shown in Figure 7.3, can be expressed using Lorentz law. The current ¢ flows
in a conductor L,, in a magnetic flux density of B,,, which produces a control force F},
given by Equation 7.2

F, = BnLpi (7.2)

The applied current is chosen to be proportional to the velocity therefore the current

can be expressed as,
i = —hpw (7.3)

where h,, is the velocity to current conversion constant. The relation between the force

and the velocity can be written as,

F,, = By Linhmth (7.4)



Chapter 7 Active vibration control of a rotating beam using the developed model and
optical measurement 143

The characteristic of the actuator is measured by applying a 300 mA current to the coil
and measuring the force generated between the magnet and the coil, which was equal
to 0.39 N when the distance between the coil and magnet is 4 mm. Substituting these

values in Equation 7.2 produces results for the value of B,,L,, which is equal to 1.3
T.HL

By substituting Equation 7.4 into Equation 7.1 the dynamic equation of the system

becomes,
M () + Kuw(t) + (C + By Lyhm Jir(t) = Fy(t) (7.5)
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Figure 7.1: The Simulink diagram of the system with velocity feedback. The
manual switch is placed to select between open-loop and closed-loop systems.
The Mux is used to select the specific degree of freedom to apply the force or
to measure the velocity/displacement.

The amplitude of transmisibility and phase obtained from simulation of the open-loop
and closed-loop response of the system are shown in Figures 7.4,7.5 and 7.6 for a non-
rotating beam and for two rotational speeds of 250 rpm and 500 rpm, respectively. Active
control shows a significant reduction in the transmisibility amplitude. Here, open-loop
is the system under base excitation with no active control and closed-loop is the system

under base excitation with active control.
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Figure 7.2: The finite element model representation of a rotating beam. The
first node is attached to the rotating hub. The vertical displacement in the third
node is attached to the actuator.
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Neodymium magnet

Rotating beam cross-section

(b)

Figure 7.3: The actuator used for the vibration control. (a) The test rig with
attached mirror and actuator, (b) The configuration of the actuator components
and (c) the actuator with magnet and coil attached to the rotating beam.
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Figure 7.4: The simulated transmisibility of the non-rotating beam. The first
(15 Hz) and second (95 Hz) resonance of the beam without control represented
by the solid line. The dashed and dotted lines represent the close-loop system
with the velocity feedback gains equal to 0.5 and 1, respectively.



Chapter 7 Active vibration control of a rotating beam using the developed model and
optical measurement 147

al
o

—Gain=0.0

Transmissibility (dB)
o

--Gain=0.5
-------- Gain=1.0
-50 | | | | I
0 20 40 60 80 100 120
Frequency (Hz)
100
() 0 ]
]
£ Gain =0.0
o | —Gain = 0.
100 --Gain=0.5
-------- Gain=1.0
_200 | | | | |
0 20 40 60 80 100 120

Frequency (Hz)

Figure 7.5: The simulated transmisibility of a beam rotating at 250 rpm. The
first (15.6 Hz) and second (95.8 Hz) resonance of the beam without control
represented by the solid line. The dashed and dotted lines represent the close-
loop system with the velocity feedback gains equal to 0.5 and 1, respectively.
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Figure 7.6: The simulated transmisibility of a beam rotating at 500 rpm. The
first (17.6 Hz) and second (97.6 Hz) resonance of the beam without control
represented by the solid line. The dashed and dotted lines represent the close-
loop system with the velocity feedback gains equal to 0.5 and 1, respectively.
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7.3 Experimental validation

The test rig was updated for the active control test. The new modification was designed
and simulated using SolidWorks software and manufactured using a 3D printer. Basi-
cally, the new mount consists of an electromagnetic actuator and a marker holder in

addition to the reflection mirror.

The electromagnetic actuator comprises of two parts; a neodymium magnet ring and an
electromagnetic coil. The direction and amount of current that passes through the coil

defines the force direction and quantity between the coil and the magnet.

The distance between the coil and the magnet is about 4mm. The relationship between
the current and the force of the magnet is about L,,B,, = 1.3 T.H™! as described in
Section 7.2 . The dimensions of the magnet are 20mm, 10mm and 5.2mm for the outer
diameter, height and inner diameter, respectively. The pulling force of the magnet is

approximately 100 N.

Furthermore, two LED lights were attached on the actuator as markers. One of the
LEDs is connected to the coil, which is attached to the beam and the second one is
directly attached to the magnet to represent the base excitation motion. The LEDs are
selected with two different colours to separate the displacements by using digital image

processing.

A copper ring with a carbon brush is used as a slip ring to connect the coil of the
actuator, which is on the rotating part, to the amplifier which is on the non moving

part.

The test setup in this chapter is similar to the single camera with the mirror in Fig-
ure 5.10(c) that was described in Chapter 5. However, the previous test was used to
measure the vibration of the beam. In this test, the measured signal is used as a veloc-
ity feedback to excite the actuator in order to apply a control force to the beam. The
controller can reduce the amplitude of the vibration by damping the amplitude of the

fundamental or higher frequency resonance of the beam.

In order to control the beam in real time, the camera should be connected to the data
image processing unit directly and the images should be processed fast enough to reduce
the effect of any delay in the feedback system. A high speed camera was used in this
test, with a modified lens to reduce the image distortion and to cover the required field

of view.

The lens of the camera should be in alignment with the centre of the rotation to reduce
the distortion. A LabVIEW block diagram was assembled to assist with aligning the
camera with the centre of rotation. This program uses the rotating markers by collecting

62 points each second and from the collected point clouds a circle which is fitted to
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determine the centre and the radius of the circle. Then, the radius is changed by
varying the location and angle of the camera and the minimum radius represents the
best alignment between the camera and the centre of the rotating beam. After locating
and fixing the camera, another LabVIEW block diagram was implemented and used to

measure and control the vibration of the beam.

The test setup is shown in the Figure 7.9, where the camera is fixed on a tripod and it

is about 2m away from the test rig.

SOLIDWORKS i Product. For i Use Only

Figure 7.7: Modified hub for vibration control test.
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Rotating beam Rig foundation

Motor and belt

Figure 7.8: Modification on the rotating hub mount. The rotating hub comprise
an electromagnetic actuator, mirror, two LEDs as markers and a slip ring to
connect the actuator to the amplifier.
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Figure 7.9: Test setup for the rotating beam control using an optical system
and velocity feedback.
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7.3.1 Vibration control of a non-rotating beam

A pre-test was performed first for a non-rotating beam in order to verify the optical
measurement. An accelerometer was attached to the base of the beam to measure the
excitation and another accelerometer attached to the marker to measure the response
of the beam at the same point of the marker. Figure 7.10 shows the agreement between
the results from the accelerometer and the optical system for a beam of 300 mm length,
15 mm wide and 2 mm thick. The accelerometer and the marker are at 70 mm from
the root of the beam. The camera was set to 640 x 480 pixels, 100 fps, ISO 100 and a
shutter speed of 1/8000 s. The transmisibility using the optical measurements is marked
with a solid line and the one obtained from accelerometer measurement is marked with

a dashed line.

After verifying the optical system measurement, a closed-loop control with velocity feed-
back was applied to the beam. Figure 7.11 shows the result of the amplitude of the
transmissibility for a non-rotating cantilever beam for the open-loop (marked solid line)
and the closed-loop system (marked with dotted line). The active vibration control
shows about 17dB reduction in the first resonance amplitude. The next step was to

apply the active vibration control on the rotating beam.

30 ‘
—Optical result
- - Accelerometer result

Transmissibility (dB)

_30 1 1 1 1 1

0 5 10 15 20 25 30
Frequency (Hz)

Figure 7.10: Comparison of the transmissibility between optical measurements
and accelerometer result. The dimensions of the beam are 300mm, 15mm and
2mm for the length, width and thickness respectively.
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Figure 7.11: The non-rotating beam vibration with and without control.The
dimensions of the beam is 320mm, 15mm and 2mm for the length, width and
thickness respectively.

7.3.2 Vibration control of the rotating beam at different rotational
speeds

An experimental vibration control test was performed on a rotating beam for a number
of different rotational speeds. The optical measurements for the rotating beam without
control, i.e. open-loop, using electromagnetic shaker excitation at the root of the beam
and the response at 70 mm from the root of the beam were obtained. As explained
previously in Chapter 4, an increase in the rotational speed leads to an increase of the

natural frequencies as shown in Figure 7.12.

Figure 7.13 shows the transmissibility of the rotating beam at different rotational speeds
under active velocity feedback control. The results show a significant reduction in dB for
the peak response in the first resonance of the rotating beam, especially when compared

to the non-rotating beam without control. The velocity feedback gain was kept fixed.
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Figure 7.12: The transmissibility and phase angle for the rotating beam vibra-
tion without control. Open-loop diagram between the base excitation and the
beam response at 70mm from the root of the beam.
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Figure 7.13: The transmissibility and phase angle for the rotating beam vibra-
tion with active velocity feedback control. The closed-loop diagram between the
base excitation and the beam response at 70mm from the root of the beam.
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7.3.3 Signal to noise ratio (SNR)

The measurement for the rotating beam becomes more difficult due to the camera align-
ment, light setting, background noise interference and additional noise from the rota-
tional and moving parts such as the ball and linear bearings. However, to improve the
quality of the signal, fine tuning was applied by using the alignment aid shown in the
LabVIEW block diagram, which was developed according to the least squares circle fit
algorithm and by increasing the camera shutter speed to reduce the background noise.
Figure 7.14 shows the noise level in the measured signal. The signal to noise ratio mea-
sured between the test signal and the camera noise was obtained for the non rotating
beam and then for the rotating beam. After applying Equation 7.6 the results were
23.96 dB and 22.23 dB respectively.

\/% Egzl |signal,|?

SNR = (7.6)
1 N .
VSN [noisen?
8 ™ == == ————— = T 1 -
:, E . Camera noise
) ! Camera noise ! +
6 Camera noise |: + |: Rotating motion noise
" Rotating motion . +
4 :| noise : I Excitation
= o I I ¥
2 :. g
e ! !
= 2F ! !
c
[ ! ! '
GE) ! ! ‘
QO prambsasond N wens A o o M
7 ! " | J
a 2b ! !
! ¥
| |
! !
4+ ! !
! ¥
| |
pb==e = = [P, | | T [
0 500 1000 1500 2000 2500 3000

Number of samples

Figure 7.14: The time domain result of optical displacement measurement for
a beam in nonrotating, rotating and rotating with base excitation. This test is
performed to measure signal to noise ratio (SNR).

7.3.4 Stability analysis for different rotational speeds

For stability, the system shown in Figure 7.15 is considered where G(s) and H(s) rep-

resent the rotating beam system and the controller transfer function respectively. The
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closed-loop system response can be expressed as Equation 7.7. The value of the denom-
inator becomes zero when the value of G(s)H (s) is equal to -1 and the system becomes
unstable when G(s)H (s) encircles point (-1,0) is encircled. Herein, the gain margin and
phase margin are important indicators to measure the robust stability of the closed-loop

system.

The gain margin represents the maximum gain value in which the system can have before
reaching instability. An open-loop transfer function between the controller actuator
input and the beam velocity was measured. The results are shown in the Figure 7.16
where by increasing the rotational speed the gain margin increases due to the reduction
in the response peak amplitude with increased the rotational speed. The actual gain
margins are measured from the circular curve fit to the Nyquist plot of G(s)H(s) as
shown in Figure 7.16. These results can be presented as a function of the rotational
speed as shown in Figure 7.17. Regarding the phase margin, the values are infinity

except for the non-rotating beam case where the phase margin is 100.65 degrees.

Electromagnet  +~, Error (" Velocity

Shaker force O

Force

Figure 7.15: The system block diagram for the rotating beam and controller
closed-loop. where G(s) and H(s) represent the transfer function of the plant
and controller respectively.
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Figure 7.16: The circular curve fit for the Nyquist plot of the different rotational
speed of the open-loop between the actuator excitation and beam response at
70mm from the root of the beam.
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Figure 7.17: The gain margin for the active velocity feedback control of the
rotating beam as a function of the rotational speed. These results are extracted
from the circular curve fit to the Nyquist plot of the open-loop between the
actuator excitation and beam response at the same position 70mm from the
root of the beam. The increasing rotational speed of the beam leads to an
increase in the gain margin of the controller.
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7.4 Conclusions

In this chapter, an active control using velocity feedback was presented for the non-
rotating and then the rotating beam, the latter at different rotational speeds. A simula-
tion study was first established for the system using MATLAB Simulink. The estimated
transmissibility shows a significant reduction in the fundamental and second resonance
of the system after application of the feedback control. Furthermore, the estimated
natural frequencies show the same pattern as discussed in the previous chapters where
the resonance frequencies increase when the rotational speed increases. In addition to
the simulation, experiments were performed using a high speed camera with a reflecting
mirror of the image of the beam and its markers as a response sensor. The sampling
frequency of the sensor was set to 100 fps. However, since the processing speed is lim-
ited to about 60 fps the active control targeted the fundamental resonance only . A
new method of real time active control using a high speed camera shows a significant
reduction in the resonance peak level of the transmissibility function. The use of optical
measurements in real time control using camera is novel and is the main contribution of

this chapter.



Chapter 8

Overall conclusions and

suggestions for future work

In this chapter, a summary of the thesis is presented, which includes the main findings
and contributions of research work done. In addition, the limitations of the current work
are described. Finally, some possible points for future work and research in this area

are provided.

8.1 Summary of the thesis

In this thesis, the main aim was to study the dynamic behaviour of a rotating beam. For
this reason, the modelling of a rotating beam with and without crack is presented using
force equilibrium and Hamilton’s principle. Then, two approximate numerical methods
were used to solve the equations of motion. The methods being namely the finite element
and the Rayleigh-Ritz methods. The models were simulated to study the effect and
variation of many factors on the natural frequencies. The factors considered included the
rotational speed, beam slenderness and hub ratio. Furthermore, the important features
in the results such as the critical speed, buckling speed and veering phenomena were
identified. The simulation results were divided into two categories for the flapwise and
the chordwise vibration, where they refer to the out of the plane and in-plane vibration

(rotating plane).

The behaviour of the beam simulated under different rotational speeds revealed the
general increase in the natural frequencies with the increased rotational speed. The
slenderness ratio did not affect the dimensionless natural frequencies for flapwise vibra-
tion. In contrast, the dimensionless natural frequencies for chordwise vibration increase

when the slenderness ratio increases. Furthermore, the diameter of the hub significantly

161
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affects the natural frequencies. The larger the hub radius, the greater the increase in

the natural frequencies for both the flapwise and chordwise vibration.

Regarding critical feature behaviour, the simulation shows the interference between the
natural frequency and the rotational speeds for chordwise vibration where this is not
the case in the flapwise vibrations. Moreover, a buckling speed appears in the chordwise
vibration due to the decrease in the fundamental natural frequency of the beam at high
rotational speeds. Finally, a veering phenomenon was observed wherein the chordwise
vibration of the rotating beam at high rotational speeds leads to veering in the natural
frequencies and the modes changing order from being previously bending to axial defor-
mation. This behaviour is a result of a coupling effect between the chordwise bending

and longitudinal vibration.

The simulation results showed a good match between the two numerical methods re-
garding the natural frequencies and mode shapes. The results were in good agreement
with a 3D FE model assembled using solid elements and solved in commercial software
such as SolidWorks and ANSYS.

In the experimental work, a test rig was designed and manufactured to test a rotating
beam and its measured response using optical measurements. Three different image
processing methods, namely digital image correlation, marker detect and blob detect,
were utilised to extract the dynamic deflection data from the sequence of images. The
new approach showed the capability of estimating the natural frequencies and mode
shapes for the flapwise vibration of the rotating beam. The optical method applied is
non-invasive with remote sensing of the vibration for a wide range of rotational speed
representing one of the main goals of this research. Moreover, a new crack detection
method was developed and validated based on a natural frequency-speed curve. The
robustness of the method was assessed using Monte Carlo simulation (MCS). Finally,
real-time active vibration control of the rotating beam was undertaken and completed
using velocity feedback. This involved the measurements using a high-speed camera and
image processing. The control results produced a significant reduction in the flapwise
vibration over a wide range of rotational speeds. The crack detection and rotating beam
control can be considered as applications of the developed numerical model and optical

measurement capabilities.

8.2 Limitations of the current work

The limitation of the study can be divided into three main areas namely modelling, sim-
ulation and experimental implementation. Regarding modelling, the three main types
of vibration which are flapwise bending, chordwise bending and longitudinal stretch are
covered in Chapter 3. However, for modelling more realistic rotating beams, the model

should include torsional deformation and vibration. In addition, the crack modelling
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covers the two modes, which are opening and sliding. For torsional vibration it will
be necessary to include the tearing mode of the crack, which might be associated with
torsional vibration. The breathing or bilinear crack is briefly covered in this thesis and
can be developed for future analysis. In addition, the breathing type of crack has not

been applied yet in the Rayleigh-Ritz modelling approach.

Although the chapter containing experimental validation covers the optical measurement
of the flapwise vibration of the rotating beam, the tests were limited to the measurement
of the response in the first two resonances of the rotating beam. This was due to a
limitation in the frame rate of the camera. Furthermore, the chordwise test did not
contribute as it would require an additional upgrade to the test rig’s design, which was

limited in the time available for this study.

The optical measurement was partially limited to the finite number of markers along
the beam. While using a speckle pattern with digital image correlation, it would be
possible to obtain a full-field measurement of the rotating beam. In this research, the
markers were used to reduce the complexity of the system and to use different image
processing methods for which the speckle pattern approach is not suitable. Also, for full-
field measurements, at least two compatible and preferably identical high-speed cameras

are required to obtain the out of plane vibration.

The closed-loop response used for active vibration control shows a significant reduction in
the first resonance of the rotating beam. Nevertheless, the sampling rate for the camera
is insufficient to cover the first two beam resonances. The image processing added a
delay to the feedback and limited the level of the active damping to the frequency range
up to the first resonance only. The crack detection method was also limited to using the

lowest two natural frequencies due to the limitation in the experimental measurements.

8.3 Future work

The work that has been presented in this thesis covers the theoretical formulation and
experimental validation method for modelling a rotating beam with and without a crack.
In addition, two applications based on the developed model has been illustrated, which
are the crack identification and active control of rotating beam. Further improvements to
the method and the experimental investigation may result from research work regarding

the following issues:

The proposed model can be improved by including the torsional vibration, especially if
the model extended to cover plate or wide beams, which is more like to represent blades.
Likewise, tapered beams which functionally change in cross-section along the beam as in
Mazanoglu and Guler (2017). In addition, crack modelling in the Rayleigh-Ritz model

can be extended to the breathing or bilinear cracks. Furthermore, the third mode of the



164 Chapter 8 Overall conclusions and suggestions for future work

crack, which is tearing mode should be added when the torsional vibration is observed

for representation of the crack.

Concerning experimental work, the speckles can be used with the dual camera to perform
full-field vibration analysis. In addition, it is necessary to use more than one camera to
measure the 3D displacement of the beam or at least the out of plane vibration of the
beam. Moreover, to improve the sensitivity of the optical measurement, a combination
of DIC with motion magnification algorithm can be applied in a nonrotating beam by
Molina-Viedma et al. (2018). Furthermore, a new design is required for the test rig
to include the chordwise vibration test. Additionally, an extra actuator is essential to

perform torsional vibration.

The crack identification method based on mode shape changes can be applied to the
present measurement method, since multi-measurement points are obtained. In addition,
a real-time crack detection method can be developed based on the optical blob detection

method, which is fast in terms of image processing speed.

Different passive and active vibration control strategies can be applied to reduce the
vibration, for example, eddy current damper method Yan et al. (2012) or tuned mass
damper Sodano et al. (2005) for passive control. For active control, different actuators
can be used such as piezoelectric actuators Xue and Tang (2008) and inertial actuators
Rohlfing et al. (2016). Active control can also be used to reduce the effect of the presence

of any crack especially if the vibration is excessive and potentially damaging.
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Figure A.2: Test rig: Rotating hub.
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- ZAI LA TECHNICAL DATA

input voltage: 100-240V AC, 10-18V DC
power draw: 40 watts (power factor corrected)
dim range: 0-100% (onboard dimmer)
control: wireless or wired DMX

focus range: 10°- 80°

focusing method: holographic film lenses
UV: none

warm-up time: none (instant on)

lamp life: 60,000 hours

color spectrum: continuous

compatible shutter speeds: all (flicker-free*)

*flicker-free up to 5000 FPS for full dim range & at any speed at 100%

DIMENSIONS

53/8" 137mm
M

2étmm
A
- 7" 178mm T ettt
weight: 5 Ibs. (2.3 kg) PHOTOMETRICS
g o i i Lens |3 Ft (FC) [10 Ft (FC) [20 Ft (FC) [1m (lux) |3m (lux) |6m (lux)

clo.nstructlonl. machined aluminum Row 12500 T200 = 26910 12150 1260
finish: anodized 10 [1400 120 30 15070 [1290 _ [320

. ; 20 [800 64 16 8610 [690 170
mount.. yoke (y\{/baby pin or bolt) AT 500 e T 53801450 5
operating position: any 60 [190 17 5 2045 180 55
. . P 80 [110 11 3 1180 [115 30
tilt control (with yoke): friction 50x10.1500 2 1 5380 1450 115

cooling: passive (no fans)
power cable: 10'

power connector: NEMA 5-15P BEAM SPREADS
compliance: ETL & CE
warranty: two years
country of origin: USA

Nila, Inc. 723 West Woodbury Rd. Altadena, CA 91001 818-392-8370 Nila.com
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REDLAKE <SEEEE:>
Ll

Redlake's MotionPro® X3 high-speed motion camera combines excellent resolution to frame rate
performance, along with the advanced features you require for accurate high-speed motion
analysis on your PC or Mac laptop or desktop computer. The enhanced sensitivity of the
MotionPro® X3 combined with 1000 fps at 1280 x 1024 is perfect for research and development
laboratory environments. The NEW PLUS option (available on monochrome cameras only) uses
SmartCapture technology to effectively double the frame rate to 2000 fps at full resolution while
preserving the total length of record time.

il

The X3 and X3PLUS cameras feature uses the latest Gigabit ethernet along with USB2.0 for easy
interface. They also feature live video for continuous monitoring.

With the MotionPro®, camera integration could not be simpler. Just install the software, connect
one or more X series cameras to USB 2.0 or ethernet ports (or both), and you are ready to capture
high-speed digital imagery. Control the camera with the feature-rich MotionPro® X software or use
the LabVIEW™ or MATLAB® plug-in to integrate it into a larger experiment setup. To create your
own confrol software, an SDK is included.

The extensive image processing algorithms include binning (2x2, 3x3, and 4x4), filtering, advanced color control, and programmable
LUT enable you to maximize the image quality under various lighting conditions.

Flexible recording options allow the user to capture pre-selected number of frames before and/or after receiving a trigger. Double-
exposure mode, with a 100 nanoseconds inter-frame time, is perfect for motion analysis on objects moving at very high speeds.
Memory may be divided into multiple sessions with or without automatic download to assure no event is missed.

Applications: Microscopy, Ballistics and Munitions esting, Biomechanical research, Fluid dynamics research (PIV), Off-board vehicle

impact testing
o

HHM | “‘“W““‘“\“““\HH m[lq i
1 I ||||||Il||||| i
024 resolution

o
M\H\H\uumﬂHmmuh\uﬂmmm il |

h resolution allows fine detail to be captured even at high frame rates
color or mono

Fast frame rates from 1000 fps at Perfect for capturing movies of fast dynamics of a process or event

full resolution to over 64,000 fps at

reduced resolution

NEW PLUS option to effectively Allows twice the time resolution while preserving the total length of record fime

double the frame rate and memory

size (Mono only)

Gigabit Ethernet and USB2.0 Operate camera from remote locations via Gigabit Ethernet while using USB 2.0 for local
monitoring

100 nanosecond inter-frame time in  perform particle imaging velocimetry (PIV) measurements to study fast moving fluids
double exposure mode

iPod and PDA compatibility Store movies on fo iPod (video) for quick review. Control the camera operation remotely and
wirelessly via PDA interface
|||“ II:IIIII Ilm ||| III T illl I||| i'“" I'llll Il "l'l' Il
S L X 0
iinbhcouild il il i il o i
Vertical Resolution X3 (fps) X3PLUS frame rate* (fps)
1024 1000 2000
768 >1300 >2600
512 2000 4000
256 4000 8000
128 8000 16,000
64 16,000 32,000
32 32,000 64,000
16 64,000 128,000
Note: Horizontal resolution does not affect frame rate performance. *PLUS option is available for monochrome versions only. Effective frame rate is shown for X3PLUS.
|I“I| i ||||| it III II!!I R I\I\I Ju \I\I\ Ll I\!H”‘ ”‘”}HW Il
i il |
X Timing 8 independently adjustable CMOS level outputs, 2 inputs; USB Mono Relative Spectral Response
Hub interface =
X Data 16 analog inputs and 4 analog outputs, USB interface §
Acquisition g
System ;
5
UsB For use up to 15m <
Repeater « 500 60 700 800 900 1000 1100

Wavelength (nm)

MotionPro X3/X3PLUS Rev Al page 1 of 2

il
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A
(&
[0} TR A AR RS R HHH\HH‘ U PR U EEPACRE O OCPERPARP SR TSR AL )11
E \H\"Hw\\\ \\‘\HMH\‘\ HhH\H‘H‘H}“\MHHH\HM
(bt bt U b i Qi i :

O CMOS Imager ™ ¥
2 Sensor Array Area Array with 12um x 12um pixels, color or monochrome
g Image Resolution Up fo 1280 x 1024
o Dynamic Range 59 dB at sensor
q>_) Memow and Record Rates
(@ On-board Storage 4 GB; with PLUS option, the memory is effectively doubled
(%]
() Recording Rates X3: Selectable, up to 64,000 fps
o X3PLUS (optional): Selectable, up to 128,000 fps

Playback Rates User selectable

Ccmera [

Shutter Global Electronic Shutter variable from 1ps, optional 100 nanosecond exposure*
Exposure modes Single, Double, XDR (eXtended Dynamic Range)

Trigger Frame Variable position from start to the maximum available frame capacity
Trigger Mode CMOS level (3.3v) via BNC connectors

Time Stamp Each frame

Soﬂware

Control Software MotionPro X; Windows 2000/XP, Mac OS X** (10.3 or later)

Image Processing Binning, filtering, advance color control, and programmable LUT
Algorithms

Plug-ins LabVIEW™ for PC; MATLAB® for PC and Mac; Twain Driver for PC and Mac
File Formats TIFF, BMP, PNG, MRF, MCF, AVI, BLD, MPEG, and MOV (Mac only)

‘ Mechanical Description

Camera Dimensions 3.7in (95 mm) Hx 3.7 in (95 mm) W x 6.4 in (162 mm) L

Camera Weight 4.2 1bs (1.9 kg)

Camera to PC Interface USB 2.0; Dual USB 2.0&Gigabit Ethernet (optional)

Camera Cable Lengths 5m (USB2.0); Longer cable lengths (not supplied) may be used with Gigk

Lens Compatibility 1" C-mount

Lens Mount C-mount, F-mount adapter (optional)

‘ Synchronization

Synchronization All cameras are synchronized with each other using an external sync pulse on 3.3v CMOS BNC
(USB Hub Optional) connector

‘ Environmental

Camera Power +24 vdc (100-240 VAC, 50-60 Hz ac/dc convertor)
Operating Temperature +5°C to +40°C Ambient (0°F fo 122°F)
Emission/Safety CE approved, FCC Class B compliant, UL listed

‘ Input/Output

Trig In (BNC)

Sync In (BNC)

Sync Out (BNC)

USB 2.0 (LEMO)

Gigabit Ethernet

Live Out (BNC) R$170 (NTSC/PAL)
DC Power (LEMO)
*Enquire with factory

**GigE interface is not supported under Mac.
Specifications are subject to change.

pistibuted by DEL Imaging Systems
REDLAKE 1781 Highland Avenue, Cheshire, CT 06410

Phone: (203) 250-1545 www.delimaging.com

MotionPro X3/X3PLUS Rev Al page 2 of 2
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TSRL: CAMERAS, LENSES and LIGHTING

AF NIKKOR 50mm

<
2
e
~
<
°
s
®
2
&

Specifications

Focal length: 50mm

Maximum aperture: f/1.8
Type of lens: D-type AF Nikkor lens having built-in CPU and Nikon bayonet mount

Lens construction: 6 elements in 5 groups

Picture angle: 46° (38° with IX240 system cameras, 31°30" with Nikon Digital Camera D1)

Distance information: Output to camera body

Focusing: Autofocus with Nikon autofocus cameras (except F3AF); manually via separate focus ring
Shooting distance scale: Graduated in meters and feet from 0.45m (1.75 ft) to infinity (o)

Closest focus distance: 0.45m (1.5 ft.)

Aperture scale: f/1.8 to f/22 on both standard and aperture-direct-readout scales

Diaphragm: Fully automatic

Exposure measurement: Via full-aperture method with cameras having CPU interface system; via
stop-down method for other cameras

Attachment size: 52mm (P = 0.75mm)
Dimensions: Approx. 63.5mm dia. x 39mm extension from the camera’s lens mounting flange

Weight: Approx. 155g (5.5 oz)

October 2014
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ARROW INDICATES SENSE AND

POSITIVE GOING OUTPUT SIGNAL

5-44 CONNECTOR

MOUNTING SURFACE

5-40 THREAD

DIRECTION OF ACCELERATION FOR

MOUNTING PORT PREPARATION: 3035B

e

ACTUAL SIZE

MOUNTING SURFACE

MODEL 3035BG

MOUNTING SURFACE PREPARATION: 3035BG
SELECT OR PREPARE A FLAT AREA OF AT LEAST

@.250, FLAT TO .001 TIR.

AT THE CENTER, DRILL #38 (@.101) X .150 DEEP, MIN.
TAP 5-40 UNC-2B X .125 DEEP, MIN.

MODEL 3035B

2. MOUNTING TORQUE ON .281 HEX: 8 TO LB.-INCHES.
1. WEIGHT: 2.5 GRAMS.

SELECT OR PREPARE A FLAT AREA OF AT LEAST

@.250, FLAT TO .001 TIR. CLEAN TO REMOVE
CONTAMINANTS. APPLY ADHESIVE TO SURFACE OR
TO ACCELEROMETER AND PRESS TOGETHE INTIL
ADHESIVE SETS.

IIVINSTRUMENTS, INC. CHATSWORTH, CA.

JSCALE X Fev—c Pre 314104 lEcN NA

" 1202002 [T MODELS 3035B, 3035BG

RAVIN ATT

[CRECRED
[ R.A

PPROVED NEXT ASSEMBLY

[ussn ON

e DWG

NO.
127-3035B/G

SHEET 1 oF 1

OUTLINE/INSTALLATION DRAWING, MODELS
3035B & 3035BG LIVM ACCELEROMETERS
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SPECIFICATIONS

MODEL 3035B & 3035BG LIVM ACCELEROMETERs

SPECIFICATION VALUE UNITS
PHYSICAL
WEIGHT 25 grams
SIZE, HEX x HEIGHT .281x .33 inches
MOUNTING PROVISION, 3035B 5-40 integral stud
MOUNTING PROVISION, 3035BG flat surface for adhesive mount
CONNECTOR, RADIALLY MOUNTED 5-44 coaxial
MATERIAL, HOUSING AND CONNECTOR 300 series stainless steel
PERFORMANCE
SENSITIVITY, £ 10% [1] 100 mV/g
RANGE F.S. FOR + 5 VOLTS OUTPUT +50 g
FREQUENCY RANGE, + 5% 0.5 to 10k Hz
RESONANT FREQUENCY, NOM. 45 kHz
EQUIVALENT ELECTRICAL NOISE FLOOR .007 grms
LINEARITY [2] +1% % F.S.
TRANSVERSE SENSITIVITY, MAX. 5 %
STRAIN SENSITIVITY .002 g/ue @ 250pe
ENVIRONMENTAL
MAXIMUM VIBRATION/SHOCK 600/3000 + g pk
TEMPERATURE RANGE -60 to +300 °F
SEAL, HERMETIC Glass-to-metal and welds
COEFFIEICNT OF THERMAL SENSITIVITY .04 %I°F
ELECTRICAL
SUPPLY CURRENT [3] 21020 mA
SUPPLY COMPLIANCE VOLTAGE RANGE +18 to +30 volts
OUTPUT IMPEDANCE, TYP. 100 ohms
BIAS VOLTAGE, +10.5 VOLTS NOM. +9to +12 Vdc
DISCHARGE TIME CONSTANT, NOM. 0.5 seconds
OUTPUT SIGNAL POLARITY

FOR ACCELERATION TOWARD TOP positive

CASE GROUNDING

[1] Measured at 100 Hz, 1g rms per ISA RP 37.2.

case is grounded to
electrical power ground

[2] Measured using zero-based best straight-line method, % of full scale (F.S.) or any lesser range.
[3] Do not apply power to this device without current limiting, 20 mA MAX. To do so will destroy the integral IC

amplifier.
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REV| ECN DESCRIPTION BY/DATE CHK APPR
@8 #10-32 UNF-2B A 4902 [ INITIAL RELEASE R.A. 12/18/07 a8 | cir
THREADED HOLE
T
LE FIBERGLASS HANDLE

DYTRAN
5800BX <
S/N XXXX

8.71

DVTEM\N

RUBBERIZED GRIP

BNC COAXIAL
CONNECTOR

R —
253 DYNAPULSE
[ FORCE SENSOR
PERMANENTLY ATTACHED
DO NOT ATTEMPT REMOVAL
s T 2.75 SUPPLIED IMPACT TIPS
. MODELS 6250A, P & PS
MODEL NO.| SENSITIVITY
5800B2 | 100 mV/LbF
580083 50 mV/LbF
580084 10 mV/LbF
580085 5 mV/LbF

1. HEAD WEIGHT - 100 GRAMS, TOTAL
WEIGHT-220 GRAMS

Brimoy MASTER

ONLY IF IN RED

CHATSWORTH, CA.

[SCACE”

FEV [DATE. [ECN
1X - | SEE REV BLOCK l

ATE 6/17/00 [PART NO.
RAWN [CHECRED MATT
N.C. o<

[APPROVED NEXT ASSEMBLY Iu ED ON

fTiTiE

OUTLINE/INSTALLATION DRAWING,
IMPULSE HAMMER SERIES 5800B

DWG NO.

127-5800B

OF

SHEET 1
—
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Model Number DOC NO
530085 PERFORMANCE SPECIFICATION PS5800B5
| [ IMPULSE HAMMER [ | reva eon 110s, oszsisa
P This family also includes:
= 7 * ACCELERATION COMPENSATED Model Sensitivity (mV/Lb) Range (Lb. Force) Max.Force (Lb. Force) | Discharge T.C. (sec)
@ « EXCELLENT LINEARITY 5800B1 500 10 200 5
« INTERCHANGABLE IMPACT TIPS 580082 100 50 1000 20
580083 50 100 1000 50
580084 10 500 1000 170
5801B4 10 500 6000 170
580185 5 1,000 8000 300
580186 1 5,000 8000 1700
Refer to the performance speciiications of the products in this family for detaled description
ENGLISH 1 [ ST
PHYSICAL Supplied Accessoris
Weight, Head 35 oz 00 grams 1) Accredited calibration certificate (1SO 17025)
Connector BNC 2) Impact tips: 1X Model 6250A (aluminum), 1X Model 6250P (plastic), 1X model 6250PS (soft plastic)
Head Material Stainless Steel Stainless Steel
Handle Material Fiberglass Fiberglass :
Impact Tips Material “Aluminum 7 Plastic “Aluminum 7 Plastic (1] Percent of full scale or any lesser range, Zero based best-fit straight line method.
Sensing Element Material Quariz Quartz [2] In the interest of constant product improvement, we reserve the right to change specifications without notice.
Mode Compression Compression
. TYPICAL LNEARITY
PERFORMANCE H Ao Ot
Sensitivity, + 10 % 5 mVILbF 1 mviN H 3 e
Range 1,000 Lbs. Force 4448 N B zegbased et guightine
Maximum Force 2,000 Lbs. Force 8896 N & v o
Linearity [1] 1 9% Full Scale 51 9% Full Scale 3
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