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PREDICTION OF LOAD DISTRIBUTION BASED ON DPIV IMAGES FOR
A FLEXIBLE WING UNDERGOING PLUNGE MOTION

SUMMARY

In this thesis, main purposetise predictionof force and pressure distribution on a
wing using image processing. Determining the pressure distributidineisnain
objective for investigation aerodynamical properti€so different wing types as
Lexan and 3DPrinted, atested An image processingdeis created to determine the
pressure distribution with codirgpftwareMATLAB by MathWorks as a version of
R2021a.

Image processing is used for determining the deformation and displacement of wing.
Force distribution is calculated with outputs fromaie processingmage data sets

and force measurement results af@ainedfrom a previous studyerformedin
Trisonic Laboratory of Istanbul Technical University

Main objective of the study is validation and optimization of an image processing
method whth is combined with experimental studies for determining pressure
distribution and efficiency from deformation of a \girResearctof this thesis is
related to the PhD study ofSon (2018) t i Bxpernmntalfi Investigatiorof
Flexibility Effectsin Flapping Wing Aerodynamios

Four different models are used in the experimetich are Rigid, Lexan, 3D Printed,
whose material is colorfabb_xt transparent, and Aceltai@ge processing is applied
only to 3D Printed flexible wing caseBcetate type is eliminated due to thickness of
plate whose thickness is close to glass sphere particlasizeliminated in image
processingLexantype wing is eliminated due to the brightness issue of the image dat
set.

Material properties and natural frequencies are calculated by weight deflection
method. Averaged damped natural frequeneies calculatechs 10.75 rad/sec for
Printed and 14.26 rad/sec for Lexan and averaged damping ratios as 0.305 and 0.175
respetively. Added masssare 1.133 kg for both plates.

In the post processing of imagé!! degree polynomial curve fitted into binarized
image. Positions and deflection of nodes are calculated. Forces are calculated for nodes
and load distribution is deternmed. Pressure distributiai wings arecalculatedor 5

different frequencies with 4 different amplitudasd compared with the integrated
value of experiment

A reasonable agreement is found between measured force in experiments and forces
determined fron image processing for some of the cases.
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1.INTRODUCTION

Nature has been a subject of curiosity for humankind since the beginning of the history
of humanity. Curiosity has always maintained its position as the most significant factor
in the development of humanity and has caused humanity to actes aa a guide.
Flying has always confused and inspired humankind. The most important answers and
clues are hidden in nature to solve the secrets of flying. The laws of physics behind the
flight of birds and insects have been the source of answeringangesh the way to
solving the mystery. Their body and wing structures pioneered the discovery of flying
structures in modern history. In addition to this, the way they flap their wings,
lightweight, and high mobility are essential in the discovery ancetldpmnent of
today's air structures, which can be named Micro Air Vehicles (MAVs) and Unmanned
Aerial Vehicles (UAVS).

Structural flexibility, wing shapes, force distribution, and aerodynamics of wing
structures becomes the main content of improvement ofomair vehicles and
unmanned aerial vehicles. The efficiency of the structures is based on force and
flexibility, which are related to material properties and wing structures. Increasing the
efficiency of MAVs and UAVs is based on these properties. Efficy should be
increased as a result of improvement of features and reduced cost of micro air vehicles
and unmanned aerial vehicles. Improvement of features and reducing the cost of

MAVs and UAVscan be achieved by increasing efficiency.

One of the subjest which efficiency depends on, is flexibiliof the wing As in
nature, birds and insects have flexible wing structures, and flexibility is related to

material properties and type of structure.

Efficiency depends on the force applied to the structurdetstanding and observing
the force is related to increasing the efficiency of the structure. Force distribution on
the wing and force of flow affect efficiency directly in physical calculations.

Measurement of force is in an important position becautiges€é reasons.



1.1.Purpose of Thesis

The main purpose of this thesis is the observation of force distribution on a wing with
using image processing. Determining the force distribution is the main objective of
investigating aerodynamical properties.

In thisstudy, 3DPrinted flapping plate isnvestigatedAn image processing coding is
created to determine the force distribution and pressure distribution with using the
coding software of MATLAB by MathWorks as a version of R2021a.

Image processing is useddetermine the deformation and displacement of the wing,
which is divided into ten equidistant measuring stations. Force distribution is
calculated with the motion of measuring station outputs from image processing. Data
set of images and compared force sugaments of results are used from a previous
study in the Trisonic Laboratory of Istanbul Technical University which will be
explained later in this section.

The main objective of the study is validation and optimization of an image processing
method whi@ is combined with experimental studies for determining pressure

distribution and force distribution from the deformation of a wing or structure.

The study of this thesis is affiliated with the Ph.D. study of experimental investigation
of flexibility effects in flapping wing aerodynamics by S@918) In the study of Son,

one rigid and three different material types of the flexible wimghich are Lexan,
Acetate, and 3D Printed, where used as three different material types in this thesis, are
observed experimentally in a closkdp water channel by a Digital Particle Image
Velocimetry (DPIV) systeniSon, 2018)

In the Ph.D. study of Son, images are collected as data useeettigate the flow
structure around flexible windsy Digital Particle Image Velocimetry (DPIV) system.
Vortical structures which affect the measurement of force are obtained from
instananeous velocity fields with the help of DPIV. Total force effects on the wing

are measured with the use of a force se(tSon, 2018)



Four different material types of wings are inwgsted according to the flexibility
effect o0 force and efficiency of the motion with a combination of nine different
frequencies and four different amplitudes in the study of (8048) An example of

the punging motion anavingf | e x i b i | i t ywhiohiis usedas@ata stsnt u d y

the current studgan be seen in Figure 1.1

Figure 1.1: Combination of One Period of Motiawith Different FrequenciegSon,
2018)

In thisthesis, results of force distribution and pressure distribution of wings, which are
obtained from image processing by deformation of wings, are compared with the
experimental force and pressure results obtained from force sensor and DPIV system
by the Ph.Dstudy of Sor{2018)

1.2.Overview

Firstly, in Chapter 1, general information and an introduction to this thesis will be
given This chapter will introduce the main purpasfethe thesis An outline of the

thesis will bepresented.

Secondly, in Section 2, a literature review about related works with flapping wings,

digital image processing, and force distribution calculation will be introduced.

In Chapter 3, the image process and functions of image processing will loleigettio
Binarization of an image, filtering anchaskng will be presented indetail with
algorithms and methodology. Point detection, curve fitting algorithm with a fitted

polynomial curve, and issues with image processing will be described.



In Chapter 4the major parameters of motion and deriving equation of motion will be
described.Total force, force components which are inertia, damping, and stiffness,
deriving of force matrices, calculation of natural frequency, proof of the matrices, and
methods ofapplications will be introduced. Sinusoidal curve fitting for motion

parameters of measuring stations will be detailed.

In Chapter 5, the experimental study will gigen asthe experimental setup, models
testedin experiments, and data sdtparametersCompared experimental results of
the Ph.D. study by So(2018)will be introduced, and results of image processing

applications and force calculations will be detailed.

Lastly, in Chapter 6, the major contributions oé #tudy and recommendations for
further studies will be summarized. Comparison betweenvthg types method of

image processg, and results collected frotheforce sensor will be mentioned.



2. LITERATURE REVIEW

In this chapter ofhethesis related studies with flapping wings, image processing and

pressure distribution will bdetailed.

2.1.Loading on Flexible Flapping Wing

In this section of thesis, recent studies about flapping wings, effect of flexibility to
efficiency of flapping wing effect of motion and motion parameters to the efficiency

will be discussed.

New technologieare adapted to the aircraftgth the accumulation of knowledge and
opportunitiesNature is used as a guide to develop the new technologies where birds
and insects are in a significant positicior the researchegJones, Bradshaw,
Papadopoulos, & Platzer, 20QZdunich, et al., 2007As stated by Sivasankaran and
Ward, insects are the main subjectsotiserve MAVs and Biomimetidlicro Air
Vehicles (BMAVs) with maneuverable and load bearing capacfie®sankaran &
Ward, 2015)One of these new technologiegheg type offlapping wing.According

to Arora et al.(2014) MAVs with flapping wings have advantage on hovering
performance, maneuver, takéf and landing when compared with fixed wing MAVs
due to the capability of flappinghe advantages of flappirging vehicles make them
more peferred, and researcm flapping wing MAVs are increasing.

One of the topics of researcheghis areas efficiencyof the flexible wingsAs stated
in the introduction, efficiency dilapping wings depends on different paramets's
lift, drag and thustis producedAs claimed by recent studies, flebdbwing, which

has an advantage rigid wing, can affect the efficiencwith increasing the lift and
thrust (Gopalakrishnan & Tafti, 201Q)Yin & Luo, 2010) (Zhao, Huang, Deng, &
Sane, 2010jNguyen & Han, 2018)Addo-Akoto, Han, & Han, 2021)n conclusion

of mentionedstudies it is claimedthat flexibility increassthe efficiency of wing.



As stated by Heathcote a@dirsul(2007) the findings demonstrated maxima in thrust
coefficient for intermediate stiffness, implying that flexibility is adtageousdr
thrust. Flexibility is directly related with stiffness of the material which affect the

force.

According to Heathcote et alsmall amount of flexibility is quite usefdibr thrust
(Heathcote, Wang, & Gursul, 2008)s stated bythe study ofEldredge et al.in
comparison to a rigid wing, a flexible wing consumes less energy during flapping
(Eldredge, Toomey, & Medina, 2010)

Experimental study péormed by Wu, Ifju(2010) and Stanford, is based on the
relation between thrust, flexibility arapplied force, reveals that tdeformation and
force on the wing is related with thrust generatiéxperimental setupf Wu, Ifju &

Stanford(2010)can be seen in Figure 2.1:

1) Flexible membranous wings

2) Wing mount

3) Bar linkage mechanism

4) Reciprocator (linear bearing)
5) Crank-slider mechanism

6) Crank module

7) Motor with encoder and gear head

8) Loads sensor
9) Test stand

10) Connection cables

/

Figure 2.1: Experimentabketup of Wu, Ifjyand Stanford2010)

According to experimental study of Fu et dlapping wing is submerged into
deionized(DI) water which can be seen in Figure 2.2 and investigate about the force
and deformation with the Fourier transform profilometry (FTP) technique and Particle
Image Velocimetry (PIV.)They found that the draglues are lower and lifto-drag

ratios are higér for flexible wings when compared with rigid wingBu, Liu, Shyy,

& Qiu, 2018)
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Figure 2.2: Experimental setup of Fu et §2018)

As canbe seen from the recent studieHiciency is directlyrelated to thelexibility

of wing.

2.2.lmage Processing

In this section of thesistudies about image processing willgresentedOne of the
image processingpplicationscan be named as a measurement witlsian method.

Displacement of a structure can be observed widge processing.

As stated by Romazsk&apinski and Siom@015) image processing is based on
threeaspectsvhich ae investigation of case and selecting the vision method, obtaining
the data of image and producingiathodology formage processing with algorithms
Experimental set up and vision method of study of Romazsko et al can be seen in
Figure2.3.

| Holder |

-

Figure 2.3: Experimental set ufRomaszko, Sapinski, & Sioma, 2015)

As based on the same methodology of measuring the displacement with image
processingmeasurement points aobserved with pixel locations on the image
shown in Figure 2.4Positions of the points can be observed between two images.



Figure 2.4: Measuring DisplacemefiRomaszko, Sapinsk& Sioma, 2015)

Image processing methodology is used in the area of the displacement measurement
which is based on vibratiorAs stated byBeberniss(2017) and Ehrhedt, image
processing is a main subject of displacement and strain measurements with the
development of the technologgccording to studiesbout the image processing
accuracyof the observatiomlepends orthe frame ratelight intensity, brightness of

the imageresolution of the imagandpatrticles near the observed subjgatvasznay

& Joseph, 1955(Huang, Schreiber, & Tretiak, 197 elfrick, Niezrecki, Avitabile,

& Schmit, 2011)(Wang, Mottershead, Siebert, & Pipino, 2012)

In cases where these reasons are not taken into consideration, profagmsthe
image processing. It is necessary to pay attention to these sitdatimit encounter
problems in data reading, filtering and examination processes. In addition to a bright
and lowparticle dataset, high frame rate cameras should be useddmaige in the

image.

2.3.Force Parameters and Pressure Distribution

Literature review about the recent studi@dorce investigationon the flapping wing

will be givenin this section of the thesiBorce effecton the flapping wings, which

is essentiallya vibrating structure on a moving plate, are based on the transverse
vibration.Rectangular shape wing with vibration can be modelled as @d¢aa) Zhu,

& Lu, 2013)or plate(Qui, Zhang, Zhang, & Han, 26). First mode shapes and first
natural frequencies are equal for the beam and the plate. In this istugltigated

cases are in the first mode; therefore, flapping plate can be modelled as beam.



Components and paramet@fsthe motion derived &m structural vibratiortan be

listed as inertial, dynamic stiffness, and hydrainithe recent studigZhang, Liu, &

Lu, 2010)(Kang & Shyy, 2014)Liu & Banerjee, 2016)in the study of Tang et al.
(2016) pressure distribution of the flapping flexible plateich vibrate vertically near

the ground, istudiedwhere the [ate is modelled as Euld&ernoulli beam withthe
structural parametersf bending stiffness, mass and added ma#ss.in above
mentioned studies, components can be modelled as inertia and damping components

which are affected by the mass, and stiffness component.

Mass component of the force can bedeited as coupled or lumped matrix form.
Lumped mass matris a diagonal matriandcoupled mass matrix is a matrix which
includes the interaction between the nodg&sor in the lumped mass application is
higher than the coupled mass application tduot including the interaction between

nodes.

In the study of thenass modelling using finite element method, lumped mass matrix

for beam is higher than consistent mass, however matrices are equal for bar elements
where the plate modelled Senj anovi | , VI adi bifferences & Had
between consistent and lumped mass application caedm®s lower values due to

the effect of the added mass which is dominant for the study. eisioned in the

studies of Archer G. & halen T.(2005)and Wu S(2006) consistent and lumped
applications are applicable methods where the linear elements are used and

convergence rates are similar.






3. IMAGE PROCESSING AND CURVE FITTING

In this section of the thesis, thprocedure of image processing, algorithms,
methodology, and curve fitting will be mentiondochage processing idoneby the
MATLAB Software Code process, which comprises image processing, curve fitting,
and the force calculation parimage data which arin the raw formarecleared to

detect the plate and measurement stations. Information about the procedure of
obtaining the useablatawill be given in this chapter. The image processing section
will be discussed under four subheadings: reading data fhe file, binarization,

masking and filtering the image.

3.1.ReadingData from File

Firstly, reading a specified file and determining images are performed. The first
command of this part is Amfilenameo. mfi l
According to MathWorks, mfilename specify a function or script with a character

vector hat consists of a file nam@JRL-1). *.tif, which istheformat oftheimage is

specified in the pointed folder with the help of dir(...) commantif, image is

specified in the pointed folder with the help of th...) command. On the other hand,

dr( é) can be used for reading folders 1in
*. mat format need a lower degree for storage. imread function is used to convert the

raw data to the format of *.mat. After locatitiie datafile, theimread € ) f unct i on

is used repeatedly to apply the image to MATLAB.

3.2.Binarization of Image

In this part of the thesis, the detection and binarization of images will be discussed. As
stated by Zhivong and Yang(2012) binarization of an image isolates the image into
two main color vector codes as gray is fundamental in-pastess of image

processing
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Binarization is a method for obtaining a matrix containing values as "1" and "0" from
the color cods of the raw image. Raw dathimages before prprocessing can be

seen in Figure 3.1:

Figure 3.1: Raw Image

According to MathWorks, "imbinarize" functio
6nameé6é, Ovalued)" where 06016 is data from i mr
threshol di ng, Onamed6 i s the operation to apfy
on this part and 6éval u@RL-2).Fhe first methochaf a met er o f
binarizing is Otsub6s threshold method, which
256bi n i mage histogram throughout the time

(URL-2). As stated by Zhu et al(2009) Ot subés threshold method i
color diagram of the image for the optimized threshdld stated by Sezgin and

Sankur, Otsubds threshold t he doregroundandbased on
background pixel distribution and secondly increasing the distribution among
positions(Sezgin & Sankur, 2004pt subés met hodol ogy has used a
on probability. According to Otsu, the probabilityuadjon can be seen in equation 3.1

(Otsu, 1979)

£
— — 3.1
~ 0 - 0 (3.1
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where0 is the pixel of gray codest is the number of pixelsand( is the total

number of pixels

As stated by Lee and Padpplying Otsu threshold theofgr modal distributiorcan
be seen irquation 32 (Lee & Park, 1990)

, Q na a n a a (3.2
where, Q is interclass variance) is dark pixel probabilitywhich has dower
value comparetb Qas gray rank) is bright pixesdprobabilitywhich has a higher
value when comparetb Qas gray rankd is dark pixesdaveraged is kright

pixelsbaverageandd  is mean of totafLee & Park, 1990)

The second method of applying the imbinarize function is the adaptive method. As
stated inMathWorksadapti ve met hod, which 1is also
dependsonfirsbr der st ati stics of data threshold

regional area mean intens{tyRL-2).

According to Mustafaand Kader, applying Bradley Method to an integral image
depends on a methodology which can be expressed as local pixel area determined as
black in case that mean brightness value is constant, calculation can be seen in
Equation 3.3 percentage higher than local and neighborhood pixels, under other
conditions area determined as wh{it¢ustafa & Kader, 2018)
Q

(3.3)
TUTT

Y & p

=]

where"Y is aconstant to calculaterightnessd  is themean of intensity an@® is
threshold value. As stated by Bradley and Rt surroundingectangulaarea can
be calculatedavith constant times inequation 3.4and 35 (Bradley & Roth, 2007)

"Qofy "OGhw (3.4

Oawy Owhy Owhw p Ow phw  Ow phw p (35)

where " Qahw is function from pixel to real numbeiQwhn is location of pixel,

o o is lower right corner & hw is upper left corneas shown in Figure 3.2
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Figure 3.2: Simple input, the computed integral and the integral image to calculate
the sunrespectivelyBradley & Roth, 2007)

A

Operations selected as O6brighto, tehich are
foregroundlitc an be cl assified as O0brighto to incre
and as 6darkd to i ncr eagURL-2).Atelastparagdter ness of
isthe6 Sensi ti vi t yféctor, Whicheis beteeersOi ahdi 1ycantbg expressed

as a factor of threshold where higher values declare the possibility of containing a pixel

of backgroundlURL-2). Sensitivity factor is applied as Ott binarize theimage.

Resultanimageatfter applying binarization can be seen in Fighi

Figure 3.3: Example of Binarized Image
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3.3.Masking of Image

Thethird image processing stage for determining a fuillgred flapping plate data is
applying amasking procest® the binarized imagélasking is a process for clearing

the image wherthe system is rigid due to the connection of the force selexible

part of the plate can beolated by pplying the maskingParticle deficienciesnay

occur in the system due to the force sensor and movement of the plate. A function loop

is added to the MATLAB coding process to determine the location of missing particles.

The function loop includes scannitige y-axis andx-axis in terms of 0 and 1 of the
binarized image. The function, which is in a while loop, firstly checkg/laeis by
increasing the position of theaxis one by one about the absence of pixel (px) at the
limit of 150 px. After determiimg the absence of particle for the position ofyttaxis,

the scanning direction is changedxtaxis with a constant-yposition. The second
section of the function considers thexis direction of the existence of pixels that
yields a value at the liithof 40 px.

Wherever the pixels are found within the limit, the scan is terminated; furthermore, the
maskis used to eliminate the image and data to thehkfid side (LHS) of thenask
endpoint. Maskcan be seen in Figure 3.4:

Figure 3.4: Masking of Binarized Image
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3.4.Filtering Image

This section will mention removing and eliminating pixels that are not used and
obtaining a clear platenage Firstly, the bwareaopen function is applied. According

to MathWorks, bwareaopen, called area opening, is used to eliminate the pixels whose
values are less than a specifically given parameter in binarized data to create a restored
binary image. This methodology depends on the connectivity of pixels, which are
observed in edge, corner, and diagonal connection, for assuming pixels as the same

section of the particle as shown in Figure @IRL-3).

A

YN

Figure 3.5: Connectivityof pixds (URL-3).

Applying Abwareaoped commandto the binarized imagdor a casecan be seen in

Figure 3.6:

Figure 3.6: Application of bwareaopen
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The second and third functions of this sectionfimredilated andfimfill 0. fimdilated

is a function of dilating and blurring a binarized imagilo and 00 matricesto
determire the value of a pixel. Dilation of the binary image can be expressed as in
equation3.5 (URL-4):

686 o 6 .o n (3.6)
whereo0 is thebinary image¢ is thebackground of binary image) is the reflection

of 0, Qs set of pixellocations(URL-4).

fimfill 6function is used for fillindinarizedmagepixels with the help of connectivity
as inthesame procedure of bwareaopen functoan be exampled @s equation 37
andequation 38 (URL-5):

p MMM T
PP pPppp T
|PHT[T[pT[pp|°|
o T TP PP T (3.7)
P P P P TP P P
b M M p p T P T
b mnmmp mp m
b mnmpopp
p MMM MO T,
P ePppp o
P P P P P TT P P
a0oam ® P P PP PP oPA (38)
|pppppppp';
‘b T T p pp p T
b mnmmp p p m
b mnmpopp

wherelmgis thebinarized image. Results of applyifighdilated andfimfill 6 function
can be seen in Figure 3.7:
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Figure 3.7: Dilated and Filledmage

fimoperd and fimclose functions are the final stage of the ym®cessing before
determining curve fitting. imopen and imclose functions are morphological operations.
As stated in MathWorks, imopen is an operation of the morphological opening of
binarized data by erosion after dilation of system elerfi¢iRt.-6). The gplication of
imopen is shown in Figure 3.8:

Figure 3.8: Application of imopen

According to MathWorks, imclosg which is opposite morphological closing of
imopen, is closing of binarized data by dilation after ero84RL-7). Application of

imclose is the lastspof clearing the pixels which will not be used, is shown in Figure
3.9:
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Figure 3.9: Image of Masked anBlilteredPlate

3.5.Applying Curve Fitting

This section will discuss point detection and curve fittmthe filtered.As shown in
Figure 3.9, a rectangkhaped plate is obtained, including binarized values as in matrix

form of ones and zeros.

Firstly, the start of the plate as the upper left corner is found by positioning the first
element, which equalsifh the matrix. The matrix ikeld fixed in the constamt axis
pointand scanned downwards in the direction ofythexis. The last value equal to

one is found to create an array whose mean point yields the center of starting edge of
the plate, which is stated as the leading edge (LE) of the plate. The procedure is
repeated with an increasing value of x as far as finthiegnd of the plate, which

refers trailing edge of the plate, where binarized data yields zeros lopggatkis.

The indicated points represent the cente
obtaining the curve. Aundianisd curvafittingonetivbd t h Wo r

as a quadratic curve using variab{gfkL-8).

As stated byAttaway, curvesonsistof a polynomialdegreehence curve fitting can
be expressed as optimization in quadratic polynomial, lwtén be seen iequation
3.9 (Attaway, 2012)

nw o o o Eow © (3.9
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wherel @ is polynomial,¢ is the degree ofpolynomial andé® wry are the

coefficients of polynomial.Different degres of polynomials arecalculated for
optimizing the curve fittingwhose error calculation can be seen in Equatitb@ 3.
Q ———— T (3.10
W
whereQ is deviationerror, is position ofthe fitted curve,w is the actual
positionof the point. In the final stage, fitted"™®degree curve whose calculation of
error will be explained itChapter 5, is dividedhto ten equal distanceapswith the

help of 11 point$o determine force distributioas can be seen in Figure 3.10

Figure 3.10: Fitted Curve and Divided Points

3.6. Issues on Image Processing

In this part of the thesis, issues on image processing and problems due to the images
will be introduced. The main issues that occur during the investigation of two material
types of the platean belisted asproblemsdue to material properties and raw image

data.

Firstly, the issue of the material property willfmesentedDue to thehicknessof the
Acetate type plate, images cannofpbecessed properlycetatetype plate thickness

and theparticledimensions ithe experiment for PIV have the same values; therefore,
during the filtering section of the image processing operations, parts of the plate are

filtered, as can be seen in Figure 3.11
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Figure 3.11: Raw and Filtered data tiie Acetate Type Plate

The second issue on image processing occurs due to the image properties, which can
be exampled as the brightness of the image. The brightness of thetijpagriate

case idower in the experimental study. Due to the brightness issues of ravaslata
shown in Figure 3.12nd Figure 3.13measurement points are cleared in the image

processing filtering section, as seen in Figurd.3.1

Figure 3.13: Brightness differences betweembedded data into MATLAB
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Figure 3.14: Filteredproblematidmages of the Lexartype plate

As a result of this problem, the Lexan type plate cannotvsstigated The problems
on the raw dat@an becorrected by adding lines to the filtered data, howéver

could not be corrected due to changes of the matrix system and axis setnzgbe
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4. EQUATION OF MOTION AND FORCE FORMULATION

In this section of the thesis, obtaining equations of motion, derivation of mass matrix,

damping matrix, and stiffness mataxrdcalculation of force will bgpresented

4.1. Equation of Motion

The motion of the system is a forced sinusoidal walough the plate motion is
straight on the axis, the equation of motion (EOM) is sinusoidal. This motion can be
investigated as transverse vibration. The movement of the plate and path is shown in
Figure 4.1

flow
motion[ [
y=Y(sinwt) l
flow
k
motion ( >—| m
E »
c >
>z >

Figure 4.1 : Motion of Plate and Equation of Motion

where m is total mass tieplate, k is stiffness dheplate, c is damping of the plate,
y is equation of forced motion whichtise motion of system. Movement ttie plate

is through the verticay- direction.

As shown in Figure 4.2, the force applied to the system can be expressed as the sum

of inertia, damping, and stiffness.
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‘ ﬁ Force

Figure 4.2 : Force appliedo the system

As stated by Blake, systems in vibration can be éxgthas systemshat contain

spring as potential energy, inertia as kinetic energy, and damper as decrease of energy
(Piersol & Paez, 2010 hese force equatns can be seen eguation 4.1 gquation

4.2, andequation 4.3 as stated by Inm@nman, 2008)

"0 Qo (4.1)
"0 G (4.2)
O a o (4.3)

wherewis thetotal displacement dhe plate;wwhich meanshevelocity oftheplate,

is thefirst derivative ofcowith respect to timepwhich means acceleration of plate, is
thesecond derivative abwith respect to time as shownegiation 4.4 anéquation
4.5.

Qo
A 4.4
® =53 (4.4)
Qwo
) 45
O =5 (4.5)

Applied totalforce, which isthe energy of the system, is equalttee sum of these

force equations for undamped systems as seen in Equation 4.6 and Equation 4.7
O O O O (4.6)
Go @ Qo O (4.7)

The matrix form of Equation 4.7 with respect to tibeeomes as following in Equation
4.8

0 wo 0 wo U WO Vo 4.8
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where 0 isthemass matrix,0 isthedamping matrix and) is thestiffness matrix.

The motion of the system occurs adymamic force. This force can be added to the
right-hand side of Equation 4.7, which reféosthe force applied to the system as
shown in Equation 4.9

@ Q0 "0 (4.9)

wherewis displacement of system,is thevelocity of system as seen in Figure 4.3

y(t) 9
l - X(1)

m

Figure 4.3: Displacement under motion and force

Adding equation 4.9 in timedependednatrix form intoequation 4.8 gives general

form of equation of motion as mquation 4.18@, equation 4.10b andquation 4.10c

D 0 B8 00 U GO 6 wo U wo By (4109
D @o6 6 ©0 6o U ®6 »o B (4.10H)
0 @6 6 a6 0 ao B (4.109

whered 0, which isrelativedisplacement, ithedifference between displacement of
plate and system with respect to tirae) , which isrelativevelocity, isthedifference
betweenthe velocity of plate and system with pEst to time.& 0 can be seen in
Figure 4.4

......... ST k()

—a

Figure 4.4. Absolute displacement of plate
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The plate is divided into ten equal distaseetions in terms of mags), damping(c),
and stiffnesgk), to determine force distribution, as seen in Figure 4.5.

2 fr, f7 fs fq fm
1 2 '3 kﬂ k9 10
J

{
55
—bq—Lz—h 4—L%—> 4—[4—» q—L;—b 4—]_,6—» 1—]_‘7—» q—LS—b q—Lg—p 4—L10
Figure 4.5: FreeBody Diagrams of Nodes
The second equation of motion can be expressed feptiregmasssystem. The free

body diagram of thepringmasssystem, which includes m as mass, ¢ as damping, k

as stiffness, q as displacement, and f as force, can be seen in Figure 4.6.

fi s f f
o O O T L O L

ky kz k4 ks kg k7 kg kg k1o
§L m
Cz C3 Cq 5 Ce Cy Cg Co

—rq—L2—>4 L.% . L4 > 4—L,_.’ >4—L6— > 4 L;,—»q—LH ““_Lg_’ q—LlO—b
Figure 4.6: FreeBody Diagram ofSpringmassSystem
Applied total force to the system can be seen in equation 4.6. The force applied on

each element and force component is related to the motion of nodes and base
excitdion, as can be seen in Figure 4.7.

— » t >

f f3 fo ‘ flg

kaqze— ksqze—{  |—kagse—  — koqo—i —+K10G10 «~—|

My m3 {3 aee My Myodio

Cz 4 3 q3* *Cq gt —* Cy o+ > C10 q10 *

Figure 4.7: Force Components of the System

Displacement and velocity parameters of the nodes are related between the present and
previous nodes. Force on the baseurs due to the motion of the first node, is shown

in equation 4.11

~ ~

W o0 wo Qw 0 wo O (411

wherew 0 is the displacement of the basep is the velocity of the bas&is the
stiffness,is the dampingg O is the displacement of the first noda, 6 is the

velocity of the first node, an® s the force of the base.
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Substituting the motion parameters into equation 4viiich yields the equation of
motionfor spring mass systeno calculate the total force on the system loarseen

in equation 412.
0 No 0 No L RO Do (4.12

wherery 0 is acceleration with respect to timg,0 is the velocity with respect to

time, and O is thedisplacement.

4.2 . Derivation of Matrices

This section of the thesis will explain the derivation of the mass matrix, damping

matrix, and stiffnesmatrix in generalized form.

4.2.1.Effective mass and érivation of mass matrices

In this section of the thesis, masses by which the system is affected and derivation of
the mass matrix will be introduced. Derivation of the mass matrix will be investigated

in two topics: coupled mass matrix and lumped mass matrix.

4.2.1.1.Lumped mass matrix

The lumped mass matrix, which is a diagonal mass matrix, depends on the distribution
of mass to the nodes. According to Surana, material mass can be divided equally along
the dimensia as the length of the beam is a standard application of obtaining a mass

matrix for finite elementé§Surana, 1981) umped mass is obtained by distributing the

mass into the nodes equadly shown in Figure &.

7 I e o o N o N U N o o T e N
QUUUUUUUUU

Figure 4.8: Dividing to nodes according to mass

According to Logan, nodal mass matrix can be expressed as shown in equion 4.
(Logan, 2015)

(4.13)

n‘e
44330

4434

H4© 44
4434
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where & is the mas®n the nodg” is the density of the structure,is the cross
section area and is the distance between the nodHEse first and third columns and

rows represent the mass acting in the direction of bending. The second and fourth
rows/columns represent the mass from the angular displacement in the calculations
where those elements yield zero. Due to dbsence ofmovement in the angular
direction, secondnd fourth rows and columns can be deleted, as can be seen in

equatiord.14

B
y c n
a ) (4.14)
T[ —
C
where,
S ) o (4.15)

whered is the masbetween nodedJ he calculation of thelgbal lumped matrix, will
be detailed in section 4.2.3.2. Derivation of stiffness matrix from finite element

method, as seen in equation 4.16, can be c#éécllay using equation 4.14,

G T T T T T T
l”fchnnT[nTrT[T[Trl°l
JUmegnnnnnTfnT
JqU T T ¢ mmnmTfnTfnTn T,

. G ,

A ST S L L LS L L 1 (4.16)
CIM M T M M ¢ T T T ThH
It 7T TC ML TC L ¢ TUTU T
i m mmmmnmmT ¢ m
lh mmmmommmnmmcg
Ut mmmmnmunmnmnn pY

where 0 | is the first methodologyfor calculation of lumped mass matrix
Application ofuniformly distributedmass matrix into the plate can be seen in Figure
4.9,

7 I e N e
O

10 10 10 10 10 10 10 10 10 20

Figure 4.9: Lumped Mass Distribution
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The second methodology of calculatitor lumped mass matrix depends on mass
distribution to the nodes equally, which can be seen in equation 4.17

p UMMM T
ﬂ'[pT[T[T[T[T[T[T[T[Il,I
U mMmpepnnonnnTnT
U T mp MMM T,
b . M T MW MMM, 417)
M T T 7T T p T T T Th
It T T T T TP T T OTUY
thh mnmonmnTmepe T
lhnnnmonnunmnmop 1
Wt t m mmmmnnmnn pY

4.2.1.2.Coupled mass matrix

In this section of the thesis, coupled/consistent mass derivation will be introduced. As
stated by Deshpande et@016) the coupled mass matrix is a full matrix that includes

all elements from shape functioffhe coupled mass matrix represents more accurate
results than the lumped mass matrix, due to consistinmtiection ofnodes with

each other and all aspects of the movement.

According to Kim,for the rotating degrees of freedom, translational inertia has been
employed to create a nonsingular lumped mass matrix for the bending vibration of
beams where lower natural frequees are achieved as a result of the inertia effect
However, the nonsingular lumped mass matrix makes a considerable contribution to
the improvement of the intermediate natural frequencies when joined with the
consistent mass matrixKim, 1993) As stated by Archer and Whalen, the general
form of the nodal consistent mass matrix for an E@ernoulli beam can be seen in
equation 4.18Archer & Whalen, 2005)

LPLO GO LT PO,
&vn\) ”n n ”n n .
_Zunc@ T PO 0 (4.18)
TENMVULUT po PLY CQyp

upao ol cd 10 U

where & is the mass on the nodejs the density of the structure,is the cross
section areaand0 is the distancbetween the nodeghe first and third rows/columns
represent the mass caused by displacement, second and fourth rows/columns yield the

mass caused by angular inertia.
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The local mass matrix is used to obtain the global coupled mass matrix. 11 nodes exist
in the system where the first node is on the base, as can be seen in Figure 4.10

0

=
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b b e
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Figure 4.10: Number of Measurement Stations tbe Beam Mass Matrix

The global mass matrix is in a format of 22x22. Due to the first node where no
displacement occurs, the global mass matrix can be reduced to 20x20 format. In
addition to this, mass on the angular side of the movement is at a lower degree than
the displacermant.

The global mass matrix can be reduced to a 10x10 format for force calculation.
However, a 22x22 global mass matrix will be used in calculations of natural
frequencies, which will be mentioned in determining fvéwation frequencies and
mode shapeshapter. The global coupled mass matrix of the system can be seen in

equation 4.19;

0 5 —U § 4.19
horem " (419
where 0 istheglobal reduced mass matrix is the density of the structure,is
the crosssection ared is the distance between the nodas U  is the constants

of coupled mass matrix which can be seen in equatizin 4.

gpcutT M m m m T T T T
(LT OpguUT T m m T T T .
jgm VT opgutT ™ T T T T L
L M UT OPGUT T T T T T
o o: TR 1 M UVUT OPCULT T L1 L1 T (4.20)
1ITT 1 L1 M UVUT OPCULT T L1 T n
11Tt Tt L L L VT OpPgULT T TN
I T T T T mT UT OPCUT TN
Un m m m m T T UT opguTl
Um m m @®w ®w W W T utT pulyY
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4.2.1.3.Added and effective mass

Masses in the system can be considered under three topics as the mass formed by the

flow, the mass of the plate, and the mass of the connector and pins.

Firstly, the added mass will be introduced. According to De Santo, inertia
enhancement & fully subnerged objecin a liquid with respect to inertia in a vacuum
is called added massts inertia in liquid is defined as acceleration relative to a

stationary container of the liquid field of iner{lae Santo, 1981)

Added massan be calculated by using the shape of a rectangular plate. The added
mass is related to the shape of the vibrating object and the density of the fluid. As
stated by Dong, added hydrodynamic mass can be seen in EquatiDehg11978)

0 0@ — (4.21)
whered is added mas¥ is aconstantis thehorizontal length of plat@a motion
b is thevertical length otheplate in motion” is thedensity of fluid.

Dimensions otheplate is shown in Figure 4.6.

Motion / //
| a

b
Figure 4.11: Dimension of body

Values of0 can be seen imable 41

Table 4.1: Constant othe Added MasgDong, 1978)

9 K
w

1.0 0.478
1.5 0.680
2.0 0.840
25 0.953
30 1.00
35 1.00
40 1.00
- 1.00
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The mass of the plate and the mass of the connefters the inertia of the system.
The result of summation of the plateds mass

acting on the system as seen in Equation 4.22.
0 0 0 0 (4.22

where M isthetotal massp is added mas® is themass of plateand0 is the

mass otheconnectorMass of partial nodes expressed as in Equati28r 4.
drp O (4.23

wherea j is the effectivemass of nodes, M is total massdL; is length of nodes.

The general form othemass matrix can be seenequation 424

rg ,T[ m T T T T T T T 0]
LT LS L S L S LS L L L
L L LS LS L S L L S LR L g
guoomoomoa LA 1 S | SR | SR | SR 1 G
5 gn- T T T d LLS LS S L (4.24)
I LR L S R | SN | R mT T T T
gt M M M T T d m T T
(171 S 1 SR 1 G 1 SR 1 SN | SR | o T 1LY
Un m T TW T M T T a Y
ut T T T T w o m m & U
Substitutionof value of masses is showndguation 425
o0 m m W TwT W T M T T .
Iryln 00 JRLTRR L S| SR LS L S L S ll,ll
ytoom bbb o oo omom M,
yu m o om 00 m o om o om Mmoo T,
g m o m 00 M oM M M T,
0 mpym o nm o m o om 00 m o m o m mp (425
o o Mmoo rn 00 mMmoom Ta
Im o m o om o mo o rn o mnm 00 mo TN
im - m m m @m m 1 1 00 mn
] L U
yt:. T m o Tm M |m M MW TU,
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4.2.2.Derivation of the damping coefficient and dampingmatrix

In this section, thederivation of é&mping constants and damping matrix will be
considered. According to Crandall, damping, whose fareetribution is lower
comparedto inertia and elasticity, is caused by the elimination of energy of a
vibrational system. The damping meclwmiis based on the amplitude and frequency
of periodic motiongCrandall, 197Q)Damping is related tthe motion the natural
frequency of the material, critical damping, and damping ratio. As stated by Rao, the
critical dampirg and damping ratio can be expresseith &gjuation 4.26 and equation
4.27(Rao, 2011)

€

c¢a (4.26)
&)
-5 (4.27)

where is the critical damping @ is mass, is natural frequencyandais actual
damping.Substitution 4.26 into Equation 4.27 yields the expression of the damping

constant as shown in Equation 4.28

® c— & (4.28)
The damping ratio yields a decrease in vibragomplitudebetween two peaks of
motion. The damping ratio can be calculated in two different ways. The first way of
calculating of dampig ratio is byusing the damped natural frequency. As stated by
Rao, oscillation of motiogan be categorized asderdamped, critically damped, or
overdamped depending on the value of the damping ratio, which is lower than 1, equal
to 1, and higher than 1. The cases examined in the thesis have values lessfibran one
the damping coefficient. In cases where thepliag coefficient is less than one, the
following equation is applied, as seen in equation 480, 2007)

1 1 P - (4.29)

where] is damped frequency, is the natural frequency and is damping ratio.

Damped frequency is expressed asgunation 430 (Rao, 2007)

cu

~ (4.30)
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where"Yis the elapsetime between any successive peaks while the system damping

Is not under the effect of a force. FormulatioriYifan be seen iequation 431:

" 0 0
Y

(4.31)

whereg is the number gbeaksfollowing thefirst obtained successful peak observed,
0 isthetime ofthe " peak 0 is thetime ofthefirst successful peak when damping

started as shown in FigurelZ.
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Figure 4.12: Period of Damped Oscillation

A sudden force is applied to the system multiple times to obtain atforeadiagram
for determining the time between damped peaks.

Secondly, the damping ratio can be calculated directly from the amplitudes of the
peaks, which is known as the Displacement Logarithmic Decrement Method.
According to Little and Mann, the logarithmic decrement method (LDM), which is a
primary method for \oration analyses, ia mathematical derivation to obtain the
damping ratio from two or more peaks of the data for free vibrélittle & Mann,

2019) The logarithmic decrement method&ated tahe ratio of amplitudes.

The systeminvestigatedn the thesis can be modeled as a cantilevered beam or plate
and expressed as a linear system. Tweten, Ballar, and Mann stated that LDM could be
used for single degree of freedom (SDOF) systems that vibrate with a constant center.
In addition to this, LDM can be used for mullegree of freedom (MDOF) systems

with the help of wavelet transform, which is used for uncoupling the modes of
oscillation(Tweten, Ballard, & Mann, 2014)
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According to the mentioned information, Displacement Logarithmic Decrement
Method can be applied to obtain the damping ratio for free vibration. The damping

ratio calculation methodology can bensideredassimilar for forced vibration.

Displacement refs to the amplitude for oscillation and vibrations. According to
Palazzolo, displacemebtsed logarithmic decrement can be expressed as in equation
4.32 (Palazzolo, 2016)

— (4.32)

Py N h
€ N q

wherd is the displacemeiiased logarithmic decremeatis the observed number
of the peakr]y  j is the amplitude of the first peak afd  is the amplitude of

the " peak.The damping ratio can be calculated by using logarithmic decrement, as
seen in equation 4.3®alazzolo, 2016)

(4.33

c* (4.34)

wherd s the displacemeriiased logarithmic decrement an the damping ratio.

According to the information above, the calculated period and damping ratio refer

matrix form of the damping constant of nodesnasquation 4.35:

6 | 0 (4.35)
where,

| ¢4 (4.36)
where 0 is thedamping matrix, 0 is the mass matrix is the constant for

damping,—is the damping ratio and is the natural frequency
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4.2 .3.Derivation of stiffness matrix

Three different types of stiffness matrices are calculaetthe stiffness. This chapter
of the thesis will introduce the derivation of the stiffness matrix from the inverse of

flexibility, finite element formulation, andpringmass

4.2.3.1.Derivation of stiffness matrix from inverse of flexibiity

The derivation of stiffness matrices will be mentioned in this part of the thesis. As
stated by Turan, stiffness and elasticity have a relationship as a result of the
displacement and applied force to thaterial. As can be seen in Equation 4.37 force
applied can be describe@:urhan, 2017)

06 ® (4.37)

where "Ois the applied force,0 is flexibility constant ofthe material andw is
displacement.Substituting equation 4.37 into equation 4.1 refers to the relation
between flexibility and stiffness as shown in equation:4.38

o P (4.39)
(0]

wherev is stiffness and is flexibility constant othe material.As stated by Goodno
and Gere, flexibility coefficients can be calculated as Equation 4.39 and Equation 4.40
(Goodno & Gere, 2018

0w

X — o ¢ ) - 4.39
A (ﬁo.,oow ® T ® & (4.39)
06
’ — 00 . - ) . 4.40
) (p.o.,oow IR O o a (4.40)
where,
o Lo (4.41)
pPq
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wherew s displacement under forcé,is force,Ois Modulus of Elasticity/Gs the
moment of inertiagdis the distance of force from support poijs the distance of
force fromthe end of affected areav  is the point under consideratign is total

length i is the width andois the thicknessParameters of Equatior39.and Equation

4.40can be seen in Figure 3.1

O N

-
L

Figure 4.13. Parameters of applied force

The relation between stiffness and flexibility in matrix form is expregseduation
4.42

VR (4.42)

where 0 is stiffness matrix andd is inverse offlexibility matrix. The fexibility

matrix is symmetricandcanbe expressed asjuation 443:
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where 0 is flexibility matrix, & is coefficient of flexibility.As an exampl®f the
coefficient of flexibility, which can be seen in Figure 4.14 and Figure 4.15, is
calculated by applying unit force for each node with ukeof equation 4.39 and

equation 4.40
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31,10

Figure 4.14: Coefficiert of theflexibility of the 15! node

L L0 0 LAO L0 L0 L0 LAo  LA0 - Lo LA

Figure 4.15: Coefficient oftheflexibility of the 2" node

Subsituting valuesby applying unit force into equation 4.39 for the first element of
the row and equation 4.40 for the remaining elements of the row to determine the first

row of flexibility matrix expressed as:

5 PMom 0 O c0 (4.44)
([ONO) pTt pT @ TIOO
N U ”n ”n EAY
5 PMom O Ld (4.45)
@00 pmm pTm @ MIOMO
o PMpm 9 b W (4.46)
(ON® pTt pT1 @ TIOO
é
p&> - &0 “
o pm P C R (4.47)

00 pTT pT @ TION
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If the procedure is repeated a second time for the determination of the second row,
aside fromapplying Equation 4.39 for the first two elements and Equation 4.40 for the

remaining elements can be expressed as:

o PMom O O Lo (4.49)
([ONO) pTt pT @ TIOO

o pn S < pe (4.49)
([ONO) pTt pT @ TIOO

o pm %0 b cw (4.50)
([ONO) pTt pT @ TIOO

é
& pm _PT GCU  ppik (451

([ONO) 4 pTt pT @ TIOD

Substituting flexibility constants into the Flexibility matrix can be seen in equation
4.52:

S LU W o pp PT PX CT GO GO G W,

g POCY TT LG @T X YY pmTmPPE

1l VT Yp pTTYpouLPOCPYWCPOCTQ
Y PCUPXPECTICXCOCTMOOUYTPY
VT cunccurunuxucpnnxcn(452)

@ T 1010 TOQUTTOT Y XL YO{

1 i w& OoPYOYoo WYTppP G,

. PTICPCP@T T

U PTULUPXTM

u ¢

Substitution of equation 4.52 into equation 4.42 yields a general stiffness matrix as

seen in equation 4.53:
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OPT pPOYXW  Cp U PP P T
Ny CTULU pYT XU ¢m v C 0 T .
0" CTTm pXyY XUV ¢m v G p LS
:J CTH pXLIJXU CT[ v p T[|’|
cpﬂ)d CTT pXY XL Cm U P 1
- (4.53
U 11 CTTm pXY xv pPY o
] i wa Coy pxXXx 9w pa
I oo puyrth
u pouv op
u ¢ xV

4.2.3.2.Derivation of stiffness matrix from finite element method

In this section of the thesis, obtaining the stiffness matrix from a general finite element
methodology approach with hand calculation will be introduced. As shown in Figure
4.8, 11 nodes with two degrees of freedom (DOF) exist in the system. Due tasdegree
of freedom, the global stiffness matrix includes 22 elements in rows and columns.
Those two degrees of freedom represémesdisplacementi; and @ as shear force,
and angular movememt andv2 as the moment, as seen in Figure 4.16;

4 u;

A A
vy Vs

G )

Figure 4.16: Degrees of Freedom Between Two Nodes

As stated by Kattan, steps of obtaining a global stiffness matrix from a local matrix
includes

Discretization of the main element of the nodes,
Calculating the eleant stiffness matrix with equations for each element,

Obtaining the global stiffness matrix with a direct approach

w0 N PE

Applying the boundary conditions in terms of force and mafiaitan, 2010)

The pate divided into 11 nodes as a first step of obtaining stiffness matrix. Secondly,
the local stiffness matrix geterminedAs stated by Chandrupatla and Belegundu, the
element stiffness matrix is based on the total potential energy of the systenmasnd str
energywhich can be seen in equation 4.%&handrupatla & Belegundu, 2012)

40



Y 00 —— Q& (4.54)

where™Y is the potential energyQis the modulus of elasticityds the moment of
inertia andv is the displacementCalculation of the integral yields the element

stiffness matrix as shown in equation 4(&Biate, 2013)

BN (pO( Pq (pO( i

. 0@y Td @ ca *
GRS e pg g,
upd e 10 U

(4.55)

where Q is the element stiffness matrigis the modulus of elasticityds the

moment of inertia and is the element length.

As stated at the beginning of this section global stiffness matrix is obtained in 22x22
matrix form. Due to the fixed node, applying the boundary conditions decreases the
stiffness matrix into 20x2fbrmat.Sinceangular displacement is negligible, the global

stiffness matrix obtained in 10x10 format by using finite element analysis, as can be

seen in equation 4.56

CT pg T T T T T T T m .
I”l pcC CT pCc M WM WM WM WM mM W Il,lj
0T pg ¢t pg T T T T T LS
TR T PC QT pg T T T T L

o Qﬁﬂ mooM PG T P MMM M (ggg

o 11T T T T PC CT pg T T T
1 s T T T PC ¢T pg T TN
I s s s s s PC CT pg mn
U T T T T T T pg ¢T1 p&
U Tt Tt Tt Tt Tt Tt Tt pc ¢tY

where 0 is the global stiffness matrix by finite element analy®is, the modulus

of elasticity, s the moment of inertia anidis the element lengthetween nodes

4.2.3.3.Derivation of stiffness matrix from spring-masssystem

In this chapter of the thesis, the derivation of the stiffness matrix frospthreymass
methodology will be expressed. As mentioned in the previous chéptgirate can

be modeled as a beam. As stated by Juvinall and Marshek, stiffness can beedalculat
from equation 4.57Juvinall & Marshek, 2017)
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K 00 4.5
5 (4.57)
whereQ is the beam stiffnes®) is the modulus of elasticityQs the moment of

inertia andx is the element lerily between nodes.

Substituting equation 4.58 into the equation of mqtgiiifness constant yields the
generalized stiffness matrix. As mentioned in the chapter dervat stiffness matrix
from finite element method, global stiffness matrix can be calculated from the local
stiffness matrix. According to Meirovitch, the element stiffness matrix can be

calculated as shown in equation 4(&®irovitch, 1997)

- Q Q
Q 0 0 (4.58)
where,
. 00
Q — A P (4.59)
a p P
where Q is the element stiffness matriXhe global stiffness matrix can be

calculated from the equation of motion by using the interaction of nodes with each

other. The global stiffness matrix can be seesgmation 4.60 and equation 4.61

0 Q0 (4.60)
and,
C p T U M M M M T T,
1”1 P ¢ p T M M M M M M,
(T P C p M WM W T T T,
mem P C p M T T T T,
0 Tt n n p C p ™ n T T p (4.61)
(17 LS | SR | G 1§ P C [OJ | G | SR |
(I G £ G | SH | SR 1 P C P T TN
M m m m mn 7 P q p mn
Up m m m m m T p ¢ p!
U nn nn nn nm m m m p pV
where 0 is the global stiffness matrixp is the coefficient matrix for the

stiffness andQ is thestiffness value.
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4.3. Calculation of Natural Frequency

In this section othe thesis, natural frequencalculation using the theoretical method
and determinants of stiffness and mass matrices will be introduced. Calculating natural
frequencies using the stiffness matrix and the mass matrix plays a significant role in

validatingthe accuracy of methods and matrices.

Natural frequencies calculated with the matrices of each method should be expected
to be close to the values calculated with experimental data, theoretical calculations,
and finite element analysis software. The aacyrof the method decreases in case of

incompatibility between the values, especially the first natural frequency values.

Firstly, the natural frequencies of the system are calculated with equation 4.62a and
equation 4.64Sawant, Chuhan, & Deshmukh, 2017)

00

1 e (4.629)
T N_Q (4.629
a
where,
P& X & K& LIpP Bo WP B O X (4.63
and
w~ |
Q — (4.64)

cu

wherel is the natural frequenay rad/sec™Q s the natural frequency in Hz, is
the constantQis the modulus of elasticity(d)s the moment of inertid, is the density,

0 is the area, and is the length.

Secondly, natural frequencies and mode shapes are calculated using mass and stiffness
matrices. As stated by Meirovitch, the charactergéterminant and the eigenvalues
of the equation, which can be seen in equation 4.65, represents natural frequencies and

normal mode shape@Vieirovitch, Fundamentals of Vibrations, 2001)
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AAD 1 © T (4.65)
and,
1 _ (4.66)

where U is the stiffness matrixp is the mass matrix, is the natural frequency,

and_ is the eigenvalue.

Lastly, natural frequencies and mode shapes are obtained by using ABAQUS software

which is a finite element analysis software.

4.4 Derivation of Motion Parameters

In the final part of this section detemation of parameters of motion will be
mentioned. Firstly, as shown in Equation 4.10b and Equation 4.10c, general form of

equation of motion for nodes can be expressed as Equation 4.67 and Equation 4.68
0 wo 0 W0 wo 0 WO WO §2J0) (4.67)

where 0 isthemass matrix,6 isthedamping matrix,0 is thestiffness matrix;Q
is the number of nodge w 0 is the displacement ofthe nodewith respecto time
W O isthedisplacement athe system which is equal favhole nodeswith respecto
time, w is thefirst derivative ofw with respect to time yieldg velocity of nodew is
thesecond derivative ab with respect to time yieldg acceleration of nodey is the

velocity ofthesystem

. . . v @ﬁ’
. o . O S O Q0 L eIy
1P . . 1P 1P, . 1P v, . 1P > >
W 0 oy s 0y s 0y I,P“@I,P
|’v(b ‘o v |’ud o v |’vd o v g g
|’v(b 8 v |’v& S v |’|J(:] S v I,I”‘?2I,IJ
e T Uy Ury T Uy ey Ty l’r“@ Uy
o W o o a o ; a o
0 . . . 0o . . 0 . . (4.68)
[r® O [y (rax O ¥ [ O (v (roly
|’v(b ‘o v |’ud o v |’vd o "’ |’|J, p
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whered 0 is the difference betweethe displacement of node and displacement of

thesystem@a 0O isthevelocity difference between node and system.

Secondly, as mentioned in equation 4.12, n@dspiation of motions are shown in
equation 4.69

0 n o 0 n VI 0o (4.69
when (s equal to 1
o wo wo (4.70
no wo wo 4.7
no wo (472

and in case ofyreater tharl

RO ®oO o o 4.73)
RO ®oO o o (4.74)
o o (4.75)

Substituting the mentioneztjuations into equationByields,

. o ) v Py
. WO . . o . . o . rerprr
P . . 1P 1P rr] 1P Iy r,] 1P Iapnlay
cp W 0y ’v 0 v ’v 0 2,0
o) O v 1’ r'] O v ’v r!] O v v =2y
’v o 6 ’v v, 5 ’v v, o ’v I’I’"QI,I’
et ¥ VALY cp N v Cr_ ¥

o w o o (0] . 0]

o 9 5 1S o VO F 47
lr@w O [y trn Oy (rn O v 1relr
vy O v v v G o T o BRLICAN N I N 4
(NN . v v r,] . e v r,] v I’I"QI,I’
v W 0y 1’ 0 v ’v 0 v R
'P@ O Y 'rp o U ’rn o Iy ﬁ,f’zn,
row o wn o wn o0 3Ry

w

wherer] 0 is the displacement of nodery 0 is the velocity difference between
nodes.
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Two main motion equation exists in the system. Orte@tquations is the motion of
the system, which can be shown as Equation 4.77, whose derivative with respect to

time can be seen in Equation 4(8B&n, 2018)

WO ODEio (4.77)
0o d i QEo (4.78)
aYe) N Q&N o (4.79)
where
1 ¢ Q (4.80)

wherew 0 is theequation of motion of the oscillatianth respect to timan 0 isthe
velocity of the system & is the amplitude,"Qis the frequencyois thetime and  is

thenatural frequencyf motion

The secondquationis the equation of motion of nodes.i§Iparameter is derived
from the motion graph, shown in Figure 4.17 for separated nodes with the help of curve

fitting.

0.06 T T T T

0.04 b

0.02

Position (m)
o

-0.02

-0.04

o]
_006 1 1 1 1 1 1

10 15 20 25 30
Time (s)

o
[¢)]

Figure 4.17: DisplacemenExampleof Node #6 with Respect to Time
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As seen in Figure 4.17, the motion of nodes can be expressed as a sinusoidal motion.
The equation of motion for nodes can be expressed as Equatioihé &elocity of
the node can be expressed as Hquat.8, and the acceleration of the node can be

expressed as Equation 3.8

WO OOHio . (4.81)
DO & [ QEO . (4.82)
oY) W Q&N O (4.83)
where
w0 O o (4.84)
WO O WO (4.85)
w0 O WO (4.86)

wherew 0 is the displacement o node with respect to timeé) is amplitude ofthe
node,0 is time,* is the phasdifference] is thenatural frequencyw O is the
velocity of the node with respect to time ard0 is the acceleration of node with
respect to time.

Fast Fourier Transform (FFT) is applied to the data set to obtain the parameters
amplitude(), the phase difference (), and frequency of nodé&). The frequency of

the measuring point should be approximately or directly equal to the frequency of the
motion. Rao, Kim, and Hwang stated that the fast Fourier transform, which is based
on the discrete Fourier transform (DFT), generalizes the DFT to higher point
computing(Rao, Kim, & Hwang, 2010)MATLAB Software is used to calculate the

FFT directly, as seen in equation 4(8®RL-10).

»Q OQa (4.87)

whered® Qis the input data an@ "Q is the output which is used as a sinusoidal fitted

curve for the equation of motion.
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Due to the motion phase, the difference occurs between the node arhasemple

of the obtained wtion parameters and graphs can be seen in Figure 4.18.
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Figure 4.18 Comparisorbetween the motion afystem, node and fittesinusoidal
curve ofnode #1

In the last stage of the thesis, the equation is solved, and the obtained values are
compared with theexperimental data. In addition to the mentioned equation of
motions, an assumption can be used to calculate force. As stated in equation 4.62b,

stiffness can be expressed as shown in equation 4.88:

~

Q A (4.88

where'Qis stiffness@ is mass and is the natural frequency.

Due to the harmonic motion of nodes, equation 4.88 can be used as an assumption in
the matrix form of the motion equation 4.68 to express in mass matrix format as shown

in equation 4.89:
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where[M] is mass matrix;-is the damping ratio and is the natural frequency

Deflection ratiocan béoundby dividing displacement to thickness of the plaseseen
in Equation 4.90. Deflection ratio shows the position of the measurement point in a

period.
10— (4.90)

wherg ds the deflection ratiap 0 is the position of the measurement poib) is

the position of the base, ands the thickness of the plate.
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5. RESULTS

In this part of the thesis, results obtained from the MATLodBewill be discussed.

5.1. Experimental Study

As mentioned in the Introduction section of the thesis, this academic study is based on
the experimental dataf PhD thesis oSon(2018) In this chapter of the thesis, the
experimentatetup, material properties, and experimental data set will be introduced.

5.1.1.Experimental setup

As stated by Son, experimsrdre conducteith the water channel, which is a closed
loop, freesurface, and large scale with a dimension of test secti@013x790 mm

(Son, 2018)The water channel has four main sections as a filtration system, which
filters the water, a centrifugal pump system which pumps the water to the test section,
the test section where the experimentganréormed, and the last section where water

is pumped back to the system.

In the experiment, freestream velocity is constant and equal to 0.1 m/s, which yields
Reynolds number as 10000 from equation 43nAusoidal motionwhose general

equation is givein equation 4.34a, iperformedn the experimental study.

As stated by Son, the plunge motion waserateavith Labview VI signal generator
and Kollmorgen/Danaher Motion AKM54K servo motor, which was controlled by
ServoSTAR S700 digital servo amplifiémdugh a computer system with 0.0104 mm
accuracy. PIV measurements begin at the third period of oscillanoncollected for

25 periodgSon, 2018)

Images are obtained by using Dantec Dynamic Studio. Two cameras whidhkare 1
Dantec Dynamics Flow Sense 2M CCD, are used to take images with a-pgoldeld
| aser . l-ddatedl hollosv iglhss spheres are added to flow, images arebaken
Particle Image Velocimetry (PIV) system, which can be seen in Figu(8&n12018)
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Figure 5.1: Particle Image Velocimetry

According to Son, a sitkomponent ATI NANG17 IP68 Force/Torque sensor is used
to collect the data following the third period, a total of 50 periodsesr@ded Son,
2018) Properties of the ATI NANEL7 IP68 F/T sensor can lseen in Table 5.1.
Calibration ofsensois selected as $15-0.25.

Table 5.1: Metric Calibration and Resolution of ATI NANQ®D7 IP68 F/T Sensor
(URL-9).

Calibration SENSING RANGES RESOLUTION

FWh F. TwTy T. FR F Ty T

(N (N) (Nmm)  (Nmm) (N) ~ (N) (Nmm) (Nmm)
Sk12:0.12 | 12 17 120 120 1/320 1/320 1/64  1/64
Sk250.25 | 25 35 250 250 1/160 1/160 1/32  1/32
SK500.5 | 50 70 500 500 1/80 1/80  1/16  1/16

5.1.2.Models

In this part of the thesis, models will be introduced. Four different types of models are
used in the experimentwhich are Rigid, Lexan, 3D Printed, whose material is
colorfabb_xttransparent, and Acetate. In the applicattdrimage processing3D

Printed type plates are used due to the deflection of plates.

Acetate type is eliminated from applications due to the thickness of the plate, whose
thickness is close to glass spherdipi size. In addition to this, the Lex#ype plate

is eliminated due to the brightness. As stated in Son, plates mounted on the leading
edge with a distance of 10 mm yield the dimension of the flexible part of the plate as

90 mm (Son, 2018)
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The dimensions and flexural stiffness can be seehallle 52, where the Young
modulus of Lexan equals 2.3 GPa, and according to equation 4.41 moment of inertia
equals 7.032nm* (URL-11) The modulus oélasticity of the Colorfabb_xt, which is

used as a 3D Printed plate, is equal to 2.96 GPa, and the moment of inertia equals 3.6
mm* (URL-12). Acetate type plate, modulus of elasticity is equal to 4.1 GPa, and
according to guation 4.41, the moment of inertia is equal to 0,956 (URL-13)

Table 5.2: Material DimensionalProperties

Plate | Length Thickness Span Modulus Moment Flexural
(mm) (mm) (mm) of of Inertia Stiffness
Elasticity I~ (I) (mm#)  (EI) (Nm?)
(Gpa)
Lexan 100 0.76 200 2.30 7.032 161.1x10*
Printed| 100 0.60 200 2.96 3.600 58.11x10*
Acetate| 100 0.15 200 4.10 0.056 2.3%10*

As stated by Son, materiagitoperties and natural frequencies are calculated by weight
deflection methodSon, 2018)

As can be seen iffable 53, averaged damped natural frequencies and averaged
damping ratios of the plates according to the maternzd gre obtained by using the
damped peaks and displacembased logarithmic decrement for 10000 Reynolds in
equation 4.29 and equation 4.34

Table 5.3 : Damped Natural Frequencies of Wings

Damped . Damping
Natural Period of Natural Dampmg Ratio
Frequency o Ratio : .
Plate | . Oscillation  Frequency R (Logarithmic
in Water , (Oscillation)
(sec) in Water Decrement)
(rad/sec)
(rad/sec)
Lexan 14.49 0.440 14.26 0.175 0.166
Printed 11.18 0.585 10.75 0.305 0.219
Acetate 4.31 1.957 3.21 0.505 0.427

5.1.3.Experimental data set

In this section of the thesis data set will be introduced. The data set is chosen from the
study of Son, where parameters of motion are determined by the system limits. In the

data set, thangle of attack (AoA) is chosen as zero. Parameters of motion can be seen
in Table 54.
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Table 5.4: Parameters of Motio(Son, 2018)

Y f Y f Y f Y f Y f
(mm) (Hz) | (mm) (Hz) | (mm) (Hz) | (mm) (Hz) | (mm) (H2)

5 025 10 025 20 025| 40 025| 60 0.25

5 050 10 050 20 050| 40 050

5 075 10 075| 20 0.75| 40 0.75

5 100| 10 1.00| 20 1.00

5 125 10 125 20 125

5 150 10 150

5 175 10 175

5 200

5 225

The parameters f as frequency and Y as amplitude, as statatlen54, are applied

to equation 4.77, equation 4.78, and equation 4.79 to determine the equation of motions

considered in force calculations.

Finally, in this section, images, whielte the primary data set of image processing,

are obtained from experiments. As stated in Son, deflection in an oscillation period of

the Lexan wing can be seen in Figure 5.2, the Printed wing can be seen in Figure 5.3,

and the Acetate wing can be seeffigure 5.4:

0.75
0.32

150 175 200 226 f(Hz)
0.64 0.75 0.86 0.97 T,

Figure 5.2: Period ofLexan wing for motion parametgiSon, 2018)

54



025 0.50 0.75 1.00 1.25 150 175 200 226 f(Hz)
0.20 0.40 0.60 0.80 1.00 1.20 1.40 160 1.80 fit,

Figure 5.3: Period ofPrinted wing for motion paramete¢Son, 2018)

0.25 0.50 0.75 1.00 1.25 1.50 175 200 226 f(Hz)
049 0.88 147 196 245 204 3.43 3.92 441 f11,

Figure 5.4: Period of Acetate wing for motion parametésn, 2018)
5.2. Applications

In this section of the thesis, calculation of matrices, application of image processing,

and force calculation will be introduced.

5.2.1.Calculation of general matrices and curve fitting error

In this part of the thesis, calculated matrices, proof of matrices, cabdcutdtnatural

frequencies, and curve fitting application will be mentioned.
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5.2.1.1.Calculation of global mass, damping and stiffness matrices

In this part of the thesis, the calculation of mass matrix, damping matrix, and stiffness
matrix will be mentioned. Genal matrices of motion depend on material properties
instead of motion parameters, and Matrices are formed based on equations which are

mentioned chapter on the derivation of matrices.

Firstly, the mass matrix, which includes the mass of the plate and adlass, is
derived. The mass of plates is measured by weighing. Applying Equation 4.11 with
parameters imable 41 givesadded mass. Parameters can be se€able 55, where

" isthedensity of fluid and thedensity of plate

Table 5.5 : Calculationparametersf total mass of the system

Plate |a(mm) b(mm) K zg(kg/ m3) z_(kg/ m?
Lexan 90 200 0.891 997.77 1200
Printed 90 200 0.891 997.77 1240
Acetate| 90 200 0.891 997.77 1300

Substitution parameters into equations 4.21 and 4.22 describe the total mass, as can be
seen inTable 56. The mass of connectors is calculated by weighing, and the

summation of all the components gives the effective mass.

Table 5.6 : Calculation parameters of total mass of the system

Plate | y(kg) 4 _(kg) ¥ v(kg) 1y (kg)
Lexan | 1.394 0018 0098 1510
Printed| 1.394 0015 0.098 1507
Acetate| 1.394 0.004 0.098 1496 |

Substitution of the value of massesTable 56 into Equation 4.16 yields global
lumped mass matrix of Lexan plate expressed as in Equation 5.1 and mass matrix of

Printed plate expressed as in Equation 5.2 and Acetate plate mass as in equation 5.3 in

kg:
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Added mass and connector mass matrices are in the lumped mass matrix form to obtain

the effective mass matrix, which can be seen in equations 5.4, 5.5, and 5.6 with the

unit as kg.
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Substituting the parameters frohable 55 into equation 4.19 represents the global

coupled mass (kg) matrix of the plate Lexan, Printed, and Acetate, respectively, as can

be seen in equations 5.785and 5.9.
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Added mass and mass of connectors substituted into equations lumped mass matrix to
determine the total effective mass matrices of Lexan, Printed, and Acetate, which can

be respectively seen in equations 5.10, 5.11, and 5.12.
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Secondly, damping matrices are calculated by substituting the valUesblef 53,
lumped effective mass matrices, and coupled effective mass matrices)uiriitor
4.35. Damping matrices of Lexan, Printed, and Acetate from lumped mass matrices

are shown in equations:
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Damping matrices oLexan, Printed, and Acetate from coupled mass matrices are

shown in equations:
Tt
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Lastly, global stiffness matrices are calculated by substituting the valUeblef 52

into equations mentioned in the derivation of stiffness matrices section, which declares
thestiffness matrix of plates. Stiffness matrices which are calculated from the inverse
of flexibility method with using equation 4.53 for Lexan type, Printed type, and

Acetate type, can be seen in equations, respectively.
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Calculated global stiffness matrix from finite element method using the equation 4.56
from the parameters seenTiable 52, for Lexan type, Printed type and Acetate type

can be seen in equationspestively.

q p T T M M M M M T,
I”; P C p M M M M M M T,
[T P C p T T T T T T,
gt T p G p M M T M T,
R (WLL Tt Tt P Cq P T Tt n Lo
<@ "m n on o m P G p T T Tn (5.22)
m m T T M p C p T TN
lm m m nm 7 P G p mn
Up m m m m m T p ¢ p'
Ugr ©m nm n n n nm m p ¢V
q p T M WM WM M M M T,
o ]
LP oS p T M W WM WM T T,
[T P C p T T T T T T,
gt T PG p M M T M T,
\ 1Tt Tt Tt P Cq P T n n L
& 0p "m n on o m P C p T T Tn (523
m m m m M p C p T TN
lm m m nm m 7 P G p mn
U m m m m m T p ¢ p'l
Ugr nm nn n n n nmn m p ¢V
q p UM M M M M M T
|”| P C p T T W WM MW T T,
T PG p T WM M T T T,
gt T PG p M M T M T,
oM TT T p p T T T g
oW ¢p (7L R | SR 1 P C p T T T (5.2
. m 1T T T P C p T TN
lm m m m m 7 P C p mn
Un m m m m m m P G p'
U 1 nn nn nn nm m m p ¢V

62



Calculated global stiffness matrix frogpringmassmethod with using the equation
4.60 from the parameters which can be sedralile 52, for Lexan type, Printed type

and Acetate type carelseen in equations respectively.
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5.2.1.2.Mathematical proof of matrices for Lexantype plate

The natural frequency of the system is calculated with obtained mass and stiffness
matrices equation 4.62 and equatib64. PATRAN and ABAQUS software are used
for modelling the system to observe the free vibration. The system is modelled as plate

and beam with finite element software.
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Natural frequency values of the Lexan type plate are showralre 57. Natural
frequency for plate eliminated into two values due to the degrees of freedom which is

in the component of bending and bucklingatxis andy-axis.

Table 5.7: Lexan Natural Frequency for Free Vibratio

. 15t Natural 2" Natural 39 Natural 4t Natural 15t Natural
Calculation
M ethodolo Frequency Frequency Frequency Frequency Frequency
gy (Hz) (Hz) (Hz) (Hz) Error (%)
Analytical 20.58 129.03 361.30 707.95 .
PATRAN Plate |, /o 139.39 ; ] 9.09
Model
PATRAN Beam 20.98 131.47 368.06 721.37 1.94
Model
ABAQUS Plate |, /g 142.80 ; ; 9.23
Model
ABAQUS Beam| g9 129.72 360.66 702.68 1.51
Model
Inverse of
Flexibility 20.48 126.97 351.97 682.54 0.49
Matrix
MATLAB -FEM 20.57 128.76 359.85 704.76 0.05
SpringMass 14.98 151.18 299.28 441.29 27.21

In addition to calculating the natural frequencies, mode shapes obtained from matrices
are similar for eactype of matrices. The first mode shape for the Lexan plate can be

seen in Figure 5.5, obtained by the plate model of PATRAN

Figure 5.5: Mode Shape of Lexamvhich Modelled as Plate by PATRAN

The first and second mode shapes for Lexan plate can be seen in Figure 5.6 and Figure
5.7, obtained by the beam model of PATRAN
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Figure 5.6: 1*Mode Shape of Lexamhich Modelled as Beam by PATRAN

Figure 5.7: 2" Mode Shape of Lexamhich Modelled as Beam by PATRAN

The first and second modapes for the Lexan plate can be seen in Figure 5.8 and
Figure 5.9, obtained by the plate model of ABAQUS.

Figure 5.9: Mode Shape of Lexamwhich Modelled as Plate by ABAQUS

The first and second mode shapes for the Lexan plate can be seen in Figure 5.10 and
Figure 5.11, obtained by the beam model of ABAQUS.
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Figure 5.11: 2"YMode Shape of Lexamhich Modelled as Beam BABAQUS.

The first andsecond mode shapes for Lexan plate can be seen in Figure 5.12 obtained

by matrices.
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Figure 5.12 15tand 29 Mode Shapes of Lexan Plate obtained by matrices

o

Mode shapes and natural frequencies are simildt calculation methodologies; thus,
matrices are verified. Natural frequencies are calculated and compared, substituting

the total effective mass of motion and flow, as can be seEabie 58.

Table 5.8: Natural Frequencies with Flofer Lexan Type Plate

Calculation | Experimental ::r;\eliir;ﬁtgf MATLAB - Spring-
Methodology Study Matrix FEM Mass
Frequency 2.26 2.39 2.18 2.48
(Hz)
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5.2.1.3.Curve Fitting Applications

In this chapter of the thesis, the results of the image process and the fitted curve will
be explained. Raw data were filtered as mentioned in the section of image processing.
Curve fitted on the filtered data where curve fitting error is calculated fonizmg

the fitted curveby applying equation 3.8, can be seedable 59:

Table 5.9: Optimization of Curve Fitting

Degree of Error of Mean Position Error of Max Position
Polynomial (#) Deviation (%) Deviation (%)
1 0.638 4.99
2 0.149 3.120
3 0.131 2.855
4 0.088 2.267
5 0.078 2.438
6 0.069 2.001
7 0.071 1.702
8 0.072 1.511
9 0.067 0.981

According toTable 55, curve fit is optimized at 9ttlegree polynomial in terms of
meanposition deviation error and maximum position error, which is selected as a best

fitted curve for calculations. Raw data and fitted curves can be seen in Figure 5.13.

Figure 5.13. Raw data and fittedurve for one period of 3D Printégpe plate
f=0.75Hz, a=40 mm.

The fitted curve is divided into ten parts with 11 nodes and ten measurement stations
to observe the force distribution, as shown in Figure 5.14.

Figure 5.14: Measurement Statiorisr animage
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Node with the number zero refers to the point where the plate is fixed to the motion
systemwhich is notincluded in the calculations. Displacement of the nodes is used to
analyze the equation of motis for nodes. The displacement of nodesdetermined

for 25 cyclesasshown in Figure 5.15.

i all (EEREEEREREGTE TOL L RRRRRRRTRR g1 A1 9 AT
Figure 5.15: Displacement oNodes of 3D Printe@lateduring the experiment
The periods which haverroneous data are not included in the calculation, and
uninterruptedcontinuousycles where avholeperiod can be examined are selected.
5.2.2.Image process and force calculation of printeghlate

In this section of the thesis, the application of the image process and force distribution
calculation on the Printed wing will be explained. Caseshicherrors are observed

and successfulesults, are shown ifiable 510. Successfully alculated caseare

mar ked with the sign fA+0 amd wiirnac dtlhreatceo nmend

and reason.
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Table 5.10: InvestigatedCases

f(Hz) A (mm) PRINTED Reason
0.25 5 - The calculated totaforce is seven time
higher than the experimental study.
0.25 10 - The calculated total force is seven tin
higher than the experimental study.
0.25 20 - The calculated total force is seven tin
higher than the experimental study.
0.25 40 - Thecalculated total force is ten times higt
than the experimental study
0.25 60 - The calculated total force is ten times higl
than the experimental study
0.5 5 - The calculated total force is three tim
higher than the experimental study.
0.5 10 - The calculated total force is three tim
higher than the experimental study.
0.5 20 - The calculated total force is three tim
higher than the experimental study.
0.5 40 - The calculated total force is three tim
higher than thexperimental study
0.75 5 - The calculated total force is two tim
higher than the experimental study.
0.75 10 +
0.75 20 +
0.75 40 +
1 5 +
1 10 +
1 20 +
1.25 5 +
1.25 10 +
1.25 20 +
15 5 +
15 10 +
1.75 5 +
1.75 10 +
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5.2.2.1.Printed plate with 1 Hz frequency and 5 mm amplitude

Fitted curves and raw data per perioflSD printed plate with 1 Hz frequency and 5

mm amplitudecan be seen in Figukel6

Figure 5.16: Fitted curve for 3D Printed platel Hz anda=5 mm

As seen in Figure 7, maximum deflection ratio according to displacement and

thickness is calculated ‘as&11.28

12

Ox
o

-12

t/T

Figure 5.17: Deflection ratio for 3D Printed plate1l Hzanda=5 mm

Value of the maximum force and trends are similar for the experimental study and
MATLAB -FEM method however, phase difference can be sedrigure 518.
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Figure 5.18 Comparison of the total force for case 3D Primisdef=1 Hzanda=5

mm.
According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the platith respect to time of the maximum force can be seen
in Figure 5.19Figure 5.20 and Figure21
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Figure 5.19: Deflection and force distribution for ca8® Printed f=1 Hz and a=5
mm according to MATLABFEM.
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Figure 5.20: Deflection and force distribution for ca8® Printed f=1 Hz and a=5
mm according to Inverse of Flexibility Method
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Figure 5.21: Deflection and force distribution for ca8® Printed f=1 Hz and a=5
mm according to Springlass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methampés. Results of the calculation can be seen in
Table 511
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Table 5.11: Results for casaD Printed f=1 Hz and a=5 mm

Nor mal i Ti me
) Ma x i mi . Pecrent
Ma x 1 m! TI me o
Method For c¢ . Error
Force MaXx i mu | .
Error Force Per i «
(%)
Experimental 0.380 - 0.125 -
Inverse of 0.303 20.21 0.328 20.30
Flexibility
MATLAB -
FEM 0.280 26.26 0.041 8.40
Spring-Mass 0.304 19.88 0.376 25.10

5.2.2.2.Printed plate with 1.25Hz frequency and 5 mm amplitude

The time between images is equal to 0.1 second with ninth degree polynomial curve
fitted. Fitted curves and raw data per periods are matched as seen irbE2gure

Figure 5.22: Fitted curve for 3D Printeglatef=1.25 Hz anch=5 mm

As seen in Figure 83, trailing edge deflection ratio according to displacement and
thickness is calculated as&16.58
20
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Figure 5.23: Deflection ratio for 3D Printed plate1.25 Hz anch=5 mm
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Comparison of different methods with experimental data for the case of f=1.25 Hz and

a=5 mm are shown in figure 5.24.
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Figure 5.24: Comparison ofhe total force for case 3D Printégll.25 Hz andh=5
mm.
According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.25Figure5.26 and Figure.27.
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Figure 5.25: Deflection and force distribution for ca8® Printed f=125Hz and
a=5 mmaccording to MATLABFEM.
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Figure 5.26: Deflection and force distribution for ca8® Printed f=125Hz and
a=5 mmaccording to Inverse of Flexibility Method
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Figure 5.27: Deflection and force distribution for 8a3D Printed f=125Hz and
a=5 mmaccording to Spring/ass Method

As seen in figures, time and the shape of the maximum force occurs different due to

phase difference between methodologies. Results of the calculation can be seen in
Table 512
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Table 5.12: Results for cas8D Printed f=125Hz and a=5 mm

. Ti me
) Nor mal i
) Ma x 1 mi . Per cel
Max i m Ti me o
Method For c¢ . Error
Force Ma x i mu .
Error Force Per i ¢«
(%)
Experimental 0.555 - 0.180 -
Inverse of 0.437 21.38 0.215 3.50
Flexibility
MATLAB -
FEM 0.454 18.31 0.166 1.40
Spring-Mass 0.136 75.57 0.377 19.70

5.2.2.3.Printed plate with 1.5Hz frequency and 5 mm amplitude

In this case8D Printed plate with 5 mm amplitude and H5 frequencyis observed.

Result of the curve fitting can be seen in Figbuz8

Figure 5.28: Fitted curve for 3D Printed plate1.5 Hz anca=5 mm

Maximum deflection ratio according to displacement and thickness is calculated as
1 19.58 as shown in FigureZ®.
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Figure 5.29: Deflection ratio for 3D Printed plate1.5 Hz anca=5 mm
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In this case trend of éhforce is similarhoweverpeakvalues are differenetween
methodologiesompared tdhe experimental studgs shown in Figure 30.
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Figure 5.30: Comparison of the total force for case 3D Prirftedd5 Hz anda=5
mm.

According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.31, Figure 5.32 and Figure 5.33
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Figure 5.31: Deflection and force distribution for ca8® Printedf=1.5 Hz anda=5
mm according to MATLABFEM.
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Figure 5.32 Deflection and force distribution for ca8® Printedi=1.5 Hz anda=5
mm according to Inverse of Flexibility Method
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Figure 5.33: Deflection and force distribution for ca8® Printedf=1.5 Hz anda=5
mm amplitude according to SpriAgass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in
Table 513
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Table 5.13; Results for cas8D Printedf=1.5 Hz ancb=5 mm

Ma xi mi Nor mal i Ti me
Ma xi mi Ti me o Percent
Method For c¢ . .
Force MaXx i mu | Error I
Error )
Force Period
Experimental 0.621 - 0.250 -
Inverse of 0.481 22.49 0.261 1.10
Flexibility
MATLAB -
FEM 0.531 14.43 0.255 0.50
Spring-Mass 0.341 45.13 0.253 0.30

5.2.2.4.Printed plate with 1.75Hz frequency and 5 mm amplitude

In this casefrequency is equal to 1.75 Hz and amplitude is 5 ated curves and
raw data per periodsan beseen in Figuré.34 Time between images is 0.071 s.

Errors can be observed between the nodes 2 and 4.

Figure 5.34: Fitted curve for 3D Printed plafe1.75 Hz anda=5 mm

As seen in Figure .85 maximum deflection ratio according to displacement and

thickness is calculated ‘as&20.88
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Figure 5.35: Deflection ratio for 3D Printed plate1.75 Hz anda=6 mm

Value of the maximum force and trendie similar for the experimental study and
MATLAB -FEM methodas seein Figure 535.
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Figure 5.36: Comparison of the total force for case 3D Prirftetl75 Hz anda=5
mm.

According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.37, Figure 5.38 and Figure 5.39
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Figure 5.37: Deflection and force distribution for ca8® Printed 1f=1.75 Hz and
a=5 mmaccording to MATLABFEM.
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Figure 5.38 Deflection and force distribution for ca8® Printedf=1.75 Hzand
a=b mmaccording to Inverse of Flexibility Method
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Figure 5.39: Deflection and force distribution for ca8® Printedf=1.75 Hz and
a=b mmaccording to Springlass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in
Table 514.

Table 5.14:; Results for cas8D Printedf=1.75 Hz anda=5 mm

) Ti me
) Nor mal i
. Ma x i1 mi . Percel
Maxi m Ti me o
Method For c¢ . Error
Force MaXx 1 mu | .
Error Eorce Peri «
(%)
Experimental 0.576 - 0.269 -
Inverse of 0.245 57.42 0.256 1.30
Flexibility
MATLAB -
FEM 0.514 10.85 0.264 0.50
Spring-Mass 0.167 71.06 0.250 1.90

Error for the time is acceptable for all the methodologies, however accuracy is low
except finite element methodology by MATLAB as seefaible 514.
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5.2.2.5.Printed plate with 0.75Hz frequency and 10 mm amplitude

The position of force sensor during the motion is calculated where time between
images is equal to 0.167 second with ninth degree polynomial curve fitted. Fitted
curves and raw data per periods are matched as seen in FigQr&rrors can be

observed beteen the nodes 2 and 4.

Figure 5.40: Fitted curve for 3D Printed plate0.75 Hz anda=10mm.

Maximum force occurs where the deflection ratio is highkstseen in Figure 81,
maximumdeflection ratio according to displacement and thickness is calculated as
1 &11.89
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o
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Figure 5.41: Deflection ratio for 3D Printed plate0.75 Hz anda=10mm.

Value of the maximum force and trends are similar for the experimental study and
MATLAB -FEM method as shown in Figuret3.
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Figure 5.42: Comparison of the total for 3D Printed pl&®.75 Hz anda=10mm.

According to calculations, undeformed position of the plate, deflection of the plate and

force distribution on

the plate with respect to time of the maximune fcao be seen

in Figure 5.43, Figure 5.44 and Figure 5.45
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Figure 5.43: Deflection and force distribution for ca8® Printedf=0.75 Hz and

a=10mmaccording to MATLABFEM.
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Figure 5.44: Deflection and force distribution for ca8® Printedf=0.75 Hz and
a=10mm according to Inverse of Flexibility Method
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Figure 5.45: Deflection and fore distribution for cas8D Printedf=0.75 Hz and
a=10mm according to Springlass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in

Table 515. All methodologies have low accuracy for this case.
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Table 5.15; Results for cas8D Printedf=0.75 Hz anda=10mm.

. Ti me
) Nor mal i
) Ma x 1 mi . Per cel
Max i m TI me o
Method For c¢ . Error
Force Ma x i mu .
Error Force Per i ¢«
(%)
Experimental 0.411 0.111 -
Inverse of 0.577 40.57 0.172 6.10
Flexibility
MATLAB -
FEM 0.371 9.74 0.126 1.50
Spring-Mass 0.527 28.44 0.194 8.30

5.2.2.6.Printed plate with 1 Hz frequency and 10 mm amplitude

The period of oscillation with ninth degree polynomial curve fitted can be seen in
Figure5.46

Figure 5.46: Fitted curve for 3D Printed platel Hz anda=10mm.

As seen in Figure 87, trailing edge deflection ratio according to displacement and
thickness is calculated as&21.09
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Figure 5.47: Deflection ratio for 3D Printed plafel Hz anda=10mm.

Value of the maximum force andetrds are similar for the experimental study and
MATLAB -FEM method as shown in FigurelB.
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Figure 5.48 Comparison of the total force for case 3D PrirftedHz anda=10
mm.

According to calculations, unftemed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure5.49, Figure 5.50 and Figure 5.51
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Figure 5.49: Deflection and force distribution for ca8® Printed f=1 Hz and a=10
mm according to MATLABFEM.
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Figure 5.50: Deflection and force distribution for ca8® Printed f=1 Hand a=10
mm according to Inverse of Flexibility Method
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Figure 5.51: Deflection and force distribution for ca8® Printed f=1 Hz and a=10
mm according to Springlass Method

As seen in figures, time andetlshape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in
Table 516.

Table 5.16; Results for cas8D Printed f=1 Hz and a=10 mm

. Ti me
. Nor mal i
. Ma x 1 mi . Per ceil
Ma x 1 mi TI me o
Method For c¢« . Error
Force MaXxi1i mu | .
Error Force Per i ¢
(%)
Experimental 0.748 - 0.151 -
Inverse of 0514 31.33 0.309 15.80
Flexibility
MATLAB -
FEM 0.689 7.94 0.112 3.90
Spring-Mass 0.459 38.69 0.376 22.50

5.2.2.7.Printed plate with 1.25Hz frequency and 10 mm amplitude

The time between images is equal to 0.1 second with ninth degree polynomial curve

fitted. Fitted curves and raw data per periods are matched as seen irbFagure
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Figure 5.52: Fitted curve for 3D Printed plafel.25Hz anda=10mm.

As seen in Figure 53, trailing edge deflection ratio according to displacement and
thickness is calculated as&28.84
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Figure 5.53: Deflectionratio for 3D Printed platé=1.25Hz anda=10mm.

Value of the maximum force and trends are similar for the experimental study and
MATLAB -FEM method as shown in Figure58. Time of the maximum force is

similar for experimental result, MATLAB-EM andinverse of flexibility method
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Figure 5.54: Comparison of the total force for case 3D Prirfted25Hz anda=10
mm.
According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.55, Figure 5.56 and Figure 5.57
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Figure 5.55: Deflection and force distribution for ca8® Printed f=125Hz and
a=10 mmaccording to MATLABFEM.
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Figure 5.56: Deflection and force distribution for ca8® Printed f=125Hz and
a=10 mmaccording to Inverse of Flexibility Method
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Figure 5.57: Deflection and force distribution for ca8® Printed f=125Hz and
a=10 mmaccording to Springlass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between medologies. Results of the calculation can be seen in
Table 517.
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Table 5.17: Results for cas8D Printed f=125Hz and a=10 mm

. Ti me
. Nor mal i
. Ma x 1 mi . Per cel
Ma x 1 m! TI me o
Method For c¢ . Error
Force MaXx i mu | .
Error Force Per i «
(%)
Experimental 0.999 - 0.193 -
Inverse of 0.721 27.82 0.216 2.30
Flexibility
MATLAB -
FEM 0.919 7.99 0.208 1.50
Spring-Mass 0.182 81.76 0.376 18.30

5.2.2.8.Printed plate with 1.5Hz frequency and 10 mmamplitude

In this case plate with 10 mm amplitude and 1.5 Hz frequency where the time between
the imageprocesss 0.(84 s, ispresentedResult of the curve fitting can be seen in
Figures.58

Figure 5.58: Fitted curve for 3D Printed platel.5Hz anda=10mm.

Force and deflection ratio graphs are simildlaximum force occurs where the
deflection ratio is highest. As seen in Figurgbmaximum deflection ratio according

to displacement and thickness is calculatgd a82.94
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Figure 5.59: Deflection ratio for 3D Printed plate1.5 Hz anda=10mm.

Results of gperimental study and MATLAB-EM methodare similar Values of

springmass method and inverse of flexibility methos are half of the experinpeatal
as shown in Figure 60.
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Figure 5.60: Comparison of the total force for case 3D Prirfted5Hz anda=10
mm.

According to calculations, undeformed position of the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.61, Figure 5.62 and Figure 5.63
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Figure 5.61: Deflection and force distribution for ca8® Printedf=1.5Hz and
a=10mmaccording to MATLABFEM.
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Figure 5.62 Deflection and force distribution for ca3® f=1.5Hz anda=10mm
amplitude according to Inverse of Flexibility Method
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Figure 5.63: Deflection and force distribution for ca8® Printedf=1.5Hz and
a=10mmaccording to Springlass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in
Table 518

Table 5.18; Results for cas8D Printedf=1.5Hz anda=10mm.

. Ti me
) Nor mal i
) Ma x 1 mi . Per cel
Max i m TI me o
Method For c¢ . Error
Force MaXx i1 mu | .
Error Force Per i ¢«
(%)
Experimental 1.080 - 0.250 -
Inverse of 0.701 35.13 0.261 1.10
Flexibility
MATLAB -
FEM 1.064 1.55 0.255 0.50
Spring-Mass 0.620 42.57 0.253 0.30

Results of the finite element method is accumaterms of force and timeénverse of

flexibility method and springnass method are not accurate for the force values.
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5.2.2.9.Printed plate with 1.75Hz frequency and 10 mm amplitude

The position of force sensor during the motion is calculated where time between
imagesprocess dates equal to M72second with ninth degree polynomial curve fitted

as shownn Figure5.64 In this case axis of the image is opposite of the other cases.

Figure 5.64: Fitted curve for 3D Printed platel.75Hz anda=10mm.

Maximum force occurs where the deflection ratio is higliestMATLAB finite
element methadAs seen in Figure 65 maximum deflection ratio according to

displacement and thickness is calculateld @&s35.06
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Figure 5.65: Deflection ratio for 3D Printed platel.75Hz anda=10mm.

Time of the maximum forcepeak for different methodologies are similar with
experimental studyalues ofspringmass nethodand inverse of flexibility metbds

areless than théalf of the experimentadeakas shown in Figure 66.
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Figure 5.66. Comparison of the total force for case 3D Prirfted 75Hz anda=10

mm.

According to calculations, undeformed position of the plate, deflection of the plate and

force distribution on the plate with respect to time of the maximum fmde seen
in Figure 5.67, Figure 5.68 and Figure 5.69
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Figure 5.67: Deflection and force distribution for ca8® Printed 1f=1.75Hz and

a=10mmaccording to MATLABFEM.
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Figure 5.68: Deflection and force distribution for ca8® Printedf=1.75Hz and
a=10mm according to Inverse of Flexibility Method
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Figure 5.69: Deflection and force distribution for ca8® Printedf=1.75Hz and
a=10mmaccording to SpringMass Method

As seen in figures, time and the shape of the maximum force occurs different due to
phase difference between methodologies. Results of the calculation can be seen in
Table 519.
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Table 5.19: Results for cas8D Printedf=1.75Hz anda=10mm.

. Ti me
) Nor mal i
) Ma x 1 mi . Per cel
Max i m TI me o
Method For c¢ . Error
Force MaXx i mu | .
Error Force Per i ¢«
(%)
Experimental 1.046 - 0.269 -
Inverse of 0.373 64.39 0.229 4.00
Flexibility
MATLAB -
FEM 1.117 6.73 0.254 1.50
Spring-Mass 0.294 71.86 0.250 1.90

Resultaccuracyof the finite element method iscceptable Inverse of flexibility
method and sprirghass method are not accurate for the force values

5.2.2.10.Printed plate with 0.75Hz frequency and 20 mm amplitude

The position of force sensor during the motion is calculated where time between
images is equal to 0.167 second with ninth degree polynomial curve fitted. Fitted

curves and raw data per periods asdched as seen in Figuse/Q

Figure 5.70: Fitted curve for 3D Printed plafe0.75Hz anda=20mm.

As seen in Figure 81, trailing edge deflection ratio according to displacement and
thickness is calculated as&25.21.
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Figure 5.71: Deflection ratio for 3D Printed plate0.75Hz anda=20mm.

All calculation methodologieare accurate when compared with experimental study

as shown in Figure B2,

Figure 5.72. Comparison of the total force for case 3D Prirfte@ 75Hz anda=20
mm.

According to calculations, undeformed pasitof the plate, deflection of the plate and
force distribution on the plate with respect to time of the maximum force can be seen
in Figure 5.73, Figure 5.74 and Figure 5.75
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