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Abstract

This report presents a detailedvestigation of a method for fluidtructure interaction (FSI)
between a flexible plate and viscous compressible channel flow. Thef BHimplified twe
dimensional modelof the soft palate in the human pharynis considered Based on an
arbitrary LagragianEulerian approacht usesa high order finite difference methogklyingon
summation by parts operatoiis space and a fourtbrder explicit Rungé&utta method in time
for the discretization oflte compressible Naviedtokesequations.A multiblock division of
the computational domaintogether with the use of message passing interfaemables a
parallel solution of the flow fieldThe motion of the structurés modeled bythe classical thin
plate mechanicgoverned bythe EulerBernoulli beam modesquationsthat are solved by the
Newmarkmethod. By comparison with a FSI experiment, the fluid and strecgaivers are
tested separatelyaiming to prove the correct performance @fach of them, needed to
accomplistthe full validation of the whold=Simethod.
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1. Introduction

This section aims to give a general idedheffluid-structure interaction concept and to show
some real examples whergSl is present. In addition, the main reasons that motivate the
specialization project are presented.

1.1. FSbackground

The interaction between a deformable structure and a surroundirtgrnalor internal fluid
flow is considered as one of the most ioffant and complex mulphysics problems
regardingits associatedanodding and computationathallengeg2].

Huid-structure interactionis governed bythe coupling between the lpysical lawsescribing
both fluid dynamicsand structural mechanicghe interactions which characterize this multi
physics phenomenon might be eithstable or oscillatory

If a body is submerged in a fluid flow, a cycled exchange of mechanical d¢akegplace
between the fluid andhe structure. The forces exerted hige fluid at thebody surfacecause

the motion of the solid which leads to a movement othe fluid-structure interface [B
Depending on the flow and material properties, the deformations experienced by the structure
can be small or largdeadingto a bidirectionally coupled mulphysics problemMoreover,

for fast variations in time evesmall deformations generate pressure waves in the flow
causing the typidasound of vibrating structures.

Even thoughSI might not be noticed in everyday life, thexe wide range of cases wieethis
phenomenon playsraimportantrole: swimming of aquatic animalmechanism ohatural and
artificial heart valvesflapping of a flagmovement of trees and plants in the wind, vocal folds
in the larynx liquids contaird in flexible reservoirdjow-induced vibrations on aeronautical
and marine structures, performance of parachutes and airbags etc

Therefore, the understanding ofuid-structure interactioncan betruly helpful incompletely
different scenariosfrom ago-elastic problems such as fluttedf the wings of an aircraft to
medical issues like aneurysms in large arteries.

1.2. Motivation

Among all the FSI cases that can be found in real life, this specialization project focuses
in particular: Obstrudte sleep apnea syndrome (OSAS).

OSAS idgefined asan intrinsic sleep disordecharacterized by repetitive episodes of paused
breathing during sleept iscaused by the complete or partiabstruction of the upper airways
which leads to a reduain inblood oxygen saturation [4

These obstructions are due to the relaxation of the muscles situated in the back of the throat,
just at the entance of thepharynx where the narrowest part of the upper airways is located.
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When a person is awake the musclesep the airway open,while during sleep they relax
narrowing the mentioned entrancen that situation, the air passing through cgive rise to
vibrations of the soft palate causing snorifgut there are some cases where the throat closes
so much that he quantity of air that enters the lungs is not enough. Therefore the brain has to
re-activate the muscles to open the airway, which normally is aasetiwith a brief
interruption of sleepThis process can be better undeood by looking at Figure 1[%], where

two pictures of the upper airways enable to see the differences between normal breathing and
the case of blocked airways.

Figure 1.1Schematiof the human upper airways

Since the softissues of the upper airwaysre flexible, the whole problem can be modeled by
FSI between the soft pate and the aiflowing through.

The prevalence of OSAS is estimated ¢0286 for women and 4% for men].[& his sleep
disordergives rise tdow quality sleep and reduced oxgiy cansumption,which are some of
the reasons whyit is considered as a major causar reduced life quality and increased
mortality in nowadays society.

Due to its great importance for public health, OSAS is being investigated in a research project
v §]3 oModeéling of Obstructive Sleep Apnea by Fftidicture Interaction in the Upper

Airways (OSAS Mod]1]. Thisresearch project, which has been funded by the Research

Council of Norwayaims to develop a clinical tool in order to be able to predict ibgponses

of surgeries for OSAS patiergnd to identify the decisive pathophysiological mecharsdor

the development of OSAS.

Thisspecialization project is associatedith the OSAS Modesearch projectin particularwith
§Z A}YEI| % | P Mathematicat Modeling of Flui@tructure mteractions, which
couples the compressible flow field in the pharynx to a model of the defornsthleturein a
two-way explicitform. For that purpose, a FSI method based onaahitrary Lagrangian



Eulerian (ALE) approach has been developed using a high order finite difference method (FDM)
to solve the coupled fluid and structural problems [6].

In this context, the main objective of the specialization project is to validate the mentioned
existing method for FSI between a flexible plate and viscous compressible channel flow by
comparison with a FSI experiment. Therefore, it starts dealing with the theory behind FSI in
section 2 and its numerical solution in section 3, to be able to understand the results obtained
by numerical simulations in section 4, and compare them with those given as a reference in
the FSI experiment.

2. Mathematical description

The purpose of this section is to set the general mathematical and physical basis for the entire
project work.

Due to the complexity of the whole fluid-structure interaction problem, the theory of both
fluid and structure is analyzed separately, to enable the study of all the relations and
interactions between both of them later on.

After describing the governing equations for both fluid and structure and their interaction in
the FSI method, the FSI experiment is presented in detail. According to the description of the
test case, the initial and boundary conditions are defined in order to complete the
mathematical description of the whole problem.

2.1. Fluid

The Navier-Stokes equations are derived from the conservation laws for mass, momentum and
energy. Considering a compressible fluid flow, the resulting mixed hyperbolic-parabolic system
of equations is known as the compressible Navier-Stokes equations [7] [8]. This system
presents the governing equations for the case of study.

The control volume under consideration is denoted by Q, being time dependent and moving
with the fluid flow.

Figure 2.1. Control volume



InFigure 2.1[7] $Z +<Cu } o+ w@fento the boundary of the control volumend the
outer unit normal vectorrespectively.

The derivation of the&onservation laws leads to the following three equations:

Continuity equation:

&E}u 8Z }ve EA S]}v o A (}JE u «+U 8Z 3}53 0 E S }( usee ZvVvP ]
volume is generally defined as time dependent, but the same equation applies tatianary
control volume[7].

ii@&h@P@#r (2.1)

In (2.1), he symbols U ( u are referring to the timegdensityandvelocityvectorof the fluid
respectively.

Momentum equation:

From News}v[e « }v o A }( u}$]}vale 8Zmostum change in the control
volume ajuals the sum of acting forcég], which are in this case pressure and viscous forces,
not taking into accountolume forces such agavity.

[

e

N

@QEI &> 1" @# Fi, L” @#i, 11" @# (2.2)
Pressure is denoted lyy and eis theviscousstress tensor in (2.2).

Energy equation:

From the first law of thermodynamics, the total rate of taé v EPC Z vP ]Jv O <«u 0 S§Z
sum of the rate of heat added and the rate of work donetlom fluid by the acting forceF].

As in the momentum equation, the volume forces are not taken into account, so the acting

forces are just pressure and viscous forces.

N7}

e

@E) é>I1"@#Fi L I1"@#i, 11" @#Fi, —" @ (2.3)

In the equation (2.3) the symbols used to denote the total enelgysityand the heaflux are
E andg, respectively

The viscous stress tensethat appears in (2.2) and (2.3) is defined as:

P i o 6

I L &> E:,>;'?F—7a,|>u (2.4)
/v ~1X8eU 8Z +Cu }o ... & % E e« v3§elstahds ©ntha initAgnsgrs]SC v

All the three previous equations follow the same pattern, which can be written in a more
general form as:

I S @EN, 1" @#4r (2.5)

e
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ThesymbolU stands for the conservative variablegctor, while Frefers to the flux tenson
(2.9. In this case, to be coherent with the thrgeviousequations, the external source
strength vector is not taken into account.

In order to get the same equations with this general form, the tveav variables introduced in
(2.5 are defined as follows:

o L:é& & (2.6)
rLrOFr¢ (2.7)
The inviscid flutensorF, and the viscous oné that appear in (2.yrefer to:

rOL ;6> &> > ELuWaé' EL;» ;! (2.8)

réL:rdd 1> EGos;;! (2.9)

In (2.9), the symbolk and T denotethe thermal conductivityand the temperature,
respectively

If the flux tensor is differentiable, by using the Gauss theorem it is possible to write the general
equation in a differentiaform, which is the one used ihe discretizatiorof the equationsof
the problem.

!I—;E°IrLr (2.10)

The fluid in this case &ir. By using the equatiosof state forperfectgasand the definition of
the internal energye, it is possible to deduce the following relationship:

LL:UFs;éAL:UFs;:é'F—Zé>6; (2.11)

TZ «Cu }atappears in (2.1lis referring to the ratiof specific heats.

2.2. Structure

Forsimilar structures tahe one in the case of study, it is possibdefollow the classical thin
plate mechanicqd9] [10]. The EuleBernoulli beam model is adopted in order to géie
governing equations for theotion of the structure.

Aiming tosimplify the problem it is assumed that there is only displacemerhénvertical
direction, sothat the structural problem is we-dimensional.The only external force that is
taken into account is the one due the pressure difference between both upper and lower
surfaces of the plate.This 1D simplification is based on the fact that the horizontal
displacement of the plate is mudmaller than the vertical one.oSn first approximation it is
possible to negct it, even though it exists for a real bending beam. The effects of the
simplification on the resultare expected not to besignificant.But it is still necessary to
discuss the structure solver results taking this into account.

5



After these asumptions, theone andonly resulting governing equation is the following:
| STE %S6E $Ssssel File Flg L FélL (2.12)

In (2.13 the vertical displacement is denoted by w, and the different pressure fields over the
upper and lower surfaces of the structure are referred gaamu p, respectively.

RegardingS§Z *SEM SHE 0 %o E} % ES] *U D ] SZ %0 S [* *% ]J(] u e-
followingway[10]:

/ L éD (2.13)

As shown in (2.13the specific mass of the plate, M, is equal to the density of the strutitiree
multiplied byits thicknessh.

The symboB denoteshe flexural rigidity of the structurelt is related to the Young modulus,
PU v §Z W}]ee}v & SJO: TU « (Joo}A-

ZaY
$L 5657 - ; (2.14)

In (2.19 the symbol C is referring to the damping of the structure. In this stivelstructure is
considered to have no dampingoShe equation can be simplified and be writtém the
following form

| STE $Sssssl Fel (2.15)

This last equationshowshow the vertical displacement of the structure ¢éausd by the
pressure difference between the two surfaces of the plate, and how it is influencets by
rigidity andmass

2.3. Fluidstructure interaction

Once the governing equations for both the fluid and the structure are analyzed in detail
separately, tiis possible to deal with thevhole problem of the interaction between both of
them.

Typically both fluid and structure ateeated in different wayswith regardto the topology of
the mesh used.

On the one handthe fluid iscommonlystudied in an Eulerian reference frame, where the
specifications abouts motionare done at certain pointf9].

On the other hand, the Lagrangian formulation is the most frequently used when studying the
motion of a structureUnlike the Eulerian formation, in this case the mesh s¢ationary So

now the displacementseferred to a particular initial configuration are the way of expressing
the movement



Both the Eulerian and the Lagrangian formulations can be combirmd large mesh
deformations makestructured grids unfeasiblen the case of study the deformations are
moderate, soit is possible to use this combinatiomhich leads to an arbitrary Lagrangian
Eulerianapproach As a result of thisthe mesh now must adapt itself continuoudty the
boundary of the structurewithout changing its topologyThesemodifications have some
implicationson the flow solver, since it has to obey the geometric conservation law (GCL) for
mathematical consistency, in order to solve problems involving flomeoving meshe$l1]

[12].

This ALE approach also affects the governing equations of thepfiesgnted in(2.10. Now
that the fluid mesh is moving due to the movement of the boundary of the structitires
necessary to take into accoutitat fluid meshvelocity.So theadvectionterm in the equations
shouldnow containthe relative velocityf11].

In terms of modifications to the equations:

The material derivative which normally is presented as:

Yo !

1_/sz!_9 E> 19, (2.16)

hasto be changed into the following form:

Ya

! . /-
1/2GL?; E>> FYX;I° (2.17)

In (2.17 the subtraction of the velocity of theesh ¥to the fluid flow velocity means that the
velocity used in the equation is relative to theesh

Another aspect to take inteonsideration is how to achieve the coupling between fluid and
solid mechanic$9]. Onepossibilityis to see it as a sequential coupling, where both the fluid
and the structure solvers are used one after the other repetitively until the coupling is
achieved by iteration In this case if the fluid solver is used first, the computed pressure
difference is passed on to the structure solver and is iterated until convergence is obtained.

But the coupling used in the present method is expli6jt [n order to achieve thisdirect
coupling it is necessary to match boundary conditions from both the fluid flow and the
structure. The way of proceeding is to match displacement and velocity of the fluid and the
structure at the boundaryl1].

WL S

WBL S

(2.18)

In (2.19, Wand LWgdenote the displacement and the velocity of the fluid grid points at the

interface. By matching them with those from the structure, the problem is coupled and the
current solution for the pressure difference from the fluid solver is applicable to the structure
solver.



The matching is possible because theal grkperiences a boundary fitlere-meshing at every
time step. In the fluid domain, the positions and velocities of the points are linearly
interpolated using the values from thmoints of thestructure[11].

For the neslip boundary condition at the interface, the horizontal velpcit the displaced
position must be zerdlrhe naslip condition in the ydirectionis enforced by setting equal both
the verticalvelocity ofthe fluid at the interface and the velocity of the structui@ince the
velocities are matched, the use of the sarmime step for both solutions leads to a matching
also in accelerationd 0].

2.4.FSI| benchmark

As mentioned before, in order to validate the existing FSI method it is necessary to make a
comparison with a FSI experimefithere are some standard FSI test cases such as the ones by
Kalmbach andreuer(2012)[13], Gomes and.ienhart(2010)[14] andWong(2011)[15]. All of

them are useful to make the comparison, but they also have some discrepancies that might be
relevant enough to make the validation hardelVith regardto the flow regime and the
structure configuration, the ong@resentedby Turek andHron (2006) [16] seems to be the

most suitable Soit will be the benchmark for the comparisavith the FSI method.

Its main objective is to set a new benchmark which can be used for validations of methods
dealing with problems involving flustructure interaction16].

As in thepresentFSistudy, the flow regime is laminafl6]. Nevertheless, e fluid is said to be
incompressible, unlike it is iime presentcase The compressibility of the fluid is crucial when
studying the acoustics of the problem, but in this césge not relevant for the comparison. So
as long as the Mach number is low enough, the resultsvinroy the method considering the
fluid as compressible should not differ from those in the benchmark where finéd is
incompressibleThis assumption has to be treated carefully when comparing results.

The configuration of the test case involves an objgith flexible parts fully submerged in a
channel flow The FSI leads to séfiduced oscillations in the fluidhd the structure that affect
several physical quantities which are the ones to be compared.

The whole mathematical description of the tesdse is shown inlp]. The fluid is defined as
incompressible and Newtonian, aitds governed byhe NavierStokes equations justs in the
FSI method, but taking into account here that the fluid is incompressible.

Neverthelessfor the structure the diference between FSI method and benchmark model is
notable. The structure in the test case is considered to be elastic, as it is prakent FSI
model. Bit the structural model used is differenThe structural material is defined by the
Cauchy strestensor, determined by the constitutive law fordlt. VenanKirchhoff material

So the use of thgoverningequations for the structure differs from the EuBernoulli beam
model used in theresent FSI modefpart from that, it is also remarkable thatsanplification

is made in thepresent model considering only a odémensional displacement of the
structure, whereasthe structural modelused in [16] is twadimensional.These differences in



the structural part must be analyzed in detail whevaking thecomparison to see how the
results are affected.

With regardto FSI theory, there are ndtig differences between what is specified in the
benchmark and in theresent FSI nodel. The conditions enforcedt the interface imply a
balance of forces between fluid and structure &hd no-slip condition for the fluid flow.

Once the mathematical description is done in the benchmark, the computational domain is
presented, giving all the necessary dimensions agtdits of the experiment configurationn
Figure 2.2 it is possible to see that the rigid structure is a cylinder. The flexible structure is
shown to have a finite thickness, and the whole body is containea rectangular channel.
Figure 2.3 presents @etailed view of the body to analyze the cylinder junction with the plate
and to define the position on the reference points.

Figure 2.2Test case computational doma(Rig. from [16])

Figure 2.3Detail of the structural partFig. from [16])

All the dimensional and positional specifications are summarized in the following table

Table 2.1 Overview of test case geometry parameters (Table from [16



Both Figure 2.2 and Figure 2.3, as well as Table 2.1 are dieztitheted from L6]. However,
the typo of the xcoordinate of reference point B, which was @2n [16] instead of 0.1, is
corrected in Table 2.1.

After setting the geometrical configuration of the test case, some specifications about the
materialsused are made for both the fluid and the structure.

Regarding the fluid, it iselevantto emphasize that the regime must be laminar. This has an
implication on the Reynolds number which therefore has to be low enough. Furthermore it is
necessary d use afluid capable of promotingleformations on the structure, so there are
some requisitesto take into acount when choosing the fluid. Therefore, amosgveral
possible fluidsthe chosen onein [16] is glycerinebecauseof its suitable fluid properties
regardingthe test caseequirements

At this point it is important to remark that thpresentFSI modl is compatible with gases.
There are some equations implemented in gwesentmethod such as the equatisrof state

for perfectgas that should be changéud order to simulate the experiment for glycerine. These
modifications would mean to rrite parts of the code which could lead to complications.
Nevertheless, thepresent FSI method solves the problem in a adimensional way, the
Reynolds numberbeing the essential nordimensional input parameter. Therefore it is
possible to suppose that using the same Reynolds number to simulate the experiment, the
flow results should not be different either the fluid is glycerine or a gas.

In other words,although the fluid chosen in the benchmark is glycerine, tmesent FSI
methoduses air ashe fluid, keeping all the nedimensional parameters coherent with the air
choice (Prandtl number, spdeof sound for Mach number, raticof specific heats etc) but
imposing the same Reynolds number as in the benchmark. Both test case and simulation
should be equivalent by the equality thfe Reynolds numberBut this a point to discuss later

on when compang results.

Table 2.2 Overview offluid material parameters (Table from [16])

! The velocities used in the test case are very small compared to the fluid speed of sound, which leads to
very low Mach numbers. Therefore, the CFL condition forces the time step size for Mach number M to
be about M times smaller than for incompressiblewil A possible solution would be to artificially
increase the Mach number by reducing the speed of sound, so that the problems are avoided and the
simulations are speeded up. Obviously the artificial increase of the Mach number is limited in order not
to ater the incompressible regime. It is assumed that for a value of the Mach number up to 0.3 the
results should not get modified.
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For the structure another selection between several materials is done. In this case it is
important that the stiffness of the material must be low enough to allow considerable
displacements due to the interaction with the fluid. Regarding the specifications, the rubber-
like materials such as polybutadiene and polypropylene are suitable.

These materials can be used in the present method when only the structural part is being
tested. Nevertheless when the fluid is interacting with the structure, the choice of the
structural parameters must be consistent with the choice of the fluid, to get an equivalent
situation. So if in the experiment the fluid is glycerine and the solid is polypropylene, the
structure in the method has to be such that the interaction with the air is equivalent to the
interaction between glycerine and polypropylene.

That means that the ratio between fluid and structure densities must be respected, and the
other non-dimensional quantity that has to be conserved from the test case to the FSI method,
in order to get the equivalence, is the ratio between the flexural rigidity of the structure and its
specific mass.

Table 2.3. Overview of solid material parameters (Table from [16])

material o [55]] v|E [10° 25 ][p® [10° 5]
polybutadiene 910(0.50 1.6 0.53
polyurethane 12001(0.50 25 8.3
polypropylene 1100(0.42 900 317
PvC 1400(0.42 1500 528
steel 7800/0.29 210000 81400
cork 18010.25 32 12.8

Both tables presenting the possible choices of materials Table 2.2 and 2.3 are extracted
straight from [16].

To finish with the mathematical description of the FSI benchmark, it is important to mention
some assumptions in the computation of forces such as lift and drag exerted by the fluid on
the entire submerged structure. By saying entire structure the purpose is to include both the
flexible plate and the rigid cylinder.

Figure 2.4. Integration path for the force calculation (Fig. from [16])

* Table 2.2 is directly extracted from [16]. But there is a typo in the value of kinematic viscosity for air.
Instead of 0.015 the value in the table should be 15 for air in standard conditions. This correction was
done in Table 2.2.
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Looking at Figure 2.4 [1@&nd bllowing the specification of the way of calculating the forces,
the integration should be done along the integration path S whédults fromthe union of
two subpaths: $ coversall the surface of the cylinder excefar the part in contact with tle
plate, and gstands for the surface of the plate not taking into account the part fixed to the
cylinder.Nevertheless, Smakes reference to the whole cylinder surface including the part in
touch with the flexible structure.

The assumption made in theebchmark states that the integration along the path S and the
one along the paths®oth lead to the same resul{d6]:

yimen I e (2.19)

This last assumption should beated carefully by analyzing a specific examler auniform
pressureon the cylinderand a velocity equal to zero,a pressure difference between the
surfaces of theelasticplate is consideredIn this case the lift for the cylinder alone would be
zero, but taking the plate into accountwould modify that zero lift Therefore using the
simplification in (2.19) could lead to incorrect results.

Nevertheless, to obtain comparable resultee same assumption is made in theesentFSI
method. Soonly the surface of the cylinder,Sis consideredas the interface between fluid
andstructurewhen computing the forces

2.5. Initial and boundary conditions

To complete the detailed description of the test case, it is necessary to present the initial and
boundary conditionshat are usedor the fluidand the structure

For the interface between fluid and structure, the-glip condition is already used in the FSI
method. This boundary condition must also &eforcedat the channel walls described in the
benchmark.

For the fluid flow there is aboundary condibn at the inlet of the channdgh order to get a
parabolic velocity profile. The parabolic shape of the profile follows the equation given in the
benchmarl{16]:

QFrds L S&Wdﬁ (2.20)

In (2.20, U stands for the horizontal veldgi of the fluid, ?¢efers to the mean inflow velocity
and H denotes the height of the chann€&hex-coordinateof the inlet in (2.20)s set to be zero
because the origin of the coordinates systensituatedin the bwer left corner of the channel

It is remarkable that the maximum inlet velocibgcursexactly in the middle of the channel,
while the center of the cylinder is slightly lower. This little difference leads to an asymmetric
fluid flow that gives rise tothe oscillatiors of the structure mteracting with the fluid.
Otherwise,if the maximum velocityvere at the same height as the center of the cylinder, the
symmetry of the problem would avoid any lift of the structure.
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The boundary condition at theutlet of the channel enforceshit the gaugepressure must be
zero.

L. &k Lr (2.21)

The symbols pand L in (2.2)Lstand for thegaugepressure and the length of the channel
respectively.

Regarding the initial conditiarfor the fluid flow, the initiahorizontalvelocity is set to be zero
in the whole fluid domain except for the inlet, whettee xcomponent ofthe velocity profile is
determined by the boundary conditiof2.20. The ycomponent of the velocity is initially zero
everywhere. Initial pressure and detysare set to their stagnation values.

Moreover, it is recommended in the benchmark to use a starting procedureuffisteady test
cases) in order to get a smooth increase in time of the velocity profile at the[lrdlet

. Y. 4 07ameg
Prrray L@ a EPOL (2.22)
d:rdJa KBPANSEOA

(2.22 shows thatthe velocity profile at thenlet startsfrom zeroat t=0 and endswith the
parabolic velocity profile described (2.20) at t=2

For the structurghere are two boundaryanditions. For the leading edge of the flexible plate,
the boundary condition sets a clamped configuration (the leading edge of thetsteuis fixed
to the cylinder), so both the vertical displacement and tleocity of the structure are equal
to zero d this point[10].

S5 Lr

2.23

0S L ( )
0Ts

Thevariablew; that appears in (2.23refers to the vertical displacement of the leading edge of

the flexible plateat the height of the center of the cylindeFhe index Xenotes the grid point
X1.

For the trailing edge of the structure the boundary condition corresponds to a free
configuration being the shear force and the bending moment equal to fEdh

In (2.29 the index N refers to the lagrid point ofthe flexible structure, which is situateat
the trailing edge.
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The initial condition for the structure is already impod®gdthe geometry parameters of the
benchmarkpresented in Table 2.1The trailing edge of the flexible plate is called reference
point A, andit is specifiedhat the height of reference point A at time equal zero is the same
as the heighof the center of the cylinder. Since the leading edge of the plate is fixed to the
cylinder at the height of its centerhis means that at té initial time the position of the
structure is horizontal, or in other words, there is not initial displacement for the flexible
structure.

SgPLr;Lr &Ls& 4a (2.25)
The subscriptin (2.25) denotes thindex of grid poink.

Once the governing equations and the boundary and initial conditions for the whole problem
are defined, its mathematical description is completed, and it is ready to be discretized.

2.6.Non-dimensional perturbation form

As it wasmentionedbefore, the FSI method solves the equations in a-diomensional form.

The independence on dimensions makes it easier to carry out a specific simulation. For
example in this case, there is only need to cheaag-ouple of nowimensional parameters for

the fluid and the structure and the whole test case can be simulated.

In the following, it is Isown how the main flow and structuravariablesare made nomn
dimensional.

For the fluid motion, the chosen referens@lues are stagnation valuegsfor the density,c,
for the speed of sound anldas the characteristic length scale of the domain.

In this case both reference values for density and speed of sound correspond to the fluid used
in the FSI method. As it wdiscussed above, the fluid is assumed to be air instead of glycerine,
so the reference values are the ones from air to be consistent with the assumption.

For the characteristic length scale of the domain one should look at the definition of the
Reynolds omber done in the benchmaik 6].

x 0
4 AL — (2.26)

The parameters used in the definition of the Reynolds number are the diameter of the cylinder
d, the mean inflow velocity?@and the kinematic viscosity of the fluifl The Reynolds number

has to be the same in the FSI method in order to mithe experiment. & the characteristic
length scale of the domain is set to be equal to the diameter of the cylinder.

So using the three reference values for density, velocity angth it is possible to do the nen
dimensionalization of all the physical quantities involved in the problem. By developing the
transformation of the flow equations with the choices of reference values, it is deduced that
the continuity, momentum and eneygequations, as well as thexjuatiors of state have the
exact same form in both dimensional and rdimensional formulations. This means that the
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flow equations do not need to be changed, it is just necessary to use thalinmnsional
guantities with thesame equations.

Moreover the present FSI method solves the problem in a perturbation formulation. The
conservation laws of mass, momentum and energy are expressed in terms of the changes of
the conservative variablethe stagnation valuebeingthe references.The same perturbation
formulation is extended to thequatiors of stateas well.

As an example of thfermulation, it is easy to see thaefinition for the density:
eLeEe (2.27)
L éF ¢,

In (2.27 the index 0 denotes the reference value and the apostrophe refers to the
perturbation form. Therefore the definition of the perturbation quantity is the difference
between the real value and the reference orihe samdormulation is done for the rest of
the conservéive variables in order to get the same governing equations but in a non
dimensional perturbation form.

As for the flow equations, the structure governing equations mustekpressed ima non
dimensional formulation as well. The choice for the referencaniies remainson the
structuralpart, being the stagnation densitgpeed of soun@nd the characteristic length scale
of the domain the ones used to make nrdimensional the rest of the physical quantities.

Going through thdormulation of the equé#ions it results to be, as wasin the fluid part, that

the transformed governing equation for the structure has exactly the same form in both
dimensional and nowlimensional formulations. Therefore,there is no need to change the
equation Butthe spedfic mass, flexural rigidity and pressure difference must be used in their
non- dimensional form to get the results natimensional as well.

3. Numerical models

Once all the detailsf the mathematical description of the whole problem are determined, the
process must continue by getting everything prepared for the numerical computations. In
order to do so, it is necessary to describe the space and time distietis used in the FSI
method for both the fluid and the structure solver

In this section all the numerical aspects related to the FSI method are treated, and some
explanations about the numerical models for fluid and structure are givigmen the
implementation of the fluidstructure interaction is studied by analyzing its algorithm.

Severalmodifications on he computational domaimeed to be done in order to simulate the
experimentusingthe FSI methodThere are also some changescessaryelated to the block

15



structure.After going through all the numerical parf the problem, by the end of this section
the FSI method will beully outlined.

3.1. Fluid

The computational model of the fluid flow solver works with the equations in a- non
dimensional perturbation formulationThe reason for the perturbation form come®rn the

fact that the difference between the values of a physical variable, e.g. pressure, in one grid
point and its neighbors might galmost imperceptible By using the perturbation formulation
instead of thepressure valuespnly the pressureperturbations are used, being able &void
cancellation errorsn the values of the pressure differentetween neighbor grid points.

For the discretizationof the governing equations used ithe fluid solver, a coordinate
transformation needs to be done. The coordinates x and y from a physical domain are
transformed into a computational domain where the coordinates dre v Th¥ time tis also

SE ve(}EuU ]vs} X

Iv JE & 8§} } «}U §Z v A }}@&dgfinéd asfunctions of@he old coordinates

v 3Ju ~/FEUCUS3eX dZ v A 3Ju =+ ]e « 3§ 3} The trapsform@jio§ &f }o 3]u
coordinates is fully developed artkde time derivative of the Jacobian determinant is given by
the geometric consent@n law [6] [12]:

Then the dcobiandeterminant of the transformation Js integrated in time usinthe classical
fourth order explicitRunge Kuttanethod. Once the discretization of the equations is done, the
domain has to be discretized as wdlt.this point it is useful to remind what the FSI method is
originally made for, by looking at the original computational domain for the case in the upper
airways.From that domain and wiit the same logicthe new computational domain for the
case of the benchmark has to be created.

Figure 3.1/11] showsthe multi-block structured grid representing the simplified geometry in
the upper airways.

Fgure 3.1.0riginal computational domain for the case in the upper airways (Fig. from [11
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The first thing that needs to be modified is the shape of the fixed structure, which irShe
experimentis a cylinder instead af plate. This change has implicationstib@n the topology

of the grid surrounding the fixed structure and on the block structitegarding the mesh
surrounding the cylinder, now the grid lines have to be able to adapt themselves to the shape
of the cylinder, being similar to those surrounditige flexible plate but independent dime

since the cylinder is not movindVith the new configuration there is a need of twoore
blocks right before the cylindein order to get the upstrearfiuid flow, making a total of eight
blocks.

Fgure 3.2 Schematic of the block structure for the FSI experiment

By comparing both Figure 3.1 and Figure 3.2 some differences are clear. The increase in the
total amount of blocks from six to eight, and the change in the shape of tlhetate were
alreadymentioned. Bit they alsocause some changes in the igiock communication. Hat

is due to the increase in the number of blocks, whiehds toa new communicatiorsystem
involving the new blocks. But the mechanism of iAck communication is unchaed. In

both figures the red lines represent tHmundariesbetween blocks where the communication

is allowed and the arrows stand for the double direction of each ihteck communication.

The interblock communication is achieved by using the messagsipgénterface, such that
each block is assigned to a single processor, enabling a parallel solution of thifuiie!d.
Therefore some ghost points are indispensafide the sending and receiving information
between neighbor blockat the boundarieswhere the interblock communication is allowed

Fgure 3.3.Schematic of points overlapping along a line (Fig. from [11]

In Figure 3.3 [11],he red and greerdots are internal points in the left and right blocks,
respectively.The white dots are ghost points overlapping the internal points in the other
blocks. The arrows indicate the direction of data transfer between the blokksa block
boundary,the sevenpoint stencil of the sixth order central finite difference method dese
three ghostpoints on either side.

By implementing in th@resentFSI method all the commented changes involving the shape of
the fixed structure, the multiblock structure and keeping the MBdmmunicationmechanism

in the specifiedinter-block boundaies the new computational domain valid for the
benchmarkcaseis obtained, cf. Figure 3.4.
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Fgure 3.4.Computational domain for the simulations

In Figure 3.4 it is possible to see the new distribution of the eight blocks contained in the
computational domain, as the different colors of the grid points represent different blocks. The
grid lines in blocks surrounding the cylinder are now adapteitstshape. For doingo, with a
given number of grid points the grid spacing along the cylinder surfgaehosen tobe
constant, while in the vertical direction an interpolation is needed to get the appropriate
shape. The length scalesof the domain havebeen made nordimensional by using the
diameter of the cylinder as the characteristic length scAlealyzing the figure carefully it is
possible to see thahe center of the cylinder is not exactly in the middle of the charmlat
height 2.0, a fact hat avoids symmetry andives rise tahe oscillatingmotion of the flexible
structure interacting with the fluidlt is also possible to see how the elastic structure is treated
as a thin plate with no thickness, unlike it is in the benchmark.

Thegrid sze is 253 x 41, i.e. 253 and 41 grid points in thend ydirections, respectively. In
the blocks thatare not containing the cylinderthe grid spacing is equidistant in both
directions.The number of grid pointshe grid spacing@nd theangle of gridines, they alhave
direct implications on the results.o$hey will be analyzed in detail section4 when treating
the obtained results.

The fluid computational model is based on a sixth order finite difference discretization in
space, where its important to remark the use of summation by parts (SBP) operaitrsse
finite difference operatorgim to mimic integration by parts, beingd use of SBP operators a
mathematical tool to ensure the stability and accuracy of the high order sché&tgically

this is describing that the final energgnust be lower than the initiabne, so thatthe whole
process istablein terms of energy

As indicatedbefore in Figure 3.3, for the standard sixth order central finite difference method
the stencil is coraining seven points. In case a boundédmgtween two different blockss
allowed to communicatethe communicationrequires an overlap of three points at both sides
of the boundary in order to achieve thater-block communication which enables a parallel
solution for the fluidflow field.
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For the discretization in time, the method usedtli® classicafourth order explicit Runge
Kuttamethod. Furthermore at the end of each time step the use of a sixth order explicit filter
helps suppressing possible undampeddas.

The scheme used in the FSI method presents two conditions that must be respected in order
to avoid numerical problems related to the stability of the schdfig.

T QE?¢P_:RE?¢P (3.2)
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In the generalstability conditions shown i(3.2) the symbol u refers tw-velocity component
v to yvelocity componentg to speed of soundnd 4 SUAE v todtithe step sizeand grid
spacing, respectively. The symboltdenotes the kinematic scosity multiplied by a factaas
shownin (3.3]J177U AZ E R ]* 3Z GCv u] A]e* }*]SCU & §Z ve]SCU v §Z
and Pr denotes the Prandtl number
J v, U
KL _e T\—u aZ_N (3.3)

3.2. Structure

As in the fluid part, the numerical model for the structure works with the goveramgation
in a nonrdimensional formulationWith regardto the space discretization of the structure it is
considered afinitely thin, unlike in the benchmark velne it has a finitehickness.

Fgure 3.5.Detail of the structure in the compational domain

It is shown in Figure 3that just a grid lineat heighty=2.0is representing the whole flexible
structure, containing the grid points dhe interface which are also considered as part of both
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the upper and lower blocksf the fluid dmain The whole structure including the cylinder and
the plate is considered as a wall so that that the communication through it is not allowed. That
is show in Figure 3.2 where it is possible to observe how the structure avoids thebtaek
communicaon between blocks 3 by the cylinder and blockséby the plate.

Moreover it is important to remind that a simplification was made for the displacement of the
structure, assuming that the only possible movement of the plate is vertigath leads taa
simplified onedimensional problem.

In terms of space discretizatiar the governing equatiora centralfinite difference scheme is
used for the space derivative (2.12).

5
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Regarding the boundary conditions for the flexible structure at the leading ilihg edges
presented in (2.23) and (2.24espectively, the space discretization using the finite difference
method enables to deduce the following relationships betweke tlosest grid points tthe
leading and trailing edges:

0S | S¢F Ss
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By using the forward finite difference method at the digag edge in (3.6 the relationship
between the vertical displacemesf the two first grid pints of the flexible structure is
known. The third grid point of the structure starting from the leading edges these two
values from (3.bto be able to compute (3.4. Also for the last grid point of the structure it is
necessary to develop the boundary conditiongtee trailing edge from (2.24
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Once the relationships between the displacements of tilwe last grid points of the structure
are known, it is possible to compute the displagsrh at the trailing edgeusing (3.4,
completing the space discretization of the governing equatmmall grid points belonging to
the structure.

For the time discretizatiomf the governing equation, it is necessary to solve the transient
dynamics of the structureThe Newmarktime integration method is used in order tegthe
dynamic system modelledachieving stability and second order accuragythe use ofthis
scheme[18].

The time derivative terms in the governimgjuation for the structure (2.12are discretized
He]vP §Z E Au &4 parahieierb:

%.,cL SBE ¢AesF U SZE USg .0 (3.7
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Newmark methodplay a role leading their choice to a wide range of different solutions.
Therefore the value of these two parameters must be carefully chosen.
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dZ A op }( 83Z % E u 33@ ig cedhinanly usedsince it yields to a constant
average acceleration methodd Z Z}] ih((39) is simply in order to avoidumerical
damping which can appear with a different value of this paramgt8.

3.3. Fluidstructure interaction

The computational modeslfor the fluid and the structure are mady presented, but since this
whole project work is about the interactiobetween both of them, it is clear that the
numerical model of the problem must include a detailed explanation of how thes$tmigtture
interaction is implemented in thexistingmethod.

The FSI algorithm has to be analyzedefully and some explanatns of the internal part of
the method are necessary to be able to understand how it works and uses ahiogki
communication to achieve a parallel solution.

For a generaproblem involving FSthe algorithm must start by giving the initial values for
both the fluid and thestructure, so that the initial mesh for the fluid can be generated based
on the initial configuration of the structureOnce the entire initial configuration of the
problem iswell defined, the process for the first time step will be repeated at every time level
until the final time is reached.

This mentioned process starts with the computatefrthe interfaceof the stress coming from
the fluid flow, which enables to calcutathe pressure difference4 %t the flexible plateat
that specific time levelAt this point the fluid solver advances one step in timeget a
preliminary state of the fluidlow for the next time level Then the structure solver starts to
work taking he 4 %aformation from the old time level in order to compute the displacement
of the structure for the new time level.

Now that the displacement of the structure is known, the fluid mesh and the velocities of its
grid points must be recalculated based i@ solution given by the structure solvédnce the

fluid grid is updatedthe same process is repeated from that time level on until the final time
step[6].

For an easier comprehension of the FSI algorithm described above it is useful to see it in a
schanatic way. The Figure 3.6 taken frofri] makes it possible.
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FHgure 3.6.Schematic of the FSI algorithm of the method (Fig. from [11]

After getting a general idea of how the FSI is implemented in the meit®dumerical code
must beanalyzed in order to fully understand thenole mechanism of the prograrandto be

able to know where to make modifications if necessary for the development of the project
work.

The method is written in a very extensive FORTRAN code structured as arowasmnp and
calls for a big list of subroutinegach of them aimingo a particular purposeAmong all the
subroutines, some of them arededicated to enabling the MPI for the intbiock
communi@tion and the parallel solutionyhile others establish alhe necessary paraners
to get the correct domainThere are also subroutingbought to ensure the stability of the
schemeandthe list goes on until the lastatiail of the method is covered.

Just after a detailed analysis of the code it is possible thenthe necessary modifications to
simulate the FSI experiment using the existing method. The block struttherepmputational
domain, the fluid mesh and thenitial and undary conditions among othersnust be
changed in order to gahe existing methodeady for the simulatiorand start gettingresults
for the comparison with thé=Sbenchmark

4. Results

After presentingthe theoreticalbackgroundof the fluid-structure interaction problem and its
numerical solution by a detaileshathematical description and the definition of the numerical
models, the whole simulation process is ready to be starfdte numerical results obtained
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from the FSI method in this section have to be compared with those given as a reference in the
FSlexperiment. For doing such a comparisdhe simulation process must be conducted
following carefully all the guidelines specified in the benchmark.

The reference results from the FSI experiment are obtained for a fully developed flow during
one entire periodof oscillation. Some of the quantities that must be computed fumparison

are the displacemenbf the trailing edge of the structure or the lift and drag forces on the
whole surface of the structure due to the interaction with the fluid.

When giving tire dependent results, the line of action is to specify mealue, amplitude and
frequencycalculted for one whole period of oscillatioilso for the time dependency a plot
of the results is required to analyze their development in time.

In the benchmarlall the tests argerformed usingseveral different levels of refinemerind
after thisgrid-refinement study,an almostgrid-independence of the given reference results is
remarked A similar study is carried out regarding the time ssige using several ahem for
each test case to analyze what effects they have on the results.

Fgure 4.1.Example of a coarse mesh from the FSI benchmark (Fig. from

Table 4.1 Grid refinement levels from the FSI benchmark (Table from [1¢

Both Figure 4.1 andable 4.1 are directly extracted fromi§]. At this point it is important to

say that the mesh type shown in Figure 4.1 differs from the one used in the FSI method
presented in Figure 3.4Jnlike the structured grid of thpresentmethod, the mesh from the

FSI benchmark shows an irregular pattéwnthe cells surrounding thevhole structure, which
enables to accumulate largenumber of grid points close to the body foh&her accuracy of

the results The grid shown in Figu®4 might present some problems of convergence due to
the big jumps in cell sizes and angles presented at both sides of the cyliigfact has to be
taken into account when presenting the resuitithe fluid solver.

In the benchmark the test cases of study areidid irto three differentparts. The reasofor
that organizationis to carry out the validation of both the fluid and structure solvers
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separately first, tdfinish with the validation of the whole FSI method afterward$erefore,
the structural test casesialled CSM tests in the benchmaske presented firstRight after,
the fluid solveris checked for th€€CFD testshnally the FSI testsonsiderthe casas where the
interaction between fluid and structure is studied.

4.1. CSMrests

The purpose of these tests is to validate the structure solver used iprdsentFSI method. In
order to do so, the flexible part of the structure must be isolated forgetting about the
surrounding fluid.This enablego test the structural solver wne andavoids fluidstructure
interaction computations that arannecessary for this specific case

The motion,which iscausel by the pressure dference in the normal FSI case,now due to
the gravitational force that must be included in the govegnaquation for the structure.

| STE $Ssssesl F/IC 4.1)

The governing equation for the CSM tests (4.1) is the same as the governing equation for the
structure presented in ta mathematical description (2.15vith the only difference of the
external force, which is changed from the pressure difference betwegper and lower
surfaces of the plate tahe gravitational force.The symbol g in (4.1) denotes the absolute
value of the gravitational acceleration he vertical direction and the new termon the right

hand side of the equation represents the gravity force per unit avbach now is counted at
every grid point of the flexible structure

Three different partial tests are defined in the benchmark fog giructural part: Test CSM3
simulates a time dependent case starting from the initial configuration of the flexible.plate
The two other tests CSM1 and CSM#@ steady state solutioAs

Thedimensional and nowimensionaktructural parameters needed for the simulation of each
case are given in the benchmadé€].

Table 4.20verview of parameters for structural tests (Table fr{r@])

It is not specified in16] but the absolute value of the gravitational acceleration used in the
tests is cledy artificial, not corresponding to the real value of this acceleratiorearth

*The present method computes the time dependent solution wtalstd CSM1 and CSMgpresent the
steady state solutios. For the comparison in thesases, the steady state solution will be approximated
by the mean value of the time dependent solution from the present method.
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Looking at (4.1) it is possible to see that the input parameters that the method needs for the
simulation are the specific mass and the flexural rigidity of the flexibletsire. By using the
relationships presented in (2.13) and (2 14ith the value for the thickness of the plate
specified in Table 2.1, the necessary parameters M and B can be calculatedtioofehe
structural test cases. They are presented in Table 4.3

Table 4.3Input parameters for structural tests

Par. | CSM1| CSM2 | CSM3
MBSC| 20 20 20
Bé%"'c 111 | 444 | 111

As explained in the section tife non-dimensional formulation, the governing equation for the
structure in the CSM testhas the same form either it is used &dimensional or no-
dimensional way. In this case, since the structure is isoldébeddimensional input parameters
are used sothe resuts will be dimensional as welhd fully comparable with those given as
reference.

For the grid refinement study the simulations are done for three different levels of refinement
like in the benchmark. Theresentresults either correspond to thecoarse, medium or fim
grid, the number of grid points along the structubeing51, 101 and 201 respectively.

The different time steps used in the simulations are exactly the same as in the benchmask
equal t00.02 s, 0.01 s and 0.005 sd that thetime step influence is comparable.

The first test case to be analyzed is CSfd8o the time development study first, and then the
two steady cases follow.

4.1.1. CSM3

In order to have a general idea of how the structure moves, the following two figines the
displacement of the whole flexible structure for tkhearsegrid using atime step equal to 0.02
seconds

The displacement shown in Figure 4.2 corresponds to the time increment between t=0 s and
t=2s.
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FHgure 4.2.CSM3 Displacement of the whole structure (every 2 second:

In Figure 4.2 it is possible to observe the oscillating movement of the whole flexible plate
causal by the gravitational force that was added specifically for the CSM tests.

Tobe able toseethe displacemendevelopment in time iimmore detail,Figure 4.3 showsnly
the first oscillation of the whole simulatip sinceit is then when the maximum displacement

(0.148136m) takes place.

Fgure 4.3.CSM3 Displacement of the whole structure: First oscillation (1 secol

In Figure 4.3,hte time increment of the displacement shown is 1 secoflge downward and
upward displacements of the plate are represented by the green and blue lines, respectivel
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The results that are given as reference in the benchmark are both the horizontal and vertical
displacements of the trailing edge of the structure, or as defined in Tableg& Teference

point A. Neverthelesst is important to remark that the 1Bimgification assumed for the
EulerBernoulli beam model yields only one governing equation for the vertical direction, so
the only displacement computed by tipeesentstructure solver is the vertical on&herefore,

all the comparisons between the resultsichthe reference values are madmly for the
vertical displacement w.

The plotsin Figures 4.41.12 represent the development in time of theomputed vertical
displacement of the trailing edge for ten second$ie reddots refer to the resultsof the
present structure solver and the blue line denotes the reference vadugiven in the
benchmarl{16].

All the results for the three differentime stepsusing each of thehree levels ofgrid
refinement studied are presentedogether below in order toeasilycompare themand be
able to discuss the grid refinement and time step studies

X 45AIXIT o

Coarse51 grid points

Fgure 4.4. "DiW 43 A iXil X } €+ PE]
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Medium: 101 grid points

Fgure 45. ADiW 4% A iXii X D ]Jpu PE]

Fine 201 grid points

Hgure 4.6. "DiW 438 A iXii X &]v PE&E]
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X 4=0.01s

Coarse51 grid points

Fgure 4.7. "DiW 43 A iXii X } E+ PE]

Medium: 101 grid points

Fgure 4.8. "DiW 43 A iXii X D Jpu P@E]
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Fine 201 grid points

Hgure 4.9. "DiW 438 A iXii X &]v PE&E]

X 45AITXIIA e

Coarse51 grid points

Hgure 4.10. "DTW 438 A iXiifi «X } G PC
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Medium: 101 grid points

Fgure 4.11. ADiW 43 A iXiifi X D Jpu PG

Fine 201 grid points

Fgure 4.12. "DiW 43 A iXiifi *X &]v PE&E]
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The numerical results corresponding to all the plots presenteBligures 4.41.12 above are
arranged and summarized in Table 4.4. As commented at the beginning of the results section,
the time dependent results must be given specifying the mean value, the amplitude and the
frequency (appears between brackets in the tables of time depahdesults). The mean value

is determined as the average of the maximum and minimum values of the last period of the
oscillations. The difference between those two valigedivided by twoin order to compute

the amplitude. Finally the frequency is detdmad as the inverse of the period, which is
computedas the differencebetweenthe end and startime values of the last period of the
oscillations.

Table 4.4CSM3 results: Time step and grid refinement studi

CSMa: Vertical displacement of thteailing edge [10E3 m]
.G”d TurekHron[16] Structure solver
refinement
Coarse >00XT601 F 00XAq >6TX000 F 61X0d(
450.02s Medium >00XiAT F 00X0q >06iXiio F 6iX70i
Fine >00Xi60i F 060X0Qq >008X169.929[1.0638]
Coarse >00X600 F 00X0 >061X0id F 60X10
450.01s Medium >00X00A F 00X0d >6iXTAT F 6iX1Iq(
Fine >00X000 F 00X0| >00X660 F 05370
Coarse >0TXAdT F oAXi6| >01X&dd.671[0.9804]
4% 0.005s Medium >01TXA68 F oAXif >06X6806 F 6iXid
Fine >01X0i6 F onXiol >06X016 F 06X06
Reference | >01X0i16 F 0fnXio

In Table 4.4 all the numerical resutibthe structure solver are presented, including the three
levels of refinement for each of the three different time step$ie numerical results of the
benchmark are given as wdll.is important to remark that theresentgrid sizesand theones
used by Tureland Hroncannot becompareddirectly, since only the total number of elements
and degrees of freedom are given in [16].

It is deduced from Figuse4.4t4.12 and Table 4.4 that the results obtained by theesent
structure solver show largdin absolte vdue) mean values and amplitudes the oscillations
than the results extracted from the benchmarlith regardto the frequencies of the
oscillationsthey aresmaller thanin the benchmark results, or in other words, the joeis of
oscillations ardarger for the presentstructure solver results

In order to find & explanation of these resulisis convenient to remind the 1D simplification
made for the equations of thepresent strudure solver For simplifying the structure
movement to a vertical disptement there are some implications on the results. When a real
beam is bending each of its points is suffering both a vertical and a horizontal displacement,
and this movement in the horizontal dimension is being neglecie¢de methoddue to the 1D
simplification. Therefore if this horizontal displacement gt taken into account, ai the
presentstructure solveresults, the absolute value of the vertical displacenmgets increased
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and so do its mean value and amplitudédne effect is the same for the period which is bigger
for those increased displacementghat means thathe frequencies are smaller.

To carefullyanalyze the size of the errors in the structure solver results it is useful to look at
the first oscilléions of the plots In Figure 4.13 it is possible to see in detail the first two
seconds of simulationfahe case shown in Figure 4.12, in which the smallest time step and the
finest grid are used.

Fgure 4.13.& ] E % }+ Joo $]}v e 0.005'DFveé g

The real differences between the results from the structure solver and the benchmark can be
observedby analyzing the first oscillationt is shown therehow the trailing edge is moving
with larger absolute vales of mean value and amplitudeshich lead to longer p@ods of
oscillationsaccording to the numerical resultg/hen time goes orthe slightly bigger period
appears for each othe oscillations and therefordpr longer times the plot of the structure
results gets delayedith respect tothe reference resliis plot as shown in Figures 44412.

Regardng the grid refinement study in Table 4.4, the structure solver results show a tendency
of getting closer to the reference values when the number of grishigoincreasesin other
words, the fner the grid getsthe higher the accuracy of the results@nce this obvious effect

of the grid refinement is confirmed, it is possible to compare both refinement studies from the
structure solver and the benchmarkhe influence of the refinement level is shown to be
much bigger in the structure solver results than in the reference results where, as it is claimed
in the benchmark, the results are almost grid independent.

The reason for that bigger grid refinementpidence of the structure solver results is the
low number of grid points used. Even though three refinements are done, the highest number
of grid points igrobablynot as high as it is in the benchmark. That means that if saaftom

the current finestgrid, three more grid refinements are don@01, 801and 1601 number of

grid points respectively) then the structure solver results will show less deperadenon the
number of grid points Keepingon this methodology, the results at the erae expected @

tend to grid refinement independence, but this is something to be shown.
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The time step study evidences similarities between the present structure solver results and
those from the benchmark. It is possible to see in Table 4.4 how the size of the time step used
affects the results obtained. Starting from the largest time step and reducing it repetitively
leads to small variations of the results. The given reference value corresponds to the one
obtained using the smallest time step size.

Since the CSM3 test case is not describing a steady state but a stable state for oscillating
solutions, this dependence on the time step is expected. When the level of refinement is
already high enough, as it is in the benchmark, a change in the size of the time step has a
bigger influence on the results than a grid refinement.

Aiming to evaluate the accuracy of the structure solver, the relative errors of the
displacements must be computed after the comparison of the structure solver results with the
ones given as a reference in the benchmark.

Table 4.5. CSM3: Relative error of the results

CSM3: Vertical displacement of the trailing edge. Relative errors (%)

Grid refinement Mean value Amplitude Frequency
At=0.02s Fine 8,62 7,32 -3,25
At=0.01s Fine 10,03 7,36 -6,24
At=0.005s Fine 7,86 7,11 -2,73

In Table 4.5 the relative errors for the mean value, amplitude and frequency of the oscillating
displacement are presented. Even though in the benchmark there are also three levels of
refinement, they are probably not completely equivalent to the refinement levels used in the
present structure solver. This means that the considered coarse grid in the benchmark might
suit better with the medium level of the present structure solver instead of with the coarse
one. Therefore, the computation of the relative errors is made only for the finest grid of the
present structure solver for each of the time step sizes. To determine the relative errors in
Table 4.5, the “exact result” used is the one given as a reference in Table 4.4 corresponding to
the use of the finest grid and the smallest size of the time step.

The obtained relative errors are commented at the end of the structural results section
together with the errors from the test cases CSM1 and CSM2.

After this time development study carried out for the test case CSM3, the two other time
independent test cases are analyzed.

4.1.2. CsM1

As shown in Table 4.3 this test case and CSM3 consider the exact same parameters for the
mass and rigidity of the structure. Nevertheless, CSM1 presents the steady state solution. For
the present structure solver results, the steady state solution will be approximated by the
mean value of the time dependent solution in CSM3, in order to make the comparison
possible.
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As in the previus test casgethe results areshown firstand thediscussion and computation of
relative errorsfollow.

Table 4.6 CSML1 results: Grid refinement study

CSM1.: Vertical displacement of the trailing edge
[10E3 m]

Grid refinement| TurekHron[16] Structure solver
Coarse >00XiToT >0iX006A06
Medium >00Xi0io >00X0606061

Fine >00Xi00f >06X0i07
Reference >00Xii

The structure solver results shown in Table 4.6 represent the mean value of the displacement
for the time dependent solution ugvP SZ su 00 3 SPW0>SIt% pdssible to see

how the obtained results ararger in absolute value than those in the benchmtk]. The

value given as reference in [16] correspend the steady state solution obtained using the
finest grid.

As it was explained in thESM3 disussion of results, these differences are due to the 1D
simplification made for the structure solver governing equations. The lack of displacement in
the horizontal direction leads ttarger vertical displacements.

The grid refinement study shows the bigpmendence on the number of grid points the
structure solver resultssompared to the ones from the benchmarkhe low number of grid
points used in the present solver, for the three levels of refinementimpedesto get grid
independencethat was achieve in the benchmarkIt could onlybe reachable by continuing
the grid refinenent study for even finer grids.

For a better understanding alfie results and to get an idea of the comparison, it is relevant to
compute the relative error of the weilts.

Table 4.7CSM1: Relative error of the results

CSM1.: Vertical displacemenf the trailing edge
Grid refinement Relative error (%)
Fine 3,80

Table 4.7 gives the relative error of the structure solver result for the finest grid compared to
the reference oneshown in Table 4.6As explained before for the CSM3 test case, it only
makes sense to compaiit for the finest grid levelecause the lesls of refinement defined in

the structure solver and in the benchmark might not be equivalent one by one.
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4.1.3. CSM2

This is the last test case studied for the structural part of the problem and the process is
exacty the same as in test case CSM&in the previous test case, the steady state solution is
given So in order to make a comparison, the steady state solution will be approximated by the
mean values of thoscillating solution obtained using the present structure solver.

Regardinghe structural parameters used in this test caghere is a remarkable difference
with respect to CSM1 and CSM&ccording to Table 4.3, the flexural rigidity chosen for this
case is four times the one used in the other two test casdrle the specific masef the plate

is unchanged in relation to themTherefore, smaller displacemest of the structure are
expected but in order to confirm this supposition it is necessary to analyze the results in Table
4.8o0btained (}E SZ e<u 00 5 00585 % 4SA

Table 4.8CSM2 results: Grid refinement study

CSM2: Vertical displacement of the trailing edg
[10E3 m]

Grid refinement | TurekHron[16] | Structure solver
Coarse >{OXDORAT( >{6XT0M{
Medium >{0X006 >{OX06ii

Fine >i0X00Ti >{6Xioii
Reference >i{0X00

As expected, the results in Table 4.8 showch smaller displacementéin absolute valuepf

the trailing edge of the flexible plate than those in Table Zl6e increase in the rigidity of the
plate for the same mass implies that a bigger force is needed to have the same displacement.
Since the gravitationdbrce is the same in both casescording to Table 4.2, the flexible plate
experiences smaller veddl displacementsThe reference result given in [16] is the one
corresponding tdhe finest grid.

Analyzingboth the structure solver and the benchmark resuli$] in Table 4.8, the 1D
simplification assumed for thepresent structure solver is the causéor larger vertical
displacements as in the two previous test cases

In relation to the grid refinement study made in Table 4.8, tésults for the threedifferent
levels of refinement presergmallerdifferences among them than in the other two cases of
study.Nevertheless, the relative differences are similathe ones inthe previous test cases.
It is clear anyway that these differences are still much bigfgeen the ones in the benchmark,
which present almost grid independenciie to a higher numbebf grid points along the
structure.

For a quantitative comp#son of the resultsthe relative errors are computed in Table 4.9.
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Table 4.9CSM2: Relative error of the results

CSM2: Vertical displacement dfie trailing edge

Grid refinement

Relativeerror (%)

Fine

1,23

Again the only level of refinement taken into account to compute the relativerarrdable
4.9 is the finest onas in test cases CSM1 and CSW3.determine this relative error, the
reference value shown in Table 4.8 is used.

Once all the three structural test cases of study are completed it is time for a global overview
of the results obtained in this section.

In order to qualify the accuracy of the results thrown by the structure solver, the relative
errors in Table 4.5, Tabl.7 and Table 4.9 must be analyzed.

For the time dependentest case CSM&he relative errors are approximately 7% for the mean
value and the amplitude of the vertical displacement of the trailing edge, while the frequency
shows a 3% relative errorWhen considering the mean value of the stable time dependent
solution for the vertical displacemenin test cases CSM1 ar@dSM2 the accuracy of the
structure solver looks to be slighthigher showing a reduction in the obtained relative errors.
The error ges down to a 4% in CSM1 and toearen lower 1% in the case CSMere the

rigidity of the flexible plate has been increased.

Therefore and according to all the results obtained and discussed in this section, it is
reasonable to assume that the accuracy of gteicture solver is high enough. 8te results

obtained by using it may be considered as valid.

4.2. CFD Tests

In this section the fluid flow is analyzed not taking into account its interaction with the flexible
structure. In order to isolate the fluid flow, it is suggested in the benchmark to consider the
flexible plate as a rigid object by settimgry high value for its density and shear modulus, or

either defining the fluid domain with only fixed boundary conditions along the interface with

the plate. But the easiest wago doit with the existing method ista* ]¢ }vv

S_

SZ

*SEMN SUE

solver,so that the presure difference is computed but not used to calculate tlisplacement

of the plate. Thereforethe structurejust acts as a fixed submerged body in the fluid flow.

Three different subtests called CFD1, CFD2 and CFD®raepesed for this fluid solver
validation. The setting up of the parameters for all of thergiigen in L6] and summarized in

Table 4.10.
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Table 4.10Parameter setting for the CFD tests (Table from [16])

At this point,it is important to remind the assumptions maéte the fluid at the mathematical
descriptionsectionfor simulating the FSI experimeriirst of all, the fluid under consideration
is a gas (air in particular) to avoid possible numepeablems in the existing methoevyhich is
made for gasesNeverthelessthe fluid defined by the properties in Table 4.10 is glycerine
which is an incompressible fluitt.is assumed that the difference on the fluid choicesd
lead to equivalent resultd the Reynolds number is the same in both cases.

Therefore,the only parameter that must be strictly respected is the Reynolds numkigs.
non-dimensional parmeter is directly givenas an inputparameterof the FSI methodThe
characteristic velocity used in the FSI method is the speed of sound, so thdimensonal
mean inflow velocity coincides with the definition of the Mach numlaerd through this non
dimensional parameter is how it enters the method

The Mach number for athe test casesn this section is set to be 0.8yen though the inlet
velocities ad the speé of sound lead tanuch lower véues. If the real valuswere used,the
acoustic waves would be reflected several times for a small advance of the flow, which could
lead to numerical issueand long simulationsThe solution based on settinglarger Mach
number (by an artificial decrease of the speed of sowsituld not affect the resultsf the
chosen Mach number respects the incompressible flow regireeMach numberlower than

0.3 approximatelyAlso wthin this incompressible regiméhe fact that the method uses the
compressible NavieBtokes equations should not be relevant for the obtained results.

Due to the different methods of integration in time used in the fluid solver and in the
benchmark, it might not be possible to use the satinee steps for all the simulation cases.
The nondimensional parameter representing the time step in the existing method must be
chosen to respect the stability nditions of the scheme,aming from the viscous tersof the
equatiors and from the computatn of the Courahnumberas shown ir(3.2)

The last aspect to clarify before getting started with the simulations is that the results obtained
using the method arean-dimensionalwhile the ones giveas reference are not. Thereforg,
is necessary texpress}v }( §Z u ]JvsS} §Z }SSihc&the dlaiities for comparison
are the lift and drag forces, the easiest way to do this is to compute the lift and drag
coefficients of the reference resultss shown in (4.2)and then compare them to the results
from the FSimethod

% LS—- 4.2)
5 e @ sl
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The symbols that appear in (4.2) are L and D standing for lift and drag forces respedively,

E ( EE]vP 8} 8Z u v Jv(o}A A o} ]35C (}EenotiAg $he density of v E
the fluid and the diameter of the cylinderAs a 2D problem the width of the cylinder is
considered to be equal to one meter.

First the steady state cases CFD1 and CFD2 are considered, before turning to the time
dependent case CF28the end of the section.

4.2.1. CFD1

According toTable 4.10 the Reynolds numbesr set to be 2@or this simulation As the fluid
used is supposed to be air, the Prandtl number and the mitispecific heats are unchanged
from the original problem in the uppeiiravays, with values of and 1.4 respectivelyA Mach
number of 0.2 is usefbllowing the assumption explained before.

The grid used for the simulation of thest case is shown in FiguB.4,and in relation to it, the
non-dimensionaltime step u3] o]l t=0.002 respecting the CFL condition and the stability
condition derived from the viscous tesof the NavierStokes equationi (3.2) The duration
of the simulation has to be lorgnough to ensure that the steady state solution is achieved.

The reference resultpresented in the benchmarkre given in Table 4.11 which is directly
extracted from [L6]. An extensive grid refinement gy, with ten different levels of
refinement, is dane to show the almost grid independence of the resinitgl6].

Table 4.11CFD1: Reference results (Table from [16])

In order todo the comparisonthe reference values from Table 4.11 have tcelzpresedin
non-dimensional form by the use ¢4.2).
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Table 4.12CFD1: Nonlimensional reference results

Drag and lift coefficients

CD

CL

Reference 7,145

0,560

Once the referencealuesfor comparison are establishethe first resultsof the present fluid
solver are obtainedThese results are not conparable to the reference valuesjnce they
indicate problems with the fluid grid that are impeding the solutiooni reaching the teady
state. Moreover, at some points of the simulation the computed drag coeffisiare negative,
which contradicts the basic principles of fluid mechanit$s obvious that the negative drag
results are wrong, sinceven zerodragv [ o u E&dox B.cairadictory.

In order to analyze the convergence of the solution, it is useful to computehthagein time

of the mnservative variableas showrin (4.3).

ST LT&ESF 78

(4.3)

The symbol U in (4.3)epresentsa conservative varidd in general,showing that the
Jv @ uvs ]Je Ju%ps Jv 3z su AC (JE
used to calculate th&ucliden norm of the residual (summing tldhange squaredof all the

conservative vaables)in (4.4).

00 TFlfeseFhangs@é®) EpU EA

N AQ, L §Ay @(’,C?yoe E kg,O—‘a?oG E kdO?‘gOe E kO %OESA (4.4)

Once the Euclidean norm is computed for each time step of the simulation, its development in

time can be plotted to see the tendency of the residual.

Fgure 4.14.CFD1: Convergence of the solution. Equidistant grid
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From Figure 4.14 is possible to sebow the Euclidean norm of the residual barely changes

from the beginning of the simulatioand does not tend to a lower valugs it should if the

steady state solution was reacheBy analyzing in more detail each of the increments of the
conservative variables, it seems that the one whichlvq ¢« $Z u}e§ ] 4EIXsdZ E& (}E L
interesting to plot the value of thiguantity at the last time step fothe whole domain.

Fgure4.15. § ]Jo }( 3Z Aou -+ (JE 4E -pEEW

By boking carefully at Figure 4.16ne can see that at the leading edge of the cylinder (defined

as reference point B in Figure 2.3) theg «3 A ou (pGurd {Eis coherent to assume

§Z2 8§ 83Z JVA EP v 3 Pv3ie §38Z38 £ 5 %}]vSwhilpstde A op }(
changeof this conservation variable is practically equal to zero in the rest of the domain.

The problemprobablycomes from the cretion of the gridat the leading and trailing edgesf

the cylinder where the big jumps in the cell sizes and andges! to poor metric terms xand

y¢. As a consequence of thahe flow results and the computed lift and drag forces are
affected. The lading edge, where the pressure is largest, seems to be more critical than the
trailing edge.

At this point,two possibilitiesare considered to alleviate the problems caused by the grid at
both the leading and the trailing edge$the cylinder. On the one hand, modification on the
inter-block communication mechanism at the problematic zones would solvissies caused
by the jumps in the cell sizeslowever a rearrangement of the grid points those zones
could be done, heipg in the same way as the first possibilithesolutionbased ormodifying

the communication mechanisminvolves some changes to the current intdtock
communi@tion algorithm,which would require rewritingparts of the original codefahe FSI
method. To avoid thatthe solution adopted is the one consisting in a grid modification.

Due to theconstant arc length between neighbgrid points along the cylindethe sizes of

the cells in direction get smaller when approaching the leadinog trailing edges.
Neverthelessfor the rest of the blocks the grid is equidistant so the size of the cells is
constant, which leads to big jumps of the cell sizedoth sides of the cylindeilherefore,it is
necessary to decrease the size of the cells that argeclo the cylinderwhichcan be done by
using some clustering functions to accumulate gridng®inear the cylinder. Moreoveia
clustering also in-girection can be useful to get more grid points contained in the boundary
layer, which is crucial to getccurate results when the Reynolds numbersjatger.

The same clustering mechanism is used for both directiand considering N grid points the
two different functionsthat are used were proposed by Roberts (19(20]. One leads t@
clustering towards the first grid point (4.5) attte other one towards the last grid poif4.6).
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The subscripti in (4.5) and (4.6) denes the index of the grid points, and ] % E u S &
which must be strictly greater than 1.

For the clusteringn the xdirection, SZ % & u S & t gdimimgdo msatch the cell size

on both sides of theblock baindaries situated at thdeading and trailing edgeln the case of

they- JE $S]}v oues EJvPU §Z E]S E]}v (}J& Z}}e]vP t ] &} U
grid points within the boundary l&y, but since its thickness is nkitown along the cylindert

ends to be a matter of trial anelrror.

After implementingthe mentionedmodifications in the fluid mesh of thexistingmethod, the

obtained computationadomain is shown in Figure 4.16onsdering the three vertical inter

block boundariegfor the whole height of the channelf E}u o (8§ §} E]PZ3U §Z A op e« }i
parameter are 1.0185, 1.0223 and 1.346Z A op }( t pe (}E $Z op+s E]JvP ]
direction is 1.1.

Fgure 4.16.Computational domain using grid clustering

It is possible to observe the influence of the clustering i@ ¢iid by looking at Figure 4.16
where an accumulation of grid points is taking place at the surroundings of the cylinder and at
the midde of the channel.dz t Z}] ( ¥Yightndadt vertical interblock boundary has
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some implications. The first grid spang of the last column of blocks is smaller than the one
needed to match the clustering. Therefor@ reduction in the number of grid pas of the last
two blocksis needed The implications on theesults should not be relevarsjncethe flow at
the end of the channel does not require such a big amount of grid points.

So thenumber of grid points along the-direction of the two blocksbehind the flexible
structure decreases to one quarter o§ iprevious valueThisimplies that the size of the new
domainis 111 x 41, i.e. 111 and 41 grid points in the and ydirections, respectivelyBoth
Figure 3.4 and Figure 4.t&nbe analyzeddgether to get a global view of the modifications
made to the computational domain.

Due to the clusteringthe grid spacing in both directions is reduced considerably in some
regions of the domainwhich has direct implicationsnothe choice of the time sp sizein
order not to violate the stability conditions of the scheme presented in (Bg)using very
smalltime steps,the stability issues of thechkemeare avoided. Mverthelessthe smaller the

4 Zetsthe longer the snulation takes. Thereforeit is convenientto be careful with the
choice of the time stegizeto get a stable solution for as low computational costs as possible.

For the simulation of test case CFD1 usihg new grid,the nortdimensional time step
* 0 § ]+ 435Ai00ceitt# smulation is donethe results obtained are the following for
the time history of lift and drag coefficients, cf. Figure 4.17.

Fgure 4.17.CFD1: Clustered grid

Theresults presented in Figure 4.5how that the use of the new grid alleviates the problems
mentioned for the equidistant grid, but the solutions for the lift and drag coefficients are still
not accurate enough compared to theference steady state solutionsgpresented by the
dashed hes.
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In order to analyze in detail the results obtained from the fluid solver, the following plots show
the distribution of different physical quantitiesverthe whole domain at the last time stegf
the simulation

Fgure 4.18.CFD1: Pressure digtution

It is important to remind that the solutions obtained from the fluid solver are in a-non
dimensional perturbation formAs expected, Figure 4.Ehows how the maximum value for
the gaugepressure takes plada the left side zone close to the cylinder, sintseading edge

is a stagnation poinfThe pressure starts decreasing from there along the cylinder surface due
to the flow acceleration thereltis also show how the pressure is reduced when approaching
the end of the channel to respect the zegaugepressure condition at theutlet.

In order to focus the analysis on the surroundings of the structbigure 4.19resents the
non-dimensional gaugeressure profile along the cylinder surfadée mentioned pressure is
defined in (4.7):

LR LT a.7)

LFL, L 5070

The superscript * in (4.7) denotes dimensional quantities and the subscript 0 refers to
stagnation values.

Fgure 4.19.CFD1: Pressure profile along the cylinder surface
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It is possible to observim Figure 4.13he difference in value between the pressure ragathe
lower and upper surfacesepreented by the red and blue linesespectively.The lower
pressure along the upper surface produces the suctiogeioeratethe lift force.

With regard b the flow velocity, Figure 4.2§ives the distribution of its horizontal component
in a nondimensional perturbation fornat the whole domainalso for the last time step of the
simulation.

. . . o ey
Fgure 4.20.CFD1: Horizontal velocity distributio@ L EUA

Figure 4.2Ghows the acceleration of the flow surrounding the cylinder in concordance with its
pressure distribution presented in 4.1%he acceleration is bigger above the cylinder as it
could be dedued from Figure 4.19t is also possible to see how the horizontal velocity goes
to zero at the channel walls and the flestfucture interface to respect the rslip boundary
conditions.The parabolic velocity profile can be observed at the inlet follgntime specified
boundary conditionMoreover, thevelocity is shown to go up near outflow.

Finally another plot is added to give some information abdbe z-componentw, of the
vorticity, over the entire computational domajref. Figure 4.21IThe definition ofw, is given in
(4.8).

o (4.9
H>;; LiRF 0Q

Sib: 0T oU

5

In (4.8)u is the velocity vector, while u and v refer to its horizontal and vertical components,
respectively.

Fgure 4.21.CFD1: Vorticity distribution

In Figure 4.21w, above the body is shown to be negativayhile it is positive below it.
Moreover, it is possible to see some kinks right at the boundaries of the blocks containing the
cylinder. This indicates that the grid is nemooth in those zones.

After this analysis,it seems that the fluid solver simulations do reflect correct physical
phenomena However as it wasmentioned before, the numerical results do not show high
accuracycomparedto the reference given in the benchmark.
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In order to analyze the time stepize choice, one more simulation is carried out using a
different value forthe nondimensional 4 SThe numerical results for lift and drag obtained in
both simulations are presented in Table 4.13

Table 4.13CFD1: Timstep influence

Drag and lift coefficients
CD CL
430,00025 3,407 0,209
430,00015 5,138 0,234
Reference 7,145 0,560

By looking at the results shown in Table 4 t& lack of accuracy is confirmednone of the
relative errors idower than a 30%n Table 4.13, the reference results dne ones computed

in Table 4.12 as the nedimensional values of the reference results given in Table 4.11.
Nevertheless,the most important implication of Table 4.13 is that there is aetistep
influence on the resultsyhich should not happen since the tesise CFD1 represents a steady
state. Therefore,even if this grideads to better results than the equidistant one, the steady
state solution is not being reached yet.

Two alternativesare considered at this point in order to solve the grid problems that seem to
remain. The first one consists on a drastic modification of theggnitcbunding the structurdy
using another grid typeA possible chice could be arO-grid wheresomegrid lines would
surround the whole bodwt increasing distancesyhile other grid lines starting at the surface
of the bodywould cross them in locally perpendicular directions.

Despitethe increase in smoothness of this kind of grid near the structotteer issues would
appear when trying to match the lagrid lines to the wall®f the channel and to the vertical
boundariesof the rest of unchanged blockBurthermore,it would be necessary to rewrite the
code for the grid creation® there are several reass to turn this possibility down.

The second alternative is to keep the type of clustered grid unchanged while increasing the
number of grid points in both directiond.he low number of grid points along the cylinder
surface of the current grid might explain the lack of accuracy of the results, so a grid
refinement could be the solution. Moreovely looking carefully at Figure 4.19, Figure 4.20
and Fgure 4.21some disontinuities can be noticed right at the leading and trailing edges of
the cylnder. Therefore,it is possible that the currg grid is just too coarseand the grid
problems could be alleviated with the mentioned grid refinement.

Hence, the number of gridoints is doubled in both x and y directions leading to a finer grid.
The modified number of grid points in the vertical direction is 41 for all the blocks. The
modified numbers of grid points in the horizontal direction, considering the four columns of
blocks starting from the left are 29, 31, 69 and 95, respectively. Thesiteeof therefined

grid is221 x 81, i.e. 221 and 81 grid points in thamd ydirections, respectively.

dZ t % & u 8§ Ee Jv ~dXfie v ~3X0e E <u]@hempropedifortPe]lv JE E §

refined grid. For the three vertical (considering the whole channel height) ibteck
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d Z parameterused for the clustering in the-girection isunchanged, with a value df1.

After the mentioned modifications are carried guhe resulting grid is obtained andahin in
Figure 4.22

Fgure 4.22.Computational domain using refined grid clustering

The changeson the new grid with respect to the previous one canrmgiced by comparing
Figure 4.1@&nd Figure 4.2 Thehigh concentration of grid pointshown in the surroundings of
the cylinder and the first half of the flexible structusbould, at leastimprove the accuracy of
the fluid solver results.

Nevertheless and as it was explained before, the big reduction on the grid spacing has direct
implications on the time step needed to respect the stability conditions presented in EaR2).

the simulation of thé test case using this reéd grid, the method only acceptsnon-
dimensioral time stepssmaller §Z v #08Aand theend time of the smulation should be
around 200 to reach the steady state. Moreover, due to the doubling of the number of grid
points inboth directions, now the number of operations is multiplied by four at every time
step. In other words, the simulations get extremely long.

After a few unsuccessful trialg,is confirmed that the current computational capacity level is
not high enoughto get solutions inreasonable times. Thereforea higher computer
performance is requiredn order toobtain reliable results from thossimulations and to be
able tofinish thevalidation ofthe fluid solver by comparison with the benchmark reference
resuts.

4.2.2. CFD2

The only fluid parameter that needs to be changed in the method from the ones used in test

case CFD1 is the Reynolds number, which is set to be 100 as specified in Table 4.10. The rest of

the fluid parameters (Mach number, Prandtl numhbetc) are unchanged to be coherent with
the assumptions made at the beginning of GED Testsection.
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Aiming to confirm the need fdnigher computer performance, the too coarse grid presented in
Figure 416 is used as in test case CFRilsee if the lak of accuracy in the resulis evident
again. In this cas¢he nondimensional time step used &xual to0.005in order not to violate
the stability conditions of the scheme.

The referenceesults after a grid refinement study are given in Table 4.14, which is directly
taken from [l6]. As explained before, theseeference results have to be made nen
dimensional by the use of (4.2)n order to be comparable, and such ndimensional
referenceresults arecomputedin Table 4.15.

Table 4.14CFD2: Reference resu{fBable from [16])

Table 4.15CFD2: Nowimensional reference results

Drag and lift coefficients
CD CL
Reference 2,734 0,211

Theobtained esults are shown in Figure 4.23

Fgure 4.23.CFD2: Clustered grid
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The numerical results from the fluid solver are presented in Table 4.16 together with the
reference ones.

Table 4.16 CFD2: Numerical results

Drag and lift coefficients
CD CL
40,0005 2,211 0,065
Reference 2,734 0,211

As expected, the comparison shows that the fluid solver resudfgoach the reference ones,

but there is a lack of accuracy that leads to a relative error of 20% for the drag coefficient and
even higher for the lift coefficientAs explained in test cas€FD1, a higher computer
performance should solve these problems of accuracy.

4.23. CFD3

The last of the fluid dynamics test cases describes a time dependent state. The increase of the
Reynolds numbeup to 200, show in Table 4.10gives rise taa change in the solution from

the steady state already seén CFD1 and CFE@ stable oscillationsThe assumptions made

for the Mach number and the rest of the fluid parameters #re same as in the two previous

test cases

In order to analyze if théack of accuracy already seen in the other tests gets biiggex time
dependent solutionthe same coarselustered grid from Figure 4.8 utilized.In this casdhe
stability conditions in (3.2) force the time step to be smaller thdy02.

The development in time of the reference results is describedl@h lpy Table 4.17, where
both a grid refinement and a time step study are done.

Table 417. & W Z ( E v & *uosSe (}E 435 ATxblé from16] S

The reference mean valued the oscilitions are made nodimensional,obtaining values of
2.197 and0.059 for thedrag andift coefficients respectively
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FHgure 4.24.CFD3: Clustered grid

As shown in Figuré.24, the flow results are poor. Apart from threpeatedlack of accuracy in
the mean values of lift and drathe results obtained do not show the stable oscillations that
are expected aarding to Table 4.17. Thereforéhe grid problems discussed f&@DF1 and
CFD2are even more evident for this caseith a higher Reynolds numbesp the need for
higher computer performance is confirmed in order to get better results.

4.3. FSI Tests

This final section of the whole results chapter aims to validate the existing method itself, unlike
the two previous pes where both the structureand the fluid solves of the method were
studied separately Therefore,the FSI test cases must take into account the fhirdcture
interaction and analyze its effects on the structure and fluid dynamics.

All the assumptionsnade for the fluid and structural parts apply in this section as well, in
order to be consistent with the results already obtainddence, for the FSI test cases
infinitely thin flexible structure is submerged in an air flow.

It is important to remind that the existing method uses the governing equations of fluid and
structure in a nordimensional formulation. Therefore, the difference$ the benchmark
configuration should not affect the results if the ndimensional input peameters are
appropriately selected to achieve an equivalent case.

For the FSI tests the ratio between the fluid and structure densities is specified in the
benchmark, so tis quantity must be conserved by the parameters used in the method. As the
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densityof air is known, this ratio gives the appropriate densifythe flexible structure Gor
the method.

Thenon-dimensionalgoverning equation for the structuresed in the methoatan be divided
by thenon-dimensionakpecific mass of thplate:
$ F¢élL 4.9
SIET Seeeel —— (4.9)
In the resultant equation (4)9 the ratio between thenon-dimensionalflexural rigidityand
specific mass of the flexible structure is the quantity that must be matched to the same ratio
computed for the benchmarkalues, in order to get equivalent cases.

$ 3, (4.10)

/ /e »Baa o ap
Av  §Zsn@ known, theM can be computed by using (2)l@&d making the result non
dimensional The right handside of (4.19 can be calculated with the values given in the
benchmark, and its multiplication by the just computeddiwes the appropriate value of. B
The use of these input parameters in the existing method leads to FSI test cases which are
equivalentto those described in the benchmairkTable 4.18[16].

Table 4.18Parameter setting for the FSI tegiable from [16])

The settings described in Table 4.18 lead to a steady state solution for the test case FSI1 and to
periodic solutions for FSI2 and FSI3.

In order to get coherent results fronhé simulationof all these FSI test casesyery precise
coordination among fluid and sicture solversis required,so both of them mustshow a
correct and accurate performance.

Therefore the end of thevalidation proces®f the presentFSI method can only be reached
once the problems of accuracy of the fluid part are solved.
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5. Conclusions and outlook

The purpose of this final section is to explain the main conclusions derived from the
development of the project work. In additionnautlook for further investigation is presented.

5.1. Conclusions

According to the title of the specialization projeat) indepth investigation of the FSI method
has been arried out. The separate analys®fboth the structureand fluid solversprovided
the necessary results draw some conclusions.

In relation to the structural partjt is clear thatthe 1D simplification of the structure
movement has an important influence othe results. By reglecting the horiantal
displacemenof the plate,the vertical onegets slightly biggetand so desthe corresponding
oscillation periodWhen comparing with the reference results, the low relative errors obtained
are acceptabletaking into account thdower number of grid points used along the struatur
The FSI method adopts the EuBernoulli beam modefor the structure, which is considered
infinitely thin in the domain discretization. Nevertheless, in the benchmark the flexible
structure ha a finitethickness and it is modeled by giving its Caustmgss tensor by the
constitutive law fo St. VenanKirchhoff material Despite those simplifications and
differences, by lookig at the comparison of resultis,is reasonable to consider them as valid.

When studying the fluid part, several assumpticen® made for the fluid flow. Since the
existing method is originally created to work with gases, the flaidonsidered to be air
instead of glycerine as specified in the benchmark. Moeepthe compressible NaviStokes
equations are adopted in the F@®lethod unlike in the computation by Turek and Hron [16]
where they are incompressiblBy choosing the appropriate natimensional fluid parameters
and keeping the Mach number low, the tendency of the resits all simulations looks
correct. Neverthelss,the obtainedrelative errors are not low enougfThislack of accuracy of
the resultsisdue to grid problemsear the grid lines in the-glirection through the leading and
trailing edges of the cylindeEither a change of grid type or a substantial grid refinemgnt
neededin order to improve the accuracy of the results.

The correctand preciseperformance of the whole FSI methodeagquallydependent on both
the fluid and the structure solvers. Therefotbe complete validatiorof the methodcannot
be achieved untilhe accuracy problems shawn the fluid part are solved.

5.2. Outlook

As an outlook and regarding the conclusions, further devekampnof this project work should
focus first on improvinghte accuracy of the fluid solver results. For doing so, two possibilities
were proposed when discussing the results.
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On the one hand, the use of &rgrid in part of the computational domain can be expected to
alleviate the grid problems in the surroundingéthe structure. This possibility requires-re
writing the part of the original code where the grid is creatddoreover, the grid
discontinuities move now to the walls of the channel which might affect the correct definition
of the boundary conditions #re.

On the other hand, a full grid refinement study can be done to analyze if the lack of accuracy is
due to discontinuities at the leading edge of the structure or if it is just a matter of a too coarse
grid. The challengwith this possibility is now tated to computational costs, sarelatively
highcomputer performance is needed.

Once the problems are solved, the following steps involve simulaiimgectly the FSI test
cases and then the validation of the method can be completed.

To sum up, some improvements the method could be carried out in relation to the inter
block communication mechanisnthe grid problems caused by the jumps in cell sizes and
anglesmight be alleviated by a reduction of the intéfock communication. Theleais to stop
using ghost points at the block bodarieswhere the communication is allowein order to
avoidcomputing across points with big differences in grid spacings on both sitegoints at

the block boundariesare considered aelonging toboth blocks, allowing each of them to
have information about the other and maintaining the current communication.
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