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FLUID STRUCTURE INTERACTION ANALYSIS ON VIBRATIONS OF A ROD EXPOSED TO AXIAL FLOW

Foreword

In a previous project, experiments have been conducted in a set up with a
geometry equivalent to the neutron detector housing tube and consists of
four fuel box corners and the housing tube. The geometry used has then
been implemented into a fluid structure interaction (FSI) software, to
investigate if the calculated and experimental results are consistent.

The FSI calculations have been carried out as a master thesis project at Onsala
Ingenjorsbyra in cooperation with Chalmers Technical University. In this thesis work, a
commercial software was used.

In a parallel master thesis, performed at KTH, the same modelling problem is studied
using an open source software was used. The results using the two soft wares will also
be compared both to each other and to the experimental results in a separate
summarizing report.

This project has been carried out within the Energiforsk Vibrations research program.
The stakeholders of the Vibrations program are Vattenfall, E.ON, Fortum, TVO,
Skelleftea Kraft and Karlstads Energi.



FLUID STRUCTURE INTERACTION ANALYSIS ON VIBRATIONS OF A ROD EXPOSED TO AXIAL FLOW

Sammanfattning

Flodesinducerade vibrationer ar ett viktigt omradde inom ménga branscher, inklusive
karnkraft. For att 16sa problem med fluid-struktur interaktion kan en FEA-kod kopplas
med en CFD-kod och i varje tidssteg iterera fram en 16sning. Olika koder kan anvandas
men kopplingskoderna behover fortfarande testas och utvarderas for att kunna
anvandas for industriella tillimpningar.

Experiment har utforts i syfte att skapa data for validering av FSI-mjukvara och for att
se hur ett axiellt flode langs en smal struktur kan orsaka vibrationer hos strukturen. For
att visa pa tillforlitlighet hos FSI-mjukvara ar syftet med examensarbetet att se om
stavens vibrationer, inducerade av flodet, kan forutsdgas med en kopplad FSI-
simulering i ANSYS. En FSI-analys av samma geometri som i experimenten har utforts
och data fran simuleringen har jamforts med data fran experimenten. Det har ocksa
utvdrderats hur olika mesh, olika turbulensmodeller och strukturdampning paverkar
16sningen.

Med LES turbulensmodell kunde vibrationer simuleras, men med URANS
turbulensmodeller kunde inte inducera vibrationer. Frekvensinnehallet hos
vibrationerna matchar stavens egenfrekvenser. Amplituden 6kade med 6kat massflode.
Amplituderna var mycket hogre, och frekvenserna var lite hogre i simuleringen jamf{ort
med experimentet. Skillnaderna kan bero pa skillnader i modellen och
experimentgeometrin, da det var nagra osdkerheter i dokumentationen av
experimentet.
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Summary

Vibration on components caused by flow, so called flow induced vibrations, is an
important area in many industrial fields, including the nuclear power. Fluid-structure
interaction problems can be solved by coupling a structure solver to a fluid solver and
in each time step iterate to a solution. Different solvers can be used, but the coupling
codes still need to be tested and evaluated to be used for industrial purposes.

Experiments have been performed to create data for FSI-software validation and to see
how an axial flow along a slender structure can cause vibrations of the structure. In
order to prove the reliability of the FSI-simulation software the purpose of this master's
thesis is to see if the rod vibrations, induced by the axial flow, can be predicted with
coupled FSI-simulations in ANSYS. An FSI-analysis of the same geometry as in the
experiments have been carried out and the simulation data were compared to the
experiment data. Different meshes, different turbulence models and structural
damping were also investigated on how they affected the solution.

The LES turbulence model could induce vibrations, while the URANS turbulence
model could not. The vibration frequencies match the eigenfrequencies for the tube.
The amplitudes increase with increased mass flow. The amplitudes were far too high
and the frequencies were a bit higher in the simulations compared to the experiment.
The differences could be because of differences in the ANSYS model and the
experiment, since there were some uncertainties in the documentation of the
experiment.
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1 Introduction

Vibration on components caused by flow, so called flow induced vibrations (FIV), is an
important area in many industrial fields, including the nuclear power as the fuel rod
and also other slender structures are affected by the cooling water flow. This is a
phenomena were it becomes an interaction between the fluid and the structure as the
flow may cause vibrations on the structure due to turbulence, but also the motion of the
structure will affect the flow path. Fluid-structure interaction (FSI) problems can be
solved by coupling a structure solver to a fluid solver and in each time step iterate to a
solution. Different solvers can be used, but the coupling codes still need to be tested
and evaluated, to be used for industrial purposes. Therefore experimental data is
important for benchmarking of FSI-codes.

1.1 BACKGROUND

Energiforsk AB is a company working with research and development in the energy
sector. Energiforsk together with Vattenfall's Research and Development have
performed experimental tests on a simplified geometry of the in-core neutron flux
detector system guide tubes, located in between the fuel bundles as in Figure 1-1. The
length of the guide tube is 4040 mm and the diameter is 19 mm. The cooling water
flows axially upwards along the guide tube and the space between the fuel bundles
and the tube is less then 15 mm. Since the tube is weak and channel is small even small
displacements of the tube will cause pressure differences in the flow resulting in forces
on the tube.
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Neutron flux detector
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Figure 1-1: Schematic of the fuel bundles and the neutron flux detectors.
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The tube is fixed in its lower end and fastened in a grid with a spring at its upper end.
The domain considered in the experiment is marked in Figure 1-1. The geometry in the
experiment is scaled down and the upper boundary condition is a bit simplified, the
dimensions and boundary conditions of the experiment geometry are described in
section 3.1. At the inlet the mass flow rate is 0 - 15 kg/s, and the pressure is fixed at the
outlet. The experimental data consists of time history data of the tube displacement and
the pressure in the channel between the tube and the walls of the surrounding "fuel
bundles", for varying flow velocities. The tube displacement is measured with two high
speed cameras located at 90 degree angle to each other, a picture of the rig is shown in
Figure A-1 Appendix A. The purpose of the experiment is to create data for FSI-
software validation and to see how an axial flow along a slender structure can cause
vibrations of the structure.

1.2 PURPOSE

In order to prove the reliability of the FSI-simulation software the purpose of this
master's thesis is to see if the rod vibrations, induced by the axial flow, can be predicted
with coupled FSI-simulations in ANSYS.

1.3 OBJECTIVE

An FSl-analysis of the same geometry as in the experiments will be carried out with
ANSYS software, and a working model needs to be set up in ANSYS. The tube
displacement data from the simulation will be evaluated with focus on frequency
content and magnitude of the amplitudes. The simulation data will be compared to the
experiment data. It will also be investigated how different meshes, different turbulence
models and structural damping will affect the solution. In ANSYS a stabilization
parameter is implemented in order to stabilize the solution and avoid divergence. It will
be investigated how the stabilization parameter is implemented and how it affect the
convergence and the solution.

14 SCOPE

The FSI-analysis will be done only with ANSYS Workbench coupling ANSYS
Mechanical with ANSYS Fluent, no other software will be used in this thesis. In the test
rig the tube is welded in its lower end in a cross formed structure as also serves as a
flow straightener. This part is outside the computational domain and not included in
the simulation. The experiments is done for many different inlet mass flow rates, but
only three different inlet mass flows will be considered in the simulations, and the
sensitivity analyses will be done only for one inlet mass flow.

15 STAKEHOLDERS

This is a master’s thesis in Engineering Mathematics and Computational Science at
Department of Applied Mechanics at Chalmers University of Technology. Energiforsk
AB finances this master’s thesis and the experiments described above. The experiments
have been performed by Vattenfall R&D on their research facility in Alvkarleby. This
master's thesis is performed together with and supervised by the people at Onsala
Ingenjorsbyra AB, an engineer office with focus on computationally intensive structural
and fluid mechanics. Another master's thesis is performed at KTH Royal Institute of
Technology with the same purpose, but using another software (OpenFoam).
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2 Theory

In this chapter a theoretical background for understanding the methods and result is
given. First some basic theory about the structural model and the fluid model is given.
Then different approaches for FSI-analyses are described and a presentation of the
ANSYS software is given. For understanding the post processing of the data a brief
explanation of the discrete Fourier transform is given.

2.1 STRUCTURAL MODEL

Almost all physical problems end up with solving a differential equation, which is not
always possible to solve analytically. A numerical method for solving this differential
equation approximately is called the Finite Element Method (FEM). The structure is split
up in small parts, so called finite elements, and the differential equation is solved
approximately for each element. The steps in the FE-formulation is to multiply the
differential equation with a test function, integrate over the element and use the Green-
Gauss theorem to rewrite the equation. Then the unknown function is approximated
with Na where ai is the nodal value in node i and N: is a function taking the value one
in node 7 and zero in all other nodes. The result is a discretized system of equations that
gives an approximate solution for the whole structure. [1]

2.1.1 Equation of motion and mode separation

The equation of motion for a discretized multiple degrees of freedom system is given
by

[M]ia(e) + [Clu(t) + [K]u(t) = F(t) (2.1)

where u(t) is the displacement vector, F(¢) is the load vector, [M] is the mass matrix, [C]
is the damping matrix and [K] is the stiffness matrix. Reyleigh damping is often assumed
and modeled as [C] = a [M] + S [K]. For an undamped system with zero load (2.2) the
motions will be on the harmonic form u,,(t) = ¢, sin(w,t + ¢), when inserted in (2.2)
leads to the eigenvalue problem (2.3) where ¢,, is the eigenvector corresponding to
eigenvalue wj.

[M]ii(¢) + [KJu(t) = 0 (2.2)

(K] - @} [MD ¢, = 0 (2.3)
By superposition the general solution to the undamped system (2.2) is a linear
combination of {u,}N_;.

N N

() = ) auu, () = ) aydysin(w,t + ) (2.4)

n=1 n=1

The general solution to the damped system (2.1), with Reyleigh damping assumed, can
be written in terms of the modes as (2.5) and (2.6).
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N N
u(®) = D 0,0 = ) $utu(® 25)
n=1 n=1
My, () + €, () + Ky g, (t) = Fo(0) (2.6)

where g, is the modal coordinates and
E, = ¢£F(t): my = ¢£[M]¢n! k, = ¢1’1;[K]¢n = wzmn:
Cp = ¢;FL[C]¢n =am, + Bk, = (a+ ﬂw‘rzl)mn

Equation (2.3) gives that k,, = w?m,and hence ¢, = (¢ + fw2)m,,. Equation (2.6) can
then be written as

E®

n

n(t) + 28,0, (8) + wiq(t) =

where {,, = /2w, + Pw,/2 is the damping ratio for the n:th mode.

In simulations only stiffness damping (f) is implemented and calculated as § = 2{/w
where ¢ and w is estimated from experiments. [2]

2.1.2  Natural frequencies and nodal positions for a fixed-pinned beam

The natural frequency for a fixed-pinned beam is given by equation (2.7). The first
mode natural frequency is called the fundamental frequency and if this is known the
higher mode frequencies can be computed from equation (2.8), which can easily be
derived from (2.7). Node positions, normalized by L, and K,, for a fixed-pinned beam
are given in Table 2-1. [3]

o, _ 1K, |[EI 27)

In= om T 2m iz oAy

p— K"
fon="F1 K, (2.8)

Table 2-1: K» and node positions (normalized by L) for the first 6 modes [3].

Mode L K, Node positions/L
1 3.972 15.418 0 1
2 7.069 49.965 0 0.5575 1

3 10.210 | 104.248 0 0.3869 0.6922 1

4 13.352 | 178.270 0 0.2951 0.5294 0.7647 1

5 16.493 | 272.031 0 0.2389 0.4285 0.6190 0.8095 1

6 19.635 | 385.531 0 0.2007 0.3600 0.5200 0.6800 0.8400 1

10
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2.2 FLUID MODEL

The method of solving problems involving fluid flow is called computational fluid
dynamics (CFD). The principle is similar to the FEM, the fluid volume is divided into
small volumes, and the transport equations are solved for each volume. This is called
the finite volume method (FVM). Different discretization schemes can be used to
approximate the derivatives such as first or second order upwind, or central
differencing. This leads to a system of equations, which usually must be solved
iteratively. The steps in the discretization are to generate a grid, integrate the transport
equations over the cell volumes and approximate the derivatives with some
discretization scheme. The result is a discretized system of equations that gives an
approximate solution of the flow variables when solved. [4]

2.2.1  Governing equations of fluid flow

The governing equations of fluid flow come from the principles of conservation of mass
and momentum. Since the fluid in this problem is water, the flow is assumed to be
incompressible.

The continuity equation (2.9) is derived from the principle conservation of mass. Using
the incompressibility assumption the continuity equation can be simplified as (2.10).
The momentum equation is given by (2.11). [4]

dp 0pv;
E+ 9%, 0 (2.9)
Ovi _ 2.10
axi - ( . )
dpv; Ovyy;  dp Oty
at xj  ox + ox; +pfi @11)

In momentum equation (2.11) one term includes the viscous stresses 7;;. In a
Newtonian fluid and for incompressible flow the viscous stresses will be on the
following form. [5]

2 212
Ty = H ax, ' ox; (2.12)

Inserting this expression for the stresses in momentum equation gives the Navier-Sokes
equation (2.13) (the body forces pf; will be ignored in the continuing).

dpvi  Ovw; b 0 ( (9vi O, (2.13)
0x; B )

at x; ax; dax; dx;

Now there are four equations, (2.10) and (2.13) and four unknown p, v; fori = 1,2, 3.

2.2.2  Turbulence and turbulence modeling

There are different ways to model turbulence. In this section two different principles of
turbulence modeling are presented.

11
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Reynolds-averaged Navier-Stokes equations

For turbulent flows the variables can be divided into a time-averaged part ¢ and a
fluctuating part ¢’, called Reynolds decomposition.

¢=¢+¢
The time-averaged part is independent of time, ¢ = ¢, and the fluctuating part has zero

mean value, ¢’ = 0. For the velocity components and the pressure Reynolds
decomposition gives the following expressions.

/

v, = U; + v}, p=p+p (2.14)

Insert the Reynolds decompositions (2.14) in continuity equation (2.10) and Navier-
Stokes equation (2.13) for incompressible flow and take the time average of each
equation gives the Raynolds-averaged Navier-Stokes (RANS) equations (2.15).

aw;

ax;

v _ow\_ _op 0 ( (9% ov)\
P\at "Viox,) T "ox,  ox;\M\ax;, Tax ) T PTY

The last term pv/v; is called the turbulent stresses (or the Reynolds stresses) and can be
modeled by Boussinesq assumption (2.16).

(2.15)

(az—;i a7,

2
~8,pk :
o, " o, > +3 8P (2.16)

PV = —h,

Depending on the definition of time-average equation (2.15) can be steady or unsteady,
then called the unsteady Reynolds-averaged Navier-Stokes (URANS). The turbulent eddy
viscosity p, is still unknown and can be modeled i different ways. Common models for
the turbulent eddy viscosity are the k — € model and the k — w model. In the k — ¢
model transport equations is derived for the turbulent kinetic energy, k and its
dissipation, €. The turbulent viscosity is then expressed in the turbulent kinetic energy
and the dissipation. The procedure for the k — w model is the same, but the turbulent
viscosity is instead expressed in k and the specific dissipation, w, and transport
equations must be derived for these quantities. [6]

Large eddy simulation

The principle in eddy simulation (LES) is to resolve the large eddies (grid scales) and
model the small eddies (subgrid scales). In LES the continuity and Navier-Stokes
equations is filtered (volume-averaged) instead of time averaged as in the RANS. The
variables are split up as ¢ = ¢ + ¢"" and for volume averaging ¢ # @ and ¢" # 0.

The governing equations for LES are described in equation (2.17).

v,

ax;

LA W N O W
P\at "Viox,) T "ox,  ax;\M\ox, T ax,) T PV TV

(2.17)

12
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A subgrid model is needed to model the subgrid-scale stresses, 7;; = p(Tv]’ - ﬁiﬁj).
There are different subgrid scale models, for example Smagorinsky model and Wall-
Adapting Local Eddy-viscosity (WALE) model, both using the Boussinesq assumption
(2.16) and models the turbulent eddy viscosity, v;. [6]

2.3 FLUID STRUCTURE INTERACTION

In problems with fluid-structure interaction (FSI) solid structures interact with
surrounding fluid flow. The solid structure displacement will cause pressure
differences in the fluid, and these pressure differences will force, or damp, the motion
of the structure. One example of this phenomena is when turbulence in the flow cause
motion of some structure, this is called flow induced vibrations. There are different
numerical methods for solve these types of problems. The monolithic approach solves
the fluid and structure dynamics as one system of equations, this method require
conforming mesh and a specialized code. The partitioned approach solves the fluid and
structure system separately with different meshes and codes. The advantage with this
approach is that common and well-known codes can be used and connected together.
The partitioned approach is the method used in the simulations in this thesis,
connecting ANSYS Mechanical with ANSYS Fluent. A partitioned FSI simulation can
also be one-way or two-way coupled. In a one-way coupled simulation data is only
transferred from one solver to the other, but not the opposite way. In two-way coupled
FSI both part is affected by each other and data is transferred both from fluid solver to
structure solver and from structure solver to fluid solver. [7]

2.4 THE SOFTWARE

The software used for the simulations is ANSYS Mechanical and ANSYS Fluent
coupled together via System coupling in ANSYS Workbench. The structure model is set
up in Mechanical, including boundary conditions. The surfaces, which are in contact
with the fluid, get a special FSI-condition. The fluid model and solver settings are set
up in Fluent, and also here the surfaces in contact with the structure is set as "FSI-
walls". In System coupling the data transfers can be created as displacements is
transferred from Mechanical FSI-surface to Fluent FSI-wall and force is transferred
from Fluent FSI-wall to Mechanical FSI-surface. In System coupling the end time, time
step and maximum number of iterations in each time step is defined. A flow chart of
the FSI workflow in ANSYS is shown in Figure 2-1. [8]

13
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Figure 2-1: Flow chart for two-way coupled FSI with ANSYS Workbench.

There could be convergence problem for these types of simulations. In ANSYS there is
a special Solution stabilization parameter implemented to stabilize the computations.
This parameter is modifying a coefficient in the discretized continuity equation to slow
down the pressure response in the fluid when a displacement from the mechanical
solver is received. This method will avoid divergence or oscillating around the solution
and affect the rate of convergence. The converged solution will not be affected. [9]

2.5 FREQUENCY ANALYSIS

To analyze the frequency content in vibration data the Discrete Fourier Transform
(DFT) is used. The DFT transform some discrete data from time-domain into discrete
data in frequency domain. The DFT of some data {x,,}}_, with length N is

1N—1
27,
—nk—i
X =— E e VNtlx
k N n
n=0

The generated sequence X, will be periodic with period N, and symmetric around k =
0. The frequencies and its corresponding amplitude are calculated as

where At is the time step size of the sample data. [10, 11]

14
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3 Methodology

In this chapter the simulation setup and model is described. First the geometry, the
computational domain and the material properties is explained in section 3.1. Then in
section 3.2 the case setup is presented and motivated.

3.1 THE MODEL

The geometry and the computational domain is built up with the same dimensions as
the experiment described in section 1.1. The solid geometry consists of a long slender
tube representing the neutron flux detector guide tube. The fluid domain around the
tube represents the space between the fuel bundles. The neutron flux detector guide
tube and the fuel bundles are also described in section 1.1. As shown in Figure 3-1 the
length of the tube is 1486 mm, the outer diameter is 8 mm and the wall thickness is 0.6
mm. It is fixed at its lower end (z = 0 m) and pinned at its upper end (z = 1.476 m).

A [mm]

80.0
(mm]

A
v

0 A 1400

0.0 @e 644

/' A

54
36.8

6.4 36.8 Y
<> 08 s 50
I v v % N
L> 200

X
ZA v ZT
X
X y

Figure 3-1: Different views of the geometry and the computational domain. To the left there is a isometric
view, in the middle the geometry is seen from above and to the right the geometry is seen from the side.

The upper boundary condition is set 1 cm down from the end of the tube, and is
modeled by setting x- and y-displacement to zero. At the inlet the mass flow is given
and at the outlet the gauge pressure is 0 Pa. The tube is made of steel and the density
used in the simulations is the same as in the experiment. The Young's modulus has
been calibrated in order to obtain the same fundamental frequency for the tube in air as
in the experiment. The material data used in the simulation is listed in Table 3-1 and
Table 3-2.

15
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Table 3-1: Material data for steel, used in the simulations.

Material Density Young's modulus Poison's ratio
[kg/m?] [GPa]
Steel 7863 193 0.3
Table 3-2: Material data for air and water, used in the simulations [12].
Densit Dynamic viscosit Speed of sound
Material 3y v ) v P
[kg/m?] [m?/s] [m/s]
Air 1.2 17.83-10° 343
Water 998.2 1.002-10°3 1497

3.2 CASE SETUP

A modal analysis for the tube is done in ANSYS, in order to determine the
eigenfrequencies and its mode shapes. The modal analysis is performed both in air and
in water and the boundary condition used is fixed-pinned. The FSI-simulation is done
for three different mass flow rates at the inlet, 5 kg/s, 10 kg/s and 14.8 kg/s. For mass
flow rate 10 kg/s different turbulence models is tested in order to find out if there is any
differences between the models. As it turned out that the URANS-models could not
induce any vibration of the rod (see section 5.4) the LES-model is used most simulation.

Simulations is done using four different fluid meshes, a coarse mesh with 250 000 cells,
a medium mesh of 1 million cells, a fine mesh of 2.5 million cells and one extra fine
mesh with 10 million cells. The biggest difference between the meshes is in the "cross"
around the tube, pictures of the meshes in the "cross"-part can be seen in Appendix B.
The coarse mesh was designed to run "fast" on the workstation for the purpose to find a
working simulation setup and flow model. For this mesh the different turbulence
model was tested in order to decide which model to use for the finer meshes. Also
different inlet mass flows were tested for this mesh, to see if and how the flow rate
affects the rod vibration. For medium and fine mesh the case 10 kg/s is tested with the
LES turbulence model. For the medium mesh the cell size around the tube is Ax* =
1650, Ay* ~ 150 and Az* =~ 170. The fine mesh cells size around the tube is Ax* =~
1100, Ay* ~ 110 and Az* = 90. Since the amplitudes seemed to be a bit large (see
chapter 5), two cases were run with 5% damping implemented in the structure model
to see how much impact this could have on the vibration amplitude. The extra fine
mesh was designed to test the computational time on a cluster. This mesh was run for
one case, 10 kg/s and the LES-model. It is used as verification and to test convergence
sensitivity. For this mesh the cell size is Ax* ~ 820, Ay* = 80 and Az* ~ 115. For each
mesh and flow rate the time step is adapted to get a desired Courant number for the
simulation. The Courant number is kept around 5 in some simulations and around 1 in
some simulations. Running the simulations for the finer meshes with Courant number
around 1 requires small time step size which make the simulation very time
consuming, hence it is interesting to see if a greater time step will affect the result.

16
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Table 3-3: Cases simulated.

Mesh Mass flow Turbulence Time step
[kg/s] model [ms]
Coarse 5 LES 1.0
Coarse 10 LES 1.0,0.5
Coarse 15 LES 0.25
Medium 10 LES 1.0,0.2
Medium 10 LES 1.0,0.2 Damped
Fine 10 LES 0.5,0.15
Fine 10 LES 0.5,0.15 Damped
Extra fine 10 LES 0.5
Coarse 10 URANS 1.0
Fine 10 URANS 0.5

17
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4  Experiment results

In this chapter the result of the experiments is presented. The displacements are
measured at a position 850 mm up from the bottom of the tube, this is when
normalized by the tube length 0.5720. Comparing this with the node positions in Table
2-1 close to the second mode at 0.5575 and the fourth mode at 0.5294. This means that
the in the frequency analysis almost nothing will be seen from the second and fourth
mode. The sample frequency is 750 frames per second and hence frequencies up to 375
Hz could be resolved. For all trials the sample length is 20 seconds. The experiment is
done for five different mass flow rates between 0-15 kg/s, but only result for 5, 10 and
15 kg/s is presented since only these flows are relevant for comparison with the
simulations. Several trials are done for each flow rate but in some trials there were
problem with the measuring equipment. In Table 4-1 displacement data from all trials
of 5kg/s, 10 kg/s and 15 kg/s is shown. The graphics in Figure 4-1 and Figure 4-2 is data
from case 1, 4 and 6 is shown but any case could be used, as the data for the cases look
similar. The amplitude increase when the flow rate increase, which can be seen in
Figure 4-1 showing time-position data for the different flow rates.
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o
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Figure 4-1: Time-position data of the tube displacement for the different flow rates.
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Table 4-1: RMS-values and maximum values of tube displacement experiment data.

Displacement [mm]
Case Mass flow t t total
X-componen -componen ota
[kg/s] P y-come

RMS Max RMS Max RMS Max
1 5 0.0286 0.1084 0.0356 0.1039 0.0457 0.1168
2 5 0.0323 0.1409 0.0316 0.1326 0.0452 0.1897
3 10 0.0786 0.2562 0.0798 0.3268 0.1120 0.3279
4 10 0.0780 0.2494 0.0802 0.2705 0.1118 0.3074
5 10 0.0755 0.2847 0.0702 0.2713 0.1031 0.3921
6 15 0.1238 0.4550 0.1050 0.3802 0.1623 0.4557
7 15 0.1249 0.4962 0.1106 0.4056 0.1668 0.5137

The fundamental frequency of the tube is determined by measurements when the tube
is bent out and released, in both air and still water. The results are presented in Table
4-2. Using equation (2.8) and data in Table 4-2 the higher modes can be estimated, these
are presented in Table 4-3.

Table 4-2: Fundamental frequencies for the tube from the experiments.

Mode Air Water

1 14.65 Hz 10.25 Hz

Table 4-3: Estimations of higher modes using the first mode frequencies in Table 4-2.

Mode Kn Frequency [Hz], f, = f1(K./K1)
1 15.148 14.65 10.25
2 49.965 47.47 33.21
3 104.248 99.03 69.29
4 178.270 169.35 118.49
5 272.031 258.43 180.81
6 385.531 366.25 256.25

The frequency content from vibration (displacement) data is shown in Figure 4-2. The
peaks in Figure 4-2 are located around 10 Hz, 65 Hz, 152 Hz and 170 Hz, where 10 Hz
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and 65 Hz match with the first and third mode in Table 4-3. As expected the second
and forth mode cannot be found in the frequency spectra. The fifth mode frequency is
180 Hz according to the estimates Table 4-3, there is one peak on 170 Hz in Figure 4-2
that match this mode but there is also one peak at 152 Hz which do not have a clear

match with any of the estimated values.
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Figure 4-2: Amplitude spectra for position, velocity and acceleration of the tube displacement for the different

flow rates.
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5 Simulation results

In this chapter the results from the different simulations is presented. The result is
mainly presented as x- and y-displacement of the tube in one point. The displacement
is measured in a point 1118 mm from the bottom of the tube for the coarse mesh and
950 mm from the bottom of the tube for the other meshes. The frequency content and
RMS-value of the displacement data is used to analyze and compare the simulations to
each other and to the experiment data. The bulk velocity in the "cross"-channel is 5.2
m/s, 10.5 m/s and 15.7 m/s for inlet mass flow 5 kg/s, 10 kg/s and 15 kg/s respectively.
In all results up to section 5.4 the LES-turbulence model were used in the simulations.

5.1 MODAL ANALYSIS

Table 5-1 shows the result of the modal analysis in ANSYS Mechanical. Estimation of
the modes using equation (2.8) is given in Table 5-2. The fundamental frequency in air
is the same as in the experiment since the Young's modulus is calibrated to obtain this
frequency. The frequencies in water are higher in the simulation compared to the
experiment, but it matches well with the estimations in Table 5-2.

Table 5-1: Eigen frequencies for the tube computed in ANSYS Mechanical.

Mode Air Water
1 14.65 Hz 12.15 Hz
2 47.45 Hz 39.35Hz
3 98.94 Hz 82.07 Hz

Table 5-2: Estimations of the modes using the first mode frequencies in Table 5-1.

Mode K, Frequency [Hz], f, = f1(K./K1)
1 15.148 14.65 12.15
2 49.965 47.47 39.37
3 104.248 99.03 82.13
4 178.270 169.35 140.45
5 272.031 258.43 214.33
6 385.531 366.25 303.75
5.2 DIFFERENT MASS FLOW RATES

The tube vibration is simulated for three different inlet mass flows for the coarse mesh,
the x- and y-displacement for these simulations is shown in Figure 5-1: Displacement of
the tube for the different flows.. It is clear from the figure that the vibration amplitude
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increases with the mass flow. In Table 5-3 the RMS-value and max-values of the
displacement data in shown. The RMS-values of total displacement is about twice as
big for these simulations compared to the experiments. For these three simulations the
time step is chosen so that the Courant number is around one. The time simulated is 3
seconds for case 1, 4.3 seconds for case 2 and 2 seconds for case 3.

The frequency content in displacement data for simulation case 1, 2 and 3 is shown in
Figure 5-2. The peaks in Figure 5-2 appear at 11 Hz, 37 Hz, 126 Hz, 200 Hz and 277 Hz.
The frequencies in the simulations match well with the estimated frequencies in in
Table 5-2, but the third mode is missing in the simulation data as expected (since the
normalized position is 0.75, close to the fourth node according to Table 2-1). Separate
graphs for each mass flow of the frequency content can be found in Appendix D.

L, 10-3 Inlet mass flow: 5 kg/s z-component
= . | | | ! ' ! ! y-component
= 0.6 F
[=]

S 0.0 oo e e e A O S N S T N ]
Z_ 0.6} .
[=H
_1.2 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]
x 103 Inlet mass flow: 10 kg/s
. 1'2 T T T T T T T T T
= 0.6} i
5 0.0 RPN MG A LA N Seoroyi Y
Z_0.6} .
[=I
_1-2 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]
« 10-2 Inlet mass flow: 15 kg/s

Position [m)]

Time [s]

Figure 5-1: Displacement of the tube for the different flows.
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Table 5-3: RMS-values and maximum values of tube displacement.

Displacement [mm]
Case Mass flow | Time step X-component component total
[ke/s] [s] ' y-comp
RMS Max RMS Max RMS Max
1 5 0.001 0.05 0.14 0.05 0.16 0.07 0.18
2 10 0.0005 0.14 0.36 0.13 0.38 0.19 0.44
3 15 0.00025 0.29 0.74 0.30 0.86 0.41 0.90
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Figure 5-2: Amplitude spectra for position, velocity and acceleration of the tube displacement.

5.3 SENSITIVITY AND CONVERGENCE ANALYSIS

For the inlet mass flow 10 kg/s simulations is done with different meshes and time
steps. In Table 5-4 information for all simulations for 10 kg/s is presented, in Appendix
C the same table with RMS- and max-values for x- and y-components can be seen. The
amplitude seems to be twice as large for the medium mesh (2) and fine mesh (3)
compared to the coarse mesh (1) comparing RMS-values. For mesh 4 (finest mesh) the
amplitude is a little lower compared to mesh 2 and mesh 3. Smaller time steps (Courant
numbers around 1 instead of 5) do not seem to have any affect on the amplitudes, in
some simulations the amplitude increases when the time step is decreased, and in some
simulation the amplitudes decreases when the time step is decreased. Unfortunately
the time simulated for the smaller time steps is short, less than one second in some
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cases. This is because of the computational cost when decreasing the time step, these
simulations took over one week to run. Because of the large amplitudes compared to
the experiment some simulations were run with 5% structural damping implemented
in ANSYS Mechanical, as described in section 3.2. The damping did not seem to
decrease the amplitude. The mesh, time step and damping had no effect on the
frequency content. Figure 5-3 shows the frequency content for simulation with the
finest mesh. Since the displacement measurement point were at 950 mm from the
bottom of the tube (0.64 when normalized with tube length) even the fourth mode
frequency can be seen here.

Table 5-4: RMS-values and maximum values of tube displacement, Mesh 1 is the coarse mesh, Mesh 2 is the
medium mesh, Mesh 3 is the fine mesh and Mesh 4 is the extra fine mesh.

. Total displacement
Mass flow | Time step . Time [mm]
Case | Mesh simulated
[ke/s] [s] Is]
RMS Max

2 1 10 0.0005 4.3 0.1927 0.4352
4 1 10 0.001 3.5 0.1673 0.4094
5 1 10 0.001 4.3 0.1708 0.4770
6 2 10 0.001 1.1 0.3183 0.7303
7 2 10 0.001 0.8 0.3474 0.6056
8 2 10 0.0002 0.3 0.4069 0.9517
9 2 10 0.001 0.8 0.3376 0.7417 Damped
10 2 10 0.0002 0.5 0.3748 0.7553 Damped
11 3 10 0.0005 1.7 0.3280 0.7443
12 3 10 0.0005 14 0.4830 1.2180 Damped
13 3 10 0.00015 0.6 0.3239 0.7966 Damped
14 4 10 0.0005 1 0.2770 0.5505
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Figure 5-3: Frequency content of vibrations for the extra fine mesh simulation.

DIFFERENT TURBULENCE MODELS

The URANS-models could not force any tube vibration. The upper graph in Figure 5-4
is an example of what happens when switching from LES to URANS SST-k-w in Fluent.
The flow then dampens the vibrations rather than inducing them. This simulation is
done for the coarse mesh. The lower graph in Figure 5-4 shows a simulation switching
from the k-¢ model to the SAS-model (a mix between URANS and LES), and then
switching from the SAS-model to the LES-model. Clearly LES is the only of these
modes that can induce the tube vibrations.
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Figure 5-4: Difference between the URANS and the LES turbulence-model.
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6 Discussion

When comparing the simulations to the experiment there were two things to notice.
The amplitudes were far too high and the frequencies were a bit higher in the
simulations compared to the experiment. The fundamental frequency in air was
calibrated to be the same for the experiment and simulation. The Young's modulus was
changed to get the right frequency in the simulation, since this parameter was
unknown for the steel used in the experiment. It maybe would have been better to
calibrate the frequency for water, but this were not done since it gave unreasonably low
values of the Young's modulus. It was also possible that the tight channel between the
tube and the wall could affect the frequency in water determined in the experiment,
this was not possible to simulate with a simple modal analysis in Mechanical. Hence
there was already a gap between the frequencies in the experiment and the simulation
before the FSI-simulation was performed. Also other parameters could be modified to
calibrate the fundamental frequencies, for example the wall thickness of the tube or the
distance between the boundary conditions, which were parameters with unknown
tolerance. The difference in amplitude between the experiment and the simulation
could be because of uncertainties in experiment setup or tolerances in the displacement
measurements, but it is also possible that the simulation actually gives greater
amplitudes. If this is always the case it would not be a big problem for industrial
applications since the simulations then is conservative, the simulated case is worse than
reality. The reason why the displacement is measured in different points in the
simulation and the experiment is because of errors in the information and
documentation of the experiment set up. This could be a reason to the difference in
amplitude, but could not explain this big difference.

The amplitude is also larger for the finer mesh compared to the coarse mesh. This is
probably because the turbulence, and the eddies is better resolved with the finer mesh.
When analyzing the flow it seems that a lot of turbulence is created in the inlet to the
tight channel, but also from wall friction. Hence it is important to have a fine mesh
around the tube wall. The simulations took long time, for the coarse mesh the
simulations ran over a week on 4 cores to get around 4 seconds simulated. The
simulations for the finest mesh also ran a week on 120 cores and only one second were
simulated. For the finer mesh it was the re-meshing procedure in Fluent that was the
most time consuming. This is the reason why not more time is simulated for the
different cases, especially those cases with smaller time step. There were no problem
with convergence, probably because of the very small deformations, hence solution
stabilization was not needed for these simulations.

The LES turbulence model could force vibrations, while the URANS turbulence model
could not. This is could be because a lot of turbulent viscosity is build up in the in the
URANS-models. This turbulent viscosity will rather damp the tube vibrations than
induce them.
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7 Conclusions

It was possible to simulate the flow-induced vibrations of the tube with the LES
turbulence-model. The differences in the frequency and amplitude could be because of
differences in the model and the experiment. The simulations seemed not to be
sensitive to time step or damping, but a coarse mesh resulted in lower amplitudes
compared to a finer one.

7.1 FUTURE WORK

Further benchmarking needs to be done to know that the simulation can be reliable. For
this particular case it would be interesting to see similar results from other software. It
would also be good to simulate more seconds to get more robust data. Another area for
further research is which turbulence models that can be used for this type of
simulations, and why the models work or do not work. It could interesting to
investigate if it is the turbulence built up in the inlet or if it is the turbulence built up by
shear along the walls that contributes most to the vibrations. It is also possible that a
potential flow model can force tube vibrations, which could be interesting to
investigate.
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Appendix A The test rig

Figure A-1: The rig used for the experiments.
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Appendix B Fluid meshes

B.1 COARSE MESH
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Figure B-1: Coarse mesh
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B.3 FINE MESH

Figure B-3: Fine mesh
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B.4 EXTRA FINE MESH

Figure B-3: Extra fine mesh
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Displacement data

Appendix C
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D.1 MASS FLOW INLET 5KG/S
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Figure D-1: Frequency content of vibrations for the 5 kg/s mass flow inlet simulation.
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D.2 MASS FLOW INLET 10KG/S
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Figure D-2: Frequency content of vibrations for the 10 kg/s mass flow inlet simulation.
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Figure D-3: Frequency content of vibrations for the 15 kg/s mass flow inlet simulation.
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Vibrations in components caused by flow, so called flow induced vibrations, is
an important area in many industrial fields, including the nuclear power. In this
project, a geometry equal to the neutron detection housing was studied using
CFD calculations. The study shows that it is possible to simulate the flow-
induced vibrations of the tube with the model that was used. The differences
observed in frequency and amplitude could be explained by differences in the
model and the experimental set up. The simulations seemed not to be sensitive
to time step or damping, but a coarse mesh resulted in lower amplitudes
compared to a finer one.

Another step forward in Swedish energy research

Energiforsk — Swedish Energy Research Centre is a research and knowledge based organization
that brings together large parts of Swedish research and development on energy. The goal is

to increase the efficiency and implementation of scientific results to meet future challenges

in the energy sector. We work in a number of research areas such as hydropower, energy gases
and liquid automotive fuels, fuel based combined heat and power generation, and energy
management in the forest industry. Our mission also includes the generation of knowledge
about resource-efficient sourcing of energy in an overall perspective, via its transformation and
transmission to its end-use. Read more: www.energiforsk.se
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