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Abbreviations and Acronyms

Acronym description
FIV Fluid-Induced Vibration
FSI Fluid-Structure Interaction
GO-VIKING Gathering expertise On Vibration ImpaKt In Nuclear power Generation
PIV Particle Image Velocimetry
WP Work-Package
Summary

The Flow Induced Vibrations (FIV) of a free-clamped rod exposed to axial water flow have been
experimentally investigated, using a custom-made test piece which comprises a rod confined
inside a tube. Both the vibrating rod and the confining tube are made of stainless steel: the
rod is filled with lead, whereas the confining tube accommodates a transparent section for
optical access. This provides a simple configuration, with dimensions and linear mass density
chosen to be informative of water-cooled nuclear reactor fuel rods. Experiments have been
carried out with water at ambient conditions flowing towards the rod free-end (free-clamped
configuration) and also adopting the reverse configuration, where water flows away from the
rod free-end (clamped-free configuration). During the experiments, the Reynolds number
(based on the hydraulic diameter of the annulus formed by the rod and the confining tube)
was varied between 5,000 and 80,000: a range that significantly extends the scope of existing
data on axial-flow-induced vibration of free-clamped rods. Measurements have been carried
out using non-contact techniques: fast video imaging has been used to track the motion of the
rod, while Particle Image Velocimetry (PIV) has been employed to resolve the flow field. For
the free-clamped configuration, flutter was evident at low Reynolds numbers, whereas
buckling occurred at high enough Reynolds numbers. On the other hand, for the clamped-free
configuration, flutter was only evident with no buckling taking place. For both configurations,
as the displacement reaches around 0.2-0.3 mm, the slope of the RMS displacement vs
Reynolds number curve increased sharply till, for the free-clamped configuration, the rod
buckles touching the confining tube and remain almost still in a deflected configuration,
whereas for the clamped-free configuration, the rod continues to vibrate and does not buckle.
PIV measurements exposed associated flow field features for interesting cases. In particular,
the clamped-free configuration demonstrated a clear separation region behind the tip of the
rod which was not evident for the free-clamped configuration. Since both the rod vibration
and the flow field are monitored, the present data are particularly suited for development of
numerical models and code validation.

Keywords

Axial flow; Vibration; Free-clamped rod; Experiment
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1. General

D2.1is concerned with providing a description of the single-phase experiment, benchmark setup,
boundary conditions, and experimental results. This document describes the experimental setup
used for the single-phase experiments, explains the conducted measurements for motion tracking
and flow field visualisations, and presents the obtained experimental results.

2. GO-VIKING Research Objectives

The overall objective of GO-VIKING is to increase the expertise and improve the tools and skills of
the European nuclear stakeholders in the analysis of complex FIV phenomena. This will maintain
and further enhance nuclear plant operation and safety.

This will be accomplished by:

e Generation of high-resolution numerical and experimental data of FIV in single and
multiphase flows

e Development and validation of high- and medium-resolution, as well as fast-running
practical tools for the FIV analysis

e Implementation of efficient methods for uncertainty propagation in the FIV analysis
results

e Synthesis of best practice guidelines for FIV analysis in accordance with the needs of the
stakeholders

e Targeted training of graduates and young experts as well as practitioners from
stakeholders in FIV analysis and modelling techniques

The GO-VIKING project will improve the safety of contemporary reactors and the design evaluation
of new concepts by making available new experimental results and improved numerical
approaches for the evaluation of FIV.

3. Setup Description for the Single-Phase Cantilever
Rod Experiment

3.1 Flow loop

A schematic as well as a photograph of the flow loop are provided in Figure 1. The test rig
represents an improved version from the rig used by Cioncolini et al. (2018): the test section
is essentially the same, apart from a new transparent section, and the flow loop is conceptually
analogous although realized with new, high-spec components. However, the novelty of the
present investigation stems from a number of improvements implemented, including:

(1) measuring the clamped-free flow configuration which was not previously explored;
(2) investigation of a wider range of Reynolds number;

(3) 3D detection of the rod motion rather than 2D;

(4) a more advanced PIV setup.
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The test section is connected to a recirculating open loop system driven by a pump (10HP
Leeson pump; rotational speed: 3500 rpm). The test fluid is water, whose characteristics of
density and viscosity are determined from its temperature, measured via a direct immersion
digital thermometer (ETI-Electronic Temperature Measurements Ltd; Direct immersion
aquarium thermometer; temperature range: 248—-343 K; accuracy within + 1 K). The mass flow
rate is measured with a heavy-duty turbine flow meter (Cole-Parmer; flow rate range: 37.8—
378 |/min; accuracy: + 3.78 I/min) installed downstream of the pump and upstream of the test
section. For flow rates that were too small for the turbine flow meter to resolve, these were
measured with the mass weighting method: the flow at the outlet of the flow loop was
collected in a bucket and its weight was divided by the collection time (accuracy: = 5 %).

(a) Frsg-Clampéd Seal-up Clamped-Free Sal-up
&
&
7 £
e Thammamasar =
7 i )
i g @
'&' Elirv *I } Flo %
Pump | Vaive Metsr & Pump | Valve Msier
th—] Q%O

(b)

Figure 1: Experimental test rig: (a) schematic of the two flow configurations; (b) real
apparatus.

3.2 Test section

A detailed schematic of the test section is shown in Figure 2. The test section has a vertical
vibrating rod that is clamped at the top within a union cross and free at the bottom tip, where
vibration takes place, inside a confining vertical tube. The flow can enter from either the top
or bottom of the test section, see Figure 2, so that the test piece configures a simple rod-in-
tube design with an axial annular flow that can be directed either upwards, impinging on the

\——_—A
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free rod end and then moving along the annular section towards the fixed end, or downwards
along the annular section, past the free rod end, exiting from the bottom end of the confining
pipe.

(a) Vibrating Rod (b)

 RodFixed End i
B3 Flow In/Out

L1 12 ) f_\g

L:

1

N |

Transparent Section

, s D17

L3

|| Flow Straightener

Flow In/Out= J

Figure 2: Experimental test section: (a) full test piece; (b) union cross internal
configuration. Insert figure shows the internal structure of the flow straightener.

The confining pipe has 20.86+0.05 mm inner diameter (D1) and 25.06£0.01 mm outer
diameter. The pipe is made of AISI 316 stainless steel and is rigidly connected to a fixed frame,
attached to the rig. A matching diameter Perspex transparent section is inserted near the rod
tip for optical detection of the rod motion and flow visualisation measurements. Because the
flow is confined within a cylindrical tube, a surrounding rectangular box with flat faces was
needed to reduce optical distortion via index matching. This surrounding structure has a
square cross-section and is made of Perspex. The box structure was filled with water during
experiments, which proved sufficient to remove the majority of the induced lensing effect of
visualizing the flow through the cylindrical pipe.
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A flow straightener is located at the bottom of the confining tube. For flows bottom-up, the
flow passes through the straightener to remove swirl and secondary flows with limited
pressure drop (straightener configuration is shown in the insert within Figure 2). The flow
straightener is a tube-bundle conditioner comprising three pipes of the same nominal size as
the vibrating rod piping (inner diameter of 8.83 £ 0.05 mm and outer diameter of 10.01 + 0.06
mm), and with a length of 100 mm. Note that the three flow straightener pipes were mildly
squashed to fit into the test section confining pipe. At the top, the test piece is connected to
two symmetrically routed outlet pipes via a union cross (Swagelok SS-25M0-4; CAD of the
union cross available from manufacturer?), which also holds the vibrating rod in place. A
symmetric two-pipe configuration, rather than a standard one-pipe, was used to avoid any
localised cross-flow close to the rod fixed-end, which could have affected the rod dynamics.
Two symmetrically-routed pipes (same size as the test section confining tube, i.e. inner
diameter of 20.86 + 0.05 mm and outer diameter of 25.06 + 0.01 mm), link to the branches of
the union cross, which connects the test section to the flow loop.

As shown in Figure 2, the free length of the rod from the clamping point to the free end (L1)
is 1045 + 1 mm. The distance between the centre of the symmetric pipes and the free end of
the rod (L2) is 944+1 mm; this dimension is provided as it can potentially assist with the
definition of boundary conditions. Inside the union cross, the internal cross pipe section has
diameter (D2) of 21.8 mm and length (L4) of 35.7 mm. Appendix A provides a more detailed
illustration of the rod fixed-end boundary condition.

The test section has been operated in two different flow configurations, see Figure 2a. In the
free-clamped flow configuration, the flow enters at the bottom of the test section and moves
vertically upward from the rod free-end towards the clamped-end, finally leaving the test
section at the top. The distance between the top of the flow straightener and the vibrating
rod free end (L3) is 1100 mm, corresponding to a flow recovery length of 52.7 confining pipe
diameters. As is shown later in the PIV measurements, the flow straightener and the flow
recovery length are sufficient for the flow to approach fully-developed conditions upstream
of the vibrating rod free-end.

In the clamped-free flow configuration, the flow enters at the top of the test section and then
moves vertically downward from the rod clamped-end towards the free-end, finally leaving
the test section at the bottom. In this case, the axial flow travelling along the vibrating rod
results from the merging of the two incoming streams entering at the sides of the union cross
(the two branches are symmetrically routed to avoid flow maldistribution): such a flow clearly
depends on the mixing and directional change (from horizontal to vertical downward) of the
two incoming streams, and it is comparatively less affected by upstream disturbances in the
two feeding pipes. Hence, no flow straighteners were installed on the two feeding lines at the
top of the test section. With the clamped-free flow configuration, the flow straightener
installed at the bottom of the test section has clearly no effect on the flow travelling along the
vibrating rod. The switching between the free-clamped and the clamped-free flow
configurations was achieved by simply swapping the inlet and outlet connections between the
flow loop and the test section.

"https://products.swagelok.com/en/c/tees/p/SS-25M0-3?q=SS-25M0
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3.3 Rod configuration

The vibrating rod is made of an 8.83+0.05 mm/10.01+£0.06 mm inner/outer diameter AlSI 316
stainless steel circular tube (surface roughness = 2-3 um). Hence, the hydraulic diameter of
the annular gap between the confining tube and the vibrating rod is 10.85 mm (20.86 mm —
10.01 mm). The rod has a streamlined end-piece of semi-spherical shape, see Figure 3 for
configuration and dimensions of the rod end-piece. To minimize any potential local mass
effects of the end-piece on the rod dynamics, the semi-spherical end-piece was made of
lightweight aluminium (density = 2.74 g.cm™3) and has a mass of approximately 2.8 g (surface
roughness = 0.4-0.5 um) so that it does not appreciably alter the linear mass density of the
vibrating rod. The vibrating rod was filled with lead shots (density: 11.34 g.cm™3; diameters:
0.3-1.6 mm; source: manufacturer data) to mimic the loading of fuel pellets in nuclear fuel
bundles. The measured mass density of the rod, accounting for rod material and lead shot
filling, was 588 g.m™.

F B83imm p

10 mm

2 mm

2.005 mm

10.01 mm |

Figure 3: Rod end-piece dimensions. Hatching represents the rod pipe.

4. Data Collection

4.1 Motion tracking

The flow-induced motion of the free-end of the vibrating rod has been recorded using a fast-
imaging camera (Panasonic Lumix DMC-FZ200; image resolution: 1280 x 720 pixels; recording
frequency: 100 fps; recording duration: 60 s) positioned facing the test piece. The tip motion
of the vibrating rod has been recorded from two sides, as a mirror placed at 45 degrees has
been used so that both the front and side motions are captured, Figure 4. The recorded videos
have been processed following common practice in image analysis: the recorded frames were
converted to grey-scale, binarized and then complemented to isolate one single feature
corresponding to the vibrating rod tip. The position of the rod tip centroid was computed and
recorded to assemble the displacement time-series of the front and side motions which, once
combined, characterise the rod motion in three dimensions. The image processing and the
subsequent time-series analysis were carried out with the free software GNU Octave version
4.2.2 (Eaton et al, 2017), employing exclusively built-in features provided in the packages
‘image’ and ‘signal’.
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Figure 4: Motion tracking set-up arrangement.

The displacement time-series were characterised by computing their root-mean-square (RMS)
values, and were further analysed by computing the power spectrum, the histogram, the
autocorrelation function, and by reconstructing the attractor in phase-space. Before the
analysis, the noise in the time-series was reduced using a 13-point Henderson moving-average
filter. As is well known, moving average filters are effective at reducing noise in the time
domain, but perform poorly in the frequency domain (Smith, 2003). Therefore, the power
spectrum was computed from the raw, unfiltered time-series using the Welch method, whilst
the filtered time-series were used to inform the rest of the analysis.

The experimental setup was validated with preliminary free vibration experiments in still
water. These tests involved filling the test section with static water, manually displacing the
rod from equilibrium and then recording and analysing the subsequent free vibration of the
rod. A representative example is provided in Figure 5 which includes the front and side
displacement time-series, the power spectrum (power spectral density-PSD), the histogram,
the autocorrelation function (ATC), and the reconstructed attractor computed for the front
displacement. Care was taken in manually displacing the rod along the direction perpendicular
to the camera view, so as to trigger a free vibration confined in the plane perpendicular to the
camera view. This is evident when comparing the displacement time-series in Figure 5a-b: the
front displacement is about one order of magnitude larger than the side displacement,
indicating that the free vibration is almost two-dimensional. Hence, only the front
displacement is analysed here. As can be noted in Figure 5, the power spectrum presents one
dominant peak that nicely matches the free vibration frequency (3.72 Hz) of the rod computed
with classic Euler-Bernoulli elastic beam theory; the histogram is bridge-shaped; the
autocorrelation function is decaying-periodic; and the attractor is a converging spiral. These
features are typical of a damped periodic motion, which is what was expected in this case. The
damping ratio, which was computed from the logarithmic decrement of the envelope of the
front displacement time series, equals 0.015 + 0.001. Appendix B provides some extra results
for testing in air.
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Figure 5: Representative results for rod free vibration in still water. (a) Front displacement
time-series; (b) Side displacement time-series; (c) Front displacement power spectrum
(PDS); (d) Front displacement normalized histogram; (e) Front displacement autocorrelation
(ATC); (f) Front displacement reconstructed attractor.
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4.2 Flow field visualisations

PIV measurements were carried out after the rod displacement data were acquired and
analysed, and only at selected water flow rates, which were chosen to provide a
comprehensive characterization of the flow field around the vibrating rod tip. Figure 6 below
shows the PIV arrangement for investigating the flow-induced vibration at the transparent
working section. A Dantec Dynamics PIV system was used in these measurements, consisting
of a double cavity Nd:YLF laser, that provides maximum output energy of 15 mJ at a
wavelength of 527nm. The laser was coupled to an articulated light arm with a beam-width-
controlling optic and a divergent lens providing a two-dimensional vertical laser sheet across
the centre plane of the flow field. The light sheet thickness was set by adjusting the distance
between built-in lenses. The thickness of the laser sheet was approximately 1mm and the laser
sheets were kept at angle to the flow direction so as to illuminate the flow field on both sides
of the vibrating rod, hence avoiding the shadow of the rod obscuring part of the flow
visualisation region, see Figure 6.

4 Rod
E | _ Light Sheet
,/,J- Laser Mirror
Light Sheet . Chutee: Pipe PIV Camera
Generator

Figure 6: PIV set-up arrangement.

Recording of the seeding images on double frames was undertaken by using a high-speed
camera (Phantom V310) running at 200 frames per second at 1280 x 800 full resolution using
a Nikon AF Micro 60 f/2.8D lens. The velocity field mapping was generated from the
displacement of particles seeded into the flow. Hollow glass spherical particles with a nominal
size of 10 um were selected for the current PIV measurements. These particles are small
enough to follow the flow but large enough to generate bright light scattering for imaging. In
addition, the size of these particles and their neutral density enable the trace particles to
follow the flow correctly for accurate recording at a small interrogation area of PIV images.
After adding the particles, the rig was left running at its highest flow rate for several minutes
to circulate and evenly distribute the particles. To provide upstream conditions for up flows,
another viewing window has been selected at approximately 10D (D: Diameter of the pipe)
below the tip of the rod so as to ascertain the attainment of fully-developed pipe flow
conditions upstream of the rod.

An important aspect of the measurement was to synchronise the laser pulses with the camera
for the acquisition of the imaging in correct timing. Thus, Q-switch lased delay was used to
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control the light pulse emission after each laser trigger. The separation times between pulses
(50-200us) have been set to have the maximum mean displacement in the plane of interest
with a minimum loss of particles out of the plane.

Data have been obtained from 4108 pairs of images related to measurement planes in order
to obtain the averaged velocity field and relevant statistics. The recorded images were
processed by PIVLab code in MATLAB to calculate the velocity field for the plane under
investigation. The image of the flow was divided into small areas known as interrogation
windows. The interrogation window of the first image was correlated to its correspondent in
the second image of the pair, hence showing a correlation peak at the most likely
displacement location of the particles in each interrogation window. The size of each
interrogation window was set to 32x32 pixels with 50% overlap to enhance the overall
resolution. Each instantaneous image was cropped into a size of 1280x512 pixels to produce
79x31 instantaneous velocity vectors after correlation.

4.3 Flow conditions

The working fluid was tap water (tracking measurements took place at a temperature range
of 17-23 °C; pressure was within 100-300 kPa, but the pressure value had no effect on the
density and viscosity of water at the conditions explored). Water density and viscosity were
calculated from measured temperatures using NIST-REFPROP. Both upward and downward
flow directions were tested. The Reynolds number range in both directions was within 5,000-
80,000 as estimated based on annulus mean flow velocity and annulus hydraulic diameter
(10.85 mm). Approximately 100-200 videos were recorded for every flow direction (up/down)
for the rod-motion-tracking part of the experiment. Indicatively, PIV measurements were
obtained at several relevant Reynolds number values that lead to different dynamics.

5. Results

5.1 Rod vibration

The results for the rod vibration are provided in Figure 7, where the root-mean-square (RMS)
displacement and the vibration frequency measured for the front and the side motions are
presented as a function of the annulus Reynolds number (computed for the annular channel
between the confining tube and the vibrating rod). Both flow configurations are included in
Figure 7: the free-clamped (flow entering at the bottom of the test piece and directed upwards
impinging on the free rod end, and then moving along the annular section towards the fixed
end) and the clamped-free (flow entering at the top of the test piece and directed downwards
along the annular section, past the free rod end). The vibration frequencies correspond to the
dominant peaks in the power spectra of the rod displacement time series. With both flow
configurations, the responses and associated dynamics deduced from the front and the side
motions are analogous, both qualitatively and quantitatively.

Funded by 16
the European Union




GO-VIKING (101060826)
D2.1: Single-phase cantilever rod experiment and benchmark setup

v Free-Clamped 4

€ A Clamped-Free | E
E Al E
= 0 v E i.“'i'
Q A y = L
g 10 £ M '3
2 A «f %
] 7 - v
[a) rh‘ ‘w‘ & ff" ..‘ﬁﬂ.*
€ 1 t‘ﬁﬁ v,'" = Y i) ]
Lg Ly v, ;' ':." L] “
%) it S w o
2 e z - 4 i Ry
vww "
VQ‘V" v " L
102
104 10° Ty
Annulus Reynolds Number Apsis Fsyrsids Mo
84 ] i
-] g e S e s - A
2 "’ﬂ L "'h
- y 2
- e, B
g g
T 1 T
Aritubn Rk Ml Aty Ryl Ml

Figure 7: Rod vibration results. Left: Front displacements. Right: Side displacements.
Upper: RMS displacement. Lower: Frequency.

Considering first the free-clamped configuration, the observed dynamics includes flutter at
low values of the Reynolds number followed by buckling when the Reynolds number is large
enough. At first, the RMS displacement increases when the flow velocity and consequently
the annulus Reynolds number are increased. When the RMS displacement reaches values of
around 0.2-0.3 mm, the slope of the RMS displacement vs. Reynolds number curve increases
sharply until, upon further increase of the Reynolds number, the rod buckles touching the
confining tube and remaining almost still in a deflected configuration. The vibration frequency
correspondingly decreases until it reaches zero once the rod buckles and any periodicity in the
rod vibration disappears (no dominant peaks in the power spectrum).

Regarding the clamped-free configuration, the observed dynamics only includes flutter, and
buckling is not observed. As the Reynolds number is gradually increased the RMS
displacement correspondingly increases. When the RMS displacement reaches values of
around 0.2-0.3 mm, the slope of the RMS displacement vs. Reynolds number curve increases
sharply until rod starts hitting the confining tube. The rod then continues to vibrate hitting the
confining tube and does not buckle as observed with the free-clamped configuration. Note
that the displacements provided in Figure 7 are RMS values, hence they do not saturate at a
value corresponding to the maximum rod displacement corresponding to one-half the size of
the annular gap (about 5.5mm). The vibration frequency gradually increases, indicating that
once the rod vibrates hitting the confining tube the amplitude of motion does not increase
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any longer whilst the vibration frequency gradually increases as the Reynolds number is
further increased.

5.2 Flow fields

In this section, PIV results at indicative Reynolds numbers are presented. We start by showing
results for up flows (flow going bottom-up) to establish flow conditions upstream of the rod
for the free-clamped cases. Figure 8 shows the contours for the axial mean velocity and the
turbulent shear stress over the section which is 10 diameters upstream of the tip of the rod,
for a Reynolds number of 70k.

y/D

x/D

0 0.5 1 1.5 -2 0 2
UlUref u'v'/Uref? %107

Figure 8: Time-averaged contours of the normalised axial velocity, U, and turbulent
shear stress u’v’ (Uref is the mean velocity) over a section 10D upstream of the rod for
Reynolds number of 70k.

Sectional profiles have also been extracted and are shown in Figure 9, for Reynolds numbers
ranging from 16k to 70k. Note that, to maintain consistency, the Reynolds numbers in Figures
8 and 9 are evaluated based on the annulus Reynolds number definition. The normalised
profiles from the different Reynolds numbers, for both the mean velocity and the turbulent
shear stress, collapse onto a single graph. Moreover, the turbulent shear stress shows a linear
variation across the pipe. These comparisons confirm that for the free-clamped (upward flow)
case, upstream of the rod end, flow conditions are close to those of fully developed pipe flow.
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Figure 9: Streamwise averaged profiles of the normalised velocity and turbulent shear
stress (Uref is the mean velocity) at a location 10D upstream of the rod for a range of
Reynolds numbers.

For bottom-up flows encountering the tip of the rod creating the free-clamped configuration,
Figure 10 shows the time-averaged contours of the axial and radial velocities as well as
contours of the turbulent normal stresses in the axial and radial direction and the turbulent
shear stress, near the tip of the rod for a Reynold number of 20k. The time-averaged flow
fields show clear symmetry. The turbulent plot contours show that the highest turbulent levels
over the tip of the rod, where there is flow impingement. The corresponding velocity field
vector plots of Figure 11 confirm the symmetric character of the flow field and also highlight
the flow acceleration that takes place as the flow is pushed into the annular passage. Plots for
the higher Reynolds number cases, in Figures 12 to 15, show a similar flow pattern, but as the
Reynolds number goes up, normalised turbulent levels around the end of the rod increase.
This may be caused by the stronger impingement but also most likely by the vibration of the
rod.

-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
x/D x/D x/D x/D
0 0.5 1 1.5 -04 -02 0 02 0 0.01 0.02 0 1 2

UlUref ViUref u'u'/Uref? vW/Uref?  x107 uv/Uref?  x107

Figure 10: Time-averaged contours of the normalised axial mean velocity, U, radial mean
velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and v’v’
respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for up flow at
a Reynolds number of 20k.
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Figure 11: Time-averaged contours of the normalised axial velocity and vector field for
up-flow at a Reynolds number of 20k.
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Figure 12: Time-averaged contours of the normalised axial mean velocity, U, radial mean
velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and v’v’
respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for up flow at
a Reynolds number of 40k.
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Figure 13: Time-averaged contours of the normalised axial velocity and vector field for
up-flow at a Reynolds number of 4ok.

y/D
y/D
y/D
y/D

-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
x/D x/D x/D x/D
04 -02 0 02 0 0.01 0.02 0 1 2 2 0 2

UlUref ViUref u'u'/Uref? vW/lref?  x107 uviUref?  x107

Figure 14: Time-averaged contours of the normalised axial mean velocity, U, radial mean
velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and v’v’
respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for up-flow at
a Reynolds number of 8ok.
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Figure 15: Time-averaged contours of the normalised axial velocity and vector field for
up-flow at a Reynolds number of 8ok.

For the top-down flows leading to the clamped-free configuration, Figure 16 shows the time-
averaged contour plots of the normalised mean velocity components in the axial and radial
directions, the turbulent normal stresses along the same directions and also the
corresponding turbulent shear stress for a Reynolds number of 15k. As the flow moves from
the annular section over the rod end and into the circular cross-section, it still retains its
symmetric character, but now flow separates downstream of the rod, as demonstrated by the
velocity field vector plot of Figure 17. Corresponding plots for higher Reynolds numbers, up to
29k, shown in Figures 18 to 21, suggest that up to a Reynolds number of 29k the downflow
retains the same characteristics of flow symmetry and downstream wake.
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Figure 16: Time-averaged contours of the normalised axial mean velocity, U, radial mean
velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and v’v’
respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for down-
flow at a Reynolds number of 15k.

U/Uref

Figure 17: Time-averaged contours of the normalised axial velocity and vector field for
down-flow at a Reynolds number of 15k.
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Figure 18: Time-averaged contours of the normalised axial mean velocity, U, radial mean
velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and v’v’
respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for down-
flow at a Reynolds number of 20k.

-15 -1 -05 0 05
U/Uref

Figure 19: Time-averaged contours of the normalised axial velocity and vector field for
down-flow at a Reynolds number of 20k.
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Figure 20: Time-averaged contours of the normalised axial mean velocity, U, radial
mean velocity, V, normal turbulent stresses in the axial and radial directions, u’u’ and
V'V’ respectively and turbulent shear stresses, u’v’, (Uref is the mean velocity), for down-
flow at a Reynolds number of 29k.
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Figure 21: Time-averaged contours of the normalised axial velocity and vector field for
down-flow at a Reynolds number of 29k.

For down-flows with Reynolds numbers higher than 29k, due to the large amplitude and three-
dimensionality of the rod vibrations, time-averaged flow fields are no longer useful. Instead,
results of two instantaneous velocity fields are presented in Figures 22 and 23. The flow before
and after the rod tip is no longer symmetric and the flow separation region becomes more
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extensive. For down-flow, the flow development around the rod tip is different and more
complex than that for the up-flow.
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Figure 22: contours of axial and radial velocities with vector fields as well as vorticity
and streamlines for the instantaneous vector field of the down-flow encountering the
rod at the extreme right position, for a Reynolds number of 56k.
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Figure 23: contours of axial and radial velocities with vector fields as well as vorticity
and streamlines for the instantaneous vector field of the down-flow encountering the
rod at the extreme left for a Reynolds number of 56k.
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6. Brief Summary of Outcomes

This document provided a description of the single-phase cantilever rod experimental setup
and of the conducted measurements. This information can be used to define the single-phase
cantilever rod setup within numerical simulation models. The main outcomes are as follows:

* An experimental setup has been developed to generate high-resolution benchmark data
that exposes new physical insights for axial-flow-induced vibration of a rod in a confining
tube, including both structural response and flow field measurements

* Interesting dynamics have been identified using the tracking experiments with clear
differences between the free-clamped and clamped-free configurations

* PIV measurements (via both instantaneous and time-averaged measurements) provided
clear characterisation of the flow field in the region near the rod tip (and at 10D below it)
allowing these data to inform the development/validation of numerical models

7. Data Requested

This document, hopefully, has provided a good insight into what has been investigated
experimentally for the single-phase cantilever rod experiment and benchmark setup, in
particular, rod motion and flow fields as function of applied flow rate, i.e., Reynolds number,
so that the participants of the Benchmark 1 could get a better idea about simulation cases
they would like to / can perform within this benchmark.

The evolution of the RMS displacement amplitudes from both front and side views of the rod
motion as a function of the annulus Reynolds number was presented for both free-clamped
and clamped-free vibrations. These results show that the rod vibration amplitude is generally
higher for the case with flow directed downwards (clamped-free configuration). In this case
the rod approaches the pipe wall and continues to exhibit high-amplitude dynamic motions
from flow rates corresponding to annulus Reynolds number values >40,000. In the case with
the flow directed upwards the rod vibrates as far as the pipe wall at high enough Reynolds
numbers. At this condition the rod remains deflected in contact with the pipe wall, animated
by a small-amplitude random vibration as it slides along the confining pipe wall. At lower flow
rates the displacement of the rod is quite small and hence uncertainty can become large.
Therefore, it may be argued that the flow rate corresponding to an annulus Reynolds
number~15,000-20,000 is recognized as a reasonable lower limit for further numerical
analysis. In addition to rod displacements and frequencies, also the preliminary results from
PIV measurements for various mean flow variables have been presented.

All (new) measurements up to now have been performed with a rounded rod edge, and are
shown in Figure 24 in comparison to the previous measurements within the VIKING project
based on previously published results by Cioncolini et al. (2018). This comparison shows
satisfactory repeatability of the experimental results and demonstrates the much wider range
of measurements.
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Figure 24: Comparison between present and previous data from Cioncolini et al. (2018).

The fluid flow data available from PIV measurements are sufficient for determining simulation
inlet conditions. The presence of fully developed flow can be verified by the experimental
results provided in the region below the rod free end. In fact, the flow straightener is
considered to be located far enough below the rod tip so that a fully developed flow can be
assumed upstream the rod free tip.

All main data are provided in this document. These data will also be provided in the journal
publication that is currently being finalized for submission within the first quarter of 2023. Due
to the chaotic component of the rod excitation (from turbulent buffeting), it is evident that it
is not possible to exactly replicate any of the recorded time-series, which are therefore not
provided. Numerical simulations should be run for long enough to extract meaningful
summarizing statistics for the rod displacements (RMS, power spectra and dominant vibration
frequencies, autocorrelations,...) to compare with the present data.
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8. Appendix A

Figure 25 provides a more detailed illustration of the fixed-end connection of the rod within
the test piece. In addition to the union cross connection, there are two reducers that slide one
inside the other, and the rod is fixed in the top one.

Reducer bored-through: SS-10M0-R-18M BT

Rod Clamped End g |
< Reducer: SS-18M0-R-25M

Union Cross Connection: SS-25M0-4

SS-10M0-R-18M BT (note that this reducer is bored-through so that
the dimension E=T, so the CAD illustration above is a modified version
of the diagram on the left obtained from the manufacturer’s catalogue):

http://swagelok.thomasnet-navigator.com/item/category-2555/category-2348/ss-
10mO0-r-18m

SS-18M0-R-25M:
http://swagelok.thomasnet-navigator.com/item/category-2555/category-2348/ss-18m0-r-25m
SS-25M0-4:

http://swagelok.thomasnet-navigator.com/item/cross-connects-tubing-to-tubing/category-2326/ss-25m0-4

Figure 25: Illustration of the rod fixed end boundary condition.
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9. Appendix B

Figure 26 provides some extra results from testing within air. These tests were conducted
before starting the experimental campaign with water.
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Figure 26: Free vibration in air: only front displacement was recorded; 200 fps recording
frequency. Euler-Bernoulli mode-1 vibration frequency is 4.10 Hz.

10. Appendix C

Abstract for journal paper on rod tip shape influence:

The influence of tip shape on flow-induced vibration of a cantilever rod subject to axial water
flow is experimentally investigated, through optical tracking of the rod movement and
mapping of the instantaneous flow field around the rod tip. The experimental setup consists
of a vertical cantilever rod housed within a tube. The rod tip shapes considered in this study
include a blunt tip and cones with height-to-diameter ratios of 0.5, 1, and 2. The experiments
were conducted across a Reynolds number range of 20k to 100k in both clamped-free and
free-clamped configurations, representing opposite flow directions. The rod tip motion was
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captured using fast video image tracking, whereas the flow field near the rod tip was obtained
using particle image velocimetry (PIV). The rod vibration dynamics exhibited a primarily fuzzy
period-1 behavior, characterized by a periodic motion with a chaotic component. Flutter-like
oscillation and buckling were also observed at higher Reynolds numbers, depending on the
flow direction. The mechanisms of fluid-structure interaction involved turbulent buffeting and
movement-induced excitations. Unsteady flow separation around the rod tip was identified
as a further contributing mechanism to flow excitation. In the clamped-free configuration,
unsteady flow separation was more pronounced for the cone tips due to the increased rod
surface area in the wake region, leading to larger vibration amplitude. In the free-clamped
configuration, flow separation effects were more prominent for the blunt tip, as the
streamlined cone shapes were less prone to flow separations. Overall, the rod with a blunt tip
resulted in smaller displacement in the clamped-free configuration, while the rods with cone
tips led to smaller displacement in the free-clamped configuration.

Full manuscript attached at end of this document.
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Abstract

The influence of tip shape on flow-induced vibration of a cantilever rod subject to axial water
flow is experimentally investigated, through optical tracking of the rod movement and mapping
of the instantaneous flow field around the rod tip. The experimental setup consists of a vertical
cantilever rod housed within a tube. The rod tip shapes considered in this study include a blunt
tip and cones with height-to-diameter ratios of 0.5, 1, and 2. The experiments were conducted
across a Reynolds number range of 20k to 100k in both clamped-free and free-clamped
configurations, representing opposite flow directions. The rod tip motion was captured using
fast video image tracking, whereas the flow field near the rod tip was obtained using particle
image velocimetry (PIV). The rod vibration dynamics exhibited a primarily fuzzy period-1
behavior, characterized by a periodic motion with a chaotic component. Flutter-like oscillation
and buckling were also observed at higher Reynolds numbers, depending on the flow direction.
The mechanisms of fluid-structure interaction involved turbulent buffeting and movement-
induced excitations. Unsteady flow separation around the rod tip was identified as a further
contributing mechanism to flow excitation. In the clamped-free configuration, unsteady flow
separation was more pronounced for the cone tips due to the increased rod surface area in
the wake region, leading to larger vibration amplitude. In the free-clamped configuration, flow
separation effects were more prominent for the blunt tip, as the streamlined cone shapes were
less prone to flow separations. Overall, the rod with a blunt tip resulted in smaller displacement
in the clamped-free configuration, while the rods with cone tips led to smaller displacement in

the free-clamped configuration.
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1. Introduction

The study of the vibration of slender cylindrical structures subjected to axial flow has attracted
significant research interest in recent decades. This interest stems from the ever increasing
importance of fluid-structure interaction phenomena observed in various scenarios, such as
the anguilliform swimming of slender fish [1], suspension of cable-stayed bridges [2], and
electrical power transmission lines. Moreover, axial-flow-induced vibration (axial-FIV) is of
great importance in practical engineering applications, including heat exchangers, ocean
mining [3], oil exploration [4], energy harvesting devices [5], and nuclear power plants [6-9].
In particular, within pressurized water nuclear reactor (PWR) cores, where the primary coolant
flows axially through the gaps between adjacent fuel rods, axial-FIV becomes a critical
concern. It can lead to fretting or intermittent contact between the fuel rods and their supports,
resulting in long-term damage such as fretting wear and mechanical fatigue. Notably, fretting
wear caused by FIV of nuclear fuel rods has been identified as a major contributor to fuel
failure in PWRs [10,11]. Therefore, understanding the physical mechanisms governing such
fluid-structure interaction, particularly in the case of slender structures in axial confined flows,

is crucial for prolonging the lifespan of nuclear components.

The FIV problem in PWRs predominantly involves cantilever rods subject to nominally axial
flow. In such systems, a primary source of disturbance arises from random pressure
fluctuations within the turbulent boundary layer along the rod's surface [12]. These fluctuations
create an unsteady transverse force that primarily affects the rod at its fundamental natural
frequency. The resulting displacements remain relatively small due to the limited force
amplitudes [13]. As the displacement of the rod accumulates, especially with an increase in
flow rate, fluid forces stemming from transverse flow velocity towards the rod's surface
introduce additional excitations to the rod vibrations. The mechanism involved is referred to
as movement-induced excitation [7,8]. Furthermore, when the flow traverses the free end of
the cantilevered rod, where geometric discontinuities are present, flow separation and vortex
shedding can occur. These dynamic phenomena can significantly contribute to rod vibrations,
providing excitations in close proximity to the rod's free end. Consequently, geometric

variations at the rod free end is expected to substantially affect its vibration dynamics.

To date, limited studies have focused on the influence of the tip shape of the cantilever rod on

its axial-FIV characteristics. Among these studies, Paidoussis [14] conducted an experimental

2



investigation into the dynamics of a cantilever rod featuring various end-piece configurations.
The study focused on examining how the tapering of these end-pieces influenced the critical
flow velocities associated with the buckling and oscillatory instabilities of the rod. The results
showed that increasing the tapering of the end-pieces led to a reduction in critical flow
velocities. Wambsganss and Jendrzejczyk [15] investigated vibration amplitude and damping
characteristics for a clamped-free rod, i.e., flow moves away from the rod free-end, with
various end shapes under nominally axial flow. They found that the amplitude of rod vibrations
can vary by a factor of 4.5 when different end shapes are utilized. Rinaldi and Paidoussis [16]
studied the dynamics of flexible free-clamped rods (i.e., flow directed toward the rod free-end)
made of silicone rubber, with blunt and semi-spherical end-piece shapes. Experimental
measurements revealed minor differences in the dynamic behaviour between the tip shapes.
The rods initially exhibited small-amplitude flutter-like oscillations at low flow velocities,
transitioning to static divergence at high flow velocities, accompanied by a decrease of
vibration frequency. In the experiments of Cioncolini et al. [7], vibrations of free-clamped rods
with blunt and semi-spherical tip shapes in axial water flow were measured in a range of
Reynolds number between 13k and 45k. The study also involved measuring the flow field near
the rod's free end using particle image velocimetry. The rod vibration dynamics observed in
the experiments were qualitatively similar to those reported by Rinaldi and Paidoussis [16].
Their results also indicated that rods with blunt tip shapes exhibited larger vibration amplitudes
than those with semi-spherical tip shapes, particularly at relatively high flow velocities, where

movement-induced excitations significantly affected the rod vibration dynamics.

Currently, there is a notable limitation in comprehending the impact of tip shape on the
vibration dynamics of a cantilever rod experiencing axial-FIV. The existing literature on this
subject, as reviewed, is notably scarce. Furthermore, there lacks a convenient explanation for
the fundamental mechanisms associated with the tip shape effects on axial-FIV of cantilever
rods. This limitation can be attributed to two primary factors: firstly, prior research has primarily
focused on the vibration dynamics of the rod itself, while neglecting the fluid dynamics near
the rod free end, where abrupt geometric changes occur. Secondly, the range of tip shapes
investigated has either been limited or lacks consistent variation, thereby failing to provide a
comprehensive foundation for exploration. This gap in understanding persists, despite the fact
that the flow patterns near the rod free end exert a critical influence on the rod vibration
dynamics. As such, the current study aims to provide an improved understanding of the tip
shape effects on axial-FIV of cantilever rods through comprehensive experiments involving
both rod vibration and flow visualization measurements. The rod vibrations are measured
using an optical tracking technique and the flow fields near the rod free end are mapped using

particle image velocimetry (PIV). The present results can directly inform the design of nuclear



fuel rods, with a view at reducing their susceptibility to axial-FIVs. In addition, the complete
dataset provided herein will prove instrumental in perfecting numerical methodologies for
axial-FIV, whose development is hampered by the scarcity of high-resolution validation data
[9,17-24].

The rest of this paper is organised as follows: the experimental setup and measurement
methods are presented in Section 2. Rod vibration dynamics and flow field results for different
tip shapes, including discussions on fluid-structure interaction mechanisms are presented in

Section 3. Finally, the conclusions of this study are presented in Section 4.

2. Methods
2.1 Experimental Setup
2.1.1. Flow loop and test section

The experimental setup utilized in the present study follows the same configuration as in our
previous work [8]. A schematic diagram of the flow loop is depicted in Figure 1. The test section
is connected to a recirculating open loop system that is driven by a centrifugal pump (10HP
Leeson pump). The temperature is measured using a direct immersion digital thermometer
(ETI-Electronic Temperature Measurements Ltd) with a temperature range of 248-343 K, and
accuracy of £ 1 K. The density and viscosity of the water are determined based on its
temperature using NIST REFPROP [25]. To measure the mass flow rate, a turbine flow meter
(Cole-Parmer) is installed downstream of the pump and upstream of the test section. The flow

rate range of the turbine flow meter is 37.8-378 L/min, with an accuracy of £ 3.78 L/min.
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Figure 1. Schematic diagram of the experimental flow loop.



In Figure 2, a schematic of the test section is provided. The test section consists of a vertical
cantilever rod that is confined within a tube. The rod is clamped at the top inside a union cross,
while the bottom tip remains free. The flow can enter the test section from either the top or the
bottom, and this is realized by switching the feed and return lines as shown in Figure 1. When
the flow enters from below, it moves upwards, impinging on the free end of the rod, and then
travels along the annular section towards the fixed end. This configuration is typically referred
to as the "free-clamped configuration”. On the other hand, when the flow enters from the top
and moves downwards along the annular section, it passes the free end of the rod and exits
from the bottom end of the confining pipe. This configuration is known as the "clamped-free

configuration”.

The confining tube used in the experiment has an inner diameter, D;, ., of 20.86+0.05 mm
and an outer diameter of 25.06£0.01 mm. It is made of AISI 316 stainless steel and is firmly
connected to a fixed frame that is attached to the experimental rig. To facilitate the optical
detection of the rod motion and flow visualization measurements, a transparent Perspex
section with a matching diameter was inserted near the tip of the rod. Due to the cylindrical
shape of the confining pipe, an additional rectangular box with flat faces was attached around
the transparent part of the test section to eliminate optical distortion via index matching. This
surrounding structure, made of Perspex, has a square cross-section (this box section will be
apparent later in Figure 4). During the experiments, the box structure was filled with water,
which effectively eliminated any lensing effect and allowed for clear visualization of the flow

through the cylindrical pipe.

At the bottom of the confining tube, a flow straightener is installed to eliminate swirl and
secondary flows upstream of the rod in the free-clamped configuration. The flow straightener
consists of three mildly squashed pipes, each with an inner diameter of 8.83 + 0.05 mm and
an outer diameter of 10.01 £ 0.06 mm. These pipes are 100 mm in length and are inserted
into the confining tube at the bottom of the test section. On the other hand, at the top of the
test section, a union cross (Swagelok SS-25M0-4) is used to connect the test section to two
symmetrically routed pipes. This union cross also serves to hold the vibrating rod in place and
ensure the fixed boundary condition. Note that, the use of a symmetric two-pipe configuration
is implemented to avoid any localized crossflow near the fixed end of the rod, which could
potentially affect the rod dynamics. The two symmetrically routed pipes connected to the
branches of the union cross have the same inner/outer diameter as the confining tube of the

test section.
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Figure 2. Schematic of the test section. The inserted figure shows the internal structure

of the flow straightener. Rod and tube lengths for the blunt end rod are provided.

In the free-clamped configuration, the flow recovery distance extends from the top of the flow
straightener to the free end of the vibrating rod, measuring 1102 mm for the blunt tip rod. This
dimension decreases to 1082 mm when employing the cone tip shape with the largest height-
to-diameter ratio (dimension of different tip shapes are provided in Figure 3). The flow recovery
distance corresponds to approximately 50 times the diameter of the confining pipe. Our prior
investigation [8] established that the flow straightener setup and flow recovery length were
adequate for achieving fully-developed flow conditions upstream of the vibrating rod. On the

other hand, in the clamped-free configuration, the upstream disturbances have relatively little



influence when the two incoming streams merge at the union cross. Therefore, no flow

straightener was installed in the feeding pipes for this configuration.

2.1.2. Cantilever rod and tip shapes

The cantilever rod utilized in the study consists of an AISI 316 stainless steel circular tube with
a density of 7990 kg/m?® and a Young's modulus of 193 GPa. The tube has an inner diameter
of 8.83+0.05 mm and an outer diameter, D,.,;, of 10.01£0.06 mm. The hydraulic diameter,
Dy, 4, defined as the annular gap between the confining tube and the rod, Dyyq = Diype — Droas
is therefore 10.85 mm. The Reynolds number is defined using the hydraulic diameter and
mean flow velocity within the annular gap, i, as:

_ puDpyq
1

Re

where p is the density and u the dynamic viscosity of water. Throughout the experiments, the
water flow rate ranged from 0.57 to 2.68 kg/s, resulting in corresponding Reynolds numbers
spanning approximately 20k to 100k. Notably, for nuclear reactor applications, the maximum
Reynolds number achieved here is only one-fifth to one-sixth of the typical values encountered
in nuclear reactor cores [8]. While it would be highly advantageous to align Reynolds numbers
with reactor-prototypical conditions, the challenge lies in achieving optical access under high-
pressure and high-temperature conditions. Despite these limitations, the present data retains

its value for its contribution to the field.

In order to mimic the mechanical loading resulting from the fuel pellets in actual nuclear fuel
pins, the present rod was filled with lead shot of loose texture. The lead shot has a density of
11.34 g/cm? and a diameter range of 0.3 to 1.6 mm. The lead shot densely filled the rod with
a packing ratio of 84.6% to ensure even distribution and no motion inside the rod that would
otherwise affect its vibrational dynamics. The measured linear mass density of the rod,
accounting for both the rod material and the lead shot filling, is 588 g/m. It is worth noting that
the lead shot filling clearly affects the mass density of the rod but has no influence on the
flexural rigidity. This has been verified through an initial free vibration experiment conducted

in our previous study [8].

The free tip shapes used in the current study include a blunt tip and cone tips with different
height-to-diameter ratios (h/d). The schematics and dimensions of the end-pieces for different
tip shapes are provided in Figure 3. To ensure that the end-pieces do not significantly affect
the linear mass density of the vibrating rod, the blunt end-piece was made of lightweight

aluminum with a density of 2.74 g/cm?® and has a mass of approximately 2.1 g. The different



cone end-pieces were 3D printed using hard resin. For each experimental run, these cone-
shaped end-pieces were firmly affixed onto the flat surface of the blunt end-piece using a

secure adhesive.

Blunt Cone: h/d = 0.5 Cone:h/d =1.0 Cone:h/d = 2.0
r 4 r r

10 mm

2 mm

Figure 3. Schematic and dimension of end-pieces for cantilever rod.

2.2 Measurement Tools
2.2.1. Rod vibration measurement

The flow-induced motion of the rod tip was recorded using a high-speed imaging camera
(Sony Alpha A6300). The recordings had an image resolution of 1280 x 720 at a frequency of
100 frames per second and lasted for a duration of 60 seconds. To capture both the front and
side motions of the vibrating rod, a mirror was placed at a 45-degree angle on the side of the

transparent section. A schematic illustrating this setup is provided in Figure 4.

The video image processing method for motion tracking utilized in this study builds upon the
techniques developed by the group for axial-FIV and fluid structure interaction studies [26—30].
The recorded frames were first converted to grayscale, then binarized, and complemented to
isolate a single feature corresponding to the vibrating rod tip. The position of the centroid of
the rod tip was computed and recorded, enabling the assembly of the displacement time-
series for both the front and side motions. Combining these time-series provided a
characterization of the rod motion in 3D. The image processing and subsequent time-series
analysis were all performed using the free software GNU Octave (version 4.2.2) [31]. The
analysis relied solely on the built-in features provided by the 'image' and 'signal' packages
within GNU Octave.
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Figure 4. Schematic of rod vibration measurement setup.

In this study, we analysed the displacement time-series of the vibrating rod using a series of
methods to fully expose the rod dynamic behaviour. Initially, root-mean-square (RMS) values
were computed from the acquired displacement time-series data to quantify the overall
magnitude of the rod's motion. Subsequently, the power spectrum, which reveals the
frequency content of the motion, was computed using the Welch method [32]. To enhance the
quality of the time-series data and reduce noise in the time domain, a 13-point Henderson
moving-average filter was applied [33]. The filtered time-series data, after noise reduction, was
then utilized for the remaining analyses, including the computation of the displacement

histogram, the autocorrelation function, and reconstruction of the attractor in phase-space.

The error in the RMS displacement of the rod tip was determined through preliminary tests
when the pump was switched off and the vibrating rod remained motionless in stagnant water.
Fluctuations observed in the time series during these tests were utilized as an estimate of
noise generated during image acquisition and analysis procedures. The experiments were
repeated multiple times, yielding a measuring error of less than 10 um. The primary frequency
of the rod's vibration was determined by identifying the dominant peak in the power spectrum
of the displacement time-series, and the corresponding measurement error was calculated as

half of the full width at half maximum of this peak.

It is important to note that the experimental method for rod vibration measurement was
validated through preliminary free vibration experiments in still water. During these preliminary
tests, the test section was filled with static water, and the rod was manually displaced from

equilibrium. The subsequent free vibration of the rod was recorded and analyzed. The



measured free vibration frequency and damping ratio of the rod align closely with theoretical
predictions. Specifically, the experimentally determined free vibration frequency of the rod,
3.72 Hz, closely corresponds to the value estimated using Euler-Bernoulli beam theory.
Additionally, the experimentally determined damping ratio of 0.015+0.001 closely matches the
theoretical model proposed by Rogers et al. [34] for a vibrating rod in a fluid-filled annulus,
with a deviation within 10%. For more details regarding the validation procedure and an

extensive validation dataset, we direct readers to our previous study [8].

2.2.2. Flow field measurements

The flow field near the free end of the vibrating rod was investigated using the Particle Image
Velocimetry (PIV) technique. PIV measurements were conducted subsequent to the
acquisition and analysis of rod displacement data. These measurements were performed at
typical Reynolds numbers of 25k and 83k, specifically selected to provide a comprehensive
characterization of the flow field surrounding the vibrating rod tip under both low and high flow

rate conditions.

A schematic of the PIV setup used in this work is shown in Figure 5. The measurements were
performed using a Dantec Dynamics PIV system, which includes a double cavity Nd: YLF laser.
The laser has a maximum output energy of 15 mJ and operates at a wavelength of 527 nm.
The laser was connected to an articulated light arm equipped with a beam-width-control optic
that includes a divergent lens. This allowed for the creation of a two-dimensional vertical laser
sheet that spanned the center plane of the flow field. The thickness of the laser sheet was
adjusted by varying the distance between the built-in lenses, and was set to approximately 1
mm. The laser sheet was oriented at an angle to the flow direction to capture the flow patterns
near the rod tip. To ensure visibility of the flow field on the obscured side of the vibrating rod,
a mirror was positioned beside the test section. This mirror reflected the laser sheet,

illuminating the flow field from the opposite side of the rod, as illustrated in Figure 5a.

In the PIV measurements, we employed a high-speed camera (Phantom V310) fitted with a
Nikon AF Micro 60 f/2.8D lens. The camera operated in double-frame mode at a frequency of
200 Hz, capturing images at a resolution of 1280 x 800 pixels. To facilitate flow visualization,
hollow glass spheres (HGS-10) with a nominal diameter of 10 um were introduced into the
test water as seeding particles. The particle concentration was empirically adjusted to achieve
the desired resolution. Prior to each experimental run, the rig was operated at its highest flow

rate for several minutes to ensure the uniform dispersion of these particles.

The laser pulses were controlled using a Q-switch delay technique. The time delay between

successive laser pulses was empirically adjusted based on the flow velocity of the specific
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case under study, with shorter delay times for cases with higher flow velocities. Typically, a
delay time of 20-50 us was employed to achieve adequate particle displacement without the
excessive loss of particles from the flow visualization region. For each case, the recorded
images were carefully reviewed to ensure that they captured the rod while its centroid axis
remained within the measurement plane. Following acquisition, the recorded images were

processed using the PIVLab toolbox [35] to extract the flow field surrounding the vibrating rod

tip.
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Figure 5. Schematics of the PIV set-up arrangement. (a) Front view, and (b) top view

including high-speed camera.

3. Results and Discussion
3.1 Clamped-Free Configuration
3.1.1. Rod vibration dynamics

Figure 6 presents the results of the rod vibration for the clamped-free configuration,
considering different tip shapes. The RMS displacements and vibration frequencies are plotted
against the Reynolds number. The vibration frequencies correspond to the dominant peaks
observed in the power-spectral-density (PSD) of the rod displacement time series, which is
exemplified in the Appendix A for typical Reynolds numbers. Figure 7 further presents the tip
trajectory of the rod, including 3D space-time illustration and 2D polar trajectory map at two
typical Reynolds numbers. Note that, the wall limit horizontal line in Figure 6 represents the

maximum distance the rod can achieve before hitting the confining tube wall, which is 5.4 mm
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in this case. Additionally, a vertical line helps identify the lower limit of Reynolds number

investigated.

Figure 6a shows the resultant radial RMS displacement of the rod. The results indicate that
transitioning from a blunt tip to a cone tip with an increasing height-to-diameter ratio, generally
results in increased vibration displacement. On the other hand, In Figure 6b, the front and side
RMS displacements are presented separately. It can be observed that the responses and
dynamics obtained from the front and side motions are similar, both qualitatively and
quantitatively, where the vibration amplitudes and frequencies gradually increase as the

Reynolds number increases for all tip shapes.

Two distinct variation trends of the radial displacement with respect to Reynolds number have
been identified, depending on the tip shape. Starting with the rod with the blunt tip, on a log-
log scale, the RMS displacement increases linearly with the flow Reynolds number, for the Re
range tested (20k-100k). For the cases of cone tips with h/d = 0.5 and 1, there is also a
monotonic increase in the RMS displacement with the flow Reynolds number, but with a
progressive increase in the RMS values at each Reynolds number as the blunt tip is replaced
by the cone of h/d = 0.5 and then by the cone of h/d = 1. Notably, the slope of increase of
RMS radial displacement with Reynolds number is similar for the blunt tip rod and cone tip
rods with h/d = 0.5 and 1. For the rod with the cone of h/d = 2, however, the vibration
behaviour is radically different. At the low end of the Re range (~20k) the RMS displacement
levels are lower than those of the rods with the three other tips, but the slope of increase with
Reynolds number is much higher. A transition in rod vibration dynamics is evident at a
Reynolds number of 45k, marked by a noticeable increase in the steepness of the rod
displacement slope. As a result of this steeper rise of RMS displacement, for Reynolds number
levels beyond 50k, the rod hits the confining wall of the tube, causing the displacement to
plateau. It is worth noting that for all other tip shapes, the rod does not hit the confining tube,

even at the highest Reynolds number tested, which is approximately 100k.
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Figure 6. RMS displacement and frequency for rod with different tip shapes against

Reynolds number for the clamped-free configuration. (a) Resultant radial displacement.

(b) Displacements from the front, X, and side, Y directions. The displacement is scaled

using the rod outer diameter (D,.,4 = 10.01 mm).
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Figure 7. Displacement trajectory in 3D (space-time) and 2D (space only) for rod with
different tip shapes at Reynolds number of 25k and 83k for the clamped-free

configuration.
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The results highlight clear differences in the dynamic behaviour of rods with different tip
shapes. In particular, the dynamic behaviour of the blunt tip and cone tips with h/d = 0.5 and
1 exhibit similarities, contrasting with the cone tip with h/d = 2. To better clarify the vibrating
rod dynamics, additional results for two typical Reynolds number values of 25k and 83k are
provided in the Appendix A. These two Reynolds numbers presented exemplify both ends of
the measured Reynolds number range. The results include: 1) a sample (5 s long) of the
displacement time-series; 2) the normalized histograms; 3) the power spectrum; 4) the
autocorrelation function; 5) the reconstructed attractor for phase-space topology. All results
include both the front and side motions. Figures A1 — A4 encompasses the results for the
clamped-free configuration. For all the tip shapes except the cone tip with h/d = 2, the
displacement histograms are “bell-shaped”, the autocorrelation functions are periodic and fast-
decaying, and the reconstructed attractors are “blob-like”, suggesting that the rod vibrations
encompass both periodic and chaotic components, a dynamic response normally referred to
as fuzzy period-1 motion [36]. For the cone tip with a h/d = 2, the dynamic behaviour is
similarly fuzzy period-1 motion at the low Reynolds numbers. However, at the higher Reynolds
number of 83k, the displacement histograms become wider and tend to have a "bridge-
shaped" distribution. The decaying of the autocorrelation functions also become slower,
indicating that the periodic component becomes more prominent compared to the chaotic
component of the rod motion. Finally, the reconstructed attractors tend to be “ring-shaped”.
These results indicates that the fuzzy period-1 motion observed at low Reynolds numbers

evolves into a flutter-like large-amplitude oscillation at higher Reynolds number values.

3.1.2. Mechanism of FIV

Flow fields near the rod tip for the different tip shapes at two Reynolds numbers of 25k and
83k are visualized in Figures 8 and 9, respectively. Figure 8 illustrates instantaneous velocity
magnitude fields, accompanied by quiver plots representing the velocity vectors.
Complementing this, Figure 9 presents the vorticity fields and streamlines to provide a more

comprehensive view of the flow characteristics.

In Figure 8, the wake regions are clearly depicted, showing velocity deficits downstream of the
rod ends. As anticipated, the blunt tip rod exhibits the highest velocity deficit due to its blunt
geometry. The wake velocity deficit region decreases for the cone tip shapes, and this
reduction becomes more pronounced with an increase in the cone's height-to-diameter ratio.
In cases where the rod is deflected, such as the cone tip with h/d = 2 at Reynolds number of
83k, the flow velocity is high in the side passage left behind the rod, while the wake is present

on the other side where the rod is deflected.
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In Figure 9, it can be observed that for the rod with a blunt tip shape and cones with h/d = 0.5
and 1, shear layers with high vorticity are present on both sides of the rod at both Reynolds
numbers. These shear layers form due to the separation of the turbulent boundary layer from
the edges as the flow passes through the geometric transition between the cylinder and the
cones. Downstream of the rod tips, recirculating vortices are formed within the shear layers
and subsequently shed into the wake. In contrast, for the cone tip with h/d = 2, no significant
flow separation is observed in the case of the low Reynolds number (25k) and the flow field
downstream of the tip looks streamlined and stable. When the Reynolds number rises to 83k,
minor flow separation bubbles can be detected over the surface of the h/d = 2 cone, and more

importantly, perhaps, the flow field downstream of the tip now appears to be unstable.

The above results suggest that turbulent buffeting and unsteady flow separation are two main
sources of excitation for rod vibrations. Turbulent buffeting arises due to the presence of
turbulent shear layers at the vicinity of the rod tips, whereas unsteady flow separation at the
geometric transition of the rod tips, when present, provides an additional source of excitation
to the rod vibration. Unsteady flow separation is evident, for the lower Reynolds number, at
the cone tips with h/d = 0.5 and 1, and for the higher Reynolds number at the tips of all cone
shapes. These observations provide a clear explanation for the different trends observed in
rod vibration dynamics, as depicted in Figure 6. At low Reynolds numbers, unsteady flow
separation has a dominant effect on rod vibrations for the blunt tip and cone tips with h/d =
0.5 and 1, whereas, for the cone tip with h/d = 2, turbulent buffeting is the primary source of
excitation. This, at lower Reynolds numbers, results in a larger RMS displacement for the blunt
tip and cone tips with h/d = 0.5 and 1. Notably, at higher Reynolds numbers, as the cone
height-to-diameter ratio increases, the effect of unsteady flow separation is amplified due to
the larger surface area available for flow excitations. This explains the observed increase in

RMS displacement with cone height-to-diameter ratio at high Reynolds numbers.

As the Reynolds number increases, the displacement of the rod becomes larger, and
movement-induced excitations gradually become the dominant influence on rod vibrations [8].
In this regime, the tip shape also plays a significant role in the fluid-structure interaction
mechanism affecting the rod vibration dynamics. The key factor is once again flow detachment
near the rod tips. In movement-induced excitations, the displacement of the rod leads to a fluid
force response acting on the rod’s surface. Due to the large ratio between the fluid and the
structure velocities (the ratio between the mean fluid and structure velocities is above 300 for
the investigated cases), the reaction fluid force is almost immediate [8]. Hence, the reaction
fluid force provides an excitation at the same frequency as the natural frequency of rod
vibrations, thereby significantly impacting the rod dynamic behavior. In an attached flow

scenario, the displacement of the rod leads to a large fluid force response that follows a linear
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relationship with respect to the rod displacement, whereas in a detached flow scenario, the
boundary layer is unable to sustain the large pressure gradient along the rod’s surface,
resulting in a weaker fluid force response and energy losses into the wake vortices.
Consequently, tip shapes that result in flow separation are less sensitive to movement-induced

excitations.

The above reasoning explains the observed trends in rod vibration dynamics depicted in
Figure 6. When comparing the cases of blunt tip shape with the cone tip shape with h/d = 2,
the former exhibits a relatively small increment in displacement with increasing Reynolds
number, showing an almost constant slope throughout the range of Reynolds numbers. In
contrast, the latter demonstrates a rapid increase in vibration displacement as Reynolds
number increases. Notably, for the cone tip with h/d = 2, the critical Reynolds number for the
primary mechanism to switch from turbulent buffeting to movement-induced excitations occurs
at 45k. At this Reynolds number, the rod RMS displacement rapidly escalates with the increase
of Reynolds number, leading to a flutter-like oscillation and eventually hitting the confining tube
wall. This transition is attributed to the accumulation of rod displacement, which is sufficient to

induce substantial movement-induced vibrations at the Reynolds number of 45k.
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Figure 8. Velocity magnitude normalized with respect to the mean flow velocity within
the annular gap, u, for different tip shapes at Reynolds number of 25k and 83k. Quiver

vectors indicate velocity field.



Figure 9. Vorticity and streamline for different tip shapes at Reynolds number of 25k

and 83k. Vorticity, w, is obtained by taking the curl of the velocity field.
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3.2 Free-Clamped Configuration
3.2.1. Rod vibration dynamics

The results of the rod vibration displacements for the free-clamped configuration, considering
different tip shapes are presented in Figure 10. Examples of the rod tip trajectory, including
3D space-time illustration and 2D polar trajectory map at two typical Reynolds numbers are
presented in Figure 11. Regardless of the tip shape, the RMS displacements of the rods shows
almost a linear increase with the increase in Reynolds number before buckling occurs,

whereas the vibration frequencies decrease as the Reynolds number increases.

At high Reynolds numbers, buckling was observed in the cases of the blunt tip and cone tips
with h/d = 0.5 and 1, but not for the cone tip with h/d = 2. Note that, when buckling occurs,
the rod remains nearly still at the buckled position, attaching to the confining tube wall. As a
result, the vibration frequency drops to zero, as illustrated in Figure 10b when the RMS
displacement of the rods reaches the wall limit. The range of Reynolds numbers at which
buckling occurs lies between 80k and 95k. However, it should be noted that the buckling
Reynolds number is sensitive to the initial condition of the testing setup, and for example any
minor misalignment of the rod can lead to a considerable change in the buckling Reynolds
number (for the tests documented herein, the rod misalignment was within 107 radians,
estimated by measuring the rod tip offset at zero flow rate condition). Finally, it is worth
mentioning that hysteresis behaviour was observed for the buckled cases: when increasing
the flow rate, the Reynolds number for the onset of buckling is higher than the Reynolds
number at which the rod returns to a vibrational state as the flow rate decreases. This
behaviour is consistent with our previously reported observations for a rod with a semi-

spherical tip shape [8].
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Examples of the rod vibration analysis results for different tip shapes at Reynolds numbers of
25k and 83k are illustrated in Figures A5 — A8. The histograms display a "bell-shaped"
distribution, while the autocorrelation functions exhibit periodicity and fast decay. The
reconstructed attractors are "blob-like". All these features indicate that the motion of the rods
is fuzzy period-1. It is noteworthy that, as the Reynolds number increases, the periodic
component of the rod vibration gains greater importance, resulting in a wider distribution of
the displacement histogram and a slower decay in the autocorrelation function compared to
lower Reynolds number cases. Throughout the experiments, no flutter-like oscillation was
observed within the range of Reynolds numbers investigated. In the cases where buckling was
observed, i.e., the blunt tip and cone tips with h/d = 0.5 and 1, the rod motion transitioned
rapidly from fuzzy period-1 to buckling, within a narrow range of Reynolds numbers for the
transition, and no intermittent motions were observed. Figure 10a also demonstrates that, prior
to buckling, the blunt tip rod generally exhibits larger RMS displacement than the cone tip
shapes at low Reynolds numbers. However, as the Reynolds number increases, the difference

in RMS displacement between the blunt tip and the cones tends to diminish.

3.2.2. Mechanism of FIV

Examples of flow fields near the rod tip for different tip shapes at two representative Reynolds
numbers are shown in Figures 12 and 13. In Figure 12, for both Reynolds numbers, the blunt
tip case exhibits a clear stagnation region with low velocity magnitude near the tip of the rod.
In contrast, the cone tip shapes show limited stagnation regions, which can be attributed to
their more streamlined shape. In fact, the streamlined shape of the cones helps mitigate flow
separation at the geometric transition near the edge of the rod tip. Figure 13 provides further
insights into the flow behaviour. In the upstream region, below the rod free end, the flow
exhibits a fully developed pipe flow pattern, characterized by aligned parallel streamlines to
the pipe axis. For the blunt tip shape, distinct separation bubbles characterized by significant
vorticity magnitudes manifest on both sides of the rod. These flow separation regions are
significantly reduced when cone tip shapes are employed, and the extent of separation

decreases with the increase of the cone height-to-diameter ratio.
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Figure 13. Vorticity and streamline for different tip shapes at Reynolds number of 25k
and 83k. Vorticity, w, is obtained by taking the curl of the velocity field.

At low Reynolds numbers, turbulent buffeting is identified as the main excitation mechanism
for flow-induced vibration in this configuration. This observation aligns with the rod vibration
dynamics, where the motion exhibits a chaotic nature with a periodic component, referred to
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as fuzzy period-1, as shown in Figure A5 — A8. It is noteworthy that for the free-clamped
configuration, flow separation bubbles are observed only for the blunt tip rod, whereas all the
cone tip shapes exhibit minimal flow separation. This contrasts with the clamped-free
configuration, where unsteady flow separation was only suppressed for the cone tip shape
with h/d = 2 at low Reynolds numbers. As the vibration displacement increases, it is expected
that the flow separation bubbles near the blunt-tipped rod, as depicted in Figure 13, will tend
to develop into vortices and shed downstream on either side of the edges, depending on the
deflection direction of the rod. Clearly, the separation bubbles near the blunt rod tip contribute
to additional excitation of rod vibrations, resulting in a larger RMS displacement for the blunt
tip rod compared to the cone tip rods at low Reynolds numbers, as illustrated in Figure 10.
However, as the Reynolds number increases, movement-induced vibration becomes more
pronounced, and the periodic component of rod vibration gains greater importance. With
movement-induced excitation taking over the dominance as the primary excitation mechanism,
the difference in RMS displacement between the blunt tip rod and cone tip shapes tends to

diminish.

4. Concluding Remarks

This study experimentally investigated the influence of the tip shape on the vibration dynamics
of a slender cantilever rod subjected to axial water flow. Its original contribution is in the
demonstration and explanation of how different tip shapes affect the vibration of a cantilever
rod, driven by axial flow. This is accomplished through optical tracking of the rod vibrations
and detailed mapping of the flow field around the rod tips. The tip shapes considered in the
study included a blunt shape and cone shapes with different height-to-diameter ratios. Two
different configurations, namely the clamped-free configuration and the free-clamped
configuration, of the cantilever rod have been investigated. The experiments have been

conducted across a range of Reynolds numbers between 20k and 100k.

At low Reynolds numbers, the primary motion of the rod for all tip shapes is characterized as
fuzzy period-1, which refers to a periodic motion with a chaotic component. This behavior is
observed in both the clamped-free and free-clamped configurations. As the Reynolds number
increases, additional phenomena such as flutter-like oscillation in the clamped-free

configuration and buckling in the free-clamped configuration are also observed.

In addition to the well-known flow excitation mechanisms of turbulent buffeting and movement-
induced excitations, unsteady flow separation was found to have a significant influence on the
rod vibration dynamics, with a relative importance that depends on the shape of the rod tip

and the direction of the flow. In the clamped-free configuration, at low Reynolds numbers,
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unsteady flow separation acts as an additional source of flow excitation to the rod tip. In this
case, cone tip shapes with larger height-to-diameter ratios result in a larger surface area
interacting with the wake vortices, leading to increased rod vibration displacements. However,
at high Reynolds numbers, unsteady flow separation tends to weaken the effect of movement-
induced excitation, resulting in reduced fluid forces acting on the rod surface. As a result, the
blunt tip with separated flow is less sensitive to movement-induced excitations, whereas the
cone tip with less flow separation is more influenced by movement-induced excitations. This
results in a larger vibration displacement and ultimately flutter divergence of the rod. In the
free-clamped configuration, unsteady flow separation was found to provide additional flow
excitation to rod vibrations. As a result, the blunt tip with a larger flow separation leads to larger
vibration displacement compared to the cone tips. However, with the increase of Reynolds
number, movement-induced excitations become more significant, and the displacements of

the blunt tip and cone tips tend to equalize.

The findings of this study contribute to an improved understanding of the fluid-structure
interaction mechanisms underlying axial-flow-induced vibrations of slender cantilever rods.
These insights are valuable for the design of slender structures in axial flow, such as nuclear
fuel rods, and for the mitigation and control of flow-induced vibrations in practical applications.
Furthermore, the study provides data that can be used to develop and validate numerical

approaches for simulating fluid-structure interactions.
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Figure A1. Displacement time series, histogram, PSD, autocorrelation function and
phase-space topology for rod with blunt tip shape at Reynolds number of 25k and 83k

for the clamped-free configuration.
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Figure A2. Displacement time series, histogram, PSD, autocorrelation function and
phase-space topology for rod with h/d = 0.5 cone tip shape at Reynolds number of 25k

and 83k for the free-clamped configuration.
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phase-space topology for rod with h/d = 1.0 cone tip shape at Reynolds number of 25k

and 83k for the free-clamped configuration.
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phase-space topology for rod with h/d = 0.5 cone tip shape at Reynolds number of 25k
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Figure A7. Displacement time series, histogram, PSD, autocorrelation function and
phase-space topology for rod with h/d = 1.0 cone tip shape at Reynolds number of 25k

and 83k for the clamped-free configuration.
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Figure A8. Displacement time series, histogram, PSD, autocorrelation function and

phase-space topology for rod with h/d = 2.0 cone tip shape at Reynolds number of 25k

and 83k for the clamped-free configuration.
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