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A major threat to tube bundle integrity is the flow-induced vibration (FIV). FIV is
manifested through several mechanisms including the most severe mechanism; fluidelastic
instability (FEI). FEI can be controlled by using tube supports. However, clearance between the
tube and support is required to allow for thermal expansion which causes intermittent tube
support resulting in fretting wear and tube failure. The aim of this study is to investigate the
effect of the approach flow velocity on the dynamics of tubes with loose supports. Experiment set
up in a wind tunnel was developed to test single flexible tube (triangle and square) array
subjected to cross-flow. The tube bundle was precisely designed to maintain a constant flow
resistance for each examined orientation. Effects of flow orientation, support gap on the
fluidelastic threshold and tube/support interactions are discussed. The study has shed some light
into the complex interaction between tubes and their support.

iii

"In the name of Allah, the Entirely Merciful, the Especially Merciful"

This thesis is dedicated to the memory of my father:

ENG. Elhossainy Mohammed Elhelaly
(1943-2012)

iv

Acknowledgments

I would like to thank and express my sincere gratitude to Dr. Marwan Hassan for his
continuous support, help, encouragement, and valuable advice and guidance. I would like to
thank all members of my advisory committee: Dr. Soha Moussa and Dr. Wael Ahmed for their
advice and support. I would like to thank Dr. Atif Mohany (UOIT) and Aeroacoustic and Noise
Control Laboratory at UOIT for facilitating my experimental work conducted at UOIT.
I would like to thank the technical staff at the Department of Mechanical Engineering,
Barry Verspagen, David Wright and Ken Graham for their coninuous technical help. I would like
to extend my gratitude to my labmates at the FIV group for the interesting discussions, and to all
my friends at University of Guelph for the nice times I spent there.
Words are not enough to express all my gratitude to my mother Zinab Atta, sisters Nehal,
Aya and brother Abdelsabour. Last, but not the least, special thanks to my beloved wife Dr.
Hanan Shehata for her continued love, patience and support and for helping me to become who I
am. Also to thank my sweetheart Mohammed and Ahmed ,for sacrificing many sunny days for
me.

v

Table of Contents
List of Figures.................................................................................................................... viii
List of Tables ........................................................................................................................xi
Nomenclature ..................................................................................................................... xii
Chapter 1 Introduction ........................................................................................................ 1
1.1

Vibration Problem in Steam Generators ................................................................. 1

1.2

Objectives ............................................................................................................... 7

1.3

Thesis Outline ......................................................................................................... 7

Chapter 2 Background and Literature review................................................................... 9
2.1

Tube Bundles Configuration. ............................................................................... 10

2.2

Excitation Mechanisms of FIV. ............................................................................ 12

2.2.1

Turbulent Buffeting .............................................................................................. 13

2.2.2

Vortex Shedding ................................................................................................... 14

2.2.3

Acoustic resonance ............................................................................................... 14

2.2.4

Fluidelastic Instability (FEI) ................................................................................. 15

2.3

FIV Parameters ..................................................................................................... 18

2.3.1

Reduce Flow Velocity .......................................................................................... 18

2.3.2

Damping ............................................................................................................... 18

2.3.3

Natural frequency ................................................................................................. 19

2.3.4

Mass damping parameter (MDP) ......................................................................... 19

2.4

Fluidelastic Instability Models ............................................................................. 20

vi
2.4.1

Jet Switch Model .................................................................................................. 20

2.4.2

Quasi-Static Models ............................................................................................. 21

2.4.3

Unsteady Models .................................................................................................. 21

2.4.4

Semi-Analytical Model......................................................................................... 22

2.5

Type of supports ................................................................................................... 24

2.6

Dynamics behaviour of loose tube support .......................................................... 27

Chapter 3 Experimental Setup and Instrumentation...................................................... 31
3.1

Experimental apparatus ........................................................................................ 31

3.1.1

Wind tunnel .......................................................................................................... 31

3.1.2

Tube Array Geometry ........................................................................................... 35

3.2

Instrumentation and Calibration ........................................................................... 39

3.2.1

Pitot tube ............................................................................................................... 39

3.2.2

Strain gauges......................................................................................................... 40

3.2.3

Laser intelligence sensor ...................................................................................... 40

3.2.4

Force transducer ................................................................................................... 41

3.2.5

Support assembly .................................................................................................. 42

3.3

Data acquisition .................................................................................................... 44

Chapter 4 Results and discussion ...................................................................................... 45
4.1

Vibration parameter measurement........................................................................ 46

4.1.1

Flow velocity ........................................................................................................ 46

4.1.2

Tube natural frequency and damping ratio ........................................................... 47

4.2

Triangular tube array ............................................................................................ 49

vii
4.2.1

Linear case ............................................................................................................ 49

4.2.2

Nonlinear case ...................................................................................................... 56

4.2.2.1 Effect of approach flow direction in stability of a loosely supported tube. .......... 57
4.2.2.2 Effect of tube support clearance on FEI and Impact force level .......................... 66
4.3

Square tube array .................................................................................................. 70

4.3.1

Linear case ............................................................................................................ 70

4.3.2

Nonlinear case ...................................................................................................... 76

4.3.2.1 Effect of approach flow direction in stability of a loosely supported tube. .......... 76
4.3.2.2 Effect of tube support clearance on FEI and impact force level ........................... 81
Chapter 5 Final Remarks ................................................................................................... 84
5.1

Conclusion ............................................................................................................ 84

5.2

Recommendations ................................................................................................ 87

Chapter 6 References.......................................................................................................... 88
Appendix A .......................................................................................................................... 94
A.1 Orientation layouts for triangle array......................................................................... 94
A.2 Orientation layouts for square array .......................................................................... 95

viii

List of Figures
Figure 1.1: CANDU 6 overall plant flow diagram [3]. ......................................................... 3
Figure 1.2: Schematic design of CANDU 6 steam generators [3]. ....................................... 4
Figure 1.3: U- Tube bundle. (http://www.bwxt.com). ........................................................... 5
Figure 1.4: Examples for tube failure by flow-induced vibrations where (a-b) show the
tube failure at the support due to fretting wear (modified from Atomic Energy
Canada Ltd). (c) Tube failure by clashing between tubes and also fretting wear
between tubes and supports (modified from UK Atomic Energy Authority). ..... 6
Figure 2.1: Common heat exchangers tube array arrangements.......................................... 11
Figure 2.2: The three main sources of excitation mechanisms of flow-induced vibration.. 13
Figure 2.3: Schematic represents the stability map. . .......................................................... 16
Figure 2.4: Critical flow velocity for fluidelastic instability (a) Square (b) Rotated square
(c) Normal triangle (d) Parallel triangle arrays [9]. ........................................... 17
Figure 2.5: Idealized model of the jet-flow model assumed by Roberts. ............................ 20
Figure 2.6: Theoretical stability boundary for square array, P/d=1.33 [36,37]. .................. 22
Figure 2.7: Theoretical stability boundary for fluid-elastic instability in a parallel triangular
array with P/d=1.375 [36,37]. ............................................................................ 23
Figure 2.8: Various configuration of the U-tube support [38] (a) Drilled hole, (b) Wiggle
Bars, (c) Broached-hole, (d) Flat-bars, (e) Lattice bar (square flat bar), and (f)
Lattice bar (rhomboid flat bar) ........................................................................... 26
Figure 3.1: Schematic of the wind tunnel facility................................................................ 33
Figure 3.2: Schematic of the test section showing the acrylic side walls. ........................... 34
Figure 3.3: Tube array configuration - parallel triangle array (0°) ..................................... 37

Figure 3.4: Aluminum end plate for triangle tube array. ..................................................... 37
Figure 3.5: Full assembly for the triangle array. ................................................................. 38

ix
Figure 3.6: Strain gauges signal conditional and amplifier circuit [55]. ............................. 40
Figure 3.7: Laser-Intelligent Sensor (IL-030). .................................................................... 41
Figure 3.8: Laser sensor measurement principle. ................................................................ 41
Figure 3.9: Schematic for the force transducer attachment to the support ring. .................. 43
Figure 4.1: Relationship between the blower frequency and the flow velocity for the
parallel triangle array. ...................................................................................... 46
Figure 4.2: Sample of the tube response in time and frequency domains. .......................... 48
Figure 4.3: Amplitude response plot in lift and drag direction for parallel triangle (0
degree) array. ................................................................................................... 49
Figure 4.4: The tube response pattern and the corresponding time domain signal in lift
direction for parallel triangular array at different upstream flow velocities. ........................ 51
Figure 4.5: Frequency spectra at 0 deg. (parallel triangle) and UU = 3.11m/s ................... 52

Figure 4.6: Frequency spectra at 15 degree orientation ....................................................... 52
Figure 4.7: Vortex shedding frequency response versus the upstream flow velocity for 15
and 20 degree ................................................................................................... 53
Figure 4.8: Amplitude response plot in lift and drag direction for different approach flow
direction for triangle array. .............................................................................. 54
Figure 4.9: Instability map for parallel triangle array shows a comparison of current data
with the published experimental results by Weaver and Fitzpatrick (1988). .. 55
Figure 4.10: Instability map for normal triangle array shows a comparison of current data
with the published experimental results by Weaver and Fitzpatrick (1988). .. 56
Figure 4.11: Different radial clearance value for tube support. ........................................... 57
Figure 4.12: Results for parallel triangle array (0 degree) and clearance Cr = 1mm. ......... 58
Figure 4.13: Results for triangle array (10 and 15 degree) and clearance Cr = 1mm. ........ 60
Figure 4.14: Results for triangle array (20 and 30 degree) and clearance Cr = 1mm. ........ 61
Figure 4.15: The tube response pattern and the corresponding time domain signal in lift
direction for parallel triangular array at 22.49m/s. .......................................... 62

x
Figure 4.16: The tube response pattern and the corresponding time domain signal in lift
and drag directions for parallel triangular array at different upstream flow velocities. ....... 63
Figure 4.17: The measured sound pressure level (dB) versus the upstream flow velocity
(m/s) for orientation of 0 degree. ..................................................................... 65
Figure 4.18: The measured sound pressure level (dB) versus the upstream flow velocity
(m/s) for orientation of 30 degree. ................................................................... 65
Figure 4.19: Results for triangle array for 0 degree orientation for the three
different support clearances. ............................................................................ 67
Figure 4.20: Results for triangle array for 15 degree orientation for the three different
support clearances. .......................................................................................... 68
Figure 4.21: Results for triangle array for 15 degree orientation for the three different
support clearances. .......................................................................................... 69
Figure 4.22: Frequency spectra at 0 degree (inline square array)........................................ 70
Figure 4.23: Frequency spectra at 45 degree (inline square array)...................................... 71
Figure 4.24: Vortex shedding frequency response versus the upstream flow velocity for 45
degree square array. ......................................................................................... 72
Figure 4.25: Amplitude response plot in lift and drag direction for inline Square array at 0
degree. ............................................................................................................. 73
Figure 4.26: Amplitude response plot in lift and drag direction for Square array at 15
degree. ............................................................................................................. 73
Figure 4.27: Amplitude response plot in lift and drag direction for Square array at 30
degree. ............................................................................................................. 74
Figure 4.28: Amplitude response plot in lift and drag direction for Square array at 45
degree. ............................................................................................................. 74
Figure 4.29: Instability map for inline array shows a comparison of current data with the
published experimental results by Weaver and Fitzpatrick (1988). ................ 75

xi
Figure 4.30: Instability map for rotated square array shows a comparison of current data
with the published experimental results by Weaver and Fitzpatrick (1988). .. 76
Figure 4.31: Results for Square array (0 and 15 degree) and clearance Cr = 1mm............. 79
Figure 4.32: Results for Square array (30 and 45 degree) and clearance Cr = 1mm........... 80
Figure 4.33: Results for square array for 0 degree orientation for the three different support
clearances ........................................................................................................ 82
Figure A.1: Orientation layouts for triangle array. .............................................................. 94
Figure A.2: Orientation layouts for square array. ............................................................... 95

List of Tables
Table 2.1: Mode constant (βn) for cantilever beam. ........................................................... 19
Table 3.1: Material properties and geometrical dimension of the central tube ................... 39

xii

Nomenclature
U

Flow velocity

𝑈𝑈𝑈𝑈

Upstream flow velocity

𝑈𝑈𝑟𝑟

Reduced flow velocity

𝑈𝑈𝑝𝑝

Pitch velocity (gap velocity)

𝑈𝑈𝐶𝐶

Critical flow velocity

𝑀𝑀𝑟𝑟

Mass ratio

MDP

Mass damping parameter

𝑚𝑚

Mass per unit length

𝛿𝛿

Logarithmic decrement of damping

𝑑𝑑

Tube diameter

𝑓𝑓𝑛𝑛

Tube natural frequency

𝜌𝜌

Flow density

𝑃𝑃

Tube array pitch

𝑓𝑓

Tube oscillation frequency

𝑓𝑓𝑣𝑣

Vortex shedding frequency

xiii

𝜁𝜁

Damping ratio

E

Modulus of elasticity

I

Moment of inertia

L

Length of the tube

. 𝛽𝛽𝑛𝑛

Mode constant

𝑊𝑊̇

Work rate

𝐹𝐹𝑛𝑛

Normal force

𝑃𝑃𝑡𝑡

Stagnation (total pressure)

𝑉𝑉̇

𝐾𝐾̇𝑟𝑟𝑟𝑟𝑟𝑟

Material volume rate

Experimentally determined wear coefficient

𝑑𝑑𝑑𝑑

Sliding distance

𝑃𝑃𝑠𝑠

Static pressure

1

Chapter 1 Introduction

1.1 Vibration Problem in Steam Generators
Increase in demand in energy with limited fossil fuel supply, has raised interest in
renewable and affordable energy such as solar, wind, and nuclear power energy. In 2016 it was
reported that 11% of the world’s electricity comes from nuclear power, and 21% of electricity in
OECD countries. The International Atomic Energy Agency (IAEA) estimated that 450 nuclear
power reactors existed in 31 countries worldwide as of September 2016, 2 nuclear power
reactors are in long-term shutdown and 60 new nuclear plants are under construction in 15
countries [1].
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Nuclear power plants provided approximately 16% of electricity supply in Canada in 2015,
which makes it the third most important electricity source in Canada. In Ontario alone, there are
three nuclear power plants with 18 reactors which supply 13.5 GWatt of power capacity [2],
which is more than 65% of the province’s electricity. In addition, one reactor exists in New
Brunswick. Outside of Canada, Canada Deuterium Uranium (CANDU) reactors are also used in
Pakistan, India, South Korea, Argentina, Romania, and China.
In the 1960s, Canada developed a unique nuclear reactor known as: “Canada Deuterium
Uranium” (CANDU). This was designed by Atomic Energy Canada Limited (AECL). CANDU
is a pressurized heavy water reactor that utilizes heavy water as the moderator as shown in
Figure 1.1. CANDU relies on shell and tube heat exchangers in their steam generators. The
heavy water in CANDU is typically contained in a closed system as it is radiation contaminated
but this contaminated heavy water has to go through a cooling cycle inside thousands of tubes.
These tubes constitute a barrier between the radioactive fluid and the secondary fluid. As such
the integrity of these tubes is extremely important to avoid leakage of radioactive fluid.
A typical CANDU steam generator layout is shown in Figure 1.2. The function of a steam
generator is to transfer the heat from a radioactive fluid (heavy water) to a coolant cycle. The
flow of heavy water inside the tubes and the flow of the secondary fluid across and around tubes
result in phase change of the secondary fluid from liquid to steam. The phase change results in
highly unsteady flow which results in Flow Induced Vibration (FIV). FIV mechanism most
commonly takes place at the U-bend tubes and tube supports shown in Figure 1.2 and full tube
bundle shown in Figure 1.3.
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Figure 1.1: CANDU 6 overall plant flow diagram [3].

4

Figure 1.2: Schematic design of CANDU 6 steam generators [3].
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Figure 1.3: U- Tube bundle. (http://www.bwxt.com).

FIV has four major excitation mechanisms including: turbulent buffeting, vortex shedding,
acoustic resonance and fluidelastic instability. Fluidelastic instability is considered as the most
dangerous excitation mechanism and presents a major threat to steam generators’ integrity [4,5].
Flow induced vibration (FIV) is a result of the interaction of structural motion with a flowing
fluid. FIV can in some cases be a serious issue that impacts many industrial structures such as
heat exchangers and steam generators. The quest for more efficient devices resulted in lighter
weight and more flexible structure. Hence, the new designs are more susceptible to FIV.
FIV can cause severe and quick failure of a steam generator. Some examples of the
damaging effects of FIV on steam generator tubes are shown in Figure 1.4. The damage may be
caused by fatigue or fretting wear due to impact between tubes and their supports or clashing of
neighboring tubes.
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Figure 1.4: Examples for tube failure by flow-induced vibrations where (a-b) show the tube
failure at the support due to fretting wear (modified from Atomic Energy Canada Ltd). (c) Tube
failure by clashing between tubes and also fretting wear between tubes and supports (modified
from UK Atomic Energy Authority).
Shell and tube heat exchangers are commonly used in numerous applications including
food industry, power, and petrochemical plants. Due to the numerous incidents of failure caused
by flow induced vibration, FIV has gained much attention and become one of the design criteria
in engineering especially in the nuclear power industry. Several programs have been developed
to investigate these issues. FIV occurs as the coolant fluid passes through the heat exchanger,
leading to large amplitude vibrations in the heat exchanger tubes which may result in tube-totube clashing and premature failure. To control this vibration, these tubes are strengthened by
supports. These supports are loosely fitted to allow easy installation and to maintain thermal
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expansion consideration. However, these gaps allow the tubes to vibrate inside the support space
leading to tube/support clashing and in turn could cause failure and fretting wear.
Although fluidelastic instability is the most important mechanism of ﬂow-induced
vibration in shell and tube heat exchangers, it is still not completely understood. For example,
previous studies have developed theoretical models to capture the physical effect of fluidelastic
instability but these models are not sufficient to achieve realistic predictions. Therefore,
experimental work is essential to fill the gaps in understanding of fluidelastic instability in tube
bundle.

1.2 Objectives
The experimental work will involve designing an experimental rig taking into
consideration precise control of FIV parameters aiming to investigate the following issues:
•

To examine the stability behaviour of a single flexible tube in a rigid triangle and
inline arrays.

•

To examine loosely support-tube interactions and the effect of approach flow
direction on the dynamics of loosely supported tube bundles in heat exchangers.

1.3 Thesis Outline
The thesis consists of five chapters:
Chapter 1: Introduction of the vibration issue in steam generators and mechanisms of flow
induced vibration.

8
Chapter 2: Literature review of excitation mechanisms of flow induced vibration, common
geometries of tube arrays in heat exchangers, different models of fluidelastic instability and
support types and the effect of loose support on the dynamic behaviour of tubes.
Chapter 3: Experimental setup, equipment and methodologies employed to conduct the
experiments.
Chapter 4: Describes the findings obtained through the experimental work in this study.
Chapter 5: Summarizes the main findings and conclusions derived from this study along with
recommendation for future work.
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Chapter 2 Background and Literature
review

Due to its ability to cause catastrophic failures, fluidelastic instability (FEI) is generally
considered to be the most severe mechanism of FIV in tube arrays. When this mechanism
dominates, it results in serious damage to tube arrays in a very short period of time [6]. FIV
became a more significant issue in the newer steam generators as they were designed to be
lighter and more efficient at high flow velocities. This has led to considerable research efforts
which in turn resulted in a large volume of literature describing experimental and analytical
investigations of the phenomenon. These investigations aimed at uncovering the underlying
physics of this mechanism, see for example Chen [7], Paidoussis [8], Weaver and Fitzpatrick [9],
Goyder [10], Mohany et al. [11], Hassan and Mohany [12], Anderson et al. [13], and Hassan and
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Mohany [14]. Moreover, several books were focused on fluidelastic instability including Blevins
[15], Naudascher and Rockwell [16].
Supports are used along the tubes to impart higher stiffness to control these excessive
vibrations. Clearance (gap) between tubes and support is always considered to allow for thermal
expansion as well as for manufacturing considerations. However, this clearance causes impact
between tubes and their support which may cause fatigue and wear at support locations leading
to tube failure. Moreover, chemical cleaning and tube wear increase the clearance which in turn
increases the interaction between tube and support, causing tube damage [14]. The vast majority
of investigations have dealt with idealized situations. In these experiments, the tube arrays were
designed such that they fit one of the standard tube arrays (inline, rotated square, parallel
triangle, or normal triangle) as shown in Figure 2.1. For example, in the inline tube array the
flow is parallel to one of the sides of the square pattern and the tubes are ideally supported. Ideal
supports assume that the supports provide perfect knife edge end conditions with zero clearance.
However, the flow inside the tube array is far from ideal and the resultant tube response could
also be quite different from the results in the reported investigations. Consequently, such
investigations result in conclusions pertaining to linear cases. Recent investigation by Hassan
and Weaver [17] studied the effects of support clearance and preload on the stability of tube
bundles. The main outcome of their work is that support clearance plays an important role in the
evolution of FEI in both the transverse and streamwise directions.

2.1 Tube Bundles Configuration.
Tightly packed tube bundles are utilized as means of increasing its surface area and/or
increasing turbulence as this improves the heat transfer. There are four tube arrangements that
are commonly used in heat exchangers: parallel triangle, normal triangle, and in-line square or
rotated square as shown in Figure 2.1 [18,19].
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Figure 2.1: Common heat exchangers tube array arrangements.

A triangular pattern is advantageous because more tubes can be fitted in compared to a
square pattern and also because it has a high heat transfer coefficient, but it is difficult to clean.
A triangular layout pattern is used only in clean applications. A square pattern is advantageous as
it is easier to clean and hence can be used for dirty applications [20].
Several factors can affect the heat transfer process and should be considered when
designing heat exchangers. High flow velocity is desired in order to achieve greater heat transfer
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capacity. Instead of using the upstream velocity 𝑈𝑈𝑈𝑈 the term of pitch velocity (gap velocity) 𝑈𝑈𝑝𝑝

is often used to describe the flow velocity inside the tube bundle for the different geometries of
the tube arrays.
The pitch velocity is defined as the average flow velocity as the fluid passes through the
gaps between tubes. The value of pitch velocity can be determined from the upstream velocity
using the continuity equation. Equation 2.1 represents the relation between the pitch velocity and
upstream flow velocity.
𝑈𝑈𝑝𝑝 =

𝑃𝑃
𝑈𝑈
𝑃𝑃 − 𝑑𝑑 𝑈𝑈

where 𝑃𝑃 is the tube array pitch, 𝑑𝑑 is the tube diameter, and 𝑈𝑈𝑈𝑈 is the upstream velocity.

(2.1)

2.2 Excitation Mechanisms of FIV.

Tubes in heat exchangers are subject to failure due to three main excitation mechanisms
which represent the FIV phenomena. FIV can be classified as a forced vibration, self-controlled
and self-excited mechanism. Alternatively, it could be classified into turbulent buffeting, vortex
shedding and acoustic resonance and fluidelastic instability based on the crossing flow
conditions.
A typical response of the tube vibration versus the flow velocity is shown in Figure 2.2. As
flow velocity increases the vibration amplitude increases gradually and that refers to turbulent
buffeting. At the flow velocity where the coincidence between the tube natural frequency and the
frequency of vortex shedding takes place the tube vibration amplitudes become relatively larger
and this is known as vortex shedding resonance. By increasing flow velocity the amplitude
decreases again and returns back where turbulent buffeting mechanism is dominant. At a certain
flow velocity, a sudden increase in the vibration amplitude occurs. This threshold flow velocity
refers to the critical flow velocity where the fluidelastic instability takes place
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Figure 2.2: The three main sources of excitation mechanisms of flow-induced vibration.

2.2.1 Turbulent Buffeting
Turbulent buffeting is considered the main excitation source at low flow velocities.
Turbulence results in a fluctuating force that acts on the tubes. Turbulence is a random excitation
force which results in tube vibration with relatively small amplitude. This vibration can result in
impact force between the tubes and their supports leading to long term wear. On the other hand,
turbulent buffeting can be beneficial as it increases the convective heat transfer, thus enhancing
the performance of heat exchanger. The impact force and fretting wear caused by turbulence
were previously studied [21,22]. A detailed study of turbulent buffeting taking into account
single and two-phase flow inside tube bundles was conducted by Axisa et al [23]. Modeling
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techniques of turbulent buffeting were reviewed by Weaver et al. [4]. It is essential to estimate
the effect of turbulent buffeting on equipment effective life [24].

2.2.2 Vortex Shedding
Vortex Shedding is a periodic excitation known as a self-controlled mechanism in heat
exchanger tube bundle. When the frequency of the Vortex Shedding is close to the tube array
natural frequency, resonance occurs generating aggressive tube vibration.
Equation 2.2 represents the vortex shedding frequency (𝑓𝑓𝑣𝑣 ) which is linearly proportional

to the velocity U [25].

𝑓𝑓𝑣𝑣 = 𝑆𝑆𝑡𝑡

𝑈𝑈
𝑑𝑑

(2.2)

Where d is the tube diameter, and 𝑆𝑆𝑡𝑡 (Strouhal number) is a non-dimensional quantity.

Vortex shedding is a geometry-dependent phenomenon which is typically investigated

individually for each geometry pattern. Ziada and Oengoren [26] studied vortex shedding in tube
bundle and found that the flow lane perturbation generates vortex shedding excitation. This study
showed that jet instability differentiates the vortex shedding phenomenon in square tube arrays
from triangular tube arrays.

2.2.3 Acoustic resonance
Acoustic resonance is a very common issue especially in power industry. Acoustic
resonance takes place as a result of high flow velocity passing across the tubes preceding wake to
oscillate, causing acoustic noises, and in some cases causing catastrophic structural failures.
Acoustic resonance was studied experimentally in square and triangular arrays under air
and water flow and it was found that multiple Strouhal numbers exist for each array (Ziada et al.
[27,28]). In 2000, Ziada and Oengoren [29] investigated acoustic resonance in parallel triangular
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tube array and showed that tube bundles have multiple Strouhal numbers for the array geometry.
Numerical simulations of vortex shedding and acoustic resonance phenomena in tube bundle
were investigated early in 2003 by Sweeney and Meskell [30], then later by Liang and
Papadakis, followed by Liang et al.[31].
Mahon and Meskell [32] investigated the interaction between the acoustic resonance and
fluidelastic instability in a normal triangular tube bundle with pitch to diameter ratio of 1.32.
This study was done by exciting the duct with artificial acoustic source (speakers). The results
showed that FEI is highly affected by the acoustic resonance and the instability threshold for FEI
delays in present of acoustic resonance. Moreover, the vibration amplitude significantly
decreases by increasing the sound pressure level in triangular array

2.2.4 Fluidelastic Instability (FEI)
Fluidelastic Instability (FEI) is considered the most dangerous, destructive and common
mechanism causing tubes failure in steam generator [5]. FEI is a self-excited vibration, as a
result of the interaction between the tube motion and the fluid forces. Flow pressure fluctuation
results in tube deformation which in turn causes variation in the flow field. Consequently, this
results in further pressure fluctuation. As such this represents a positive feedback system which
results in large vibrations amplitude. If the fluid flow rate is very high, collision and destruction
of tubes may occur [33]. FEI cases tubes failure may be due to fretting wear at tube/supports
contact points and/or by fatigue at tube sheets. Fluidelastic instability is not fully understood and
hence it is not easy to predict using current models [34].
Stability threshold can be defined as shown in Figure 2.2. It can be determined from the
intersection of the tangent lines both before and after the instability, or from the horizontal
intercept of the tangent line after instability. It may also be determined by studying the tube's
oscillations over time due to an induced tube perturbation. When the damping in the coupled
fluid-structure reaches zero, instability occurs.
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Figure 2.3: Schematic represents the stability map.
One practical tool to evaluate the instability threshold is the stability map. Stability map is
a plot of several experimental data for FEI in tube bundles with different geometries. The lower
bound of the data represents the instability threshold. Stability map is a conservative tool that is
not based on a physical concept which is a limitation in designing steam generators [5]. The
stability map is based on two non-dimensional parameters, the Mass Damping Parameter (MDP),
and the reduced flow velocity (𝑈𝑈𝑟𝑟 ) as in Figure 2.3.
Chen [35] provided stability maps for the four common array geometries from the
available experimental data. Weaver and Fitzpatrick [9] modified Chen stability maps by adding
more data shown in Figure 2.4. The data cannot form a stability line as the data is usually
scattered. To minimize the scattering of the data, stability data is plotted on a double logarithmic
scale and the lower bound represents the stability threshold.

Mass Damping Parameter
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Reduced Critical Velocity
Figure 2.4: Critical flow velocity for fluidelastic instability (a) Square (b) Rotated square
(c) Normal triangle (d) Parallel triangle arrays [9].
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2.3 FIV Parameters
2.3.1 Reduce Flow Velocity
Reduce flow velocity (𝑈𝑈𝑟𝑟 ) is a dimensionless quantity calculated as follows:
𝑈𝑈𝑟𝑟 =

𝑈𝑈𝑝𝑝
𝑓𝑓𝑓𝑓

(2.3)

where 𝑈𝑈𝑝𝑝 denotes the gap velocity, 𝑓𝑓 denotes the tube oscillation frequency, and 𝑑𝑑 denotes the

tube diameter.

2.3.2 Damping
Flow-induced vibration is strongly affected by damping level as damping refers to the
amount of energy dissipation during the tube vibration response. Damping is very beneficial as
it reduces flow vibrations and often enhances the stability of the system. The rate of decay of free
tube vibration refers to logarithmic decrement (δ). The logarithmic decrement (δ) represents a
convenient way to measure the system damping which can be expressed as a function of the
damping ratio(ζ) . The damping ratio (ζ) can be determined from the ratio of the amplitudes of

two successive cycles of the damped tube in free decay. This logarithmic decrement of damping
δ and damping ratio 𝛇𝛇 can be described as in equations 2.5 and 2.6:
1

x

δ = ln � 0 � =
n

𝛇𝛇 =

xn

𝛅𝛅

�𝟒𝟒𝛑𝛑𝟐𝟐 +𝛅𝛅𝟐𝟐

2πζ

�1−ζ2

(2.5)

(2.6)

where n denotes the number of peaks over which the amplitude change is measured, and
x denotes the measured amplitude.
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Tube bundle subjected to cross flow may exhibit different damping forms.
•

Structural damping as a result of the internal friction of material

•

Fluid damping (viscous damping) as a result of energy dissipation by fluid

•

Impact and friction damping as a result of tube/support interaction.

2.3.3 Natural frequency
The natural frequency of a simple span beam with a uniform cross section is calculated by.
𝑓𝑓𝑛𝑛 =

2 𝐿𝐿2
𝛽𝛽𝑛𝑛

2𝜋𝜋

𝐸𝐸𝐸𝐸

�𝜌𝜌𝜌𝜌𝐿𝐿4

(2.7)

where: E, I, and L are the modulus of elasticity, moment of inertia, and length of the tube,
respectively. 𝛽𝛽𝑛𝑛 , is the mode constant. Considering the tube behaviour as a cantilever beam, the

mode constant (𝛽𝛽𝑛𝑛 ) for the first three modes are represented in Table 2.1.

Table 2.1: Mode constant (𝛽𝛽𝑛𝑛 ) for cantilever beam.
𝜷𝜷𝒏𝒏 𝑳𝑳

Mode NO.

1.8751 / L

1st mode

4.6941 / L

2nd mode

7.8547 / L

3rd mode

2.3.4 Mass damping parameter (MDP)
The MDP is a dimensionless quantity, calculated based on the tube mass ratio (𝑀𝑀𝑟𝑟 ) and

logarithmic decrement (𝛿𝛿) and is given by equation 2.8:
𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑚𝑚𝑚𝑚

𝜌𝜌𝑑𝑑 2

= 𝑀𝑀𝑟𝑟 𝛿𝛿

(2.8)
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where 𝑚𝑚 denotes the tube mass per unit length, 𝛿𝛿 denotes the logarithmic decrement, 𝜌𝜌 denotes

the fluid density, and 𝑑𝑑 denotes the tube diameter. Mass ratio (𝑀𝑀𝑟𝑟 ) is the ratio between the tube

mass and displaced fluid mass.

2.4 Fluidelastic Instability Models
2.4.1 Jet Switch Model
Jet switch model was a first step to predict stability threshold in fluid mechanics observed
by Roberts [18]. In this model, the downstream flow of two tubes can be viewed as a jet between
a large and small wakes as shown in Figure 2.5. When the two tubes cross, less fluid moves in
the large wake, which results in wake shrinking and jet switching direction [36]. Due to this
process the energy gained during a complete cycle of motion can be larger than the energy
dissipated. The main contribution of this work is the genesis of the reduced critical flow velocity
as a function of the mass damping parameter.

Figure 2.5: Idealized model of the jet-flow model assumed by Roberts.
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2.4.2 Quasi-Static Models
This is the most popular and simplest model to design heat exchangers [18]. This model
physically measures fluid force lift and drag coefficients. According to this model, jet switching
does not occur at low flow velocity and hence a focus on transverse fluidelastic instability is
possible. In this case, a constant drag can be assumed, and reduced critical flow velocity can be
determined from the mass and energy balances as in equation 2.9.
𝑈𝑈𝐶𝐶

where

𝑈𝑈𝐶𝐶
𝑓𝑓𝑓𝑓

𝑓𝑓𝑓𝑓

= 𝐾𝐾 �

𝑚𝑚𝑚𝑚 𝑏𝑏

𝜌𝜌𝑑𝑑 2

�

(2.9)

denotes the reduced critical flow velocity, and K and b are correlation constants.

The above equation was first proposed by Roberts. However, Connors was the first to adopt it to
the case of transverse instability in tubes row. Connors' constant K is assumed to be 9.9, and
exponent b is 0.5 [18]. The disadvantage of this model is that it does not provide details about
the dynamics of the underlying mechanisms of instability. These models provide a simple means
to predict the fluidelastic instability in cross flow. It was found that the elliptical motion was the
most dominant motion [36].

2.4.3 Unsteady Models
In these models, the unsteady forces acting on a tube are assumed to be the superposition
of the forces resulting from the motions of all of the surrounding tubes. These forces are
typically expressed in dimensionless form (force coefficients).

Force coefficients can be

obtained by measuring the resulting forces due to prescribed induced tube motion. The unsteady
flow model identified stiffness and damping controlled instability regions as well as multiple
stability boundaries [37]. Stability predictions from this model are in good agreement with the
experimental data. Figure 2.6 shows the theoretical stability boundary for the square array as
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given by Tanaka & Takahara, 1980, 1981. One of the major disadvantages of this model is that a
large amount of data is required to determine the stability boundary.

Figure 2.6: Theoretical stability boundary for square array, P/d=1.33 [36,37].

2.4.4 Semi-Analytical Model
Figure 2.7 shows theoretical stability boundary for fluidelastic instability (Lever &
Weaver, 1986). This model is based on basic fluid mechanics to predict the fluid forces through
measuring the pressure of the fluid attached to the tube.
Lever and Weaver (1982) demonstrated that one can utilize one dimensional unsteady flow
to model a very complex flow in tube bundles. The power of this model comes from its inclusion
of fluid mechanics and dynamics modelling of the tube. Comparison with experimental data and
its independence of frequency makes it a convenient way for use with nonlinear simulations [18].
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Figure 2.7: Theoretical stability boundary for fluid-elastic instability in a parallel
triangular array with P/d=1.375 [36,37].
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2.5 Type of supports
Heat exchanger tube bundles consist of thousands of tubes which are very long. When the
crossing flow moves around the tubes, the tubes become susceptible to vibration. To control this
vibration, tubes are strengthened by supports along tube length. Several types of tube support
exist to support straight tube and U-bend tube.
The tube support plates (TSP) are commonly used in earlier heat exchanger designs where
tubes pass through holes drilled into plates placed at intervals along the tube length. TSP
includes drilled-hole and broached-hole support (Figure 2.8 a, and c). For heat exchangers which
basically depend on U-bend tube bundle such as CANDU steam generator, the U-bend part is the
most disposed part to vibration and special supports are required. A variety of different tube
support types are considered for the U-bend tube bundle, the most commonly used are presented
in Figure 2.8 and include:
•

Drilled hole

•

Broached-hole

•

Wiggle bar

•

Lattice bar (rhomboid-flat bar)

•

Lattice bar (square-flat bar)

•

Flat-bar

Scalloped bars: it refers to drilled-hole tube support type. As shown in Figure 2.8 a, and c,
it’s simply a plate which has a hole(s) drilled through in a certain configuration in order to
generate the tube bundle pattern. This type of supports is very strong and provides a good rigid
tube support stiffness. However, it causes flow blockage, preventing the release of steam and
impurities.
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Wiggle Bars: as shown in Figure 2.8b, is type of support that endeavors to overcome the
flow blockage issue in the “scalloped bars” type by offering more open flow. This can be
achieved by using an offsetting alternate scalloped bars to construct the support. Also, it can be
built from forming a wiggle strip. Moreover, this type leads to an improvement in the radial
flexibility of the tube array.
Lattice bar (rhomboid flat bar): this support configuration is built up from flat bars
forming support space for each tube in a diamond shaped pattern as presented in Figure 2.8f.
This configuration can fit the triangle array. It can be useful in case of small bundles as the bars
can be installed after tubing. The line tube-support contact provides an open flow structure which
simplifies bundle cleaning.
Lattice bar (square flat bar): as shown Figure 2.8e, it is composed of two groups of flat
bars, one group placed on the plane and the other placed to be perpendicular to the U-bend tying
the entire bundle U-bend assembly together. This configuration can fit the inline square array.
Although line tube-support contact is provided, a poorly vented space may be the case if the bars
are wide.
Flat-bars: In this support configuration flat bars that are staggered or lined up can be
involved as shown in Figure 2.8 d. Also, it provides a very open flow structure as it has only one
tube/support line contact. Through this type of support great flexibility is provided to
accommodate differential tube motions. It was found to be the most effective among support
geometries (Weaver and Schneider [38]) for the U-bend assembly. In some bundle designs, bars
with a boomerang shape can be used in the U-bend assembly where both ends of the bars are
located outside the bundle.
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Figure 2.8: Various configuration of the U-tube support [38] (a) Drilled hole, (b) Wiggle Bars,
(c) Broached-hole, (d) Flat-bars, (e) Lattice bar (square flat bar), and (f) Lattice bar (rhomboid
flat bar)
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2.6 Dynamics behaviour of loose tube support
Clearance is usually permitted between the tube and its support to facilitate manufacturing
and to allow for thermal expansion. The interaction between tubes and support can adversely
affect the design of the tube bundle. Furthermore, the nonlinear form of interaction makes it
more complicated when designing heat exchangers. Efforts were made to understand this
interaction including experimental and theoretical studies. An earlier experimental study showed
that wear is mainly caused by shear forces rather than impact motion which causes minimum
wear [39]. Another study of wear prediction in pressurized water reactors (PWR) was conducted
by Hofman et al. [40] using tangential sliding, oblique impacting, and perpendicular impact in
pressurized water at 200 𝐶𝐶 ° . In this experiment, the force levels as well as the sliding velocities
were determined for each of the contact conditions. 𝑉𝑉̇ = 𝐾𝐾̇ 𝑟𝑟𝑟𝑟𝑟𝑟 𝑊𝑊̇ , where 𝑉𝑉̇ is the material volume

rate, 𝑊𝑊̇ is the work rate, and 𝐾𝐾̇𝑟𝑟𝑟𝑟𝑟𝑟 is an experimentally determined wear coefficient. The sliding

work rate is defined as

𝑊𝑊̇ =

1 𝑛𝑛
∫ (𝐹𝐹
𝑇𝑇𝑠𝑠 𝑖𝑖=0 𝑖𝑖

∙ 𝑑𝑑𝑑𝑑𝑖𝑖 )

(2.10)

where 𝐹𝐹𝑛𝑛 is the normal force and 𝑑𝑑𝑑𝑑 is sliding distance. This model relies on the assumption that
the tube slides on the support neglecting the impact on the support and the tube lifting off.

Several studies were conducted to study the tube/support nonlinear interaction to estimate
tube wear [41,42]. A study was conducted by Weaver and Schneider [38] using wind tunnel to
investigate the effect of flat bar supports for heat exchanger U-tube bundles and the effect of tube
support clearance on the response. This experimental work was done on a triangular array with
pitch to diameter ratio of 1.57 and tube diameter of 13 mm and U-bend mean diameter of 1.5m.
It was found that flat bar has no effect on U-bend ant vibration support. Also they found that
small clearance is essential so that the support can perform as a nodal point for flow induced
vibration.
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Another experimental study was done by Chen et al [41] to investigate the tube
displacement as a function of the flow velocity with variable support clearances. Through this
experimental work the result showed a good agreement with the analytical model based on the
unsteady flow theory and established the existence of the tube chaotic behaviour in the presence
of loose tube supports. Three experiment series were performed by Chen at al [43] to study the
effect of clearance value of the tube support plate on the dynamic behaviour of a tube array
subjected to across flow. They found that tubes could have tube support plate inactive modes in
the case of relatively larger clearance. Tube support plate inactive modes usually have lower
natural frequencies when compared to tube support plate (TSP) active mode. Also the tube
response characteristics accompanying TSP-inactive modes are sensitive to tube/support
clearance, thickness of TSP, excitation amplitude, alignment of the tube, and the fluid inside the
clearance. They also investigated in detail the tube response and impact forces on TSPs for a
tube row. A small tube response was noticed and insignificant damage in a relatively short time
due to the impact force may have occurred.
Tube damage due to FIV and the factors affecting the fretting wear rate should be well
studied and hence several studies focused on understanding those factors. Experimental
techniques to predict the lifetime wear for a multi-span tube in heat exchangers were utilized by
Haslinger et al. [44]. The testing techniques were involved to measure tube support structure
interaction parameter such as tube contact force, relative sliding distance, and average contact
time for a single multi-span tube. They indicated that flow turbulence and/or vortex shedding
mechanisms are the main reasons to initiate the tube/tube support structure fretting wear.
A program designed to address the mid-span region of U-bend vibration-response
behaviour was presented by Victor et al. [45]. Simplified U-tube bundle subjected to two-phase
cross-flow with a set of flat-bar supports at the apex was tested. The tube/support interaction
parameters were measured versus a wide range of flow velocities at different values of void
fractions from zero to 90% for three different tube support clearances. The tube vibration
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response and work-rates were measured under the effect of fluidelastic instability and randomturbulence excitation. At low void fraction (zero and 25%) for pitch velocities beyond 0.5 m/s
the effects of fluidelastic instability were dominant on the vibration response and work-rate.
However, at higher void fractions significant effect for random turbulence was observed.
Connors and Kramer [46] used an air shaker test to study FEI and turbulence induced
vibration and determined the work rate to use for tube wear volume prediction. They conducted
their experiment using a full size U-bend tube with anti-vibration bar (AVB) model and
compared tube dynamic behaviour in the shaker test and FIV test. Through the experiment the
tube/AVB impact forces and the tube motions were measured. Moreover, the wear expressed as a
function of the work-rate was estimated. Also the effect of tube/AVB clearance was considered
in the excitation level of the work-rate. They found in U-bend region that tube wear resulting
from FEI is higher than that from turbulence alone.
On the other hand, other studies focused on investigating the dynamic interaction between
tube and tube support to avoid tube failure. Weaver and Yetisir [47] used the stiffness and
external force methods to conduct numerical simulations on U-bend tubes with flat bar supports,
and they found that the impact caused the energy to be partially transferred to higher modes
while most of the energy was transferred to lower modes. Doubling the clearance resulted in
results comparable to results from only 5% increase in the excitation level and the impact force.
Similar findings were reported by Axisa and Gibert et al. [48].
The dynamic of loosely supported tube in heat exchanger was experimentally investigated
by TEN et al. [49]. An inline tube bundle with anti-vibration support bars was utilized to
estimate the tube to support interaction parameter specially those parameters related to the
assessment of wear. Impact force, contact time and the support clearance value were observed
considering only single sided impact condition. A comparative study between experimental work
and non-linear computations was conducted by Payen et al. [50] to predict the dynamics of a
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loosely supported tube subjected to a turbulence cross flow. The results showed a good
agreement between experimental and computational terms of impact force level and work rate.
In another implementation for finite element technique, Hassan et al. [51], investigated the
tube-tube support interaction behaviour. They pointed out that as the support clearance increased,
the normal work rate increased when the support was active and it was concluded that keeping
the tube to tube support to a minimum can extend the heat exchanger effective life. Also a
simulation

to study the effects of support clearance and flow direction for different geometry

and lattice bar supports under the effect of turbulence excitation was carried out by Hassan et al.
[24]. Their results revealed that the worst case occurs as long as the flow is normal to a support
and in case of support with large clearance as the tube in the lift direction is permit to slide
through the support.
Fuel tube bundle simulations were conducted by Hassan and Rogers [52] to evaluate three
friction models “Velocity-Limited Friction Model (VLFM), Spring-Damper Friction Model
(SDFM), and Force-Balance Friction Model (FBFM)” on the tube contact dynamics. Their
results demonstrated that for the case of low preloads tube, similar results were obtained from
these friction models. A small time step was required to ensure numeral stability for both the
SDFM and FBFM.
Experimental project was developed by Mohany and Janzen [53] to investigate the U-tube
bundle dynamic response with Anti-Vibration Bar (AVB) supports subjected to two-phase crossflow of Freon. In, and out-of-plane FIE and random turbulent excitation of a multi-span U-Bend
tube bundle with AVB supports was demonstrated.
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Chapter 3 Experimental Setup and
Instrumentation
To shed some light on the interaction between tubes and their supports under the effect of
Fluidelastic instability (FEI) mechanism, an experimental work was carried out. An experimental
setup was designed and manufactured precisely to have the ability to control the different
parameters of FEI and to control the approach flow direction on the tube bundle. A
comprehensive description of the wind tunnel apparatus will be discussed in this chapter in
addition to the tube bundle design and manufacturing process. The measuring equipment and
instruments will also be defined.

3.1 Experimental apparatus
3.1.1 Wind tunnel
In the current study, the wind tunnel facility at University of Ontario Institute of
Technology was used for testing the tube bundle. It is typically an open circuit wind tunnel
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which draws air flow from the surrounding working lab environment through a bell mouth, and
then the air flow passes through the inlet section, towards the working test section followed by
the diffuser. The flow expands gradually inside the diffuser to the exhaust outlet passing the
vane-axial fan as shown schematically in Figure 3.1. The setup is composed of three main
sections:
1. Inlet section (upstream section)
2. Test section
3. Diffuser (downstream section)
The inlet section is constructed from plywood with a thickness of 19 mm with a veneer
finish. The cross section is rectangular with an inner width of 132 mm and a height of 550 mm.
The overall length of the section is 1680 mm. A rectangular bell mouth duct with a radius of 154
mm was fabricated and connected to the inlet section. The bell mouth’s function is to prevent
any separated flow from entering the tunnel, and reduce the turbulence of the flow by gradually
and smoothly increasing the flow velocity and accelerate it to a point where the velocity becomes
uniform. The inlet section is also designed to easily attach and detach to the test section by
sliding it into place, and securing it by screws. Precautions were taken to ensure no leaks were
present between the test section and the inlet section.
The test section was designed and constructed to meet the objectives of the current
research. The test section was manufactured from 19 mm thick polished acrylic sheets with
internal 550 mm by 132 mm rectangular cross section and 409 mm long. The acrylic side walls
provide the ability to visualize the tube bundle. Also, good care was taken and considered in the
design to provide easy assembly and disassembly processing between the inlet section, test
section, and the diffuser and to ensure having a perfect sealing between these section
connections. Moreover, for accurate modeling of the cross flow inside the tube bundle, the side
walls were designed in such way to attach part of acrylic tube to meet the tube array
configuration conditions as shown in Figure 3.2.
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Figure 3.1: Schematic of the wind tunnel facility.
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Figure 3.2: Schematic of the test section showing the acrylic side walls.
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The third wind tunnel component is the diffuser section which is 1100 mm long and its
cross section gradually increases from 550 mm by 132 mm at its contact with the working
section to 550 mm by 255.4 mm at the flexible connection, just before the centrifugal blower fan.
This diffuser smoothly transmits the air flow from the rectangular working section to the 485
mm diameter of the circular exhaust blower outlet via the flexible connection. The flexible
connection represents an isolation unit between the diffuser and the blower fan unit which
prevents the ambient vibrations produced by the centrifugal blower from transmitting to the test
section.
In addition to the three sections aforementioned, the wind tunnel fourth component is a
centrifugal blower manufactured by SHELDONS engineering model 9019 XB. This unit is
powered by a 3 phase Baldor D.C. motor 75 hp with variable frequency drive which achieves a
1780 RPM. The fan speed is controlled by an external controller from Danfoss Compan to reach
the desired speed. The whole unit including the blower, the electric motor, and the controller unit
are installed in proper base to eliminate any vibration.
The three sections of the test ring are mounted on a rigid wood frame and its centerline is
elevated from the laboratory floor by 1124 mm. Moreover, lateral supports were used to secure
the test section and supporting frame with good care to eliminate the vibration transmitted to the
section.

3.1.2 Tube Array Geometry
The tube bundle design must reflect the core of interest of this research work. As such,
designs of two tube bundles were carried out to best simulate the conditions of interest. The
main objectives taken into account for the insurance that the tube array will have the full
functionality were:
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1. To accurately design the tube bundle model and its behaviour towards the FEI
mechanism, the number of rows and columns of tubes are taken into consideration. A
study conducted by Weaver and Elkashlan [54] aimed to evaluate tube bundle dimensions
and its relationship to FEI. Their results showed that a minimum of 3 columns and 5 rows
were required to capture the phenomena.
2. To have the ability to remove and replace some tubes to reach the proper orientation of
the tube bundle configuration.
3. To ensure that air flow crossing the tube bundle has the same resistance along the cross
section
The tube bundle consisted of a central single flexible tube in addition to a number of rigid
dummy tubes varied from one orientation to another. A 12.7 mm nominal diameter of a steel and
aluminum dummy tubes with 550 mm length was selected for square and triangle array
respectively. Based on the duct dimension, pitch-to-diameter ratio of 1.5 was chosen for the
triangle array. However, 1.733 was considered for a square array.
To reach the desired flow direction on the tube bundle a specific design layout for the
arrangement of the dummy tubes was carried out for each orientation. An example for parallel
triangle array (0° ) is shown in Figure 3.3 and all other orientation layouts are available in

Appendix (A). The dummy tubes were rigidly assembled and secured in their appropriate
location using 2 Aluminum circle plates with 178.8 mm diameter and 12.7 mm thickness as
shown in Figure 3.4.
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Figure 3.3: Tube array configuration - parallel triangle array (0° )

(a) The plate lower face

(b) (b) The plate upper face

Figure 3.4: Aluminum end plate for triangle tube array.
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CNC milling machine was utilized through the manufacturing process to accomplish the
optimum accuracy for the tubes location. Each tube was located by blind holes of 12.7 mm
diameter and 3 mm in depth in addition to through holes drilled with diameter 10 mm. To add
the required rigidity to the tube bundle socket-head cap screw M10 was used to firmly bolt each
tube with the end plates.
The full tube bundle assembly for the triangle array is shown in Figure 3.5. Material
properties and geometrical dimension of the central tube are summarized in Table 3.1. A through
hole with diameter 20.5 mm was drilled in the center of the upper-end plate to give the
permeability to the free end of the central flexible tube to stand out for testing and
instrumentation purposes.

Figure 3.5: Full assembly for the triangle array.
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Table 3.1: Material properties and geometrical dimension of the central tube
Material

Aluminium

Density 𝜌𝜌𝑡𝑡 (kg/m3)

2700
70x109

Young’s Modulus E (Pa)
Length L (m)

0.66

Outer Diameter 𝑑𝑑𝑜𝑜 (m)

0.0127

Inner Diameter 𝑑𝑑𝑖𝑖 (m)

0.00916

3.2 Instrumentation and Calibration
3.2.1 Pitot tube
The assumption that the air flow is incompressible was taken into account through this
experimental work as the max flow velocity recorded in the upstream part of the bundle was less
than 25 𝑚𝑚/𝑠𝑠 and the average room temperature was around 20℃. A Pitot tube connected to a

digital manometer located at 400 mm to the upstream of the tube array was used to measure
dynamic pressure through obtaining the difference between the stagnation pressure and the static
pressure. By knowing the dynamic pressure the upstream flow velocity (𝑈𝑈𝑈𝑈 ) can be given by

Bernoulli's equation.

2(𝑃𝑃𝑡𝑡 −𝑃𝑃𝑠𝑠 )

𝑈𝑈𝑈𝑈 = �

𝜌𝜌

(3.1)

where 𝑃𝑃𝑡𝑡 is stagnation (total pressure), 𝑃𝑃𝑠𝑠 is static pressure, and 𝜌𝜌 is the air density and it was
taken as 1.2 𝑘𝑘𝑘𝑘/𝑚𝑚3
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3.2.2 Strain gauges
The central tube is instrumented with two pairs of strain gauges to measure the tube
flexural displacement in two perpendicular directions. Each direction was targeted by 2 strain
gauges 120 Ω (produced by OMEGA), installed on two opposite sides of the tube at the root.

The attachment of the strain gauges was done following the company installation procedure
using LOCTITE SG496 rapid cure strain gauge adhesives. A half bridge configuration shown in
Figure 3.6 was built using strain gauge amplifier, DRC-4720 bridge sensor, in addition to 2
highly sensitive 120 Ω resistance.

Figure 3.6: Strain gauges signal conditional and amplifier circuit [55].

3.2.3 Laser intelligence sensor
The central tube was monitored by a pair of Laser-Intelligent Sensors (IL-030) (Figure 3.7,
product of KEYENCE). These sensors were targeted to a square prism at the tube tip used to
measure the tube vibration response in the drag and lift directions.
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These sensors measure the distance based on triangulation principle. In other words, by
identifying the position of the laser beam spot, the position of the targeted object can be defined
(Figure 3.8). The sensor is designed to provide a linear scale factor over a displacement range
from head 20 to 45 mm and reference distance is 30 mm with repeatability equal to 1 𝜇𝜇𝜇𝜇. The
sensor is connected to a multi-function amplifier and the output voltage was calibrated to the

corresponding displacement. The calibration curve shows a linear relationship between the
output voltage and displacement.

Figure 3.7: Laser-Intelligent Sensor (IL-030). Figure

3.8:

Laser

sensor

measurement

principle.

3.2.4 Force transducer
To evaluate the tube support interaction behaviour, a three-component force transducer
was used to carry out the impact force measurements between the flexible tube and the testing
supports. The measured forces acting on the support in lift (impact forces) and drag (shear
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forces) direction were acquired by KISTLER 9251A. That sensor is comprised of three quartz
rings mounted to the sensor housing. While two quartz rings are sensitive to measure the two
components of acting shear forces in X and Y direction, the third quartz ring is sensitive to the
acting normal force in Z direction. The dynamic change in force is measured by measuring the
electrical charges for each component which is proportional to the different force components.
The acquired signals were conditioned and amplified using KISTLER multichannel charge
amplifier (Type 5070)
For precise measurements, the sensor must always be mounted under sufficient mechanical
preloading especially in measurements of the shear force component. That is the shear forces
must be transmitted from the base and sensor cover plate to the surfaces of the sensor as a static
friction. Moreover, it is necessary for the contact surface to be rigid and flat in order to uniformly
distribute the force.

3.2.5 Support assembly
High level of care was followed through designing and manufacturing the tube supports
and the support ring to accommodate the following consideration requirements:
1- To provide an easy installation procedure for the various tested supports over the time.
2- The support ring should have enough rigidity and the strength to attain accurate force
measurements and minimise the dynamic effect on it.
3- To accomplish the optimum adjustment between the tube and the support and archive the
exact anticipated clearance.
The tube supports are designed to simulate the tube flat bar support. Three different
supports with different clearances were manufactured. These supports were machined by CNC
milling machine in order to obtain the exact dimension of the designed support and clearance
value.
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Figure 3.9 shows the attachment and installation of the force transducer to the support ring.
The force transducer was mounted on a screw by two nuts providing the mandatory preloaded
forces. This screw is connected directly to the tube support and also is connected to a Linear
Stage micrometer device. The micrometer offers an accurate way to adjust the support position
by allowing accurate and easy changes on both axis (X and Y) at any time. The micrometer is
fixed to a base plate and this plate is attached to the upper end of the tube bundle and the upper
side of the test section. Also the base plate has the ability to rotate over a path with the tube
bundle in order to achieve the tested orientation angle.

Figure 3.9: Schematic for the force transducer attachment to the support ring.
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3.3 Data acquisition
The output signals from the tube instruments were acquired by 16-bit National
Instrumentations NI USB-6212 BNC data acquisition (DAQ). The DAQ has the capability to
acquire data from eight differential BNC analog input channels. In this research, two input
channels are assigned for strain gauges, another two for laser sensor and also two for the output
from the force transducer. The real time signals are acquired using user interfaces LABVIEW
software with sampling rate of 5 KHz over sampling time of 60 seconds.
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Chapter 4 Results and discussion

This chapter covers the procedures, results and discussion of the experimental work
conducted to examine the stability behaviour of a single flexible tube in a rigid triangular or
inline arrays. As mentioned in Chapter 3, two pairs of strain gauges were attached at the base of
the cantilever central tube. The tip displacement was measured by two laser vibratory sensors in
lift and drag directions. A pitot tube was used to determine the velocity of the upstream flow.
Moreover, the impact forces were measured in both directions for three different clearance
values for the support. The impact forces between the tube and the support were measured by 3D
Force transducer.
A pluck test was performed to determine the tube natural frequency and structural damping
ratio. The tube bundle was assembled to the test section of the wind tunnel and the experiment
was started with a low flow velocity. The tube amplitude response was recorded at a known flow
velocity with a sampling rate of 5.0 kHz for 60 Second time duration. The blower frequency was
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then incremented to increase the flow velocity. The measurements were recorded after waiting
for the steady state conditions of the flow to be reached. The same process was repeated until the
tube instability and tube clashing occurred.

4.1 Vibration parameter measurement
4.1.1 Flow velocity
The relation between the blower frequency and the upstream flow velocity (𝑈𝑈𝑈𝑈 ) was

defined for each tube bundle for each orientation. A pitot tube was used to measure the velocity
of the upstream flow against different blower frequencies. Then the relation between the blower
frequency and the flow velocity was plotted for each case. Figure 4.1 shows a typical blower
frequency and the flow velocity relationship for the parallel triangle array which clearly shows a
linear behaviour.
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Figure 4.1: Relationship between the blower frequency and the flow velocity for the
parallel triangle array.
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By measuring the upstream flow velocity (𝑈𝑈𝑈𝑈 ) and based on Equation 2.1, the mean gap

velocity (𝑈𝑈𝑝𝑝 ) for the triangle array was found to be 3 times the upstream flow velocity (𝑈𝑈𝑈𝑈 ) as

the pitch to diameter ratio was considered to be 1.5. However, for the square array with pitch to
diameter ratio equal to 1.733, it was found to be 2.364 𝑈𝑈𝑈𝑈 .

4.1.2 Tube natural frequency and damping ratio

In order to determine the mass damping parameter and the reduced flow velocity, the tube
damping level and the natural frequency need to be obtained. However, damping for loose
supported tubes represents a complex mechanism which is not clearly understood and is hard to
measure. Damping in this case can be simplified considering the structural damping only.
Pluck test was conducted to determine the fundamental natural frequency and damping
ratio by calculating the logarithmic decrement (δ). Initial displacement was applied to the tip of
the tube to excite the first mode. Figure 4.2 shows a typical tube response and the corresponding
exponential decay functions. The decay function was obtained by fitting an exponential function
to the peaks of the response.
The damping ratio can then be determined from the negative coefficient of the exponential
decay function. This logarithmic decrement of damping δ and damping ratio 𝛇𝛇 were obtained.

The damping ratio was determined through averaging ten trials. The average damping ratio 𝛇𝛇 was

found to be 0.0014 with logarithmic decrement δ equaling 0.009. The tube natural frequency
was determined experimentally through Pluck test by applying the Fast Fourier Transform (FFT)
to the response signal as shown in Figure 4.2. The tube frequency was found to be 21.3 Hz.
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(a) Time domain response of the damped system.

(a) Corresponding FFT frequency spectrum.
Figure 4.2: Sample of the tube response in time and frequency domains.
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4.2 Triangular tube array
4.2.1 Linear case
In the case of a triangle array where no tube support was located, the flow elastic instability
was detected at various flow orientations. The experiments were carried out for five flow
velocities at different orientations (0, 10, 15, 20, and 30 degrees).
Figure 4.3 shows the amplitude response versus the upstream flow velocity for 0 degree
orientation (parallel triangle array) in both lift and drag directions. The results showed that the
amplitude response was very low and suddenly increased at flow velocity of 2 m/s which
represents the critical velocity for fluidelastic instability (𝑈𝑈𝑐𝑐 ). For flow velocities sufficiently

lower than the critical velocity, the turbulence buffeting is the dominant excitation mechanism.

Figure 4.3: Amplitude response plot in lift and drag direction for parallel triangle (0 degree)
array.
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Figure 4.4 shows the tube motion (Tube trajectory) in the lift (Y) and drag (X) directions at
four different flow velocities and the corresponding time signal response in lift (Y) directions.
For low flow velocities below the critical flow velocity (2 m/s), low amplitude response was
noticed in both directions (Figure 4.4a, b). The amplitude slightly increased with the increase of
the flow velocity (Figure 4.4c, d). However for velocities beyond the critical flow velocity,
fluidelastic instability took place and caused aggressive vibration (Figure 4.4e, f). At this flow
velocity (2.56 m/s), it was observed that the tube lift response amplitude was 68% greater than of
the drag direction as shown in Figure 4.4(e, f).

(a) Tube location at 𝑈𝑈𝑈𝑈 = 1.55 m/s

(b) Tube response signal at 𝑈𝑈𝑈𝑈 = 1.55 m/s

(c) Tube location at 𝑈𝑈𝑈𝑈 = 1.95 m/s

(d) Tube response signal at 𝑈𝑈𝑈𝑈 = 1.95 m/s
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(e) Tube location at 𝑈𝑈𝑈𝑈 = 2.57 m/s

(f) Tube response signal at 𝑈𝑈𝑈𝑈 = 2.57 m/s

Figure 4.4: The tube response pattern and the corresponding time domain signal in lift direction
for parallel triangular array at different upstream flow velocities.
Also the results showed a periodic response for both lift and drag directions with a
frequency equal to the tube’s natural frequency. Figures 4.5(a) and (b) show typical frequency
response of the central tube in the parallel triangle array (0 degree) orientation at upstream flow
velocity 𝑈𝑈𝑈𝑈 = 3.11m/s in lift and drag directions. The tube response shows a distinguished
dominant frequency at 21.3Hz which equals to the tube natural frequency. This response
behaviour was also noticed for orientation 10 degree and 30 degree at all flow velocities.
Figures 4.6(a) and (b) show frequency response at 15 degree orientation in lift direction at
upstream flow velocities of 𝑈𝑈𝑈𝑈 = 10.62 m/s and 𝑈𝑈𝑈𝑈 = 12.27 m/s respectively. It was noticed that
the response shown in Figure 4.6(a) at 𝑈𝑈𝑈𝑈 = 10.62 m/s represents two distinguished dominant

frequencies at 16.23 Hz and 21.0 Hz. Increasing the flow velocity resulted in an increase in the
frequency of the lower peak. However, the frequency of the larger peak remained constant but
its band width became wider as seen in Figures 4.6(b). At a certain flow velocity the lower
frequency coincided with the higher one and both of those peaks are now at the tube natural
frequency. Same behaviour was observed for triangle array (15 degree) orientation.
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(a) Lift direction

(b) Drag direction

Figure 4.5: Frequency spectra at 0 deg. (parallel triangle) and 𝑈𝑈𝑈𝑈 = 3.11m/s

(a) Lift direction 𝑈𝑈𝑈𝑈 = 10.62m/s

(b) Lift direction 𝑈𝑈𝑈𝑈 = 12.27m/s

Figure 4.6: Frequency spectra at 15 degree orientation

Figure 4.7 shows the plot of the detected low frequencies versus upstream flow velocity.
The Strouhal numbers of 1.58 and 1.53 were obtained from the best fit through the data for 15
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degree and 20 degree orientations, respectively. Based on the pitch velocity the Strouhal
numbers of 0.53 and 0.51 were obtained. These results are in good agreement with previously
published results by Yeung, and Weaver [56] which reported Strouhal numbers of 0.57.
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Figure 4.7: Vortex shedding frequency response versus the upstream flow velocity for 15
and 20 degree
Identical behaviours were noticed for 10 and 30 degree flow orientations as illustrated on
Figure 4.8a, d. The critical flow velocities for 10 and 30 degree flow orientations were found to
be 2.3 m/s and 5.9 m/s, respectively. On the other hand, for the flow orientations of 15 and 20
degree, only similar behaviour was observed at low flow velocities under 5.0 m/s. However,
beyond 6 m/s a fluctuating response between small and large amplitude was documented. Also it
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was noticed that vortex shedding resonance took place at velocity around 13 m/s as indicated in
Figure 4.8b, c. It is difficult to detect the instability threshold value based on these results. More
investigations are still needed to have a better explanation for that unexpected behaviour.

(a)

(b)

(c)

(d)

Figure 4.8: Amplitude response plot in lift and drag direction for different approach flow
direction for triangle array.
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The current result for parallel and normal triangle arrays was compared with the
experimental data predicted from the instability map published by Weaver and Fitzpatrick [9] as
shown in Figure 4.9 and Figure 4.10. The experimental reduced flow velocity was overlaid on
the instability map based on a value of mass damping parameter (MDP) which equals 8. The
current experimental results showed a good agreement with published data as retrieved from
Weaver and Fitzpatrick (1988), which validates the results presented in the current work.

Figure 4.9: Instability map for parallel triangle array shows a comparison of current data with
the published experimental results by Weaver and Fitzpatrick (1988).
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Figure 4.10: Instability map for normal triangle array shows a comparison of current data with
the published experimental results by Weaver and Fitzpatrick (1988).

4.2.2 Nonlinear case
To study the effect of tube support clearance on the dynamics of tubes with loose supports
and instability phenomena for the triangle array subjected to cross-flow, three different support
clearances (Cr = 1.0 mm, Cr =0.75 mm, and Cr = 0.5 mm) were considered in the current
experimental work as shown in Figure 4.11. The process of ensuring that the tube is wellcentered in the support space was proven to be a very difficult case. Several methods were
attempted to accomplish this goal. However, the micrometer positioning system was utilized as
it provided the best method to achieve good control of the tube location.
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Figure 4.11: Different radial clearance value for tube support.

4.2.2.1 Effect of approach flow direction in stability of a loosely supported
tube.
To investigate the effect of the flow direction on the instability of a loosely supported tube,
the tube bundle was tested for the 5 flow orientations with a flat bar support with a radial
clearance Cr = 1mm. Figure 4.12a, b illustrate the results for parallel triangle array (0 degree).
Both the lift and drag vibration amplitude responses were presented in Figure 4.12(a). The tube
lift response slightly increased with increasing the flow velocity until the flow velocity reached
2.14 m/s, a sudden increase in vibration amplitude was observed. Of course this threshold where
the abrupt increase in tube occurs marks the critical flow velocity of the unsupported tube.
Beyond the critical flow velocity the tube response remains almost constant controlled by the
tube support clearance value which equals 1 mm. On other hand, the tube response in drag
direction gradually increases with increasing the flow velocity. At a flow velocity of 2.14 m/s an
increase in tube amplitude followed by a sudden decrease was noticed. The high impact force
between the tube and the support in the lift direction, lead to an increase in friction force in drag
direction, causing the tube amplitude to decrease in the drag direction. At a velocity of 5.8 m/s a
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gradual increase in the drag amplitude took place followed by sudden large amplitude recorded
at 10 m/s. This may be attributed to the interaction with acoustic resonance mechanism, which
works to decrease the lift direction amplitude leading to a low friction force between the tube and
the support. Figure 4.12(b) shows the measured RMS of the impact force value versus upstream
flow velocity in both drag (X) and lift (Y) directions for the tested tube support with clearance
value of 1 mm for the 0 degree flow orientation. For both directions, the same trend was noticed.
It was clearly noticed that the impact force recorded zero value at low flow velocity when the
velocity was below 2.1m/s as the vibration amplitude was not large enough to cause tube/support
clashing. However, a sudden increase in the impact force took place at flow velocity beyond 2.14
m/s where the flow velocity reached the critical one and the tube became unstable under the
effect of FEI with vibration amplitude larger than the support radial clearance value. Around
flow velocity of 5.8 m/s the impact force gradually decreases with increasing the flow velocity.
Also, the impact force showed a lower value in X-direction than in Y-direction as the impact
force in Y- direction is double sided impact while it is single sided in X-direction

(a) Vibration response for 0° orientation

(b) RMS impact force for 0° orientation

Figure 4.12: Results for parallel triangle array (0 degree) and clearance Cr = 1mm.
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Figures 4.13 and 4.14 illustrate the results for triangle array with flow orientations of 10,
15, 20 and 30 degree for the vibration amplitude obtained from the laser sensors and strain
gauges and also the corresponding impact forces each versus the upstream flow velocity. The
results in Figures 4.13a, c for the triangle array with flow orientations of 10 degree show the
same behaviour as in the case of 0 degree orientation at low flow velocities. However, at high
flow velocities, an unexpected behaviour was observed. The vibration amplitude starting from
velocity around 8 m/s fluctuated in both directions. In lift direction the amplitude decreases to a
value less than the tube support clearance and this behaviour can be attributed to the tube/support
interaction behaviour, leading to a very low level of impact forces as shown in Figures 4.13(c).
In this case, it was noticed through the experiment that acoustic resonance occurs between flow
velocities of 7.5 m/s and 12 m/s. and also it was observed that the tube vibration amplitude
became very small with the presence of the acoustic resonance. Hence it is believed that there is
an interaction between the FEI and the acoustic resonance which provides a good explanation for
this unanticipated behaviour and more investigations are needed to test this hypothesis.
The behaviour at 15 and 20 degree was different in the case of high velocities. As
mentioned in the linear case for these two orientations, the vortex shedding resonance took place
at velocity around 13 m/s in the non-linear case. As shown Figure 4.13 and Figure 4.14 large
amplitude at velocity around 13 m/s was reported. This amplitude represents the vortex shedding
resonance. Due to the effect of vortex shedding resonance, a sudden and large value for the
impact force was recorded at flow velocity corresponding to the velocity where vortex shedding
occurs as shown in Figure 4.13(f) and Figure 4.14(c)
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(a) Vibration response for 10° orientation

(d) Vibration response for 15° orientation

(b) Strain response for 10° orientation

(e) Strain response for 15° orientation

(c) RMS impact force for 10° orientation

(f) RMS impact force for 15° orientation

Figure 4.13: Results for triangle array (10 and 15 degree) and clearance Cr = 1mm.
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(a) Vibration response for 20° orientation

(d) Vibration response for 30° orientation

(b) Strain response for 20° orientation

(e) Strain response for 20° orientation

(c) RMS impact force for 20° orientation

(f) RMS impact force for 30° orientation

Figure 4.14: Results for triangle array (20 and 30 degree) and clearance Cr = 1mm.
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As shown in Figure 4.14d, e for triangle array at 30 degree the vibration amplitude dropped
down from large to very low amplitude at flow velocity around 12.8 m/s and maintained this
value at higher flow velocities. It was also noticed that the tube oscillates about a non-zero mean
value in drag direction. Moreover, in this case at very high velocity above 20 m/s, the tube sticks
to the support and the vibration amplitude in both directions approached zero as shown in Figure
4.15.
The tube response pattern and the corresponding time domain signal in lift and drag
direction at 12.85 and 16.9 m/s presented in Figure 4.16. It is clear that the tube response
recorded low amplitude value at 12.85 m/s and even much lower at 16.9 m/s which approached
zero in both direction. This behaviour may be attributed to the interaction with acoustic
resonance mechanism.

(a) Tube location at 𝑈𝑈𝑈𝑈 = 22.49 m/s

(b) Tube response signal at 𝑈𝑈𝑈𝑈 = 22.49 m/s

Figure 4.15: The tube response pattern and the corresponding time domain signal in lift
direction for parallel triangular array at 22.49m/s.
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(a) Response in Lift-dir. at 𝑈𝑈𝑈𝑈 = 12.85 m/s

(d) Response in Lift-dir. at 𝑈𝑈𝑈𝑈 = 16.86 m/s

(b) Response in drag-dir. at 𝑈𝑈𝑈𝑈 = 12.85 m/s

(e) Response in drag-dir. at 𝑈𝑈𝑈𝑈 = 16.86 m/s

(c) Tube location at 𝑈𝑈𝑈𝑈 = 12.85 m/s

(a) Tube location at 𝑈𝑈𝑈𝑈 = 16.86 m/s

Figure 4.16: The tube response pattern and the corresponding time domain signal in lift and drag
directions for parallel triangular array at different upstream flow velocities.
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For further investigation of the effect of the acoustic resonance (AR) on the tube vibration
and the tube/support interaction, testing for measurement of the acoustic pressure was conducted.
Four pressure microphones were flush mounted to the middle of the test section side in order to
have two microphones in the upstream and the other two located in the downstream direction.
The preliminary results showed that there was interaction behaviour between the tube
vibration response and the acoustic resonance. It was noticed that in the presence of the acoustic
resonance the tube vibration decreased which resulted in decrease in the impact force as a result
of the small vibration amplitude. This observation was documented for 0 degree and 30 degree as
shown in Figure 4.17 and Figure 4.18 which represent the sound pressure level (acoustic
pressure) obtained from the microphone just downstream the tube bundle versus the flow
velocity. For the 0 degree flow orientation, it was clearly noticed that a high level of sound
pressure took place around flow velocities of 5.8 m/s which corresponded to a decrease in the
vibration amplitude and the impact force as previously shown in Figures 4.12a, b. Similarly, for
orientation at 30 degree a moderately high level of pressure sound started at flow velocity around
12.8 m/s which coincides with the flow velocity where the vibration amplitude and the impact
force decreased as shown earlier in Figure 4.14d-f.
In general the results obtained from this preliminary acoustic measurement test gave an
explanation for the unexpected behaviour reported for both orientations of 15 and 20 degree
suggesting that the acoustic resonance may have enough energy to decrease the effect of FEI on
the tube to the level that makes the detection of the instability threshold difficult to observe
specially in the linear case. However, in nonlinear cases, the instability threshold seemed to
occur at flow velocity of 7.3 m/s and 7.5 m/s for bundle orientations of 15 and 20 degree
respectively as shown in Figure 4.13(c, b) and Figure 4:14(d, e)
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Figure 4.17: The measured sound pressure Figure 4.18: The measured sound pressure
level (dB) versus the upstream flow velocity level (dB) versus the upstream flow velocity
(m/s) for orientation of 0 degree.

(m/s) for orientation of 30 degree.
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4.2.2.2 Effect of tube support clearance on FEI and Impact force level
To investigate the effect of tube support clearance value on the dynamics of the
tube/support interaction behaviour three different support clearance values (1.0, 0.75, and 0.5
mm) were utilized. The tube bundle was tested for the 3 flow orientations (0, 15, and 30
degrees). Special attention was paid to the instability threshold and the impact force level.
Figures 4.19, 4.20, and 4.21 show a comparison of the results obtained for each of the
examined support clearance values for the three studied orientations. The comparison was
established for the vibration amplitude, strain response and impact force against the flow velocity
in both the lift and drag directions. Figure 4.19a presents the RMS response amplitude versus the
upstream velocity for the parallel triangle array in the lift direction. It was clearly shown that the
amplitude was restrained by the support gap value. However, in the drag direction which is
presented in Figure 4.19d, no significant difference was noticed. The exact behaviour was
reported for the strain response as shown in Figure 4.19b, e. Also it was observed that the value
of impact force was very sensitive and proportional to the value of the clearance. In other words,
the large support gap produced large impact force as shown in Figure 4.19c, f. Moreover, the
impact force in Y- direction was larger than that in the X-direction as the impact force in Ydirection is double sided impact while it is single sided in X-direction. The same behaviour was
noticed for the 15 and 30 degree orientation as shown in Figures 4.20, and 4.21. However, it was
noticed that the impact force became less sensitive to the examined clearance values in the 15
degree orientation and matched more in the 30 degree. In parallel triangle array the effective gap
distance is orthogonal to the flow direction. However, this effective gap increased by increasing
the orientation angle. As a result, the effect of the effective value of clearances on the impact
force decreased by increasing the flow direction. Also the difference in the recorded value of
impact force in both direction X and Y directions decreased by increasing the flow direction until
it approached its level at 30 degree orientation as shown in 4.21c,f.

67

(a) Vibration response in lift direction

(d) Vibration response in drag direction

(b) Strain response in lift direction

(e) Strain response in drag direction

(c) RMS impact force in Y-direction

(f) RMS impact force in X-direction

Figure 4.19: Results for triangle array for 0 degree orientation for the three different support
clearances.
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(a) Vibration response in lift direction

(d) Vibration response in drag direction

(b) Strain response in lift direction

(e) Strain response in drag direction

(c) RMS impact force in Y-direction

(f) RMS impact force in X-direction

Figure 4.20: Results for triangle array for 15 degree orientation for the three different support
clearances.
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(a) Vibration response in lift direction

(d) Vibration response in drag direction

(b) Strain response in lift direction

(e) Strain response in drag direction

(c) RMS impact force in Y-direction

(f) RMS impact force in X-direction

Figure 4.21: Results for triangle array for 15 degree orientation for the three different support
clearances.
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4.3 Square tube array
4.3.1 Linear case
Fluidelastic instability was measured at various flow directions to study the effects of the
approach flow direction on the response of a single flexible square tube bundle subjected to a
cross-flow. The experiments were carried out for four different flow directions (0, 15, 30, and 45
degrees).
Figure 4.22 shows the tube response frequency spectra for inline array (0 degree) at two
different flow velocities 𝑈𝑈𝑈𝑈 = 1.82 m/s and 𝑈𝑈𝑈𝑈 = 4.13 m/s. The FFT spectra response showed

turbulence close to the tube natural frequency at low flow velocities below the instability
threshold as shown in Figure 4.22 (a). However, at higher velocity beyond the instability
threshold the spectral response showed much more organised and clear sharp spike at the natural
frequency as shown in Figure 4.22 (b). This behaviour was also observed in all other tested
orientations.

(a) 𝑈𝑈𝑈𝑈 = 1.82 m/s

(b) 𝑈𝑈𝑈𝑈 = 4.13 m/s

Figure 4.22: Frequency spectra at 0 degree (inline square array).
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Interestingly, the frequency spectra always showed only one dominant frequency peak at
the tube natural frequency at all examined flow velocities for all orientations except the 45
degree. Figure 4.23 shows the frequency response for the square array at 45 degree in lift
direction at upstream flow velocity 𝑈𝑈𝑈𝑈 = 11.12 m/s and 𝑈𝑈𝑈𝑈 = 14.29 m/s. It was observed that, in

addition to the frequency peak at the tube natural frequency, another smaller peak was observed
at frequency less than the natural frequency. This peak at the lower frequency which represents
the vortex shedding frequency shifted towards the natural frequency with increasing the flow
velocity.

(a) 𝑈𝑈𝑈𝑈 = 11.12 m/s

(a) 𝑈𝑈𝑈𝑈 = 14.29 m/s

Figure 4.23: Frequency spectra at 45 degree (inline square array).

Figure 4.24 shows the plot of the detected low frequencies versus upstream flow velocity.
The Strouhal number of 1.094 was obtained from the best fit from the data for 45 degree and
orientation based on upstream flow velocity. However, based on the pitch velocity, the Strouhal
number of 0.46 was obtained. This result shows a good agreement with the published result
provided by Weaver and Yeung [57] which showed a value of 0.43.
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Figure 4.24: Vortex shedding frequency response versus the upstream flow velocity for 45
degree square array.
Figure 4.25 shows the amplitude response versus the upstream flow velocity for 0 degree
orientation (inline square array) in both lift and drag directions. The results showed that the
amplitude response was very low and suddenly increased at flow velocity of 3.8 m/s which
represents the critical velocity for fluidelastic instability. Under the critical velocity, the
turbulence buffeting caused the tube vibration.
The same behaviour was noticed for 15 and 30 degree flow orientations as illustrated in
Figures 4.26 and 4.27. The critical flow velocity (instability threshold) was observed to occur at
2.8 m/s and 8.2 m/s for 15 and 30 degree flow orientations, respectively. In these three
orientations (0, 15, and 30 degree), the tube reached instability in lift direction before the drag
direction. On the other hand, for the flow orientations of 45 degree, streamwise fluid elastic
instability was observed around 8 m/s. However, it was challenging to detect the instability in lift
direction as shown in Figure 4.28.
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Figure 4.25: Amplitude response plot in lift and drag direction for inline Square array at 0
degree.

Figure 4.26: Amplitude response plot in lift and drag direction for Square array at 15 degree.
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Figure 4.27: Amplitude response plot in lift and drag direction for Square array at 30 degree.

Figure 4.28: Amplitude response plot in lift and drag direction for Square array at 45 degree.
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The current results for inline (0 degree) and rotated square (45 degree) arrays were
compared to the experimental data predicted from the instability map published by Weaver and
Fitzpatrick [9] as shown in Figure 4.29 and Figure 4.30. The experimental reduce flow velocity
was overlaid on the instability map based on a value of mass damping parameter (MDP) equal to
8. The current experimental results showed a good agreement with published data as retrieved
from Weaver and Fitzpatrick (1988), which validates the results presented in the current work.

Figure 4.29: Instability map for inline array shows a comparison of current data with the
published experimental results by Weaver and Fitzpatrick (1988).
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Figure 4.30: Instability map for rotated square array shows a comparison of current data with the
published experimental results by Weaver and Fitzpatrick (1988).

4.3.2 Nonlinear case
4.3.2.1 Effect of approach flow direction in stability of a loosely supported
tube.
To investigate the effect of the flow direction on the instability of a loosely supported tube,
the square tube bundle was tested for the 4 flow orientations with a flat bar support with a radial
clearance Cr = 1mm. Figure 4.31 illustrates the results for the square array (0 and 15 degree).
Both the lift and drag vibration amplitude responses were presented in Figure 4.12(a) the 0
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degree orientation. The tube lift response slightly increased with increasing the flow velocity
until the flow velocity reached 3.0 m/s, a sudden increase in vibration amplitude was observed.
Of course this threshold where the abrupt increase in tube occurs marks the critical flow velocity
of the unsupported tube. Beyond the critical flow velocity the tube response remains almost
constant controlled by the tube support clearance value which equals 1 mm. On the other hand,
the tube response in drag direction gradually increases with increasing the flow velocity. At a
flow velocity of 3 m/s an increase in tube amplitude followed by a sudden decrease was noticed.
While another large amplitude occurred at 16 m/s which is believed to be the flow velocity at
which the instability in drag direction takes place. Figure 4.12(c) shows the measured RMS of
the impact force value versus upstream flow velocity in both drag (X) and lift (Y) directions for
the tested tube support with clearance value of 1 mm for the 0 degree flow orientation. For both
directions, the same trend was noticed. It was clearly noticed that the impact force recorded zero
value at low flow velocity when the velocity was below 3.9 m/s as the vibration amplitude was
not large enough to cause tube/support clashing. However, a sudden increase in the impact force
took place at flow velocity of 3.9 m/s where the flow velocity reached the critical one and the
tube became unstable under the effect of FEI with vibration amplitude larger than the support
radial clearance value. Beyond the 3.9 m/s of the flow velocity the impact force gradually
increases with increasing the flow velocity.
Same behaviour was noticed for the 15 degree as presented in Figures 4.31d. Also it was
clearly noticed that the impact force recorded zero value at low flow velocity when the velocity
was below 3.65 m/s as the vibration amplitude was not large enough to cause tube/support
clashing. However, a sudden increase in the impact force took place at flow velocity beyond 3.65
m/s. around flow velocity of 10 m/s the impact force gradually decreases with increasing the
flow velocity, this may be attributed to the interaction with acoustic resonance mechanism.
Figure 4.32 illustrates the results for square array with flow orientations of 30 and 45
degree for the vibration amplitude obtained from the laser sensors and strain gauges and also the
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corresponding impact forces each versus the upstream flow velocity. The results in Figures
4.32a, and b for the triangle array with flow orientations of 30 degree show the same behaviour
as in the case of 0 degree orientation at low flow velocities. However, at high flow velocities, an
unexpected behaviour was observed. The vibration amplitude starting from velocity around 15
m/s fluctuated in both directions. Same behaviour was noticed for the 45 degree as presented in
Figures 4.31d, e and f. In this case, it was noticed through the experiment that acoustic resonance
occurs with a very high sound pressure level. Hence it is believed that there is an interaction
between the FEI and the acoustic resonance which provides a good explanation for this
unanticipated behaviour and more investigations are needed to test this hypothesis.
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(a) Vibration response for 0° orientation

(d) Vibration response for 15° orientation

(b) Strain response for 0° orientation

(e) Strain response for 15° orientation

(c) RMS impact force for 0° orientation

(f) RMS impact force for 15° orientation

Figure 4.31: Results for Square array (0 and 15 degree) and clearance Cr = 1mm
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(a) Vibration response for 30° orientation

(d) Vibration response for 45° orientation

(b) Strain response for 30° orientation

(e) Strain response for 45° orientation

(c) RMS impact force for 30° orientation

(f) RMS impact force for 45° orientation

Figure 4.32: Results for Square array (30 and 45 degree) and clearance Cr = 1mm
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4.3.2.2 Effect of tube support clearance on FEI and impact force level
To investigate the effect of tube support clearance value on the dynamics of the
tube/support interaction behaviour three different support clearance values (1.0, 0.75, and 0.5
mm) were utilized. The tube bundle was tested for the 0, and 45 degrees. Special attention was
paid to the instability threshold and the impact force level.
Figures 4.33, and 4.34 show a comparison of the results obtained for each of the
examined support clearance values for the studied orientations. The comparison was established
for the vibration amplitude, strain response and impact force against the flow velocity in both the
lift and drag directions. Figure 4.33a presents the RMS response amplitude versus the upstream
velocity for the inline array in the lift direction. It was clearly shown that the amplitude was
restrained by the support gap value. However, in the drag direction which is presented in Figure
4.33d, no significant difference was noticed. The exact behavior was reported for the strain
response as shown in Figure 4.33b, e.
Also it was observed that the value of impact force was very sensitive and proportional to
the value of the clearance. In other words, the large support gap produced large impact force as
shown in Figure 4.33c, f. Moreover, the impact force in Y- direction was larger than that in the
X-direction as the impact force in Y- direction is double sided impact while it is single sided in
X-direction. The same behaviour was noticed for the 45 degree orientation as shown in Figures
4.34. However, it was noticed that the impact force became less sensitive to the examined
clearance values in the 45 degree orientation. In the inline array the effective gap distance is
orthogonal to the flow direction. However, this effective gap increased by increasing the
orientation angle. As a result, the effect of the effective value of clearances on the impact force
decreased by increasing the flow direction. Also the difference in the recorded value of impact
force in both the X and Y directions decreased by increasing the flow direction until it
approached its level at 45 degree orientation as shown in 4.34c, f.
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(a) Vibration response in lift direction

(d) Vibration response in drag direction

(b) Strain response in lift direction

(e) Strain response in drag direction

(c) RMS impact force Y-direction

(f) RMS impact force in X-direction

Figure 4.33: Results for square array for 0 degree orientation for the three different support
clearances
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(a) Vibration response in lift direction

(d) Vibration response in drag direction

(b) Strain response in lift direction

(b) Strain response in drag direction

(c) RMS impact force Y-direction

(c) RMS impact force X-direction

Figure 4.34: Results for square array for 45 degree orientation for the three different support
clearance
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Chapter 5 Final Remarks

5.1 Conclusion
In order to avoid the excessive vibrations in tube bundle of heat exchanger, tubes are
installed with supports located along their length to attain more stiffness. However, due to
thermal expansion of tubes and manufacturing considerations, clearance always exists between
tubes and supports. The existence of clearances permits impacts between the tubes and their
supports. This in turn can lead to tube damage due to fatigue and/or wear at the support
locations.
In this work, numerous wind tunnel experiments were conducted on both triangle and
square array of tubes with single flexible tube in rigid array subjected to cross flow. Pitch to
diameter ratio of 1.5 and l.73 was considered for triangle and square array, respectively. These
experiments aimed to investigate the effects of approach flow direction on tube dynamic
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response and also the tube behaviour in the presence of tube support clearance. The main
conclusions derived from this study for linear case (unsupported tube) can be summarized as
follows:

•

For triangle array:

1.

The normal triangle array was found to be much more stable than the parallel triangle
array. The stability threshold for the triangular array increases slightly with the
increasing of flow angle till 10 deg. Orientations beyond 15 degree show significantly
higher stability threshold level. The dramatic increase in the stability threshold between
10 and 15 degree requires further future investigations.

2.

Vorticity response was noticed at low flow velocities in 15 and 20 degree array with the
Strouhal number of 0.53 and 0.51 based on pitch velocity, respectively. These results
indicated that Strouhal number is insensitive to the approach flow orientation. The
obtained results were found to be in a good agreement with previously published results
for normal and parallel arrays.

3.

Acoustic resonance was observed in all tested orientations at high flow velocities. The
sound pressure level increases by increasing the flow direction from the normal triangle
array toward the parallel array.

4.

An interaction between the tube vibration and the acoustic resonance response was
observed. The vibration response decreased in the lift direction in case of the acoustic
resonance. This phenomenon needs more investigation in order to understand the
physical explanation behind it.
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•

For square array:

1.

Although it was difficult to exactly determine the stability threshold for the rotated
square array (45 deg.), the results show that it was more stable than the inline array (0
deg.) and it was clearly observed that the tube became more stable by increasing the
flow direction angle form the inline array toward the rotated square array.

2.

Vorticity response was noticed at low flow velocities in the rotated square array with the
Strouhal number of 0.46 based on pitch velocity. This result shows a good agreement
with the published result reported in the literature.

3.

Acoustic resonance was observed through the experiments in all tested orientations. The
sound pressure level increased by increasing the flow velocity and also it increased with
the increase in the flow direction angle form the inline array toward the rotated square
array.

4.

Rotated square array shows mainly a streamwise fluid elastic instability. This
unexpected behaviour needs more investigation.

For the case where the tube was supported by flat bar, an investigation of the tube/support
interaction parameter, RMS impact force was carried out for various flow orientations and
clearance values. The results can be established as follows for both tube bundles.

1.

The impact force level was found to be highly affected by the change in the support
clearance. Increasing value of radial clearance leads to an increase in the tube
vibration response and impact force level

2.

The impact force became less sensitive to the examined support clearance values by
increasing the flow direction angle from zero degree (parallel triangle and inline). As
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a result, the effect of the effective value of clearances on the impact force decreased by
increasing the flow direction.
3.

There is a higher probability of tube failure due to the impact force presented in the
case of small flow angle especially zero degree orientations.

5.2 Recommendations
The following outlines some suggestions regarding the future research that could be considered
as an extension of the current research.

1.

Conducting experimental work on a fully flexible tube array.

2.

Future investigations are required to characterise the effect of the support offset.

3.

Investigating the interaction behaviour between the fluidelastic instability and acoustic
resonance for better understanding.

4.

Investigating streamwise fluidelastic instability on tube bundles is required as it was
recently found to cause quick and unexpected failure in steam generators.
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Appendix A
A.1 Orientation layouts for triangle array

(a) Triangle array 10 degree

(b) Triangle array 15 degree

(c) Triangle array 20 degree

(d) Triangle array 30 degree

Figure 34

Figure A.1: Orientation layouts for triangle array.
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A.2 Orientation layouts for square array

(a) Square array 0 degree

(b) Square array 15 degree

(c) Square array 30 degree

(d) Square array 45 degree

Figure 35 Figure

A.2: Orientation layouts for square array.

