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ABSTRACT

The interaction between fluidelastic instability
and acoustic resonance in two normal triangular
tube arrays has been quantified. Two possibili-
ties are examined which are based on the quasi-
steady framework proposed by Price & Paidoussis
(1984) to model fluidelastic instability. The effect
of acoustic resonance on the steady fluid forces on
a static cylinder is examined as well as the effect
of acoustic resonance on the time delay between
tube motion and the resultant flow reorganisation
close to the measurement cylinder.

1. INTRODUCTION

An array of circular tubes subject to fluid cross
flow may exhibit large amplitude self-induced vi-
bration known as fluidelastic instability (FEI).
The vibration occurs at the natural frequency
of the structure and the fluid force depends on
tube motion, thus the tube motion itself causes
the excitation. The phenomenon has been clas-
sified under two distinct mechanisms by Chen
(1983): fluid damping; and fluid stiffness con-
trolled instability. This study is concerned with
fluid damping controlled instability and it occurs
when the net linear damping goes to zero. In gas
flows, as the tube bundle is enclosed in a duct,
the system may also experience acoustic reso-
nance (AR) at a frequency which is several orders
magnitude greater than the natural frequency of
the structure. One could reasonably expect that
fluidelastic instability and acoustic resonance to
be largely independent due to the large separa-
tion in frequency. However, Price & Zahn (1991)
and Meskell & Fitzpatrick (2003) reported an ap-
parent interaction between the phenomena. The
interaction was quantified by Mahon & Meskell
(2008). They reported that the imposed acoustic
field reduced the vibration amplitude of a single
flexible cylinder in a normal triangular tube array
(P/d=1.32). The current paper briefly recalls the
quantification of the effect of acoustic resonance
on fluidelastic instability for P/d=1.32 extending

the analysis to also include P/d=1.58 before pro-
ceeding on to a more comprehensive analysis of
the interaction between the phenomena.

2. EXPERIMENTAL SETUP

The experimental facility consists of a draw down
wind tunnel with the tube array under investiga-
tion installed in the test section. The configura-
tions under test were two five row normal trian-
gular (NT) tube arrays with pitch ratios of 1.32
and 1.58 subject to air cross flow. The flow ve-
locity in the wind tunnel test section ranged from
2m/s to 14m/s with a free stream turbulence in-
tensity of less than 1%. The tubes in the array
are rigidly fixed, except for one tube which will be
referred to as the instrumented cylinder. For the
vibration tests, the instrumented cylinder (posi-
tion 1 in Fig. 1) was free to oscillate in the lift, y,
direction only. The tube is rigid in construction;
however, it is mounted on a flexible cantilevered
support outside the wind tunnel. The tube os-
cillation was measured using an accelerometer
mounted on the tube support as shown in Fig. 2.
The structural viscous damping of the system is
controlled by a simple non-contact electromag-
netic damper (EMD). This arrangement was also
used for forced vibration tests by applying a volt-
age across the coil. For the force measurement
tests, the instrumented tube had 36 surface pres-
sure taps at 10o intervals located along the centre
span of the tube which was mounted on an x− y
traverse (located outside the wind tunnel). Each
tapping was monitored with a Senotec differen-
tial pressure transducer with the reference vented
to atmosphere. In effect the gauge pressure was
measured. The readings from these instruments
were digitised and logged using an NI 8 chan-
nel, 24 bit data acquisition frame. Each channel
was simultaneously sampled and automatically
low pass filtered to avoid aliasing.

Artificial excitation of acoustic resonance in
the tube array was achieved using two 225W
speakers located on both side walls of the test
section as shown in Fig. 1.



Figure 1: P/d=1.32; Test section schematic.

Figure 2: Flexible tube with the EMD in situ.

3. RESULTS

In the first instance, it was verified that a single
flexible cylinder in P/d=1.32 and 1.58 became
unstable due to FEI. It was also observed that
the current results compared favourably with the
data available in the literature.

3.1. Effect of Acoustic Resonance

The effect of acoustic resonance on fluidelastic
instability was quantified for P/d=1.32 in a pre-
vious paper (Mahon & Meskell, 2008). This was
achieved by artificially exciting the duct acoustics
at various loudness levels and for a range of
flow velocities and levels of structural damping.
Acoustic resonance was found to modify the flu-
idelastic vibration amplitude. Fig. 3 shows a
time trace of tube displacement at δst=0.088 and
U=4.5m/s with and without acoustic excitation.
At t=0s acoustic excitation was applied with a
speaker power of 64W (SPL=140dB). It was seen
that the effect of acoustic resonance was to reduce
the vibration amplitude by more than 50%.

The fluidelastic vibration amplitude reduces
with increasing speaker power as illustrated in
Fig. 4. It was also apparent that the effect of
acoustic resonance on fluidelastic instability was
dependent on structural damping and flow veloc-
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Figure 3: P/d=1.32; Time trace of tube displace-
ment. Acoustic excitation applied at t=0s.

ity. It was also observed that the applied acoustic
field increased the critical velocity, delaying the
onset of fluidelastic instability.
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Figure 4: P/d=1.32; Vibration amplitude against
input power to speaker: ∆, δst = 0.077; ∆, δst =
0.098; ◦, δst = 0.077.

In terms of the system dynamics, acoustic reso-
nance adds damping reducing the apparent neg-
ative fluid damping associated with fluidelastic
instability. Further results on the interaction as
well as the identification technique for obtain-
ing the fluid damping can be found in Mahon
& Meskell (2008).

The effect of acoustic resonance on fluidelas-
tic instability in the pitch ratio of 1.58 was also
examined. In this instance the effect of acoustic
resonance was negligible. Fig. 5 shows a sequence
of tests conducted at δst = 0.030 and U = 9m/s.
The test sequence moves from left to right with
the input power to the speaker varying accord-
ingly (left to right: 0, 2, 0, 32, 0, 64, 0W). It
was observed that the acoustic resonance had
no significant effect on the vibration amplitude.
The amplitude varied from test to test indepen-
dently of whether forced acoustics was applied
or not. This was also shown to be the case at
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Figure 5: P/d=1.58. Sequence of tests from
left to right showing vibration amplitude against
speaker power at U = 9m/s. •, individual test;
∆, average of the five tests

U = 11m/s for the same level of damping and
also for U = 7m/s and 9m/s at δst = 0.017. This
suggests a fundamental difference in the fluide-
lastic behaviour between the two arrays tested.
However, it is likely that the jet switching ob-
served in the pitch ratio of 1.58 interfered with
the convection process (time delay mechanism)
destroying any subtle changes in the convection
process caused by acoustic resonance. This will
be discussed in detail below.

The effect of acoustic resonance on fluidelas-
tic instability has been quantified above. How-
ever, it is difficult to envisage the physics of
a true interaction between fluidelastic instabil-
ity and acoustic resonance given that the phe-
nomenon of fluidelastic instability typically oc-
curs at a frequency of approximately 6.6Hz while
the acoustic resonance frequency is two orders of
magnitude larger, at 1092Hz (P/d=1.32). Alter-
natives to an interaction between the two phe-
nomena which could explain the observations re-
ported were discussed. It was reported that
acoustic resonance adds positive damping. Tests
in quiescent fluid showed that the sound field did
not provide an additional damping force indepen-
dently of the flow, implying that superposition of
independent phenomena can be excluded. It has
also been reported by Blevins & Bressler (1987)
and Feenstra et al (2004) that acoustic resonance
can cause a change in the pressure drop across
the array, hence a change in the mean flow veloc-
ity. Such findings were not observed in this study.
The effect of acoustic particle velocity (APV) was
also examined as it was thought it may affect the
local fluid mechanics in the vicinity of the flexible
cylinder. This was done by relocating the flexible
cylinder position from position 1 were the APV
was a minimum to position 2, where the APV was

higher, the effect of acoustic resonance on fluide-
lastic instability was still observable. Changing
the flexible cylinder position did not result in a
significant change in behaviour suggesting that
the effect of APV was small.

4. INTERACTION BETWEEN
FLUIDELASTIC INSTABILITY &

ACOUSTIC RESONANCE EXPLORED

Two possibilities are examined which are based
on the quasi-steady framework proposed by Price
& Paidoussis (1984) to model fluidelastic insta-
bility. In simple terms this separates the flu-
idelastic force into a magnitude dependent on
the steady fluid force and a phase dependent
on the time delay. It was reported above that
acoustic resonance was found not to have an ef-
fect on fluidelastic instability vibration ampli-
tude in P/d=1.58, so the discussion in this sec-
tion is restricted to P/d=1.32.

The effect of acoustic resonance on the sur-
face pressure distribution around a static cylin-
der in the third row of the array was examined
and hence determines if the acoustic resonance
alters the force magnitude on the cylinder result-
ing in the change in vibration amplitude. Tests
were conducted for a number of flow velocities
(U = 2, 4, 6, 7, 8, 10m/s); and at a range of tube
displacements (y/d = 0, 1, 3, 5, 7, 10%); at vari-
ous speaker input power (0, 16, 32, 64W). The
set up and testing procedure are more rigorously
discussed in Mahon (2008).
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Figure 6: Drag force with and without imposed
acoustics. 4, 0W; ∇, 16W; ◦, 32W; ¤, 64W.

At the lower velocities of 2 and 4m/s, acoustic
resonance has a small effect on the mean pres-
sure distribution. This is reduced further at
the higher velocities. When the tube was dis-
placed similar findings were observed. The small
changes in pressure distribution at lower veloc-



ities were not translated into any significant ef-
fect on the lift and drag force. Fig. 6 plots the
drag force at y/d = 5% were subtle changes in
the forces were observed but these were consis-
tent with the spread in the data. Thus, the ef-
fect of the second acoustic mode on the cylinder
was minimal, suggesting that acoustic resonance
was not affecting the steady forces on the cylin-
der surface. It was also not surprising that as the
flow velocity increases, and hence the mean pres-
sure on the surface of the cylinder increases, that
the effect of acoustic pressure becomes less sig-
nificant as the relative magnitude difference (be-
tween flow velocity and acoustic particle veloc-
ity) increases. A maximum sound pressure level
(SPL) of 140dB was used which corresponds to
a pressure of 200Pa. However, it is thought that
at higher SPLs that the effect of acoustic res-
onance on the mean surface pressure would be
more significant as reported by Fitzpatrick et al
(1978). They reported that artificially excited
acoustic resonance (160dB) modified the pressure
distribution around cylinders in the thirteenth
row of a twenty six row in-line array (P/d=1.73).
Acoustic resonance altered the velocity gradients
across the array thus modifying the force on the
cylinder. In this current study where the SPL
was an order of magnitude less the effect on the
steady fluid force was small. Hence, this was not
the cause of the observed interaction between flu-
idelastic instability and acoustic resonance.

4.1. Time delay

When fluidelastic instability is discussed in the
literature, a time delay between the tube motion
and the resulting fluid forces is thought to be
at the root of fluidelastic instability. The exact
nature of the time delay is unclear and has yet
to be measured directly. To further explore the
observed interaction between acoustic resonance
and fluidelastic instability, the time delay with
and without acoustic resonance was measured.

An attempt to measure a time delay between
tube motion and a point in the flow located near
the flexible cylinder is discussed. In an ideal
setup a time delay between tube motion and fluid
forces would be measured. This was not achiev-
able due to limitations in the setup. The justi-
fication for the current approach stems from the
fact that the fluid forces on the cylinder are as
a direct consequence of what is happening in the
flow around the cylinder. Hence a relationship
between the fluid flow and fluid forces are closely
related. It therefore seems reasonable to measure
the fluids response instead of the fluid force as a

first attempt to measure the time delay. This
conceptual approach is also consistent with the
assumption of the Lever & Weaver model.

The flexible cylinder was forced to vibrate at
its natural frequency of 6.6Hz. This was achieved
using the electromagnetic shaker (EMS) system
described previously. The input signal was gen-
erated using a HP35665A dynamic signal ana-
lyzer via a USA 370 amplifier. The excited vi-
bration amplitude chosen corresponded to a RMS
value of 1.8% tube diameter. Using the electro-
magnetic damper the maximum level of damping
achieved was δst = 0.205. In an effort to reduce
the effect of turbulent buffeting additional damp-
ing (δst = 0.410) was added. This was achieved
by adhering lengths of rubber to the cantilever
support. At the new level of damping the tube
did not go unstable due to fluidelastic instability
for the velocity range of the wind tunnel. Tests
were conducted for three flow velocities: 4, 7
and 10m/s. The local velocity around the cylin-
der was measured using a single hot-wire probe.
The positions around the cylinder are shown in
Fig. 7. The local flow velocity was measured at
θ = 15, 30, 60, 90, 120, 150 and 165o in both the
in-flow (u) and cross flow (v) directions. Each
test was conducted for 15 seconds at a sample
rate of 8192Hz. With the excitation frequency of
6.6Hz this translates to 99 averages thus improv-
ing the signal-to-noise ratio by a factor of 10.

Figure 7: Hot-wire positions around the instru-
mented cylinder

For each test, tube motion, local flow veloc-
ity (using hot-wire anemometry) and the output
signal from the amplifier (input signal to EMS)
was acquired. This signal from the amplifier was
used as a reference in the analysis as it produced a
clean sinusoid, whereas the flow velocity and tube
response measurements includes a random com-
ponent as both were subject to turbulence in the
flow. The reference signal was differentiated us-
ing a central difference method. The original and
differentiated signals were normalised and the in-
verse tangent taken on the resultant of the nor-
malised original signal divided by the normalised
differentiated signal. This process presents the



reference signal in the form of an angular posi-
tion. The flow velocity and tube motion can now
be related to an angular position. As the tube
motion was forced using a sinusoidal form at the
natural frequency of the structure it might be
expected that this would also be observed in the
flow surrounding the cylinder. It can be seen that
this is the case (Fig. 8) but there are significant
cycle-to-cycle variations due to turbulence in the
flow. The underlying behaviour was extracted by
fitting a series of harmonic sinusoids.

vM =
∑

(AM sinMθ + BM cosMθ) + c (1)

where vM is the velocity, θ is the angular posi-
tion of the reference signal, AM and BM are con-
stants. The constants AM and BM were obtained
using a pseudo-inverse method which yielded a
least squares fit for an over-determined set of
equations (Keays & Meskell (2006)).

It was found that M=5 was sufficient in all
cases on the basis of minimising the normalised
error between the fit and the raw data. How-
ever, the analysis technique employed to calcu-
late the time delay between the tube motion and
flow reorganisation requires the data to be rep-
resented using a single harmonic curve. Fig. 8(a)
and (b) presents the tube motion and flow veloc-
ity against angular position, respectively. Also
plotted is the respective single harmonic fits and
it is observed that the single sinusoid captures
the underlying trend in both cases. However, the
flow field around the cylinder in a tube array is
highly sheared and at some positions it was clear
that the flow velocity does not respond linearly to
the tube motion. It is therefore important to con-
sider how the quality of the fit was determined
using a number of criteria. The approach used
in this study examined the energy contribution
at each harmonic in conjunction with the auto-
correlation between the actual data less the first
harmonic fit. A good fit was deemed to have
been achieved when the energy distribution at
the first harmonic was greater than 95%. Below
that threshold the fit was deemed to be not of
the base line quality. The second criteria also
had to be satisfied. This involved examining the
auto-correlation of the raw data less the fit of
the first harmonic. If the fit was good random
noise should be all that remains. Viewing the
auto-correlation of this signal determines if the
resulting distribution was random or if it con-
tained periodic artifacts.

The measured time delay was found to change
slightly from test to test with the extent of the

Figure 8: First harmonic fit of the tube motion
and flow velocity data

deviation from the mean varying with measure-
ment position. On average a deviation of ∼ 10%
was observed. This is not surprising given that
the time delay has been obtained from a measure-
ment in a flow which is highly sheared and tur-
bulent. As the static surface pressure measure-
ments showed smaller deviation from the mean
compared to the velocity measurements in the
array when all tubes were rigid, it is envisaged
that the spread in the measured delay would re-
duce if the delay was directly measured from the
fluid forces on the cylinder.

U=4m/s U=7m/s U=10m/s
Position AR AR AR

15o (v-dir) 3.0 0 3.5 3.7 4.4 2.3
30o (u-dir) 5.1 1.4 3.4 5.7 3.5 3.6
30o (v-dir) 6.6 0 4.9 5.4 5.8 0
90o (u-dir) 42.0 45.9 52.4 51.1 - -
150o (u-dir) - - 5.5 9.1 4.6 3.4
165o (u-dir) 9.3 7.9 7.9 8.1 7.0 6.0
165o (v-dir) 10.3 8.1 8.8 9.1 8.0 6.8

Table 1: Time Delay (ms) at a range of posi-
tions in the flow field with and without acoustic
resonance. Shading - illustrates the hot-wire po-
sitions and velocities where overlap between the
individual time delays measured with and with-
out forced acoustics occurs

A series of tests were conducted to measure
the time delay with and without forced acoustics
and each test was repeated five times. Tests were
repeated for other flow velocities and also the
other hot-wire positions. It was discussed pre-
viously that the measured time delay was found
to wander slightly from test to test. The av-
erage (five tests) time delays with and without
acoustic resonance are summarised in Table 1.
In some instances a change in time delay with
forced acoustics occurred but there was an over-
lap between the individual time delays measured
with and without acoustic resonance. These are
denoted by the shading in Table 1. In these in-
stances no conclusive outcome as to the influ-
ence of acoustic resonance was realised. How-



ever, at the other positions a definitive phenom-
enon emerged: the acoustic resonance modified
the time delay. In some instances the time delay
was increased; more often the time delay was re-
duced. Further work is required to explore this
result but this can only be rigorously examined
when the time delay between tube motion and
fluid forces is measured.

Assuming that acoustic resonance modifies the
time delay, how could this process be justified
physically? Granger & Paidoussis (1996) formu-
lation of a memory effect (cause of the time delay)
refer to vorticity generated on the surface of the
cylinder resulting from tube motion. This vor-
ticity is diffused and convected downstream by
the mean flow. When the vorticity is convected
far enough downstream a new steady state is
reached. It was shown that the effect of acoustic
resonance on the steady fluid forces was negligi-
ble (i.e. the vorticity generation process). So,
as acoustic resonance was observed to have mod-
ified the time delay it must be interfering with
the vorticity diffusion-convection process. It was
also observed that the acoustic resonance shifted
the mean velocity (both increasing and decreas-
ing) at some positions as well as the form of the
distribution with reference to the angular posi-
tion of the tube vibration. This is curious, as
at the current tube position the acoustic parti-
cle velocity corresponds to a minimum in this re-
gion. In this instance it appears that acoustic
resonance is causing streaming. It is not unrea-
sonable to suggest that the acoustic streaming
may be interfering with the diffusion-convection
of vorticity process from the surface of the cylin-
der suggested by Granger & Paidoussis.

5. CONCLUSIONS

It has been shown that acoustic resonance effects
fluidelastic instability and this has been quan-
tified. In an attempt to better understand the
interaction between fluidelastic instability and
acoustic resonance for P/d=1.32 two possibili-
ties are examined based on the framework pro-
posed by Price & Paidoussis (1984) to model flu-
idelastic instability. Acoustic resonance does not
change the steady fluid force. It has also been
shown that at some hot-wire (local flow velocity)
positions a definitive change in the time delay
between tube motion and the flow field around
the cylinder emerged as a result of acoustic res-
onance. It is also clear that acoustic resonance
modifies the mean velocity at some positions in
this region where it is thought this results from

acoustic streaming. Further work is required to
further explore the time delay mechanism and
hence the effect of acoustic resonance on it.
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