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ABSTRACT
This paper presents simulations of a loosely supported

multi-span tube subjected to turbulence and fluidelastic insta-
bility forces. Several time-domain fluid force models simulat-
ing the damping controlled fluidelastic instability mechanism
in tube arrays are presented. These models include the nega-
tive damping model based on the Connors equation, fluid force
coefficient-based models (Chen; Tanaka and Takahara), and two
semi-analytical models (Price and Paı̈doussis; and Lever and
Weaver). Time domain modelling challenges for each of these
theories are discussed. The implemented models are validated
against available experimental data. The linear simulations
show that the Connors-equation based model exhibits the most
conservative prediction of the critical flow velocity when the rec-
ommended design values for the Connors equation are used.

The models are then utilized to simulate the nonlinear re-
sponse of a three-span cantilever tube in a lattice bar support
subjected to air crossflow. The tube is subjected to a single-phase
flow passing over one of the tubes spans and the flow velocity
and the support clearance are varied. Special attention is paid
to the tube/support interaction parameters that affect wear, such
as impact forces, contact ratio, and normal work rate. As was
seen for the linear cases, the reduced flow velocity at the insta-
bility threshold differs for the fluid force models considered. The
investigated models do, however, exhibit similar response char-
acteristics for the impact force, tip lift response, and work rate,
except for the Connors-based model that overestimates the re-
sponse and the tube/support interaction parameters for the loose

∗Address all correspondence to this author.

support case, especially at large clearances.

NOMENCLATURE
U Flow velocity.
Uc Critical flow velocity.
d Tube diameter.
fn Natural frequency.
f Vibration frequency.
K Connors constant.
FL(t) Fluid lift force.
FD(t) Fluid drag force.
yL Tube lift displacement.
yD Tube drag displacement.
α, σ , τ andβ Fluid added-mass coefficients.
α ′, σ ′, τ ′ andβ ′ Fluid-damping coefficients.
α ′′, σ ′′,τ ′′ andβ ′′ Fluid-stiffness coefficients.
δ Structural damping logarithmic decrement.
ρ Fluid density.

INTRODUCTION
The structural integrity of tube bundles represents a major

concern when dealing with high risk industries such as nuclear
steam generators where the rupture of a tube or tubes will lead to
the undesired mixing of the primary and secondary fluids. Flow-
induced vibration is one of the major concerns that could lead
to compromising the structural integrity. The tubes are therefore
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stiffened by means of supports to avoid these vibrations. To ac-
commodate the thermal expansion of the tube, as well as to facil-
itate the installation of these tube bundles, clearances are allowed
between the tubes and their supports. As the clearances between
the tubes and their supports become larger due to progressive
tube wear or chemical cleaning, the tube/support impact and rub-
bing may become more frequent and severe. These increased
impacts can lead to tube damage due to fatigue and/or wear at
the support locations. The economic consequences of this type
of failure have resulted in a considerable amount of research
devoted to understanding the excitation mechanisms leading to
such damage, which include turbulent buffeting, vortex shed-
ding, fluidelastic instability (FEI), and acoustic resonance [1,2].

Among these mechanisms, fluidelastic instability has the po-
tential to induce large vibration amplitudes when the critical flow
velocity (Uc) is exceeded, which may cause catastrophic fail-
ures. As such, a great deal of research was initiated to develop
empirical models and design guidelines for fluidelastic instabil-
ity [3–6]. In addition, a number of theoretical models have been
developed that have also contributed to understanding the phe-
nomenon [7–11]. A summary of the knowledge and a description
of the available theoretical models can be found in the work of
Price [12]. As well, a critical examination of these models with
respect to their contributions and deficiencies can be found in a
recent paper by Weaver [13]. Using these FEI models, the safe
operating flow velocity (U) can be selected such thatU/Uc does
not exceed an appropriate factor of safety.

Alternatively, proper design of the tube geometry and the
locations of the supports could mitigate the risk of fluidelas-
tic instability. Such designs assumes prior knowledge of the
tube vibratory behaviour. This usually implies that each tube is
considered to be simply supported at the support locations (lin-
ear support conditions). This is a reasonable assumption if the
tube/support clearance is small. However, the linear assumption
can be quite misleading when clearances are large. It is argued
that for loosely-supported tubes, unstable modes may develop
at much lower flow velocities than the stability threshold. This
may lead to higher tube/support impacts which in turn may result
in unacceptable levels of wear. Au-Yang [14] showed that pre-
critical fluidelastic forces were responsible for the unacceptable
tube wear in several operating steam generators. Therefore, esti-
mation of the fluidelastic forces in tube bundles is an important
step towards a successful evaluation of the fretting wear. The
available FEI models and empirical formulae [7–11] are merely
utilized to predict the linear critical flow velocity. In addition,
very limited attempts to develop time-domain models suitable
for wear predictions have been reported. This requires formu-
lations that express the response amplitude resulting from FEI.
With this goal in mind, previous attempts were made to extend
the capability of the original FEI models in order to account for
temporal behaviour [15–19].

This paper1 presents modelling and implementation of sev-
eral time domain FEI force models. These models are adapta-
tions of the conventional linear FEI models within the framework
of a finite element model of tubes with loose supports. INDAP
(Incremental Nonlinear Dynamic Analysis Program), which is in
an in-house finite element code [20], is utilized to test the nu-
merical modelling challenges associated with each model. The
paper also attempts to address two important questions: 1) What
is the effect of loose supports on the the stability threshold? and
2) What is the resulting tube/support interaction parameters in
the subcritical region (flow velocities below the critical flow ve-
locity).

TUBE TIME-DOMAIN EQUATION
The equation of motion of a tube subjected to crossflow in-

cluding intermittent contact, can be written as:
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whereM, C andK are the structural mass. stiffness and damping
matrices, respectively.Ft represents the known external turbu-
lence force vector.Ff is the fluidelastic instability force vector,
which contains the drag and the lift components (FD and FL).
Fimp is the impact force vector that includes all normal contact
(Fc) and friction forces (Ff r ) due to all supports. Equation 1 is
discretized via beam finite elements and integrated via the New-
mark method with a modal superposition approach [21].

FLUIDELASTIC INSTABILITY MODELLING
Fluidelastic instabilities can be categorized as damping-

controlled instability and stiffness-controlled instability. A com-
bination of the two mechanisms exists in most cases with damp-
ing controlled instability being dominant for low mass-damping
parameters. The available approaches for time-domain mod-
elling of fluidelastic instability are summarized below. Detailed
descriptions of these time-domain models can be found in [22].
The treatment of fluidelastic instability will be approached here
by utilizing the damping-controlled instability only.

Quasi-static model
The quasi-static model was originally developed by con-

sidering multiple tubes moving synchronously such that the net
work done on a tube could result in having a component of the

1An early version of this paper was presented at the 6th Canadian Nuclear
Society’s International Steam Generator Conference, Toronto, Nov., 2009.
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lift force in phase with the tube velocity. Several empiricalde-
sign guidelines based on Connors-type equations have been de-
veloped. For a tube array withd being the tube diameter,fn the
structural natural frequency,m the tube mass per unit length,δ
the structural damping logarithmic decrement, andρ the fluid
density, the critical pitch flow velocity (Uc) is expressed as:

Uc

fnd
= K

(

mδ
ρd2

)a

(2)

K anda are empirical constants which were originally proposed
for a tube row by Connors [8] to be 9.9 and 0.5, respectively.
The above expression represents a very simple relationship be-
tween reduced flow velocity (Ur = U

f d ) and the mass-damping

parameter (K
(

mδ
ρd2

)a
). With the assumption that Connors equa-

tion accurately models the physics of fluidelastic instability, nu-
merous investigations were carried out to find the appropriate
value of Connors constant. This also resulted in several modi-
fications of the original equation to fit the experimental data for
tube arrays. In turn, a more complex expression than the origi-
nal Connors equation emerged. Price [23] and Weaver [13] ex-
amined the contributions and validity of this model. They con-
cluded that there is little scientific justification for using Connors
equation, or variations to predict the critical flow velocity. How-
ever, because of its simplicity, this equation became the industry
standard for design of tube bundles against fluidelastic stability
mechanism. Although the original quasi-static model in its orig-
inal form was developed for multiple tube rows (more than one
tube is required for instability to occur), an equivalent velocity-
dependent damping ratio was introduced to account for FEI in
the nonlinear simulations [15]:

ξ = ξo

[

1−
f
fn

(
U
Uc

)2
]

(3)

whereξ is the net damping ratio including the effect of FEI,
while ξo is the damping ratio in quiescent liquid. The critical
flow velocity Uc and the vibration frequencyf are required to
utilize the above equation. Ignoring the frequency effect would
result in errors in the estimated tube/support interaction parame-
ters.

Alternatively, an equivalent damping-controlled destabiliz-
ing force is used here. The fluid destabilizing lift force per unit
length (FL) can be expressed in the form of a time-dependent
force equivalent to Connors’ equation as follows [17]:

FL =
8π2ρU2ẏL

f K2 (4)

where ˙yL is the tube lift velocity andU is the pitch flow velocity.
This expression enables the implementation of non-uniform flow
distribution along the tube length.

Unsteady flow model
In the unsteady flow model, the fluid forces(FL, FD) act-

ing on a tube within a tube array are a function of the tube lift
and drag displacements(yL, yD), velocity (ẏL, ẏD), accelera-
tion (ÿL, ÿD) and the corresponding values of the neighbouring
tubes. The motion-dependent fluid forces acting on a single flex-
ible tube are expressed as follows [7]:

FL = −
ρπd2

4
(α11ÿL + σ11ÿD)+

2πρU2

f
(α ′

11ẏL + σ ′
11ẏD)+

ρU2(α ′′
11yL + σ ′′

11yD)
(5)

FD = −
ρπd2

4
(τ11ÿL + β11ÿD)+

2πρU2

f
(τ ′11ẏL + β ′

11ẏD)+

ρU2(τ ′′11yL + β ′′
11yD)

(6)

α, σ , τ andβ are the added mass coefficients.α ′, σ ′, τ ′ andβ ′

are the fluid-damping coefficients.α ′′, σ ′′,τ ′′ and β ′′ are the
fluid-stiffness coefficients. These fluid force coefficients can be
obtained experimentally (see Tanaka and Takahara [9] and Chen
[7]) or numerically as shown in a recent work (see Omar et al.
[24]).

Quasi-steady flow model
Based on the Price and Paı̈doussis model [11], the fluidelas-

tic instability forces acting on a tube are expressed in terms of the
tube motion through the lift and drag coefficients. No assump-
tion, such as harmonic motion, is made. The fluidelastic force
derived from this model is expressed explicitly in the real motion
of the tube in the following form:

FL =
ρdU2

2a2

[

∂CL

∂ ȳ
yL(t − τ)−

d
U

CDẏL(t)

]

(7)

wherea is the reduced pitch
(

a = P
P−d

)

, ∂CL
∂ ȳ is the rate of lift

coefficient,CD is the drag coefficient, andτ is a time lag. The
model was later transformed into the so-called ’quasi-unsteady’
model [25] in which a better representation of the time lag was
presented. The representation of time lag required several pa-
rameters to be determined experimentally. Later, Meskell [26]
presented a numerical model for estimating the quasi-unsteady
parameters. In this work, the original time lag expression will be
utilized.
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Flow redistribution model
In its original form, the flow redistribution model of Lever

and Weaver [10] idealizes the tube as a single degree of freedom
system vibrating at its natural frequency. Briefly, the fluid is as-
sumed to flow through a series of flow channels passing between
the tubes. The flow inside each channel is assumed to be one
dimensional and incompressible, and the fluidelastic excitation
is independent of wake phenomena. The motion of the single
flexible tube in a rigid array causes the dimensions of the flow
channel to change. This change in the flow channel’s dimensions
is postulated to lag behind the tube motion, which in turn leads to
unsteadiness in the flow. A pressure perturbation that lags behind
the tube motion will also be produced. The resultant fluid forces
will have a component in-phase with the tube velocity.

As mentioned earlier, for response computation in the pres-
ence of loose supports, it is necessary to calculate the external
fluid forces in terms of the tube response. Hassan and Hay-
der [19] reformulated this model to account for any arbitrary
motion in the time domain, making it suitable for implementa-
tion within the finite element framework. The flow is discretized
axially into a number of flow cells where each flow cell contains
two flow channels. Each channel has a length ofso and a cross
sectional area ofA, as shown in Fig. 1. For each flow channel,
the pressure at any point along the moving tube/channel inter-
face is calculated by solving both the unsteady continuity and
the momentum equations. The pressure is integrated along this
tube/channel contact area to obtain the lift and the drag force per
unit length (FL(t) and FD(t)). The channel dimensions, chan-
nel/tube contact length and perturbation time lag can be obtained
from the tube geometry and array pitch-to-diameter ratio [19].
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FIGURE 1. Flow channels concept for tube arrays (Lever and Weaver
[27]).

TUBE AND SUPPORT MODELLING
The mathematical modelling of the tube/support impact has

been described in detail and verified by Hassan et al. [21].
Briefly, the tube is discretized into beam finite elements and the
proper boundary conditions are applied. Any loose support con-
figuration can be modelled by a number of mass-less bars ar-
ranged around the tube. Each bar is attached by an equivalent
contact spring and damper (Fig. 2). If the normal component
of the tube displacement (yn) exceeds the radial support clear-
ance (Cr ), contact takes place. The normal contact forces are
calculated in each bar by evaluating the elastic (Kc(yn−Cr)) and
dampingCcẏn forces in the spring and the damper.Kc andCc

are the spring stiffness and the damping coefficient, respectively,
whereCc = 1.5αKc(yn −Cr) is proportional to the the elastic
contact force. The force balance friction model [28] was used
to compute the shear contact forces. More details on the mod-
elling and selection of the support parameters and friction mod-
elling can be found in the works of Rogers and Pick [29], Tan
and Rogers [30], Hassan et al. [21], and Hassan and Rogers [28].
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FIGURE 2. Tube/support modelling.

TURBULENCE MODELLING
Fluid excitation due to turbulence is modelled as randomly

distributed forces. To implement this approach, the empirically
based bounding spectrum of turbulence excitation is obtained us-
ing the flow velocity, the tubes diameter, and the array geometry.
Several bounding spectra have been proposed (Oengören and Zi-
ada [31]; Taylor and Pettigrew [32]), which can be used to gen-
erate the random excitation forces. The PSD curve is then trans-
formed into a force-time record using an inverse Fourier trans-
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form algorithm. The resulting fluctuating forces are Gaussian in
nature with a zero mean value. For each flow velocity, two differ-
ent force versus time records are created for each velocity region
representing the fluid excitation in the lift and the drag directions.
These force-time records are fully uncorrelated.

TUBE MODEL
The tube geometry used for this work is shown in Fig. 3.

The geometry and flow structure were adapted from Vincent et
al. [33] and was chosen based on the use of four clearance sup-
ports and the reversing flow within each channel. The tube bun-
dle is normal triangular with a pitch-to-diameter ratio of 1.35.
The constant parameters for the simulations are listed in Table 1.
INDAP [21] software was used to run the nonlinear transient dy-
namic simulations. The supports were taken as rhomboid flat-bar
supports. The tube was subjected to both turbulence and fluide-
lastic excitation. Details on how to select the values of the con-
stant parameters and the sensitivity of the resulting contact forces
can be found in [21,29]. Cross flow is assumed to be distributed
along the tube as shown in Fig. 3. For each case study, ten sec-
onds of response time history were computed. The tube/support
interaction response parameters were averaged over the simula-
tion time record, excluding an initial transient period. Response
details will be presented for two radial clearance values (0.1 mm
and 0.4 mm).

0.7 m 0.7 m 0.7 m 0.7 m

support 1 support 2 support 3 support 4

FIGURE 3. Tube model.

RESULTS
Linear Simulations

Numerical investigations with no clearance were first car-
ried out and compared with published experimental data [4]. A
number of simulations were conducted where the velocity was
incremented until instability was attained. To simulate fluidelas-
tic instability using the Connors equation, the empirical constant
has to be selected. A value ofK = 3 recommended by the ASME
Boiler Code [34] is utilized throughout this work. The Price and
Paı̈doussis model requires knowing the tube lift and drag fluid-
force coefficients. For this array geometry, lift-force coefficient
rate and drag fluid-force coefficients (CD ) are -19.2 and 3.8, re-

Parameter Value

Outside diameter 12.7mm

Inside diameter 11mm

Material Inconel 600

Modulus of elasticity 199.8GPa

Poisson’s ratio 0.28

Support stiffness 1.0MN/m

Support damping 0.25s/m

Friction coefficient 0.2

Modal damping ratio 0.005

Tube density 8304kg/m3

Outside fluid density 5.38kg/m3

Inside fluid density 803.1kg/m3

No. of elements 84

Element length 0.0333m

TABLE 1 . Simulation parameters

spectively [11]. In addition, the time lag parameter(τ) is set as
d
U .

As pointed out earlier, the added stiffness and the damping
coefficients for the lift and drag directions are required to utilize
Chen’s model. For this purpose force coefficient data forP/d =
1.35 was obtained numerically by Omar et al. [24].

Fig. 4 shows the force coefficient data employed with Chens
model. Using computational fluid dynamics a single tube is
oscillated, in the lift and drag directions, at a fixed frequency.
Forces are monitored on the centre and surrounding tubes, and
further processed by FFT to obtain the amplitude and phase in-
formation for the motion dependent forces. The coefficients pre-
sented in Fig. 4 reflect a subset of these motion dependent forces.
An important aspect in this approach is that both lift and drag
forces are included (Eqs. 5 and 6) and no empirical constants
need to be adjusted. Significant computational resources do how-
ever need to be deployed in computing the coefficients, and care
needs to be taken in applying boundary conditions and appropri-
ate physical model assumptions [24].

When utilizing the Lever and Weaver model [10], the flow
attachment and separation angles, relevant fluid length parameter
and required channel dimensions are set in accordance with their
recommended parameter values in [10]. The channel perturba-
tion time lag is a very important parameter, which affects the
quality of the predicted threshold. This parameter is dependent
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on the selection of the relevant fluid length (lo). In the original
model, the relevant fluid length was select intuitively asLo = 2so

(baseline value). Andjelic and Popp [35] recommended mod-
ified values for the relevant fluid length to achieve acceptable
agreement with their experimental stability thresholds for nor-
mal triangle array. Hassan and Hayder [19] conducted an inves-
tigation of the effect of the variation of the relevant fluid length
on the nonlinear response. They found minor effects on the lift
response when the fluid length was increased by 200% of the
baseline value. In the absence of a better guidance; the base line
value will be utilized in all nonlinear simulations reported in this
paper.

When utilizing the Connors-based and Chen-based equa-
tions, the vibration frequency is required. Because of the loose
supports, the vibrations frequency is not known a priori. Sev-
eral methods can be utilized to obtain the vibration frequency
[16–18, 36]. In this work, the zero-crossing frequency method
is utilized. In addition to being frequency-dependent, the fluid
force coefficients required for the Chen-based equations are
functions of Reynolds number. Therefore, for each simulated
flow velocity the fluid force coefficients are interpolated from the
values at Fig. 4. Expressing the fluid force in the semi-analytical
models [10, 11] in terms of the current and past displacements
represents an advantage since the current vibration frequency is
not required.
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FIGURE 4. Fluid force coefficients for P/d=1.35 [24]: (a)α ′
11; (b)

β ′
11.

Fig. 5 shows the predicted critical flow velocities using the
proposed time domain models with linear supports and the ex-
perimental stability data reported from the literature. Only the
experimental data with values of pitch-diameter ratio close to
1.35 were compared to the present numerical investigations. It
is shown in Fig. 5 that the FEI models predict different stability
thresholds. Connors model using the recommended ASME de-
sign value(K = 3) resulted in a lower bound prediction(Ucr =
4.5). On the other hand the prediction of the Price and Paı̈doussis
model represents an upper bound(Ucr = 29). The linear sim-

ulation results of the Chen(Ucr = 14) and the Lever-Weaver
(Ucr = 20) models agree well with the available experimental
data.
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FIGURE 5. Comparison of the predicted linear critical flow velocity
with the experimental data for the normal triangle array case:◦ Auster-
mann and Popp [37],⋆ Andjelic and Popp [35],� Connors [38],N Price
and Zahn [39],⋄ Teh and Goyder [40],∗ Weaver and Yeung [41],×
Scott [42],◮ Elkashlan [43],H Gorman [44],⊲ Zukauskas and Kathi-
nas [45],⊳ Chen and Jendrzejczyk [46],◭ Gross [47],• Hartlen [48],
▽ Pettigrew et al. [49],− Simulations

Nonlinear Simulations
For the supports with clearance, the tube was assumed to

be perfectly aligned in the supports initially. For each support
clearance, a number of reduced flow velocitiesUr =U/ fnd were
simulated covering the linear stability thresholds of the first un-
constrained mode, the first constrained modes, and up to the non-
linear instability. The reduced flow velocity was calculated us-
ing the natural frequency of the lowest linearly supported mode.
Fig. 6 shows samples of the tube displacement response spectra
at a point near the fixed end support, using the Lever and Weaver
model for four reduced flow velocities (1.2, 4.9, 14.7, 21.9). For
a reduced flow velocity of 1.2, the tube response is low, such
that very few impacts occur between the tube and the supports.
The response spectrum is dominated peaks at frequencies that
correspond to the unconstrained natural frequencies of the tube
(Fig. 6a). Increasing the reduced flow velocity to 4.9 results in
an increase in both the drag and the lift response such that fre-
quent impact takes place. The corresponding response spectrum
shows the evolution of higher modes and a significant increase in
the vibration frequency (Fig. 6b). A further increase in the flow
velocity (Ur = 14.7) results in a higher drag and lift response
and the response spectra becomes rather noisy with no dominant
peaks (Fig. 6c). As the flow velocity approaches the stability
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threshold of the linear system, the response is dominated by a
frequency that corresponds to the fundamental frequency of the
lowest constrained mode (Fig. 6d).
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FIGURE 6. Response spectra for 0.4 mm clearance case: Reduced
flow velocity (a) 1.2; (b) 4.9; (c) 14.7; (d) 21.9.

The rms lift response of the middle of the third span for the
0.1 mm radial clearance case is shown in Fig. 7a. The lift re-
sponse is almost independent of the flow velocity for the lower
range of reduced flow velocity (up toUr = 15). The lift response
increases at a larger rate beyond a reduced flow velocity of 20.
The nonlinear instability threshold for the Connors, Chen, Lever-
Weaver, Price-Paı̈doussis models were observed at reduced flow
velocities of 8, 24.5, 50, and 61, respectively. These velocities
are higher than those of the linear instability values (4.5, 14,
20, and 29). The increase in the nonlinear instability threshold
can be attributed to increase in damping due to the friction at
the supports. However, the increase is not constant for all mod-
els. For example the delay in instability due to support damping
(expressed as the percentage increase in the nonlinear stability
threshold) is 80%, 57%, 150%, and 110%, respectively. Sim-
ilar trends were observed for the 0.4 mm radial clearance case
(Fig. 7b). Table 2 summerieses the predicted linear and nonlin-
ear stability threshold. For all models, the lift response is larger
than that of the 0.1mm clearance case for the range of reduced
flow velocities up to 30. The nonlinear stability thresholds also
occurred at approximately the same reduced flow velocities.

Fig. 8 shows the rms normal-direction impact force as a
function of the reduced flow velocity. The results show that
the impact force due to the support contacting the third support

Model Linear Nonlinear No linear

(Cr = 0.1 mm) (Cr = 0.4 mm)

Connors 4.5 8.1 8.3

Chen 14 22 24.5

L & W 20 50 50

P & P 29 61 61

TABLE 2 . Stability threshold(Ucr = Uc
fnd )

pair increases as the flow velocity increases (Fig. 8a). The re-
sponse is mainly controlled by the turbulence excitation for the
pre-instability region which results in similar values predicted by
the four models. However, when approaching instability large
impact force levels are observed. Connors model predicts a
higher level of impact force, especially for the large clearance
case(Cr = 0.4 mm) as shown in Fig. 8b. Work rate is calcu-
lated by averaging the product of the impact forces and the tube
sliding displacement over the sampling time. Fig. 9a shows the
predicted work rate as a function of the reduced flow velocity.
In general, the highest work rate is predicted using the Connors
model (Fig. 9b). The prediction of work rate utilizing the Lever-
Weaver model and Price-Paı̈doussis models yielded similar re-
sults.

CONCLUSION
Several time domain fluidelastic instability force models

were presented. Using these models, simulations of the damping-
controlled fluidelastic instability mechanism in tube arrays were
conducted. Numerical investigations of the response of a sin-
gle flexible loosely-supported tube within a rigid array subjected
to cross-flow were carried out. All the models predicted stabil-
ity thresholds of the loosely-supported tube that are higher than
those of the linearly-supported tube. The greatest difference in
the predictions can be attributed to both the level of drag response
and the amount of damping as a function of the flow velocity.
Tube response was found to increase as the radial clearance in-
creased. Increasing the radial clearance also resulted in a delay
in the stability threshold. In addition, clearance seems to have
little effect on the predicted impact force level up to the critical
flow velocity. However, a larger work rate is observed for larger
clearances, especially for the Connors model.
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