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ABSTRACT

By means of the unsteady flow theory and a bilinear mathematical model, a

theoretical study is presented for chaotic vibrations associated with the

fluidelastic instability of nonlinearly supported tubes in a crossflow. A series of

effective tools, including phase portraits, power spectral density, Poincar_ maps,

Lyapunov exponent, fractal dimension, and bifurcation diagrams, are utilized to

distinguish periodic and chaotic mations when the tubes vibrate in the instability

region. The results show periodic and chaotic motions in the region

corresponding to the fluid damping controlled instability. Nonlinear supports,

with symmetric or asymmetric gaps, significantly affect the distributions of

periodic, quasiperiodic and chaotic motions of the tube with various flow velocity

in the instability region of the TSP(tube-support-plate)-inactive mode.
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NOMENCLATURE

ain,ain Generalized tube displacement and velocity for Model i

C Correlation function

D Tube diameter

dG Correlation dimension

E Young's modulus

e l, e2 Tube-support gaps

f Oscillation frequency

fn Natural frequency of n-th mode

I Moment of inertia oftube cross section

Kc Equivalent stiffness

kin Eigenvalues for tube vibration for Model i

t Tube length

m Mass per unit length

N Number of total points in Poincar6 maps

n Number of modes

P Pitch

R Radius of tube

r Sphere length

t Time

ts Time when tube strikes TSP

td Time when tube leaves TSP

Um Mean flow velocity
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Ur Reduced flow velocity (= Um/fD or U/fD)

ui, flj Displacement and velocity

xi Points in phase space of Poincar_ map

ain Added-mass coefficients of n-th mode for Model i

d Fluid damping coefficients of n-th mode for Model i(Zin

e Fluid stiffness coefficients of n-th mode for Model iSin

Dimensionless coordinates

_n Damping ratio in vacuum

7 Mass ratio (= p_R2/m)

p Fluid density

(oi Circular frequency for Model i

COin Natural frequency in radian of tube in vacuum

_in(_) Orthonormal function of n-th mode for Model i

Subscripts

i i = 1, 2 for Model 1 and 2

n n-th modes

1 For Model 1 (TSP-inactive mode)

2 For Model 2 (TSP-active mode)
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1. INTRODUCTION

Extensive experimental and analytical studies have been performed on the

dynamic response of loosely held tubes and how the tube response is related to
i

wear (Chen, 1991 and Cai et al., 1991). Chen et al. (1984) investigated the

fluidelastic behavior of loosely held tubes in the laboratory. They observed that, as

the flow velocity is increased to a threshold value, or critical flow velocity,

instability in the TSP-inactive mode may occur. Then, for a range of flow

velocities higher than the threshold flow velocity, the tube vibrates predominantly

in the TSP-inactive mode, with the response amplitude limited by the clearance

between the tube and the TSP. With a further increase in flow velocity, a second

threshold is reached and instability in the TSP-active mode begins. In this range,

large-amplitude oscillations occur and, in many cases, tubes may impact one

another. Additional experimental studies to determine the response of loosely

supported tubes in the TSP-inactive mode under some specific flow conditions

have recently been published (Nakamura and Fujita, 1987, Fisher and Ingham,

1988, Antunes et al., 1991).

In analyzing tube responses and impacting behavior of loosely supported

tubes, many nonlinear methods have been developed in recent years. Numerical

simulations were performed by Axisa et al. (1988), Fricker (1988) and Rao et al.

(1988); all used quasistatic or quasisteady-flow theories, which are applicable in

specific parameter ranges. Chen and Chandra (1990) developed the unsteady-flow

model on fluidelastic instability of tubes in nonuniform flow. Cai et al (1991)

presented a bilinear model, based on the unsteady-flow theory. The simulations

by Cai et al. (1991) agreed reasonably well with the experimental data of Chen et

al. (1984) and demonstrated that the unsteady-flow theory and the bilinear model

are adequate to describe the nonlinear behavior of fluidelastic instability

associated with TSP-inactive modes of loosely supported tubes in crossflow.
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With the recent interest in chaotic motions of nonlinear systems (Moon, 1987)

and the relationship of chaotic vibration to tube wear, it is appropriate to look into

the possible existence of chaos in tube arrays in crossflow. Related system

without flow have been studied experimentally by several investigators. Moon

(1983), Shaw and Holmes (1983) and Shaw (1985a, 1985b) studied forced oscillation

of beams with motion constraints; chaos was found to exist. A case study of chaos

in a marine application, involving impacting modeled via bilinear springs was

discussed by Thompson and Stewart (1986). Recently, it was realized that flow-

induced vibration of loosely supported tubes, which is one of the systems with

motion constraints, can display a wide variety of dynamic behavior. For example,

chaotic fluidelastic vibrations of a constrained pipe conveying fluid were

examined by Paidoussis and Moon (1988 and 1989) both experimentally and

theoretically, with the use of a two-degree-of-freedom system. A study on chaotic

and periodic motions of a nonlinear oscillator in order to model flow-induced

vibration of loosely supported tubes was conducted by Langre et al. (1990).

Based on the unsteady-flow theory and the bilinear model, An analytical study

on the dynamics of loosely supported tubes in crossflow has been performed (Cai

and Chen, 1991). Many computations were conducted to confirm the existence of

chaotic motion and the route to chaos with the change of control parameters in

the instability region of the TSP-inactive mode. Indeed, chaotic motion was

demonstrated as possible for such an autonomous system when several effective

techniques, including bifurcation diagrams, phase flow portraits, power spectral

density and Poincar_ maps, were utilized in that study. Also, a preliminary test

was conducted to obtain a convincing evidence of periodic/chaotic dynamics. The

results of test are qualitatively in agreement with the analytical results based on

the response spectral densities and observation.



The purpose of this paper is to apply the mathematical models and other

techniques used in previous work of authors (Cai et al., 1991 and Cai and Chen,

1991), to extensively analyze the periodic/chaotic dynamics of the tube with

nonlinear support in crossflow. The interesting regions of periodic and chaotic

motion were expanded to the whole region of fluidelastic instability of tubes which

associated with velocity-controlled negative damping between two threshold

values of flow velocity. A route of chaotic-periodic-chaotic motions was predicted

when values of negative damping varies with mean flow velocity in this region.

Some new measure tools, like Lyapunov exponent and fractal dimension, were

added in addition to others such as, phase portrait, power spectral density, and

Poincar_ map, for distinguishing the periodic/chaotic motions. Indeed, those

measure tools were proved to be quite effective in predictions of existence of

periodic and chaotic motion in the instability region. The tube response

characteristics with various symmetric or asymmetric gaps are also studied. It

is noted that nonlinearity of those symmetric or asymmetric gaps significantly

affect the distributions of periodic, quasiperiodic and chaotic motions of the tube

with various flow velocity in the instability region of the TSP-inactive mode.

2. EQUATIONS OF MOTION

An unsteady-flow theory for fluidelastic instability of a row of tubes in

crossflow has been described in detail by Chen (1983, 1989) and by Chen and

Chandra (1990). A bilinear mathematical model for loosely supported tubes

vibrating in crossflow has been well defined by Cai et al (1991). For completeness,

the unsteady flow model for fluidelastic instability of loosely supported tubes is

briefly described here. The readers who are interested in further details of those

theories can refer to our previous work.
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Consider the case of fluidelastic instability in which a velocity-controlled

negative damping mechanism is dominant. The stability of the tube row may be

analyzed approximately by considering only one flexible tube among other rigid

tubes and neglecting the coupling in the two directions. Therefore, a two-span

flexible tube with one intermediate support, vibrating in one direction, is

schematically shown in Figure 1. When the right end (C3) of the tube does not

strike the stop, it is a pinned-pinned-free model (Model 1). When the right end

strikes the stop, it becomes a pinned-pinned-spring-supported model (Model 2).

Because the effects of impact force are represented by the linear springs at C3 in

Model 2, the vibratory system is autonomous. Gaps e I and e2 at C3 provide a

nonlinear support for the system, which may cause the possible chaotic vibrations

when some of system parameters vary in certain ranges.

The solutions of tube vibration by the normal-mode method can be described as

two models analyzed in two different time regions (Cai et al., 1991)

u(_,t) = _azn (t)Czn(_)
n=l

0 < t < t s (Model 1) (1)

u(_,t) = _aln(tl¢ln(_)
n=l

and

u(_,t) = _]a2n(t)¢2n(_) + u(_,t)
n=l t=ts

t s < t < t d (Model 2) (2)

6(_,t) = Za2n(t)@2n(_)
n=l



where u(_,t) and 6(_,t) are tube displacement and velocity; {_ln(_) and ¢2n(_) are

the normal modes of Models 1 and 2 (see Cai, et al., 1991); _ = z/l; ts is the time

that the right end of the tube strikes the stop, and td is the time the tube end leaves

the stop. aln(t) and a2n(t) are the solutions of following equations

I e)(l+_in) d'-_-+ 2_ncoin _;3 )'-_+ COin _;3 °_in ain=0 (3)

i = 1, 2 for Models 1 and 2

n = 1, 2, 3, ...

where

p_R 2
= _ (4)

m

U r = _;Um
COiR (5)

and

2ni e
COi n3 (:tin

{Oi = (6)
+ 'yO_in

Note that R is tube radius, p is fluid damping, m is tube mass per unit length and

dn eUm is mean flow velocity; ain , a and ain are added-mass coefficients, fluid-

damping coefficients and fluid-stiffness coefficients which are based on the

_lr ,lit' 1_
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experimental data of Tanaka (1980) and have been compiled and evaluated by

Chen and Chandra (1990).

3. NUMERICAL SIMULATIONS

Numerical simulations of loosely supported tube schematically shown in

Figure 1 were carried out with the system parameters similar to those applied in

previous work (Cai and Chen, 1991). The span between supports C1 and C2 is

submerged in fluid but subjected to flow at the middle portion only. The tube in

Figure 1 is brass, with a 1.59 cm outside diameter, 1.59 mm wall thickness, and

123.15 cm length. The modulus of elasticity E is 1.11 x 10-6 kg/cm 2. The impact

stiffness of springs at the TSP is assumed to be a constant value, namely, Kc = 107

N/m. Gaps el and e2 are variable control parameters in simulations, they will

range from 0.127 to 2.54 mm.

The computations were carried out on a Sun workstation computer. Before

simulations, the natural frequencies of the first 10 modes for both Models 1 and 2

dn ewere calculated. Fluid force coefficients ain, a and ain were calculated based

on Tanaka's data (1980) for a tube row with the pitch-to-diameter ratio of 1.33.

Based on the natural frequencies of the first ten modes of the two models, the

time-integration steps required during simulations can be determined. As

verified in the previous studies (Cai et al., 1991 and Cai and Chen, 1991), 10 modes

(coveting a frequency range of 0-1700 Hz) give sufficient accuracy for this case.

Therefore, 10 modes were used throughout, and the time-integration step for 10

modes was taken to be At = 0.0001 s to ensure the accuracy of simulations.

Furthermore, a double-precision has to be taken throughout in simulations.

Numerical integrations were run for a relative long fixed time to ensure that

transient effects have died out before the output are examined. In our case, at
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least 100,000 points were calculated for time histories of tube motions; then, the

first 4,000 points in time histories calculated were taken out to eliminate transient

effects.

4. CItAOTIC __NT_

As summarized in the previous study (Cai and Chen, 1991), when flow

velocity, which has been chosen as the main control parameter, is lower than the

critical flow velocity, the system damping is positive and tube motion is stable,

When flow velocity exceeds the critical flow velocity, the tube loses its stability and

begins self-excitation oscillations, corresponding to a Hopf bifurcation. If the tube

impacts the TSP irregularly in the instability region, tube motion depends on flow

velocity and other parameters and chaotic motion may occur. If the tube impacts

the TSP regularly after flow velocity exceeds some value in the instability region,

tube motion is almost independent of flow velocity and periodic oscillations will

occur with a fixed amplitude equal to the diametral clearance.

In this study, the focus is on the instability region, and more measurement

techniques were taken to distinguish periodic and chaotic vibration of the tube.

Many computations were performe,4. In folloWing only some typical results will

be presented.

4.1. Phase flow portraits

First of all, the time histories of tube motion with symmetric clearance e I = e2 =

1.27 mm at the TSP were calculated and phase flow diagrams at different flow

velocities corresponding to periodic and chaotic motions are shown in Figure 2.

In these calculation, the transient has been eliminated for clarity; only the
!
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dynamics of the "steady state" are shown. Because the tube support span (see

Figure 1) is asymmetric and the system is considered as a multiple-degree-of-

freedom system, 10 modes are utilized to obtain accurate simulations. In Figure

2a, the phase portrait at _ = 1.0 for Um = 2.1 m/s is not an ellipse (as is that

calculated by a single-degree-of-freedom), but a complicated closed circle. At this

flow velocity, the tube impacts the TSP twice each circle; it corresponds to periodic

oscillations that repeat very well. As flow velocity decreases and the absolute

value of negative damping decreases, the number of tube impacts is reduced and

the impact period appears to be irregular. Then, phase portrait (Figure 2b, Um=

2.0 m/s) appears chaotic- a kind of limited-band chaos. These chaotic motions

apparently depend on the number of impacts during certain cycles, while impacts

depend on the flow velocity, initial conditions, and other parameters such as

clearance and contact stiffness.

4_ Power spectral density

Figure 3 shows power spectra of tube motions at different flow velocities. It is
!

observed that the fundamental oscillation frequencies at different flow velocities

are approximately the same, i.e., fl = 29.6 Hz for the system shown in Figure 1;

therefore, a nondimensional frequency f/f1 is adopted in Figure 3. Figure 3a

shows the PSD of the displacement at Um= 2.1 m/s, which appears to be periodic

with super harmonic components, f/fl = 1, 3, 5, .... This is caused by regular tube

impacting. Figure 3b presents characteristics of limited-band chaos, the power

spectrum is a continuous process, although the fundamental frequency and

superharmonic frequencies are still discernible in this process.
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4.3. Poincar_ map

The Poincard map is a powerful technique for distinguishingchaotic

responsesfrom periodicresponses.The map representsa discretizationof a

continuousflowin the phase spaceofa dynamic system. For an autonomous

system,one must choosesome planein the phasespace,transversetotheflow,

and then obtaina Poincardsection(Moon,1987).Using the same techniqueto

choosea plane in our previousstudy (Cai and Chen, 1991),we chose the

triggeringsignal,say when fl(1.0,t)--0 and u(1.0,t)< 0,atwhichpointthevalues

ofU(0.371,t)and 6(0.371,0wouldbe saved(here_ = 0.371means themiddlepoint

in the firstspan ofthe tubebetweenC1 and C2). Figure4a and 4b show such

Poincardmaps, correspondingtoflowvelocitiesUm = 2.1m_/sand Um= 2.0m/s,

respectively.Figure4a presentsa periodicmotionforthereisonlya singlepoint

in the phase plane. However, Figure4b isa limited-bandchaoticwith points

scatteredovera wide range. In thiscase,althoughthe Poincardsectiondo not

displayartisticme_itsbecausethereare a limitednumber of data points,they

neverthelessdo seem to have certainstructure,and confirmthe existenceof

chaoticmotionin thisflowvelocityrange.

4.4. Lyapunov exponent

Lyapunov exponents have been proven to be the most usefuldynamical

diagnosticto determinechaoticsystemquantitatively.Lyapunov exponentsare

the averageexponentialratesofdivergenceorconvergenceofnear by orbitsin

phase space. This technique gives a quantitativemeasurement for the

correspondingmotions,forexample,the motion is periodicor chaotic,ifthe

exponentisnegative,zeroorpositive,respectively.Any systemcontainingatleast

one positiveLyapunov exponentisdefinedtobe chaotic.We use thealgorithms

proposedby Wolf etal(1985)todeterminetheLyapunov exponentsfrom a time
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series of tube motion. Figure 5a and 5b show these results of Lyapunov exponents

at different flow velocities. In Figure 5a, with Urn = 2.1 m/s, Lyapunov exponents

are negative, corresponding to a periodic motion of the tube. In Figure 5b, with

Um= 2.0 m/s, Lyapunov exponents are positive. It indicates a convincing evidence

for existence of chaotic motion in this instability region of the TSP-inactive mode.

4.5. Fractal dimension

Fractal dimension is another criterionfor predictingchaoticmotion

quantitatively.A nonintegerfractaldimensionoftheorbitinphasespaceimplies

the existenceof a strangeattractor.The basicidea is to :i,aracterizethe

"strangeness"ofthechaoticattractor.The practicaluse ofthefractaldimensions

in measuring and characterizingchaoticvibrationshas yet tobe fullysettled;

differentdefinitionshave been developed including capacity dimension,

correlationdimensionand informationdimension(Bakerand Gollub,1990).In

many cases,itissufficienttoestablishthatthedimensionisnot integerorthat

theattractorisindeedstrange.To theauthors'bestknowledge,thisisthe first

applicationof the attractordimension on fluidelasticinstabilityof loosely

supportedtubein crossflow.

There are several methods to estimate the attractor dimensions. We use the

measurement of correlation dimension which has been used successfully by

many investigators in other fields (Moon, 1985). An extensive study of this

definition of di_mension has been given by Grassberger and Proccacia (1983). In

this method, a correlation function C(r) can be calculated by constructing a

sphere or length r at each point xi in phase space and counting the number of

points in each sphere; that is
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_lim 1 N N
C(r)-N-_oo_ Z ZH(r-lxi- xjl)

i j (7)
icj

where H(s) = I if s > 0 and H(s) = 0 if s < 0. For many attractors this function has

been found to exhibit a power law dependance on r as r _ 0; that is

limC(r)= ard (8)r-_oo - -

So that we may define a fractal or correlation dimension using the slope of log C

versus log r curve:

dG _lira logC(r) (9)
-r-_o logr

Using above technique, the correlation dimension of chaotic motion of the tube

can be computed from the data of the Poincard map in Figure 4b. Figure 6a shows

the logarithm of the correlation function C(r) versus log r while Figure 6b shows

the local slope of C(r). The slope for the intermediate values of r is around 1.6.

This fractal dimension convinces that the attractor is indeed strange when the

tube vibrating with this flow velocity range.

4.6. Bifm'_tion diagram

A widely used technique for examining the prechaotic or postchaotic changes

in a dynamic system under parameter variations is the bifurcation diagram,

from which we may find a route to chaos, namely a route from periodic to chaotic

motions through parameter changes. With fast computers available, it is easy

and helpful to vary the control parameters to obtain a bifurcation diagram. From

this diagram, we can see if the system has steady or periodic or chaotic behavior
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for some continuous range of flow velocity in order to obtain a full understanding

of system dynamics. In this way, we can have confidence in deciding more

definitely whether the system becomes chaotic. Also, we can observe and pinpoint

sudden changes in system behavior. Both the control parameter and the output

signal must be carefully chosen to ensure that they can provide sufficient

information.

In our case, flow velocity was chosen as the control parameter and tube

displacement as the output signal. The difficulty is in determining the locations

of the triggering signal and output signal to produce an easily interpreted

bifurcation diagram. On examining many results, the velocity of tube motion at

location C3 (_ = 1.0) is taken as the triggering signal, and the displacement at

location _ = 1.0 is taken as output signal. When the triggering signal is equal to

zero, u(1.0,t) - 0, and tube displacement at _ = 1.0 is negative, u(1.0,t) < 0, the

values of u(1.0,t) are recorded. By slow variation of flow velocity, the bifurcation

: diagram is produced as shown in Figure 7, in which a symmetric clearance el =

e2 = 1.27 mm at the TSP is applied.

It is clear in Figure 7 that for flow velocity less than the first critical flow

velocity Um = 1.77 m/s or higher than the second critical flow velocity Um=

4.73 m/s (details see reference by Cai and Chen, 1991), all oscillations die out as

time increases; when flow velocity reaches the critical values, there is a jump of

displacement (i.e., the Hopf bifurcation occurs). When the tube loses its stability

and the tube impacts the TSP, a chaotic motion occurs. But as flow velocity

reaches certain values, between 2.02 ntis and 4.17 m/s, the tube impacts the TSP

regularly in a harmonic periodic vibration due to the damping controlled

instability of the tube. Therefore, the tube motion with above system parameters

can be described as follow: first chaotic motion region (Urn = 1.77 to 2.02 m/s),

periodic motion region (Urn = 2.02 to 4.17 m/s) and second chaotic motion region
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(Urn = 4.17 to 4.77 m/s). This distribution of periodic/chaotic motions is

correspondent to negative system damping. Figure 8 shows the negative damping

as a function of flow velocity for Model 1. We note that when the absolute negative

damping is below certain values, tube motion is chaotic, but when it exceeds those

values it develop into periodic harmonic vibrations.

Many computations have been carried out for various diametral clearances at

the TSP, symmetric or asymmetric, because we recognized that the nonlinearity

of the TSP plays a very important role in periodic and chaotic motions of the tube.

Bifurcation diagrams in Figure 9 give some results of these computations when

asymmetric clearances were applied. In Figure 9, flow velocity changes from Um

= 1.80 m/s to Um = 3.10 m/s, namely, from the first critical velocity to the flow

velocity at which the absolute value of negative damping of Model 1 reaches

maximum (see Figure 8). Also in Figure 9, we set el always equal to 1.27 mm, but

e2 changed as 2.54, 1.45, 1.40 and 1.35 mm, corresponding to Figure 9a, 9b, 9c and

9d, respectively. The triggering signal and output signal are the same as those in

Figure 7. From Figure 9, we noted that nonlinearity of those asymmetric gaps

significantly affects the distributions of periodic and chaotic motions of the tube

with various flow velocities in the instability region of the TSP-inactive mode. In

Figure 9a, the tube does not strike the stop with the gap of e2 anymore because e2 =

2.54 mm almost likes an infinite gap under these system parameters. So, chaotic

motion seems to be possible over almost whole range when flow velocity varies.

When e2 = 1.45 mm (Figure 9b), the tube begins to irregularly strike the stop with

the gap of e2 when flow velocity exceeds Um= 2.30 m/s. So there is another chaotic

motion in this case. When e2 = 1.40 mm and e2 = 1.35 mm (Figure 9c and 9d), the

tube begins to strike the stop regularly when flow velocities exceed some values,

periodic and quasiperiodic motion are developing.
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5. CONCLUSIONS

Based on the unsteady-flow theory and the bilinear mathematical model for

fluidelastic instability of loosely supported tubes subjected to nonuniform

crossflow, which were developed in our previous studies, an extensive analytical

study has been conducted on the characteristics of fluidelastic instability of the

tubes in the unstable region associated with the TSP-inactive mode, with

particular attention given to the possible existence of chaotic oscillation. With a

typical nonlinear boundary conditions, symmetric or asymmetric gaps at the TSP,

tube motion can be expressed by a nonlinear autonomous mechanical system, in

which a high probability of chaotic motion exists with variations of control

parameters.

As suggested in most investigations on chaotic motions (Moon, 1987), it is

important to use more than one measurement in deciding on the existence of

chaos. Thus we carried out many measurements in this study, including phase

flow portraits, power spectral density, Poincard maps, Lyapunov exponents,

fractal dimension and bifurcation diagram, to confirm the existence of chaotic

motion in the instability region. Fortunately, measured results with those

effective tools were in perfect agreement to convincingly demonstrate that at

certain flow velocity range chaotic motions do arise. As shown in Figure 2 to 6, at

flow velocity Um= 2.0 m/s, phase portrait displays a band circle to indicate a

limited-band chaotic motion; PSD result presents a continuous limited-band

spectrum; the Poincard map gives a scattered structure; Lyapunov exponents

appear to be a positive value; and fractal dimension is around 1.6 (not an integer).

The importance of this, to our best knowledge, is that this is the first application of

so many measurements which give consistent results in exploring the chaotic

motion of loosely supported tubes that is induced by fluidelastic instability in

crossflow.
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The bifurcation diagrams show the route of chaotic-periodic-chaotic motions in

the instability region corresponding to the variations of negative damping vs. the

mean flow velocity. It is very important that the distribution of chaotic/periodic

motions depends on the negative damping of both Models 1 and 2. When damping

varies, the number of the tube impacts with the TSP will change. If the tube

impacts the TSP regularly, it is periodic (or quasiperiodic) motion; if the tube

impacts the TSP irregularly, chaotic motion may develop. This reminds us to pay

more attention on impacting situation for predicting chaotic/periodic motions in

further researches. Also, we note that nonlinearity of the TSP, with symmetric or

asymmetric gaps, will significantly affect the distributions of periodic,

quasiperiodic and chaotic motions of the tube with various flow velocity in the

instability region of the TSP-inactive mode. Parameter analyses on chaotic

motions will be continuously conducted to explore their behavior in more detail.

i

In this study a very complicated system, a tube with two asymmetric spans

and subjected to nonuniform crossflow, was analyzed using 10 modes. Therefore,

its chaotic behavior may be quite different to the systems with a single or two-

degree-of-freedom as often investigated by many researchers to explore chaotic

motions. Even though the analytical results in our studies indeed demonstrated

existences and some characteristics of chaotic motion in the instability region of

the TSP-inactive mode, we still have difficulties to completely understand many

questions, like why does the chaotic motion occur and how can we control chaotic

motion economically.

Obviously, further research on the chaotic motion on the fluidelastic instability

of loosely supported tubes is still needed. A, test, to obtain experimental data of

periodic/chaotic motions for a loosely supported tube in crossflow, is being

conducted at Argonne. Detailed comparison of the analytical and experimental
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results will be published when it is completed. It will bring us more information

and evidences of chaos on the fluidelastic instability of loosely supported tube in

crossflow.
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Fig. 1. Schematic of tube and supports in crossflow

Fig. 2. Phase flow portraits at _ = 1.0 with (a) Urn = 2.1 m/s and (b) Urn = 2.0 m/s

Fig. 3. Power spectral density of tube displacement with (a) Urn = 2.1 m/s and

(b) Urn = 2.0 m/s

Fig. 4. Poincar_ map of tube motion at _ = 0.371 with (a) Um = 2.1 m/s and

(b) U m = 2.0 m/s

Fig. 5. Lyapunov exponents of tube motion with (a) Urn = 2.1 m/s and (b) Urn =

2.0 hdS. (Embedding dimension is selected to be 6 and delay time to be 1/2

of mean orbital period.)

Fig. 6. Correlation function (a) and correlation dimension (b) for the set of points

in the Poincard map in Fig. 4b

Fig. 7. Bifurcation diagram of tube motion in the instability region

Fig. 8. System damping ratio vs. mean flow velocity

Fig. 9. Bifurcation diagrams of tube motion with asymmetric clearances el =

1.27 mm and (a) e2 = 2.54 mm, (b) e2 = 1.45 mm, (c) e2 = 1.40 mm, and

(d) e2 = 1.35 mm
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