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EXPERIMENTS ON TUBES CONVEYING FLUID
by

J. A. Jendrzejczyk and S. S. Chen

ABSTRACT

Tests are conducted for tubes conveying fluid for six types
of support conditions. The objectives are to understand the
dynamic characteristics of such systems for different support
conditions and to explore the methods o control tube stability.
Transition from one instability mechanism tc another is examined,
and the feasibility of using feedback control to 1increase the
critical flow velocity is demonstrated.

I. INTRODUCTION AND OBJECTIVES

Within a program sponsored by the Department of Energy, Office of Basic
Energy Sciences, theoretical and experimental studies are being integrated
with the objectives of enhancing the understanding of nonlinear stability
phenomena involving fluids, solids, and their coupling; developing methods
of controlling instability; and exploring the use of 1instability mechanism
in engineering design. These studies have been initiated with the special
fluidelastic 1instability problem of a slender elastic tube conveying
fluid. The results of an initial seriey of tests involving tubes conveying
fluld are reported here.

The dynamics of tubes conveying fluid is an academically interesting
and practically important problem. Many studies have been published on the
subject; e.g., see Refs. 1 and 2 fci brief reviews. Most of the investiga-
tions are analytical studies with the objective of quantifying the effect of
various system parameters. There have been fewer experimental studies;
experimental investigations are listed in Table 1 (Refs. 3-14).

A successful éxperinent on the inatability of tubes conveying fluid is,
by no means, trivial. As shown in Table 1, a successful test will require a
high-pressure loop for metal tubes with high flexural rigidity, while with a
low-pressure loop, tubes of rubber, plastic, or other materials with very
low flexural rigidity are required. In some experiments, no instability is
observed because of the limitations of the available equipment. A high-
prussure loop is relatively expensive, while for a low-pressure loop, the
material properties are much wmore difficult to control and the initial
imperfection way affect the inetability boundaries. A means to alleviate
the problem is to use articulated pipes (Refs. 15-17). However, the



Table 1.

A List of Experimental Studies on Tubes Conveying Fluid

Support Tube Measured Instability
Anthors Tubs Materisl Fluid Condition Orieatatiou Instrussntatiou Pataseters Typs Remarks
Leng (1935) Steal twbes Yater Ninged-Ninged, Norizoatal Strain gauges Damping. Flow velocity is low;
Fined=Frea, Frequency no iastability occurs.
Pinad-Fixed
Oregery amd 1. Rubber tubes 1. Water sad air Fimed-Fres Noriscatal Cameta Critical flow Flutter Nozzla is attached to
Paidowssis 2. Matsl tubas 2. O11 (Righ velocity, Fre- the fres end ia some
(1%1) pressurs) quency and wode cases.
at iastability
Sudds ot al. Aluniewm alley Water Ninged-Ringed Horizoutal Strain gauges Tube dieplace~ Divergeacs
(1963) (high pressurs) mant. Critical
flow velocity,
Tube frequency
and demping
Gresasmld and Slaeteusric and Watar 1., Musd=Fres WNanging Strain gauges Critical flow 1., Tlatter
Sugundji (1967) pelyethylens 2. Fized- wertically valocity. Fre- 2. Divergemce
tubes Ninged quancy and mode
at isstabilicy
Nespreana tubs Yater Pined-Fixzed Borizontal Capacitaace Frequency Mo buckling is observed
ead Willisss pickups because of mounlirar
{1948) sffects
ubber tubes Alr or wmter Fized-Free Standing Fiber optics Criticsl flow Divergence
(17%) and hanging wvelocity. Fre- and flutter
vertically quancy and mode

at {setabilicy



Table 1.

A List of Experimental Studies oca Tubes Conveying Fluid (Contd.)

Support Tube Msasured Instabilicy
Anthers Tubs Naterial Fluid Condition Orientation Imstrumentation Parsseters Type Remat'te
Ml ead Latex surgical Water Fizned-Frae Critical flow Lumped masses atiiched
Sumsaen (1970) tebes valocity and to the tubes
frequancy at
instabilicy
Lis and Nets Alwni s ol Fized-Fres, Ringing Strain geuges Natural fre- No instability &»
(1973) (high preseurs) Pizad-Pizsd, wertically and acceler- quency. Static observed bacsuse of
Fixed-Ninged omsters displacesent noalinsar effecte
Patdoussis and Silicen rubler Water Fized-Free, Banging Boundsries of Peramatric  Tubes comveying
Isetd (1976) tubas Fixed=-Fized vertically parasetric resonance pulsating flow
resonance
Becher ot al. Plastic Al Fized-Fres stroboscope Critical flow Flutter
(1979) drisking strawe velocity. Fre-
quency and mode
st instability
Bevmeyer ond Silicen rubber VWater Finad=Fres Hanging Flow velocity Flattar Tapersd tubes
Paidonesis tubpe vertically and oscillatioa
(1979) frequency at
instabilicy
Shilling aad Y pipee Hatar Hinpd-Fres Ranging Acceleronsters TFrequancy and No instability is
Leu (1900) vertically tubs response obssrved bacause of
spactra to the limitations of

forced axcita-
tiom

equipnsat availability.
Lumped masses attached
to the tubes
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characteristice of an articulated tube are not necessarily the same as those
of a continuous tube.”

The dynamic characteristics of a tube conveying fluid vary with support
conditions. For example, a cantilevered tube will lose stability by flut-
ter,l"ﬁ while a simply supported tube will lose stability by divergence.5
The effect of flow velocity on vibrational characteristics, such as natural
frequency, mode shape, and damping, are also different for different end
conditions. In summary, tube-support condition plays an important role,
The first objective of this study is to compare the dynamic response charac-
teristics of tubes supported by different conditions,

Most of the investigations are confined to establishing the critical
flow velocity at which large tube displacement develops. In general, the
critical flow velocity 1s very high and is of no great concern in prac-
tice. The vibrational characteristics at subcritical flow-velocity ranges
are much more important for most prcectical applications. Therefore, the
second objective of this experiment 1is to investigate the response of tubes
in the low (subcritical) flow-velocity range.

The instability mechanism may vary with a small change of a certain
system parameter, For example, a cantilevered tube conveying fluid, which
is stable at a given flow velocity, can be made to become unstable by simply
touching it at tie free end, which in effect changes the boundary condi-
tion. In additiou, different instability regions may be associated with
different instability mechanisms. The third objective 1s to demonstrate the
transition of different 1instability wmechanisms by varying a particular
system parameter.

Tubes conveying fluid way be stabilized or destabilized by changing
system parameters or by applying external excitations. The fourth objective
is to explore methods to control system stability. The stabilization tech-
nique will be useful not only for tubes conveying fluid but also for other
probl:gl such as the control of the transition from laminar to turbulent
flow.

Tests are performed for six different support conditions: Cage 1:
fixed-free tubes; Case 2: tubes fixed at the upstream end and supported by
an elastic spring at the downstream end; Case 3: a fixed-fixed tube; Case 4:
tubes with a fixed support at the upstream end and a “"knife-edge” support
movable along the tube; Case 5: a tube fixed at the upstream end and a
weight attached to the downstream end; and Case 6: & tube fixed at the
upstream end, a waight attached to the downstream end, and an additional
weight movable along ths tube. Note that Cases 1, 5, and 6 correspond to a
nonconservative system, Case 3 corresponds to a gyroscopic conservative
systea, and Cases 2 and 4 can be a nonconservative or gyroscopic conserva-
tive system depending on the spring constant in Case 2 and the location of
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the movable support in Case 4. Results of these tests provide additional
insight into the dynamics of tubes conveying fluid and demonstrate a method
to control stability.

II. TEST EQUIPMENT AND PROCEDURES

A general view of the test section is shown In Fig. 1. The text sec-
tion 1s connected to a 0.052-m3/s (700-gpm) water loop. The water flows
from an accumulator through the pump, a 10.2-cm (4-in.) flowmeter, a
pneumatic control valve, and a 6.35-cm (2.5-in.)-ID flexible hose, which is
connected to the test specimen with an adapter. The tube 1s mounted
vertically so that the water discharges downward into a 208-liter (55-gal)
reservoir. A pump returns the water to the accumulator.

To measure damping, and also as a means of controlling stability, the
tube {8 excited with a small electromagnetic exciter consisting of permanent
magnets mounted on the specimen and two colls mounted to a plate near the
tube. (See Fig. 2 for a typical setup.)

Tubes of two different materials are used in the experiments: polyethy-
lene and acrylic. The nominal tube outside diameters are 0.95 cm (0.375
in.), 1.27 cm (0.5 1in.), and 1.59 cm (0.625 in.), all with a 0,159-cm
(0.0625-in,) wall thickness. Young's modulus is determined experimentally
from the frequency of a cantilevered tube with various lengths; 1t {s 2.87 x
108 Pa (4.16 x 10“ psi) for polyethylene tubes and 3.58 x 10% Pa (5.2 x 105
psi) for acrylic tubes. Tube density is 9.45 x 10~ 3 N/em? (0.0348 1b/in.3)
for polyethylene tubes and 0.0115 N/cm3 (0.0424 1b/in.3) for acrylic tubes.

Tubes with six different supported conditions are tested (see Fig. 3):
Cage 1: Fixed-free tubes.
* Test 1.1 - polyethylene tube, 60.96 cm (24 1in.) long, and
0.95-cm (0.375-in.) OD.
*» Test 1.2 - polyethylene tube, 60.96 cm (24 in.) long, and
1.27-cm (0.5-in,) OD,
* Test 1.3 - polyethylene tube, 60.33 cm (23.75 in.) long, and
1.59-cm (0.625-in.) OD.
*» Test l.4 - acrylic tube, 1,30 m (51 in.) long, and 0,95-cm
(0.375-1n.) OD.
* Test 1,5 - acrylic tube, 1.30 m (51 in.) long, and 1,27 cm
(0.5 in.) OD.
* Test 1.6 - acrylic tube, 1.30 m (51.1 in.) long, and 1,59 cm
(0,625 in.) OD.
Case 2: Tubes fixed at the upstream end and supported by an elastic
spring at the downstream end.
* Test 2,1 - polyethylene tube, 60.96 ca (24 in.,) long, 1.27-
ca {0.5-in.) OD, and spring constant 0.193 N/ca
(0.11 1b/in.).
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+ Test 2.2 - polyethylene tube, 60.96 cm (24 in.) long, 1.27-
cm (0.5-in.) OD, and spring constant 0.876 N/cm
(0.5 1b/in.).

Case 3: A fixed-fixed acrylic tube, 130 ¢m (51 in,) long, and 0.95-cm

(0.375-in.) 0.D.

Case 4: Tubes fixed at the upstream end and a knife-edge support
movable along the tube.

+ Test 4.1 - polyethylene tube, 68.58 cm (27 in.) long, 0.95-
cm (0.375-in.) OD, and &/L = 0O, 0.120, 0.194,
0.266, 0.342, 0,417, 0.488, 0.563, 0.634, 0.711,
0.787, 0.861, and 0.935.

» Test 4.2 - polyethylene tube, 90.2 cm (35.5 in.) long, 1.27-
cm (0.5-in.) OD, and &L = 0, 0.069, 0.120,
0.193, 0.368, 0.424, 0.481, 0.593, 0.650, 0.706,
0.762, 0.875, 0.933, and 0.986.

Case 5: An acrylic tube, 152.4 cm (60.0 in.) long and 0.95-cm

(0.375~1n,) OD.

* Test 5.1 - M, = 4 N (0.899 1b), a brass cylinder 3.18-ca
(1.25-in.) 0D, 0.95-cm (0.375-in.) ID, and 5.5}
cm (2,56 in.) long.

* Test 5.2 - M, = 4.06 N (0.912 1b), a brass cylinder 3.18-cm
(1.25-in.) oD, 0.95-cm (0.375-in.) ID, 6.83 cm
(2.69 in.) long, with six sets of small permanent
magnets imbedded in {t.

Cagse 6: An acrylic tube, 115.6 cm (45.5 in.) long and 1,27-ca (0.5-
in.) OD.

M; = 4.48 N (1.007 1b), a brass cylinder 3.18-cm (1.25-1in.)

0D, 1.27-cm (0.50-in.) ID and 7.78 cm (3.06 in.) long.
My = 2.09 N (0.47 1b), a brass cylinder 3.18-cm {1.25-in.)
oD, 1.27-cm (0.50-in.) ID and 3.8l em (1.5 in.) long,
with magnets imbedded in it.
The spring used in Case 2 is mounted to the downstream end with a ring as
shown in Fig. 4. Four springs of equal stiffness mounted 90° apart provide
the same stiffness in all directions,

Presgure drop through the test specimen is measured using a pressure
gauge connected to the pressure tap at the tube adapter. A flowmeter
measures the flow velocity through the tube. For each test specimen, the
relation between the flow velocity and the pressure drop was established;
the flow velocity can then he determined from the pressure readings.

NDisplacements of the tubes are measured with optical trackers. Two
optical trackers are used for Cases 1-3 and one for Cases 4-6. The dis-
placements are measured at different locations:

* Cases 1 and 2: the downstream end.
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* Case 3: the midspan.
» Case 4: the downstream end for %/L < 0.4 and the midspan between the
supports for #/L > 0.4.

+ Cage 5: 36.2 cm (14.25 in,) from the fixed end.

e Cagse 6: 13.5 ca (5.32 in,) from the fixed end.
The displacement signals are analyzed for their static deflection and rums
component. From the frequency spectra, the dominant frequencies of tube
response can be identified.

Damping of the tube {8 determined using the log decrement of tube dis-
placement to an impact, or the bandwidth method using the magnet-coil
exclter.

In Test 5.2, a series of small permanent magnets 1is imbedded in the
attached weight. This allows an external force to be applied using the
electromagnetic exciter assembly. This exciter 1is used for several tests:
(a) swept-sine excitation to obtain natural frequency and modal damping
ratio; (b) a sinusoidal force applied to the tube to investigate the feasi-
bility of stability control using a mechanical excitation force; and (c) a
feedback excitation applied to the tube to investigate the role of feedback-
control systea.

In Case 6, the mass M, can be located at different positions denoted bv
£. The critical flow velocity is determined as a function of the ratio £/L.

III. RESULTS

A. Case 1: Fixed-Free Tubes

Figures 5-10 present the results for cantilevered tubes. Tube response
character{stics depend on the flow velocity, At zero flow, the tube
responds as a beam., As the flow velocity increases, tube damping values
increase; the increase of damping is attributed to the Coriolis force. When
the flow velocity is relatively high, the tube is critically damped; “is-
turbances to the tube will not cause it to oscillate. However, vhen the
flow velocity 1is further increased, damping becomes smaller and, eventually,
the tube loses stability by flutter.

At low flow wvelocities, rms tube displacements are relatively small;
the oscillations are caused by turbulent flow. Because of the increase in

damping, tube responses do not increase in proportional to the flow velocity
squared.

In the six tubes, only the tubes in Tests 1.1 and 1.2 become unstable;
in the other four tubes, flow velocity is not high enough to cause flutter.
As the flow wvelocity is increased to approach the critical value, relatively
rapid increasse results in tube-oscillation amplitude. In the high flow-vel-
ocity range, tube oecillations are predominantly associated with the second
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mode. This can be seen from Figs. 5 and 6. In Fig. 5, it gives the total
tube displacement, while in Fig. 6, it gives the contribution from the
second mode only. The sharp Increase in tube-displacement response is
attributed to the second mode.

Figure 1C shows typical frequency spectra at different flow veloci-
tles. A:f low flow rates, the frequency spectrum is broadly banded with no
dominant frequency peaks. In this range of flow rates, tube osciliations
are small, Most of the tube displacements given in Fig. 9 are in this
region. With “he increase 1in flow velocity, damping of the second mode
decreaae34 and its natural frequency increases. At instability, the tube
becomes unstable in the second mode and there 18 a sharp peak in the fre-
quency spectra.

Table 2 gives the critical flow velocity and oscillation frequency,
which can be determined from the tube displacement curves and frequency
spectra, for Tests 1.1 and 1.2. The theory and experiment agree reasonably
well, The theoretical values are based on the published results.lg'zo

The instability characteristics have been discussed in several publica-
tions."'6 For ecxample, the "dragging motinn” is one characteristic of such
a s8ystem at instability. The observed phenomena are similar to the
published results. However, the variation of rms displacements and the
dominant response frequency appear not to have been reported before. Based
on the results, a fixed-free tube appears to be fairly "rigid” in the
subcritical flow velocity range. In this range of flow velocities, rms tube
displacement i{s about 1X of tube diameter. Only when the flow velocity is
close to its critical value, does the tube displacement increase more
drastically,

B. Case 2: Tubes Fixed at the Upstream End and Supported by an Elastic
Spring at the Downstream End

(1) Test 2.1, The detailed tube-response characteristics ware not
measured. The general characterietice are similar to those of a canti-
levered tube, However, as the flow velocity increases, large displacement
at the spring causes the tube to reaspond as a fixed-hinged tube. Therefore,
no flutter was observed. According to the linear theory, the tube should
lose stability by flutter 1if the spring responded linearly.zo

(2) Test 2.2. Figures 11 and 12 show the tube atatic and s
displacements, and the dominant cresponse frequencies as functions of flow
velocity. A series of static deformation shapes is given in Fig. 13,

The static deformation increases vith flow velocity; the deforma-
tion 1s caused by fluid centrifugal force. As the flow velocity 1is
increased to a value close to the critical one, static deformation increases
more rapidly. Note that there is a drastic change in static displacement
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Table 2., Critical Flow Velocity for Case 1

Fundamental Critical Flow Oscillation
Natural Frequency Velocity Frequency at
(Hz) (m/s) Instability (Hz)
Test
Theory Experiment Theory Experiment Theory  Experiment
1.1 1.74 1.7 25.0 24.9 12.9 12,0

1.2 2.14 2.1 30.7 31.4 16.01 14.5
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and natural frequency at about 12 m/s (40 ft/sec); this 1s attributed to the
imperfections in the experimental setup.

The dominant oscillation frequency 1s associated with the funda-
mental natural frequency, which decreases with flow velocity. Based on
linear theory, the tube fundamental frequency will become zero and the tube
will lose stability by buckling.zo Because of the nonlinear effects associ-
ated with relatively large tube displacements and the nonlinear characteris-
tics of the spring, the decrease in nratural frequency is not as drastic as
predicted.

The 1instability wmechanisms depend on the spring constant.zo
Theoretically, the transition between the different instability mechanisms
can be demonstrated by varying the spring constant., However, experimentally
this type of support 1is difficult to simulate.

c. Case 3: A Fixed-Fixed Tube

Figures 14 and 15 show the tube displacement, natural frequency and
modal damping ratio as functions of flow velocity.

The static displacement increases with flow velocity; the rate of
increase 1s more significant at higher flow rates. Based on linear theory,
the amplitude will increase continuously and the frequency will eventually
become zero at the critical flow velocity. Accordingly, the critical flow
velocity is calculated to be about 22.2 m/s (72.2 ft/sec). Because of the
nonlinear effects, the 1instability is apparently limited as the static
displacement is only about 0,5 tube diameter at 24 m/s (78.7 ft/sec).

The rms amplitudes increase with flow velocity at low flow rates. For
a flow velocity larger than the critical value of 22.2 w/s (72.2 ft/sec)
(linear theory), the rms tube displacement decreases. Again, this 1is
attributed to the tension induced in the tube by large deformation; the two
supports are not movable, and a large tensile force can-be developed.

Modal damping ratio increases slightly with flow velocity. This is
different from that in Case I,A where damping increases rapidly with flow
velocity because of the Coriolis force. For a fixed-fixed tube, the
Coriolis force does not contribute damping; however, it can cause phase dis-
tortion such that classical normal modes do not exist. In addition, in this
cagse, the damping value is much smaller than that of a fixed-free tube.

The results are in agreement with other tests.lo When the tube is not
allowed to move at both ends, the tension developed will suppress the effect
of the fluid centrifugal force. The tube does not lose stability by diver-
gence, contrary to prediction by linear theory.
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D. Case 4: Tubes Fixed at the Upstream End and a Knife-edge Support
Movable along the Tube

The tube-response characteriatics depend on the location of the hinged
support. For small values of /L (see Fig. 3), the behavior of the tube is
basically similar to that of a fixed-free tube. For large values of t/L,
the tube responds as a fixed-hinged tube. A fixed-free tube 13 known to
lose stability by flutter and a fixed-hinged tube 1is !'nown to become
unstable by divergence, Therefore, at a certain value of £%/L, the
instability will switch from one mechanism to the other.

Figures 16-18 show the rms tube displacement, the dominant response
frequency, and the modal damping ratio for small values of £/L. The rms
displacement increases with flow velocity, but it 1s not a monotonically
increasing function of flow velocity. For example, for £/L = 0.194 and
0.266, Iin a certain range of flow velocity, the rms displacement decreases
with flow velocity. The dominant response frequency increases with flow
velocity and #/L (see Fig. 18). The trend is similar to that of a fixed-
free tube.

At low flow velocity, the modal damping value is very large. When the
flow velocity 1is increased to a value near the flutter flow velocity, the
damping value decreases with flow velocity (see Fig. 17). When the modal
damping value becomes zero, the tube loses stability by flutter.

Figure 19 shows the frequency spectra of tube displacement for differ-
ent flow velocities. At low flow velocities, the frequency spectra are more
broad banded. At instability (U ~ 23.5 ft/sec), the frequency spectrum con-
tains a sharp peak only.

Figure 20 shows the static tube displacement for large values of £/L.
The rms tube displacement and response frequency are not measured for this
cage., The static displacement increases with flow velocity; this is attrib-
uted to the fluid centrifugal force. For large values of &/L, the system is
less stable. For these values of L/L, the tube loses stability by diver-
gence.

The critical flow velocity for Test 4.1 is given in Fig. 21. For small
values of #&/L, the instability is the flutter type. The flutter flow
velocity can be determined from the following data: (1) rms tube displace-
ment as a function of flow velocity--a drastic increase in rms displacement
at a certain flow velocity; (2) frequency spectra--a sharp frequency peak;
and (3) modal damping ratio--a zero damping value. For large values of t/L,
the divergence flow velocity 1is determined from the static displacement
curve., The transition of the two instability mechanisms occurs at L/L equal
to about 0.3. Note that the critical flow velocity for flutter increases
with /L, while that for divergence decreases with %/L.
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Similar results are obtained for Test 4.2. While the detailed results
are not included 1in this report, the stability diagram iIs shown 1in Fig.
22. Again, there is a transition between different wechanisms of instabil-
ity at a certain value of 2/L.

In Tests 4.i and 4.2, the Intersection point of divergence and flutter
was not obtainable in experiment because of the limitation of the water
loop. Practically, it would be interesting to observe the tube response at
the transition value of #/L.

The flutter flow velocity for L/L = 0 agrees with the theoretical value
reasonably well; the critical flow velocities based on linear theory are
22.8 w/s (74.8 ft/sec) and 20.7 w/s (67.9 ft/sec) for Tests 4.1 and 4,2
respectively. However, the divergence flow velocity calculated from the
linear theory 1s much larger than the data; this is attributed to the fact
that the fluid pressure is not accounted for in the calculation,

E. Case 5;: A Cantilevered Tube with a Concentrated Mass Attached at the
Free End

(1) Test 5.1. Figures 23-25 present the results for Test 5.1, The
natural frequency for the fundamental mode is 0.51 Hz. The contribution of
the first mode to tube response 1s small, The dominant frequency at higher
flow rate is the second mode frequency which decreases with increasing flow

velocity, This is contrary to the dynamic behavior displayed in Cases 1
and 4,

The modal damping ratio of the second mode first increases with
the flow velocity and then decreases with the flow, When the flow velocity
is close to the critical value, it decreases very drastically. At the same
time, the tube displacement increas:s drastically,

The critical flow velocity of the system is 18.8 mfs (61.7
ft/sec). The oscillation frequency at instability is 2,7 Hz. The frequency
is fairly low. Consequently, it takes a long time for the tube to build up
to a large digplacement. The curves illustrating "build-up” at four differ-
ent flow velocities above the critical values are given in Fig. 25. At 19.0
w/s (62.3 ft/sec), 1t takes about 30 sec to reach a large displacement.
However, at 20.2 m/s (66.3 ft/sec), it takes only about 6 sec.

Among all the different tests, Test 5.1 is the one test configura-
tion that responds in an easily coatrollable manner and with characteristics
that can be observed visually without difficulty, Therefore, for stability
control, a system similar to that of Case 5 is chosen for further study.

(2) Test 5.2. The tube for Test 5.2 is basically the same as that for
Test 5.1. The only difference is that the attached weight 1is a little
heavier, and the length of the attached weight is a little longer.
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Figure 26 shows the natural frequency and modal damping ratio of
the fundamental mode as a function of flow velocity; these are obtained by
impact excitation of the tube. The fundamental natural frequency is prac-
tically constant for flow velocities up to 12 m/s (39.4 ft/sec), and the
damping can be observed to 1increase approximately linearly with the flow
velocity. However, for higher flow velocities, the damping is large and the
fundamental mode is difficult to excite.

Figure 27 shows the natural frequency and modal damping ratio of
the second mode. Two methods are used: swept sine excitation and log decre-
ment. The results are similar to those given for Test 5.1. Note that the
tube loses stability by flutter in the second mode. In the high flow-
velocity range, the frequency and damping values obtained by the two methods
are not identical. This is attributed toc the interaction of the flow and

-excitation force.

Figures 28 and 29 show the tube displacements for various types of
excitations. In Fig. 28, the mechanical excitation is a sinusoidal force
with a fixed frequency and amplitude; this type of excitatlon 1is referred to
as an external control force., In Fig. 29, the excitation force is propor-
tional to the measured tube displacement; this is referred to as a feedback
control force. For comparison, the displacement due to flow only 1s also
presented in Figs. 28 and 29.

The external control force appears to have little effect on the
critical flow velocity. At low flow rate, the interaction of flow and con-
trol force is insignificant. At the flow rate close to the critical value,
the interaction becomes larger. For example, the external control force at
2 or 8 Hz tends to stabilize the tube. However, the effect on the critical
flow velocity is insignificant.

For feedback countrol, the effect on the critical flow velocity 1s
much more important. The positive control force, which 1s in phase with the
tube displacement, destabilizes the tube. The negative control force, which
is out of phase with the tube displacement, stabilizes the tube.

The tube with feedback control force depends on the characteris-
tics of the feedback system. In Test 5.2, the feedback control force 1is
either in phase or out of phase with respect to the tube displacement. The
tube and feedback loop are basically a nonlinear system. However, for small
displacements, the response of the tube wmay be characterized as a linear
system for most of the flow region except close to the critical value.
Figure 30 shows the equivalent modal damping with negative and positive
control forces. It is seen that the tube with positive control force
possesses smaller values of damping.
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The wmotion at the free end for Test 5.1 1s relatively large. For
control of stability, the control force is not very convenient to apply at
the free end. This test illustrates the feasibility of feedback control.

F. Case 6: A Cantilevered Tube with a Concentrated Mass Attached at the
Free End and a Concentrated Mass Movable along the Tube

The detailed characteristics of the tube response are not studied for
this case, Figure 31 shows the critical flow velocity and the oscillation
frequency at instability as a function of the location of the mass My. The
lowest critical flow velocity occurs at /L equal to about 0.4.

The maximum flow velocity obtainable is about 27 m/s (88.6 ft/sec) for
this tube. The lowest critical flow velocity is about 24.8 m/s (8l.4
ft/sec) at /L equal to about 0.4. The available pump capacity is not large
enough for a stability-control study. Therefcre, no further study of this
case 1is made.

IV. CONCLUSIONS AND DISCUSSIONS

This report presents the results of six cases for tubes conveying
fluid, The data include the tube-response characteristics in the sub-
critical flow-velocity rteglon, the critical flow velocity, and results from
attempts to stabilize the tube by application of external and feedback
control forces, The experimental data agree reasonably well with the
published, 1linear, theoretical results and are consistent with other
experimental observations.

Tube-response characteristics depend on the support conditiona. The
upstream end of the tube is fixed in all cases. The system may be classi-
fied into two groups according to the support at the downstream end:

1. Gyroscopic Conservative System: If the tube is not allowed to move
at the downstream end, the tube cannot absorb fluid energy; for example,
Case 3 18 a gyroscopic conservative system.

2. Nonconservative System: If the downstream end is allowed to move,
fluid energy can be absorbed by the tube; for example, Case 1 belongs to
this type.

In the subcritical flow—velocity range, the tube responds differently
for different types of boundary conditions. The two dominant fluid-force
components are the fluid centrifugal force and the fluid Coriolis force. In
a gyroscopic conservativae system, the Coriolis force will produce a phase
distortion for tube oscillations, so that there are no classical normal
modes. The Coriolis forca does not contribute to damping in this case.
Therefore, the modal damping values do not increase because of the increase
of flow welocity. In a nonconservative system, the Coriolis force will
produce not only phase distortion, but also a dissipation mechanism for
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certain modes of tube oscillations. For example, in Case 1, the Coriolis
force is a damping force for the first mode; the damping value of the first
mode increases rapidly with the fiow velocity. In fact, the tube is overly
damped in the first mode, once the flow velocity reaches a certain value.
Because of the Coriolis force, the system characteristics are very unpre-
dictable; i.e., the tube responds contrary to what most other systems do.
For example, adding an additional support normally will increase the
rigidity of the system. However, providing an extra support to a canti-
levered tube conveying fluid could reduce the “dynamic strength” of the
tube.

In a gyroscopic system, the tube will lose stability by divergence.
Once the tube becomes unstable by divergence, the nonlinear effects associ-
ated with relatively large tube displacement become Iimportant. The linear
theory 1is not expected to be applicable beyond the critical flow velocity
agsociated with divergesnce. Bagsed on the nonlinear theory, it has been
shown that a tube in a gyrosacopic conservative configuration cannot flut-
l:et'.21 The experimental data obtained in this study, as well as published
result:s,5 are in agreement with these theoretical results. However, several
investigators, based on the linear theory, have concluded that flutter is
possible for a gyroscoplc aystem-22'23 Although flutter can occur in other
structures, such as plates and shells submerged in flow, the gyroscoplic con-
servative system consisting of a tube conveying fluid appears not to lose
stability by flutter.

Except for Case 3, the other cases are examples of nonconservative
systems. In contrast to a gyroecopic conservative system, a nonconservative
system may be subjected to flutter and/or divergence types of instability.
This study demonstrated that Cases 1, 5, and & lose stability by flutter.
No divergence type of instability is observed. 1In Case 2, the instability
will depend on the magnitude of the spring constant; because of the non-
linear behavior of the spring, the transition between the two different
inatabiilty wmechanisms cannot be demonstrated. In Case 4, the instability
mechanisms depend on the location of the movable support. The transition
from flutter for small /L to divergence for large t/L is illustrated.

The critical flow velocity can be identified accurately for flutter
using the tube displacement-flow velocity curve and/or frequency spectra of
tube response. At {instability, the tube displacement increases drastically
with flow velocity and the tube responds at a single frequency. However,
the critical flow velocity for divergence 1is much more difficult to
define. This is attributed to the relatively large tube displacement caused
by fluid centrifugal force in the subcritical flow-velocity range.

Case 5 is used to study tha role of external and feedback control
forces. Based on the experimental data, the external control force plays an
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insignificant role in controlling the tube stahility. On the contrary, the
feedback control force can stabilize or destabilize the tubes depending on
the characteristics of the control force. This study has demonstrated the
feasibility of controlling a nonconrervative system. Since the nonconserva-
tive system under consideration possesses several dynamic characteristics
that are 1intrinsic to some {mportant engineering problems, such as the
instability of laminar flow, the technique of stabilization might be useful
for other applications.
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