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INSTABILITY CHARACTERISTICS OF FLUIDELASTIC INSTABILITY
OF TUBE ROUS IN CROSSFLOW

by

S. S. Chen and J. A. Jendrzejczyk

ABSTRACT

An experimental study Is reported to investigate the jump
phenomenon in critical flow velocities for tube rows with
different pitch-to-diameter ratios and the excited and Intrinsic
instabilities for a tube row with a pitch-to-diameter ratio of
1.75. The experimental data provide additional insights into
the instability phenomena of tube arrays in crossflow.

I. INTRODUCTION

Fluidelastic instability of tubes in crossflow has been studied
extensively in the last 15 years. Several reviews of this problem are

l — 3available . The subject is continuing to receive more attention because

of its significance in heat exchanger applications.

The general instability characteristics of different tube arrays are
now fairly well understood. Of particular interest is the role of different
fluid forces and different types of instability. It has been shown by
Chen 4 , 5 that there are two types of fluidelastic instability: fluid-
damping-controlled instability and fluid-stiffness-controlled instability.
For a row of tubes, fluid-damping-controlled instability occurs at low mass-
damping parameter (6_), while fluid-stiffness-controlled instability occurs
at high mass-damping parameter, and there is a discontinuity in the
stability boundary at a certain value of &m. In addition, at lower <Sm,
there are multiple stable and unstable regions. The first objective of this
study is to investigate the "jump" in the critical flow velocity for tube
rows with different pitch-to-diameter ratios.

There are two critical flow velocities for tubes conveying flow:

intrinsic instability and excited instability. • A similar phenomenon has

been noted for the instability of arrays in crossflow, but there is no

detailed documentation of this characteristic. The second objective of this

study is to investigate the difference of the two instability limits.



II. TEST EQOIFMENT AND TEST PROCEDURES

The experiments are performed in a rectangular water channel, 10.7 cm

(4.2 in.) wide and 25.9 cm (10.2 in.) high, of a test chamber connected to a

water loop with a maximum flowrate of 0.052 m /s (700 gpm). Tube rows are

assembled in the channel; each tube element is suspended as a simply

supported beam on two 0-rings mounted 91.4 cm (36 in.) apart (see Fig. 1).

The 0-rings are seated in compression plates. The tube is submerged in

fluid between the two 0-iing supports (CI to C2) but subjected to flow at

the middle portion only. The overhang portion (C2 to C3) is in air. Note

that tubes 1 and 5 are shorter to raise the natural frequencies.

Five brass tubes in a row are tested for four different pitch-to-

diameter ratios (P/D): 1.35, 1.5, 1.6 and 1.75. The tube outside diameter

is 1.59 cm (5/8 in.) and the tube wall thickness is 0.318 cm (1/8 in.). The

nominal width of the water channel is 10.7 cm. However, the two walls can

be shimmed to give proper spacing for different tube rows.

The instrumentation for each of the middle three tubes consists of two

accelerometers mounted at the middle of the tube, oriented to be sensitive

in the drag and lift directions. The accelerometers are installed by means

of a small mounting block attached to the inside of the tubes and the leads

brought to the outside.

A displacement transducer is located close to the free end of tube 4 to

measure the displacement of tube 4 in the lift direction. When the tubes

become unstable, they impact with one another; only the displacement trans-

ducer can provide useful information on tube response.

Tests for each tube row are made in still fluid and flowing fluid.

Testing in still i;ater is to determine the natural frequency and modal

damping of each instrumented tube. The tube is excited by plucking it at

the free end while the surrounding tubes are held at the overhang end by

hand to prevent response of those tubes. The transient response of the tube

is recorded. Then the damping is obtained from the log decrement of the

acceleration trace, and the natural frequency is determined from the power

spectrum of the acceleration. Each Instrumented tube is tested in two

orthogonal directions.

In flowing fluid, the flow velocity is increased at small intervals.

At each flow velocity, the acceleration signals in the lift and drag direc-

tions are recorded on a magnetic tape for several minutes for subsequent

analysis.
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When appropriate, the flow velocity is increased very rapidly to reach

the second stable region. Then, the flow is decreased at small intervals to

determine the upper stability boundaries.

Critical flow velocity is a function of the initial disturbance*

• If the tubes are not excited with a mechanical excitation, the tubes

lose stability by flutter spontaneously when the flow velocity is increased

to a critical value; this flow velocity is called the critical flow velocity

for intrinsic dynamic instability.

• If the tubes are excited by an external force, the tube may become

unstable at a different flow velocity; this flow velocity is called the

critical flow velocity for excited dynamic instability or induced dynamic

instability.

The excited instability velocity is always smaller than the intrinsic

instability velocity. The cricital flow velocities for both excited and

intrinsic instability are determined relatively easily, as described below.

• Excited Instability Velocity: The velocity is increased at small

intervals. For flow velocities smaller than the excited instability

velocity, any motion of the tube caused by the transient disturbance to the

tubes dies out. Once the flow is increased to the critical value the tube

motion increases exponentially until it reaches the limit cycle.

• Intrinsic Instability Velocity: No mechanical excitation is given

to the tubes. Once the flow velocity is increased to the critical value,

large tube motion develops.

Tube damping depends on water temperature; this is attributed to

O-riiigs, whose characteristics are a function of temperature. Therefore,

tube damping can be controlled by controlling water temperature. In each

tube row, the tubes were tested under several different temperatures.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 2 and 3 show the natural frequency and modal damping ratio as

functions of water temperatures for P/D • 1.5. Both natural frequency and

modal damping ratio increased with decreasing water temperature. In all

tube rows, fairly consistent results were obtained. The natural frequencies

and damping for P/D - 1.35, l.S and 1.6 are similar. However, the values

for P/D - 1.75 are higher, which can be attributed to the compression

plates.
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Tables 1 to 4 summarize results for the four tube rows, where p is

fluid density and D is tube diameter. The natural frequency (f) and modal

damping ratio (5) are those of an uncoupled mode in quiescent fluid. The

flow with a uniform velocity U is acting on the middle portion of tube

span. The mass (m) in the mass-damping parameter includes tube mass and

added mass.

The stability boundaries are given in Fig. A for the four tube rows as

a function of the mass-damping parameter 5m (= 2Trcm/pD ). Except for P/D =

1.75, the other three tube rows possess approximately the same damping

values.

For P/D = 1.35, two instability boundaries are established.8 For

example, at 6 = 1.0, the tubes lose stability at U r (= -jg-) = 3.6 and

regain stability at U = 6.8 . In determining the lower stability

boundary, the flow is increased gradually until instability develops. Once

the tubes become unstable, tubes impact with one another. Theoretically, at

Ur = 6.8, the tubes should regain stability. Practically, this is not the

case, because of a nonlinear effect, which is discussed later. The upper

stability limit is determined by rapidly increasing the flow to a value

above the upper instability boundary, such that the tubes remain stable.

Then the flow is decreased gradually. When it is reduced to the upper

stability boundary, large^. tube oscillations occur. The buildup of large

sinusoidal oscillations at the upper stability boundary is more rapid than

at the lower one.

The discontinuity of stability boundary at a certain value of 6m is

demonstrated for two tube rows with P/D = 1.35 and 1.5. This discontinuous

jump of the critical flow velocity is attributed to the transition from

fluid-damping-controlled instability at low 6 to fluid-stiffness-controlled

instability at high 6m» ' For P/D = 1.35, there is no fluid damping-

controlled instability for 6m > 1.5, and the critical flow velocity jumps to

a much large value associated with fluid-stiffness-controlled instability.

For P/D « 1.5, the upper instability boundary cannot be determined experi-

mentally. Before the flow r,an be increased to the upper stability limit,

the tubes become unstable by the second mode; i.e., the critical flow

velocity associated with the lower stability boundary of the second mode is

smaller than the critical flow velocity associated with the upper stability

boundary of the first mode. However, the discontinuous jump is identi-

fied. At 6m - 1.75, no instability of the tubes can be found for U up

to 9. Therefore, the jump occurs at 1.61 < <Sm < 1.75.

For P/D • 1.6 and 1.75, the values of &m at which the "jump" occurs

lies outside the range of experiment. In these two cases, the jump cannot

be determined.
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Table 1. Experimental Data for P/D * 1.35

Natural
Frequency

(f),
Hz

24.5

24.2

24.4

24.3

24.3

24.0

24.0

Modal
Damping
Ratio (0,

%

4.8

4.1

3.5

3.0

2.1

1.7

1.4

Critical
Flow

Velocity,
ft/s

5.51
7.8

4.99
7.41

4.72
8.30

4.49
8.95

4.23
10.10

4.13
11.09

3.74

U
fD

4.32
5.63

3.96
5.88

3.72
6.53

3.55
7.08

3.43
7.98

3.31
8.87

2.99

2nm^

PD2

1.43

1.22

1.04

0.89

0.63

0.51

0.42
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Table 2. Experimental Data for P/D - 1.5

Natural
Frequency

(f),
Hz

25.1

25.0

24.6

24.6

24.1

24.0

23.9

Modal
Damping
Ratio (5),

%

5.4

5.0

3.4

3.1

2.0

1.5

l.l

Critical
Flow

Velocity,
ft/s

7.60

6.93

6.06

5.53

4.97

4.72

4.63

U
fD

5.81

5.32

4.70

4.31

3.95

3.78

3.72

2 inn;

P D 2

1.61

1.48

1.02

0.91

0.60

0.44

0.34
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Table 3. Experimental Data for P/D • 1.6

Natural
Frequency

(f),
Hz

26.1

25.9

25.4

25.3

24.6

24.6

24.4

24.2

Modal
Damping

Ratio (5),

5.3

4.4

3.3

2.7

i.8

1.5

1.2

1.0

Critical
Flow

Velocity,
ft/s

7.41

6.74

6.06

5.73

5.51

5.40

5.31

5.25

U
fD

5.45

5.00

4.58

4.35

4.27

4.21

4.18

4.17

PD2

1.57

1.32

0.98

0.81

0.52

0.44

0.37

0.31
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Table 4. Experimental Data for P/D -1.75

Natural
Frequency

(f>,
Hz

27.7

27.6

27.5

27.5

27.4

27.2

27.1

26.9

26.6

26.4

26.3

26.1

Modal
Damping

Ratio (5),

%

10.8

10.2

9.5

9.0

8.2

7.2

6,4

5.3

5.0

4.6

4.5

4.2

Critical
Flow

Velocity,
ft/s

9.80

9.67

9.51

9.21

8.90

8.51

8.03

7.58

7.42

6.88

6.92

6.87

U
fD

6.79

6.73

6.64

6.43

6.23

6.00

5.70

5.41

5.36

5.00

5.05

5.05

2irmc

PD2

3.22

3.04

2.82

2.67

2.45

2.13

1.90

1.72

1.49

1.37

1.34

1.25
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Figure 4 shows that the critical flow velocities for fluid-damping-

controlled instability depends on the pitch ratio P/D. As P/D increases,

the lowest critical flow velocity increases. This is the same as that for

tube rows in air, in which the instablity is of fluid-stiffness-controlled
q

type. However, there is a significant difference.

The existence of multiple stable and unstable regions for tube rows at

low 6 can be examined using the fluid-damping coefficients. Theoretical

and experimental results have illustrated that the lowest instability mode

is associated with the tube motion in the lift direction. Consider a

particular tube that is moving in the lift direction with a generalized

displacement q while all other tubes are held rigid. The equation of motion
o

is given as follows:

»* * •> < * +
 2 n O )

dt

where

u> is the circular frequency of oscillation, £ 0 is the modal damping ratio

at U = 0, c is a parameter, which can be considered as a positive

constant, and V is the fluid-damping coefficient,, For P/D = 1.33, a,, is

given in Fig. 5.

Equation 1 shows that the modal damping ratio depends on a. , which in

turn depends on U . Figure 6a shows a sketch of the variation of 5 with

Ur for several values of c (c^ > C2 > c,). Note that, for cot.. < 1, the

tube is stable and for co. > 1, it is unstable. The instability bounda-

ries corresponding to c = Cj and c~ are also illustrated in Fig. 6b. For

c = C3, the tube is always stable. However, the modal damping decreases to

a minimum at a certain value of l> ,
r

The variation of modal damping with flow velocity has been studied

qualitatively for P/D = 1.35 and 1.5 for Sm close to the jump area corre-

sponding to c = Ci and c^ in Fig. 6a. The general trends are the same as

those given in Fig. 6a.

The role of damping close to the jump area can also be demonstrated in

Fig. 7. The accelerations of tube 2 in the lift direction are given in

Fig. 7 at two values of 6m« At 6m = 1.02, which corresponds to c = c, In

Fig. 6a, the tubes become unstable in the first mode. The instability

builds up gradually. At 5m = 1.80, which corresponds to c • c, in Fig. 6a,

the motion is small until U » 8.55 ft/s, when the tube becomes unstable by
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the second mode. The instability of the second mode at Sm = 1.80 occurs

spontaneously.

Although there are multiple stable and unstable regions and multiple

critical velocities, in practical applications only the lowest critical flow

velocity is important. Combining the experimental data for fluid-damping-

controlled instability obtained in the tests and the data for fluid-
Q

stiffness-controlled instability by Ishigai et al., we can present the

stability boundaries for P/D *= 1.35, 1.5, and 1.75 in Fig. 8. Several

general features are noted:

• There is a discontinuous jump in the critical flow velocity; the

jump is attributed to the transition of two instability

mechanisms.

• The critical flow velocity decreases with decreasing P/D.

• At high 5 the critical flow velocity is proportional to 6m .

• The value of 5m at which the jump occurs depends on P/D; the

larger the value of P/D, the larger the value of 6 for the

transition point.

The critical flow velocity for fluid-sitiffness-controlled instability

obtained by Ishigai can be approximately expressed as follows:

S-
l'25

. (2)

The critical flow velocity is proportional to the half power of 5m and 1.25

power of P/D for 1.19 < P/D £ 2.68.

In the past, hysteresis of tube response has been noted, but no
detailed description of the phenomenon can be found in literature. A series
of tests was performed for P/D » 1.75 to understand this phenomenon.

Figures 9 and 10 show two typical tube displacements with increasing
and decreasing flow velocity at and near the instability boundary. Tube
response follows different paths with increasing and decreasing flow
velocity.

• Excited Instability: If the tubes are given proper mechanical

excitation, the tubes may flutter in the excited instability region. With-

out mechanical excitations, the tubes are stable.
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• Intrinsic Instability: No mechanical excitation is needed in this

region. Once the flow is increased to the stability limit for intrinsic

instability, large tube motion occurs.

Once the tubes lose stability either by intrinsic or excited instabil-

ity, with decreasing flow large tube motion does not stop until the flow

decreases to the lower limit of the excited instability region. The dif-

ference between the excited and intrinsic instability can be significant.

For example, in Figs. 9 and 10, the intrinsic instability flow velocity is

about 1.3 times the excited instability flow velocity.

Two types of excitations are applied to the tubes in the excited insta-

bility region at ^ = 3.25:

Excitation to a tube in the lift direction, and

Out-of-phase excitation to two neighboring tubes.

The results are summarized as follows:

U = 2.01 m/s (6.6 ft/s): The tubes are stable regardless of the(

excitations,

D » 2.10 m/s (6.9 ft/s): The tubes are stable with the first

excitation and unstable with the second, and

U - 2.24 m/s (7.34 ft/s); The tubes are unstable with either

excitation.

The excited instability flow velocity depends on the excitation. Therefore,

the lowest critical flow velocity for excited instability is difficult to

determine if there is a background mechanical excitation. The best way to

determine its value is to increase the flow velocity to exceed the intrinsic

critical flow velocity, then reduce the flow velocity slowly until large

tube oscillations disappear. The lowest flow velocity at which large tube

motion ceases is the lowest excited instability limit.

In the literature, only a single critical flow velocity is given; it is

not known whether it is intrinsic or excited instability. This is one of

the reasons that the critical flow velocities reported vary significantly

among different investigators. In the examples of this test, the deviation

can be as large as 30%.

There is another important implication for practical application

related to the two types of instabilities. If the flow is accidentally

increased to above the intrinsic instability speed and then is reduced to

the excited instability region, large oscillations in the tubes will

continue. This may damage equipment in a short time.
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IV. CLOSING REMARK

Iα this report, four tube rows with different pitch-to-diameter ratios

subjected to crossflow are tested to demonstrate instability features of

fluidelastic instability. Specifically, the following characteristics are

illustrated:

• There are two distinct instability mechanisms for tube rows in

crossflow: fluid-damping-controlled instability and fluid-stitxness-

controlled instability. The former is dominant for the low mass-damping

values and the latter is dominant for the high mass-damping values.

• There is a discontinuous jump in the lowest critical flow velocity

between the two instability regimes at a certain value of mass-damping

parameter. The location of the jump depends on tube pitch.

• In the fluid-damping-controlled instability region, there are

multiple stable and unstable regions. The controlling factor is the fluid-

damping force associated with the motion of the tubes.

• At high 6
m
, the critical flow velocity is proportional to 6^*^,

while at low 6 , it is not a linear function of 6^ .

• Two instability flow velocities can be determined: excited instabil-

ity and intrinsic instability. The excited instability flow velocity is

lower than the intrinsic instability flow velocity. The difference between

the two can be significant.

• The nonlinear effect of fluid force in the excited instability

region is very important. Once the tubes become unstable, large tube motion

will not cease until the flow is reduced to the lower limit of the excited

instability region.

In the case of tube rows, the two instability mechanisms are clearly

separated. However, in some other tube arrays, both fluid-damping and

fluid-stiffness may be important simultaneously. Nevertheless, the general

characteristics are not much different from the basic characteristics of

tube rows.
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