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ABSTRACT

The onset of fluidelastic vibration of multispan tubes partially exposed to crossflow has been
studied numerically by the equivalent velocity approach based on natural mode shapes, and
resonant response shapes, and by the vibratory velocity- and displacement- coupled harmonic
response approach. The numerical studies were performed using the ABAQUS-EPGEN finite
element computer code with a post-processor based on the eigenvalues and eigenvectors of the
system. An iterative procedure, based on the steady-state response of the fluidelastically coupled
system was developed to determine critical flow velocities. The results are reported in detail for
each of the theoretical approaches and compared with available experimental data. The results
based on the four theoretical approaches differ very little from each other and are generally in
good agreement with experimental data.

INTRODUCTION

Fluidelastic vibration of heat exchanger and steam generator tube arrays is recognized as the most
damaging flow induced vibration mechanism leading to accelerated tube failures. A large number of
publications deal with this phenomenon, including recent review papers (Paidoussis, 1980,
1983), and (Weaver and Fitzpatrick, 1988).

The critical flow velocity to initiate fluidelastic vibration was originally derived by Connors
(Connors, 1970) for a simply supported tube fully exposed to crossflow. The formulation was
later extended (Eisinger and Juliano, 1975), (Pettigrew, et al, 1978), (Connors, 1978) to a
multispan tube with spanwise variations of crossflow velocity, fluid density and tube mass.

Since in most practical installations the tubes are multispan and are typically exposed to crossflow
over only a portion of their total length (partially exposed to crossflow), the extended formulation
is the one most often used by the designers. Following the publication of the extended formulations,
there were very few studies made to verify the partial exposure effects experimentally.

Franklin and Soper (1977) reported test results on single span cantilever tubes, showing some
difference between theory and experiment, concluding, however, that the theory gave the correct
trend. Detailed parametric studies of partial exposure effects were conducted by Waring and
Weaver (1988) with experiments caried out on a partially exposed single-span tube and on a
three-span tube alternately exposed to crossflow over each of its spans. The results of the single-
span tube experiments principally corroborated those of Franklin and Soper; however, based on
their 3-span tube experiments, they found that the theory was unconservative. Recently, Weaver
and Goyder (1989) performed wind tunnel studies on a 3-span simply supported tube with equal
spans exposed to uniform crossflow over one, two, and all three spans. The results showed good
agreement between experiment and theory.

The purpose of the present investigation is to evaluate the effects of partial exposure to crossflow
on fluidelastic instability by numerical simulation, using different theories; compare the results
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to the available experimental data; and develop confidence in using the computation methodology for
multispan tubes with generally arranged support conditions.

THEORETICAL CONSIDERATIONS
The Equivalent Velocity Approach

The critical velocity for a single span tube exposed to uniform crossflow over its full length is
given by

(1)
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where vj/fiD is the dimensionless velocity at which instability occurs, m08/poD2 is the mass-

damping parameter, K is the fluidelastic instability constant which is a function of tube bank
geometry, and i is the mode number (i = 1,2,3...).

For a multispan tube partially exposed to crossflow or exposed to variable crossflow, an equivalent
velocity veq(i) is defined:
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where v(z), p(z), m(z) = variations of crossflow velocity, fluid density and tube mass,
respectively along tube axis (z)
¢ i(z) = natural mode shape function
| = tube length

The ratio of (1) and (2) is called the velocity ratio xj

Vi
Ki= (3)
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The velocity ratios are computed for each mode and the minimum value, called the critical velocity
ratio Kij(crity is found, representing the onset of instability for the generally loaded tube.

In addition to the method based on mode shapes, we will explore another approach in which the
mode shape function in equation (2) will be replaced by the resonant vibratory response shape
function, using the corresponding value of damping. The main reason for this approach is the
consideration that the response of very long multispan tubes to crossflow over only a portion of
their length may introduce enough of a distortion along the tube which is not accounted for in the
mode shape functions. And further, as it will be shown later, the response shape approach yields
the lower envelope of all the mode shape based cases, directly minimizing the range of computed
values.

Flui ically- led Harmonic R Approach

In linear cases the instability can be predicted by a simple post-processor that uses the
eigenvalues and eigenvectors of the system. The post-processor evaluates the harmonic response
of the fluidelastically coupled system.
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The fluidelastically coupled equations of motion are:

[M] {A} + [C] {V} + [K] {U} = [G} {U} + [H] {V},  (4)

where:
[M] = mass matrix
[C] = damping matrix
[K] = stiffness matrix
[G] = matrix of fluidelastic proportionality constants related to displacements
[H] = matrix of fluidelastic proportionality constants related to vibratory velocity
{A} = acceleration vector

{V} = velocity vector
{U} = displacement vector

The elements of [G] and [H] may be determined by discretizing the equations representing the
fluidelastic forces on the tube, which are of the following form:

Forces proportional to displacements:

fx(z) = 1/2 pvZKyxuy(2)
(5)
fy(z) = 1/2 pv2Kyyux(z)

Forces proportional to vibratory velocities:

fx(2) = 1/2 pv2Kyxvy(z)
(6)
fy(z) = 1/2 pv2Kyyvx(2)

In these equations z is the coordinate along the tube axis, fx and fy are distributed loads in x and y
directions, p is fluid density, v is the fluid crossflow velocity, Kux, Kuy, Kvx and Kyy are
constants, ux and uy are tube vibratory displacements in x and y directions, and vx and vy are
vibratory velocities in x and y directions, respectively.

If the flow velocity v is increased, there exist some critical values of v at which the displacements
become very large. It is possible to solve equation (4) in normal coordinates if the matrices [C],
[G], and [H] are a linear combination of the stiffness and mass matrices. In this case the equations
of motion may be written in the uncoupled form for each mode. The critical velocities may be
determined by simple semi-closed form equations. A flow which is uniform along the tube length
falls into this category.

For a generally loaded case with the flow velocity varying along the tube length, the equations of
motions may not be uncoupled. An iterative procedure was developed to determine the critical
velocities in these cases. The procedure is based on determining the steady-state response of the
fluidelastically coupled system to harmonic excitation. The procedure was implemented into a
post-processor to the ABAQUS-EPGEN computer code eigenvalue analysis (Hibbit et al, 1986).

The procedure is:

Step 1: Determine natural frequencies and mode shapesby using the ABAQUS code.

Step 2: Select a crossflow velocity.

Step 3: Select an excitation frequency.

Step 4: Assume a small disturbing force.

Step 5: Solve for the steady-state displacements and vibratory velocities for the disturbing
force by modal analysis.

Step 6: Calculate fluidelastic forces using current displacements and velocities.

Step 7: Calculate a new set of displacements and velocities using the forces in step 6.

Step 8: Check to see that the new displacements and velocities are close enough to the
assumed values. [f they are not close, repeat Steps 6 and 7 until the results
converge.
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Step 9: Repeat steps 3 to 8 for another frequency.
Step 10: Repeat steps 2 to 8 for another crossflow velocity.

It was found that the above procedure is converging rapidly.

In the numerical analysis presented in this paper, we proceeded separately with the simulation of
the two distinct coupling mechanisms, i.e. a separate solution was sought for the vibratory
velocity-coupled and for the displacement-coupled system. The basis for this is in the theoretical
finding of the existence of these physical phenomena in fluidelastic instability (Chen, 1983).

The displacement-coupled mechanism was modeled directly according to equations (5).

In the case of the velocity-coupled forces, equations (6), for the steady-state harmonic response,
the velocity terms on the right-hand side may be replaced by displacements as follows:

vx(2) = ioux(z)
(7)
vy(2) = iouy(z)

It can be shown that by substituting equations (7) into equations (4) and (6) we can transform the
system of equations to another set of equations by using the transformation variables (denoted by
an asterisk).

ux(z) = iux*(2) (8)
and
fx*(2) = 1/2 pv2Kyxouy(z)
(9)
fy(z) = -1/2 pv2Kyyoux(z),
while

ux*(z), uy(z)
must satisfy the equations of motion (4).

In conclusion, based on the above, one can define the two physical coupling phenomena as follows:

- Displacement-coupled mechanism: By equations (5) using positive signs for both terms -- both
fluidelastic constants are positive

- Velocity-Coupled mechanism: By equations (9) which are similar to (5), except that the
fluidelastic constants are of opposite signs.

STUDY OF MULTISPAN TUBE CASES
Simulati f a Two-S Tul

This tube has been studied by Argonne National Laboratory (ANL) researchers (Chen et al, 1983).
The details of the tube and finite element model of it are shown in Fig. 1. The tube was tested in two
support configurations: First, without a support at node 18 (Case 1) and second, with a pinned
support at node 18 (Case 2).

The parameters used in the analysis were:

- Tube Outside Diameter: 1.59 cm (5/8 in.)
- Tubewall Thickness: 1.59 mm (1/16 in.)
- Tube Material: Brass

- Modulus of Elasticity: 110,000 MPa (16 x 106 psi)
- Tube Mass Density: 11.0 gm/ecm3 (10.3 x 10-4 Ib. s2/in4) in the first span and
8.153 am/cm3 (7.63 x 104 Ib. s2/in4) in the second span
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- Damping: 1.8% of critical
- Tube Natural Frequencies, Hz:

Experimental ~ Computer Model

Supports at Nodes 2 and 14 24.0 24.0
Supports at Nodes 2, 14 and 18 39.3 39.0
The experimentally determined critical velocities were (Chen et al, 1983):
Supports at Nodes 2 and 14 (Case 1): 1.49 m/sec (4.9 ft/sec)
Supports at Nodes 2, 14 and 18 (Case 2): 2.2 m/sec (7.23 ft/sec)

The critical velocity ratios were computed on the basis of the mode shape, resonant response shape,
and by using the velocity and displacement coupled harmonic response.
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Fig. 1 Finite-element model of two-span tube (ANL test tube)
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Fig. 2 Fluidelastically-coupled vibratory response at node 8 of two-span tube (Case 2)

Fig. 2 shows the tube vibratory velocity- and displacement-coupled responses for the support
condition of Case 2.

Fig. 3 shows respectively the fluidelastic instability behavior based on the velocity-coupled and
displacement-coupled responses for support conditions of Cases 1 and 2.

Table 1 gives a comparison of the computed and experimentally determined critical velocity ratios,
all normalized to Case 2 as reference.
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Fig. 3 Peak tube response vs. crossflow velocity ratio for two-span tube, Cases 1 and 2

Normalized Critical Velocity Ratio
Based on Based on Velocity-Coupled Displacement Experimental
Mode Shape Resonant Response Coupled Results
Response Shape Response (Chen et al, 1983)
0.83 0.83 0.84 0.84 0.68
Table 1 Comparison of Computed and Experimentally Determined Critical Velocity Ratios for

Two-Span Tube (Normalized to Case 2).

Both the test results as well as the numerical simulation results yielded the same critical
frequencies at the onset of instability, i.e. 24.0 Hz for Case 1 and 39.0 Hz for Case 2.

The velocity-coupled response shown in Figs. 2a and 3a develops gradually, indicating decreasing
damping present in the system. The exact initiation of instability is therefore not well defined.
The computed amplitudes are progressively increasing before the actual instability at zero system

damping occurs.

In the dispacement-coupled response shown in Figs. 2b and 3b, the instability occurs abruptly
without prior warning with no apparent reductions in system damping.

The computed values based on all four approaches give essentially identical results. There is a
difference of about 22% betweentheexperimental and the computed results shown in Table 1. This
difference is consistent with similar findings on single-span tubes (Franklin and Soper, 1977),

(Waring and Weaver, 1988).

Simulation of a Three-Span Tube

This tube has been studied experimentally (Weaver and Goyder, 1989). The details of the tube and
the finite element model are shown in Fig. 4. The tube was exposed to three different crossflow
conditions with flow over the first span (Case 1), over the first two spans (Case 2), and over all

three spans (Case 3).
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The principal parameters used in the analysis were:
- Tube Outside Diameters: 1.59 cm (5/8 in.)
- Tubewall Thickness: 1.27 mm (0.05 in.)

- Tube Material: Brass
- Modulus of Elasticity: 103,000 MPa (15 x 106 psi)

- Tube Mass Density: 8.3 gm/cm3 (7.8 x 10-4 Ib. s2/in%)
- Fluid Density (Air at ambient temperature): 1197 x 106 gm/cm3 (0.1123 x 10-6 Ib.

s2/in4)

- 'Damping: 2% of critical
- Tube Natural Frequencies, Hz:

First Mode

Second Mode

Experimental Computer Model
34 34.06
44 43.58

Fig. 4 Finite-element model of three-span tube

(1 B R [ [Rg [

Normalized Critical Velocity Ratio

Based on Based on Velocity- Displacement- Experimental}

Mode Shape Resonant Coupled Coupled Results
Response Shape Response Response (Weaver &

Goyder, 1989)
Ratio of 1.57
Case 1 and 1.73 1.72 1.8 1.8 1.64
Case 3 1.58
Ratio of 1.37
Case 2 and 1.23 1.14 1.3 1.3 1.20
Case 3 1.37
Table 2 Comparison of Computed and Experimentally Determined Critical Velocity Ratios

for Three-Span Tube (Values Normalized to Case 3)

The onset of the fluidelastic critical velocities from the velocity- and the displacement-coupled

vibratory responses are shown, normalized to Case 3 in Fig. 5.

Table 2 gives the experimental results for three tested tubes (Weaver and Goyder, 1989) and also
the computed values, again based on the four different theoretical approaches, all normalized to the
case fully exposed to crossflow (Case 3).

In all of the analyzed cases, the tube critical frequencies at the onset of instability were 34 Hz,
consistent with the experimental results.
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In Case 2 of the two-span exposure to crossflow, the tube behaved somewhat differently in both, in
the velocity- as well as in the displacement-coupled responses. Up to the onset of instability, the
dominant frequency was 43.6 Hz in the second mode and at instability, a sudden change in frequency

to the critical value of 34 Hz occurred.

The instability behavior for the three-span tube was similar to that of the two-span tube as can be
seen in Fig. 5.
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Fig. 5 Peak tube response vs. crossflow velocity ratio for three-span tube, Cases 1, 2 and 3

The computed results show only small differences from case to case. In comparison with the
experimental data, the theory somewhat overpredicts for Case 1 and slightly underpredicts in Case
2. On the whole, however, the agreement between theory and experiment is quite good.

Simulation of a General Case of a Multispan Tube

We have applied the previously described theoretical methodology to a general case of a long
multispan tube partially exposed to crossflow.
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Fig. 6 Finite-element model of 18-span tube

Fig. 6 shows the configuration of the multispan tube and its finite element model. The tube has one
fixed and 18 pinned supports.
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The tube was exposed to crossflow in four different arrangements:
Case 1: Uniform flow over the first span
Case 2: Uniform flow over the first 6 spans
Case 3: Uniform flow over the first 11 spans
Case 4: Uniform flow over all 18 spans.

The tube properties used in the analysis were:

- Tube Outside Diameter: 1.59 cm (5/8 in.)

- Tubewall Thickness: 0.89 mm (0.035 in.)

- Tube Material: Inconel 600

- Modulus of Elasticity: 206,000 MPa (30 x 106 psi)

- Tubeside Fluid Density: 0.718 gm/cm3 (67.3 x 10-6 Ib. s2/in4)

- Shellside Fluid Density (Air at 150 deg. C): 799 x 106 gm/cm3 (0.075 x 106 Ib. s2/in4)
- Damping: 2% of critical damping

Analysis of Case 1-- Effect of Number of S in a Multispan Tut

First we studied the case when only one span (span 1) was exposed to crossflow. The multispan
tube of 18 spans was represented by a series of ten multispan tubes consisting of 1-span, 2-span,
4-span, 6-span, etc., tubes, up to and including the 18-span tube. Each of the ten tubes was
formed from the 18-span tube by removing spans away from the flow region. The critical velocity
ratios based on mode shape and also based on the resonant response shape were computed first. Fig.
7 gives the graphical presentation of the normalized velocity ratios for four of the ten tubes
computed for each natural frequency of up to 30 modes. (The ratios were normalized to the
minimum ratio of the single-span, first span, tube.)
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Fig. 7

Crossflow velocity ratios at each mode frequency for 4 out of 10 tubes of different

spans representing 18-span tube. Crossflow in first span only (Case 1)
A — Basedon mode shape
— Based on resonant response shape

The results show a great scatter of values when based on mode shapes. A much smoother
relationship is obtained when using the resonant response shape as the basis for evaluation.
However, despite the scatter, it can be seen that the minimum (critical) values of the mode shape
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based ratios are very close to those computed using the resonant response shape. This is true in all
the ten cases analyzed.

We also can see that the number of spans accounted for, in addition to the first span which is
exposed to crossflow, increases the critical velocity ratio with the first few spans added, and
beyond the 8 span tube it levels off to a constant value.

Fig. 8 shows graphically the computed minimum (critical) velocity ratios based on mode shape,
resonant response shape and the velocity - and displacement- coupled harmonic response as a
function of the number of spans accounted for in the multispan tube, all normalized to the first
span tube.
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Fig. 8 Effect of number of spans accounted for in multispan tube on critical velocity ratio (Case1)

The results show that while there are numerical differences between the critical velocity ratios
obtained by each theory, these are relatively small. The results also show that in order to obtain
the proper fluidelastic behavior of a long multispan tube, it is necessary to represent this tube in
its entirety and not to account for a few spans only. Such an approach would lead to unnecessary
conservativeness.

Another aspect which is important to emphasize in the equivalent velocity approach is that all the
natural frequencies have to be accounted for and the minimum (critical) values of the ratios
obtained.

Eff f Partial E o C flow - Analysis of C >3 and 4
The 18-span tube was analyzed for four different exposures to crossflow, Cases 1 through 4.

Table 3 compares the computed results, both on the basis of the critical velocity ratios and the
corresponding critical frequencies. The ratios for the partially exposed tubes are all normalized to
the case of the tube fully exposed to crossflow (Case 4).

Fig. 9 is a graphical representation of the results of Table 3.

From the analysis results of the multispan tube which represents a relatively general case, both

structurally and also from the point of view of exposure to crossflow, we can make the following

observations:

- The differences between the computed results based on each of the four theoretical approaches
are relatively small

- The differences between the computed critical frequencies are also relatively small

- As expected, the tube has the greatest resistance when it is exposed to crossflow over one span
only. With the increase in the number of spans exposed to crossflow, the resistance to
fluidelastic vibration decreases rapidly.
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Normalized Critical Velocity Ratio and Corresponding Frequency

Based on Based on Velocity- Displacement-
Mode Shape Resonant Response Coupled Coupled
Shape Response Response
Ratio Frequency | Ratio Frequency | Ratio Frequency | Ratio Frequency
Hz Hz Hz Hz
Ratio of
Case 1 and| 3.24 88 3.00 92 3.03 88 3.03 88
Case 4
Ratio of
Case2and| 1.43 37 1.35 38 1.32 40 1.32 40
Case 4
Ratio of
Case3and| 1.03 37 1.08 37 1.00 40 1.05 40
Case 4
Table 3 Critical velocity ratios and corresponding critical frequencies for 18-span tube
partially exposed to crossflow, Cases 1, 2 and 3 normalized to Case 4.
Q
<
10 ® Mode Shape Basis
e ®  Resp. Shape Basis
- b 4 Vel. Coupled Method
g 2 o O Disp. Coupled Method
© § o
£0
£>
O-_ o
“8a
S
Qe
-~ — ®
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Number of Spans Exposed to Crossflow
Fig. 9 Effect of number of spans exposed to crossflow on critical velocity ratio in 18-span

tube. Values normalized to fully exposed 18-span tube of Case 4.
SUMMARY, DISCUSSION AND CONCLUSIONS

A series of multispan tubes in the range of one span to 18 spans, partially and fully exposed to
crossflow was analyzed numerically for the onset of fluidelastic instability. Two of the analyzed
cases were previously studied experimentally by other researchers.

The analysis consisted of numerical simulations based on four different methods. The first was the
conventional equivalent velocity approach based on natural mode shapes. The second was based on
resonant response shapes. The third and fourth approach consisted of solving numerically the
fluidelastically-coupled system for the harmonic response. The vibratory velocity - and the
displacement-coupled physical phenomena were modeled.

The results giving the values for the onset of fluidelastic instability, although numerically

somewhat different, did not differ substantially from each other for each of the four theoretical
approaches. There were, however, qualitative differences which are described below.
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The results obtained on the basis of the resonant response shapes gave better values for the lower
limits of critical velocities, with small variations. This is in contrast to the large scatter in the
results computed from the mode shapes. However, the minimum (critical) values by both of these
approaches virtually coincided.

The simulation of the fluidelastic coupling mechanisms is very valuable in that it reproduces
lively the physical phenomena. It gives a clear picture of the tube vibratory behavior, including
frequencies and amplitudes involved as a function of crossflow velocities.

In the vibration velocity-controlled mechanism, prior to reaching the theoretical value of the
critical velocity, the tube experiences large amplitudes of motion, effectively reducing the
importance of the theoretical value of the critical velocity. This is an important consideration in
design, since it may be necessary to limit the vibration amplitudes to levels existing much before
the theoretical instability. In the displacement-coupled cases, instability occurs rather suddenly
without a significant build-up in amplitudes. The critical velocities in this case are a more
reliable basis for design.

For the analyzed cases for which experimental data were available, there were some differences,
indicating overpredictions over experimental results in cases of exposure to crossflow over short
sections of the tube, and slight underpredictions for greater exposures.

In conclusion, the equivalent velocity approach based on mode shapes gives corect results for all
the cases analyzed and it is also the simplest one to use. The approach based on resonant response
shapes gives more direct results and is perhaps slightly more conservative. The fluidelasticaly
coupled analysis is very valuable, particularly in the vibratory velocity-coupled cases such as
tube arrays exposed to liquid crossflow where attention is needed to the build-up of vibration
amplitudes with flow velocity. No such considerations are typically necessary in the
displacement-coupled cases of tube arrays exposed to steam, air and gas crossflows.
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