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FOREWORD

This volume contains papers presented at the annual symposium in flow-induced vibration sponsored by the
Operations, Applications and Components Committee of the Pressure Vessel and Piping Division of ASME.
Altogether, 20 papers from four countries cover a wide range of flow-induced vibration problems in the power
generation, process and marine industries. As before, almost half of these 20 papers deals with the dynamics of
tube arrays in heat exchangers —probably the most complex of all the flow-induced vibration problems. The
editors are particularly pleased to see that, for the first time, there were substantial participation from the People’s
Republic of China.

The papers can be crudely divided into four categories. Understandably, no clear boundary can be drawn for
every paper and some overlapping is unavoidable.

Cross-Flow Induced Vibration of Tube Arrays. Seven papers address this subject. Contents range from funda-
mental studies to applications of the technology to solving operational problems in the field.

Turbulence-Induced Vibration. Four papers cover this subject, with contents ranging from numerical simula-
tion of the forcing function in tube arrays to response prediction of tubes and shells.

Axial and Annular Flow-Induced Vibration. Five papers present axial flow problems addressing vibration of
pipes conveying fluid, large shells exposed to turbulent boundary layers and leakage flow-induced instability of
slip joints.

Fluid-Structure and Support-Structure Interaction Effects. Four papers address this subject, which not only
includes the much discussed hydrodynamic mass and damping effects but also the all important and often ne-
glected effects of support-structure interaction.

The papers contained in this volume not only represent the latest advances in the state-of-the-art, but also
aim at practical applications to design and trouble shootingin the field. The editors wish to express their gratitude
for the contributing authors and the reviewers for their time and effort and hope that the symposium on this
subject continues to be an annual event in the future. They also wish to thank the Technical Program Chairman
A. Marr and the Session Coordinator Dr. J. C. Simonis for their help in organizing this Symposium.

M. K. Au-Yang
S. S. Chen
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DEVELOPMENT OF STABILIZERS FOR STEAM GENERATOR TUBE REPAIR

M. K. Au-Yang
Babock and Wilcox
Nuclear Power Division
Lynchburg, Virginia

ABSTRACT

Fluidelastic stability, turbulence-induced and
vortex-induced vibration analysis of different
types of stabilizers for repairing steam generator
tubes are presented. The performances of the
different designs are compared with that of a
common basis--the virgin tube. It was found that
in addition to permitting the stabilized tubes to
remain in operation, the sleeve has the additional
merit of being the best performer of all the
designs. In addition, it is adaptable to remote
installation.

NOMENCLATURE

G, Random 1lift coefficient

D Outer diameter of tube

fa Modal frequency

FSM Fluidelastic Stability Margin

Gp(i) Power spectral density of turbulence
forcing function for i-th span

Ja&i) Joint acceptance for the i-th span for
the d-th mode

L Length of tube

2y Length of the i-th span

m Total linear mass density of tube
m, Mean total linear mass density of tube

m,n Nodal indices

Ma Generalized mass

Uc Critical velocity for fluidelastic insta-
bility

Ueg Equivalent cross flow gap velocity

a Modal index

B Connors' constant

Y Coherence function

¢ Mode shape function

p Fluid density

Po Mean fluid density

4 Damping ratio

INTRODUCTION

During the normal operations of nuclear steam
generators, the situation may occur when one or
more tubes is degraded by wear, fretting or forms
of chemical attack. Once a flaw is initiated,
usually at the secondary face of the tubesheets or
near the tube support plates, flow-induced vibra-
tion may accelerate the degradation. To prevent
any possible leakage of the primary fluid, the
degraded tubes are usually taken out of service
(by plugging) when the flaw size, as determined
from eddy current examination, reaches certain
predetermined levels. Alternatively, these
degraded tubes may be "repaired"™ by inserting



"sleeves" inside them, thus allowing the degraded
tubes to remain operational. Even after the
degraded tubes are plugged and taken out of
service, the possibility exists that the flaw
continues to propagate, resulting in a completely
severed tube. To prevent the possibility of a
- weakened or completely severed tube being exces-
sively excited by the shell-side fluid flow and
thus damaging its neighbors, the plugged tubes
which are located in regions of high cross-flow are
reinforced by "stabilizers." The objective of the
stabilizer is to restore the flow-induced vibration
(FIV) performance of the degraded and plugged tubes
to be equal to or better than that of the original
(virgin) tube. Similarly, the sleeve, being a
special form of stabilizer, must also be able to
restore the FIV performance of a degraded tube to
that of the virgin tube.

Thus, the primary objective of stabilizers is
to restore the structural integrity of degraded or
completely severed steam generator tubes. To
achieve this, the stabilizer obviously should be
stiff, as well as an effective damper. A contin-
uous solid rod inserted snugly inside a steam
generator tube is, in theory, an ideal stabilizer-
except for practical installation problems. The
stabilizers must be inserted into the tubes from
the primary head(s) of the steam generator.
Because of the limited clearance between the
tubesheet (Fig. 1) and the primary head, a stiff
solid rod stabilizer must be made sectional so that
it can be inserted and then connected, section by
section, into the steam generator tube. The time
required to install a stabilizer is directly
related to radiation exposure. For this reason,
the flexible and the hybrid stabilizers were
developed to enable rapid installation in areas of
lower cross flows, where sufficient design margins
exist.

In the following sections, different stabili-
zer designs will be discussed and their perfor-
mances under cross flow-induced vibration will be
calculated and compared with that of the virgin
tube.

STABILIZER DESIGNS AND SEVER CONDITIONS

As mentioned in the introduction, the basic
criteria for a stabilizer are: (1) to restore the
structural integrity of a degraded or severed tube
and (2) ease of installation. These two require-
ments unfortunately contradict each other. For
this reason, different designs were developed to
suit specific applications, as discussed below.

1 The Segmented Solid Rod Stabilizer (Fig. 2a)

This stabilizer is a solid rod constructed in
segments to be threaded and crimped together inside
the steam generator's primary header. As mentioned
earlier, this segmented construction is necessi-
tated by the limited clearance between the primary
head and the tubesheet, which also limits the
maximum length of each segment. Depending on where
the tube defect is located, the length of the
stabilizer can be adjusted by connecting different
numbers of segments together.

The advantage of the segmented solid rod
stabilizer is that it is rigid. However, it does

require lengthy installation time in a high
radiation enviromment.

2. The Cable Stabilizer

This stabilizer is basically a flexible
cable. The advantage of this design is obvious.
Because of its great flexibility, it can be easily
bent to clear the header restriction and be
inserted into the tubes, making installation time
minimal. It was thought that the cable stabilizer
might be adequate to repair tubes with defects at
the inner surface of the tubesheet. Unfortunate-
ly, as the calculations in the following sections
show, the cable stabilizer is not sufficient to
restore the structural integrity of a degraded
tube with respect to flow-induced vibration.
Therefore, its development was discontinued.

3. The Laminated Strip Stabilizer (Fig. 2b)

This stabilizer is constructed of three
laminated strips stacked (but not attached)
together. Because of its laminated construction,
the stabilizer is flexible in one direction but
fairly stiff in the other. Therefore, this design
combines the advantages of the cable and the solid
rod stabilizers. On the other hand, the margin
against fluidelastic instability is not as large
as that of the solid rod stabilizer. The lami-
nated strip stabilizer can be manufactured to
arbitrary length and is adequate in regions of
lower cross flows.

4. . The Hybrid Stabilizer

This stabilizer is a combination of a
segmented solid rod stabilizer and a laminated
strip stabilizer, with the solid segment extending
just beyond the inner face of the tubesheet, where
most of the tube defects occur. The flexible
portion of the stabilizer usually extends two or
more spans. Thus, the hybrid stabilizer offers
stiffer structural support to the defective tube
than the laminated strip stabilizer but faster
installation than the segmented solid rod stabili-
zer. Its margin against fluidelastic instability
is between that of the flexible stabilizer and the
solid rod stabilizer.

5. The Sleeve (Fig. 2c)

This stabilizer is a tube with an outer
diameter slightly less than the inner diameter of
the steam generator tube so that it can be
inserted into the latter. By hydraulically or
mechanically expanding the sleeve at both ends,
the degraded steam generator tube can be "repair-
ed." The sleeve has one great advantage over the
other stabilizers - it does not require the
degraded tube be plugged so the repaired tube can
stay in operation. Furthermore, because the
sleeve is semi-flexible, it can be pre-curved to
clear the limited space between the tubesheet and
the primary head, and then straightened as it is
inserted into the tube. A special tool had been
developed to perform this remotely, so that the
problem of radiation exposure is completely
eliminated. (Fig. 3)

FLOW-INDUCED VIBRATION ANALYSIS OF STABILIZERS

As mentioned in the introduction, the primary
objective of a stabilizer is to restore the
structural integrity, with respect to flow-induced



vibration, of a degraded steam generator tube.
While there are many flow-induced vibration
mechanisms, some well identified and some still
unknown, the best known three are: (1) Fluidelastic
instability; (2) Vortex-induced vibration and (3)
Turbulence-induced vibration. In this section, the
performances of the different stabilizer designs
are judged by these three flow-induced vibration
phenomena. To check the analytical models used in
the calculations and to provide the models with the
necessary inputs, simple in-air tests were con-
ducted to measure the stiffnesses, natural frequen-
cies and damping ratios of the stabilizers. Data
based on in-air and operational measurements of
virgin steam generator tubes showed that [3,4] the
in-water (or in-steam) damping ratios were at least
as large, so the use of in-air damping ratios in
the calculations should be conservative.

To be specific, in the following sections, the
qualification of stabilizers designed for applica-
tions to the B&W 177FA Once-Through Steam Genera-
tors (OTSG,Fig.1) with the following two tube
defects will be discussed.

(1) A tube severed just below the inner surface of
the upper tubesheet. This case will be called
"tubesheet sever" or TS sever from now on.

(2) A tube severed just above the top (15th) tube
support plate. This case will be called "15th tube
support plate sever" or 15th TSP sever from now on.

The reason for choosing these two faulted
conditions for analysis is that in an OTSG, these
two locations have experienced degradation. In
addition, the top span of the steam generator tube
is subject to the highest cross flow. Thus, these
two cases will serve as an upper bound for applica-
tions of the stabilizer. Other faulted conditions
can be analyzed similarly.

The following stabilizers will be included in
the following analysis:

(1) A one-span solid rod stabilizer consisting of
segments extending just beyond the lower surface of
the 15th tube support plate.

(2) A two-span solid rod stabilizer similar to the
above except it extends just beyond the bottom of
the 14th TSP.

(3) A two-span laminated stabilizer similar to the
above.

(4) A hybrid stabilizer consisting of standard
solid rod segments at the top followed by a
standard laminated stabilizer.

(5) A sleeve stabilizer, which is a tube with outer
diameter slightly smaller than the inner diameter
of the steam generator tube, so that it can be
inserted into the tube and extend beyond the 15th
TSP.

(6) A cable stabilizer equal in length and diameter
to the two-span, solid rod stabilizer but is
completely flexible, i.e., it has a zero moment of
inertia.

In addition, the virgin (un-blemished) tube
is also analyzed and the results are used as the
basis for comparison. The dimensions of the
virgin tube are: OD = 0.625 in. (1.5875 cm) with a
wall thickness of 0.034 in. ( 0.86 mm).

The material for all stabilizers is assumed
to be the same as that of the virgin tube:
Inconel 600, yith Young's modulus (at 600°F) equal
to 29.2 x 10° psi (2.013 x 10° MPa), a Poisson
ratio of 0.3 and density equal to 7.93 x 10 =" 1lb-
s2/in* (8481.5 Kg/cu.m. ).

With the exception of the sleeve when used as
a repair, each stabilizer is mechanically attached
to a plug. The stabilized tubes will be removed
from operation by this plug. When the sleeve is
used as a stabilizer, it may also be mechanically
attached to a plug and the assembly remotely
installed.

1. In-Air Test

To provide the analysis with the necessary
input damping ratios and stiffnesses and to check
the assumed boundary conditions of the analytical
model, a simple model consisting of the top three
spans of the OTSG tube and the stabilizer was
tested in air. Fig. 4 is a sketch of the fixture
used to perform the test. It consisted of a heavy
beam anchored to the floor by a hinge so that it
could be lowered to change stabilizers; the beam
was positioned vertically during the test. The
upper tubesheet was simulated by a two-foot (60.96
cm) clamp split along its length and was anchored
to one end of the beam. When bolted together, the
clamp provided sufficient fixity to the tube to
simulate a clamped boundary condition at the upper
tubesheet. In addition, a 6.3 mil (0.16 mm) shim
stock was wrapped around the tube at the bottom of
the tubesheet to further clamp the tube.

The support plates were spaced along the beam
exactly as in the steam generator. However,
instead of using broached holes as in the steam
generator, the tubes were silver soldered to 10
mil (0.254 mm) shim stocks that were in turn
welded to square frames to simulate the tube
support plates. This arrangement eliminated tube-
to-support plate impacting, which could cloud the
damping measurements so that direct comparisons
between stabilizers of different designs would be
difficult.

The tube or tube/stabilizer was excited in
two different ways. For steady state tests, it
was excited by a 50-1b (222.4-N) electromagnetic
shaker mounted at the middle of the top span and
was attached to the tube with a low mass aluminum
grip. For transient tests, the shaker was removed
and the tube was excited either by plucking or by
impacting with a light hammer.

The responses of the tube or tube/stabilizer
combination were measured by a non-contacting
displacement probe mounted below the shaker. Flat
targets were clamped on the tube to measure its
displacements in the in-plane and out-of-plane
directions. In all cases, the probe was cali-
brated before use and it was found necessary to
remove the D.C. component of its signal before
recording by 2.0 Hz high-pass filters.



The information derived from the simple in-air
test were static stiffness, fundamental modal
frequencies and damping ratios. The static
stiffness was determined by attaching a static load
cell to the tube. By pulling the tube with the
load cell to discrete displacement steps, a load
deflection curve was obtained. The static stiff-
ness was obtained by fitting a straight line
through these data points. The modal frequencies
were determined by standard spectral analysis using
a commercial Fourier analyzer. Two methods were
used to determine the damping ratios: the half-
power point method using data from the steady state
shaker test, and the logarithmic decrement method
using the transient (pluck or impact) test data.
The results will be given in the following sections
on qualification analysis.

2. Fluidelastic Stability Analysis
As its name implies, the primary objective of

a stabilizer is to restore stability to the
degraded or severed tube, so that it would not
undergo whirling due to cross flow (Connors'
mechanism) and hit its neighbors. To Jjudge the
performances of stabilizers of different designs,
we calculate the "fluidelastic stability margin"
(FSM)[1], defined as the ratio of Connors' aritical
velocity to the mode shape weighted effective cross
flow gap velocity.

FSM = UO/Ueg

Where ——
UC = ﬂfn 12nem /p

is Connors' critical velocity and,

o
] [e]
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is the mode-shape weighted equivalent cross-flow
gap velocity. Theoretically, FSM < 1 implies the
tubes will be unstable while FSM > 1 implies the
tube will be stable. In practice, because of the
uncertainties in the input damping ratios, Connors'
constants and the like, the above conclusions are
not necessarily true. However, for the design of
stabilizers, precise knowledge of these inputs are
not necessary since the analysis is a comparative
one based on an accepted condition (that of the
virgin tube). If the stabilized tube has a
fluidelastic stability margin equal to or larger
than that of the corresponding virgin tube, then
its design objective is met -- the repaired tube
will be at least as stable as the original tube.
Furthermore, the larger the computed FSM, the
larger the margin of safety (with respect to
fluidelastic instability). Thus, the performances
of stabilizers of different designs can be compared
by comparing their computed FSMs. The uncertainty
in the input Connors' constant cancel out because
we are dealing with the same bundle geometry in
each case.

The virgin tube was modelled as a continuous
beam pin-supported at each of the tube support

plates and clamped at the inner surfaces of the
upper and lower tubesheet. The justification of
the latter boundary condition is the small nominal
diametric clearance between the tube and the
tubesheet. For large deflections (more than 100
mils, or 2.5 mm peak to peak) experienced during
fluidelastic instability, the tube will pick up
additional support inside the tubesheet. The
boundary condition at the tubesheet thus approach-
es that of being clamped. The non-structural
mass, which is equal to the sum of the mass of the
fluid inside the tube and the virtual mass, was
included in the model. By interpolation of
experimental data from Ref.[2], it was found that
the virtual mass in the present case was about
three times the mass of fluid the tube displaces.

The sever condition was modelled by putting
the shear and moment carrying capability of the
tube equal to zero at the sever location. Each
stabilizer was modelled again as a beam fixed at
the top of and pinned at the bottom of the tube
sheet. Below the tubesheet, each stabilizer node
was tied rigidly in shear to the corresponding
tube node with the multi-point constraint equa-
tions in the computer program NASTRAN.

The laminated stabilizer was modelled as an
equivalent single beam with moment of inertia
equal to the sum of the moments of inertia of the
three individual strips. The segmented rod
stabilizer was modelled as a continuous solid rod.
The change in stiffnesses at the threaded joints
was ignored in the analysis, since tests had
demonstrated that it is not significant.

Before being applied to the steam generator,
the above modelling technique was first checked
against the test setup. Table 1 1lists the
computed and measured natural frequencies and
stiffnesses of a tube severed at the tubesheet and
stabilized with a one-span solid rod or a two-span
laminated stabilizer.

Table 1. Comparison Between Calculated and
Measured Natural Frequencies and
Stiffness
Stiffness Frequencies

Stabilizer in (1b/in) (Hz)

Test Setup Calc. Meas. Calc. Meas.

Two Span

Laminated 79.6 81.5 24.6 20.4

One-Span

Solid 169.3 115.7 29.4 16.9-28.3

Agreements between calculated and measured
results ranged from fair to good. The large test
data scatter in the natural frequencies of the
solid-rod stabilized tube was believed to have
been caused by the intermittent contact between
the tube and the stabilizer noted during the test
in the form of rattling sounds. As the displace-
ments became larger, more positive contact between
the tube and the solid rod stabilizer was esta-
blished and the measured natural frequencies
approached the theoretical value. This rattling
was not observed in the laminated stabilizer
because of its construction--the individual strips



tended to "fill" the tube, giving it a more
positive support even at relatively small deflec-
tions.

The assumed damping ratios in the calculation
of FSM were derived from tests and are given in
Table 2 as multiples of the damping ratio for that
of the virgin tube.

3. Results from Fluidelastic Stability

Analysis

Table 2 lists the input damping ratios and the
natural frequencies of the least stable (and thus
the determining) mode, together with the computed
fluidelastic stability margins (FSM) for (1) A
virgin tube; (2) A tube severed at the tubesheet
and supported by one of the stabilizers; and (3) a
tube severed at the 15th TSP and supported by one
of the stabilizers. In each case, the Connors'
constant was the same. The tube considered was one
located at the point of highest cross flow.
Representative mode shapes of the virgin tube and
some of the stabilized tubes are shown in Fig. 5.

y, Turbulence-Induced Vibration Analysis

Unlike fluidelastic instability which can be
avoided by design, turbulence-induced vibration
always exists wherever there is flow over a
flexible structure. Thus, even if the repaired
tube is stable, care still has to be taken to
assure that the stabilizer does not significantly
increase its turbulence-induced vibration amplitude
(and hence stress). Two methods were used to
evaluate the random vibration amplitudes and
stresses of the virgin and the stabilized, severed
tube. Both methods gave similar results.

The first is the acceptance integral method
generalized to a multi-span tube with non-uniform
total linear mass density. It was shown in Ref.[5]
that the mean square vibration amplitude at any
point on a multiply-supported tube is given by:

. 2
(i) 2 i
o T Ay R
a i

2 (1)
¢ (x)dx. J
64w3M2fsf o @ aa
o a’a

Where Jé}) is the dgint acceptance for the i-th
span. In general, Ju ’ < 1.0 so

the choice of J =1.0 for all modes ( o ) and all
spans ( i ) over which there is cross flow will
give an upper bound estimate of the vibration
amplitude of the tube.

The second is the coherence integral method.
It was shown in Ref.[6] that under the assumption
that the flow is fully coherent within each span
(i.e. J = 1.0 ) and is completely incoherent
across different spans (same assumption as in the
first method), then the coherence matrix elements
are given by,

Yon = 0 for nodes m,n not in the same span
Yon = dxpdx, for nodes m,n in the same span

where dxm, dxn are finite element lengths. Thus,
the coherence integral can be calculated separate-
ly and its matrix element input into the finite
element computer program NASTRAN, which is then
used to compute the responses and stresses.

In both methods, the excitation power
spectral density due to the cross flow was
computed from the random lift coefficient [T7],

2. 2
. 2 i
D 2
G;l)(f)={—‘22 €, (£) J {p(x)Ué(x)} ¢i(x)dx}

o

. 21 2 =
¢, (x)dx

o

We used the maximum value from Fig. 10 of Ref.[T7]
for the random lift coefficient:

CL = 0.025.

The damping ratios are the same as those used in
the stability calculations.

5. Results from Turbulence-Induced

Vibration Analysis

Table 3 lists the camputed maximum vibration
amplitudes and bending stresses in the top span
for (1) a virgin tube; (2) a tube severed at the
tubesheet and supported by one of the stabilizers
and (3) a tube severed at the 15th TSP and sup-
ported by one of the stabilizers. As in the
stability calculation, the tube considered is the
one subjected to the highest cross flow, i.e., one
located by the lane and on the 4th row from the
periphery.

6. Vortex-Induced Vibration Analysis

As discussed in Ref. [5], vortex shedding in
a tube bundle is much less clearly defined than in
a single cylinder. Experimental measurements
involving tube bundles indicated that even if a
resonance peak existed in the dynamic pressure
power spectral density, it was much broader and
not as well defined as in cross flows over an
isolated cylinder. The dynamic pressure PSDs in a
tube bundle often bound these pseudo deterministic
peaks. However, if lock-in vortex-induced vibra-
tion occurs for a particular mode in a particular
span, then the forcing function becomes fully
correlated with the mode shape in that span. This
means that the span acceptance integral J = 1.0;
or the coherence integral matrix element equals
dxmdxn . This is exactly what we assumed in the
turbulence-induced vibration analysis in the
previous section. In other words, our turbulence-
induced vibration analysis assumes that lock-in,
vortex-induced vibration occurred at every of the
twenty modes included in the analysis, and over
every span where there is cross flow. Since it is
extremely unlikely this can happen in practice,
the results in the previous section not only are
very conservative for turbulence-induced vibra-
tion, but they are conservative for vortex-induced
vibration as well. Thus, no separate vortex-
induced vibration analysis is necessary.




Table 2. Comparison of Fluidelastic Stability
Performances of Stabilizers
Damping TS Sever 15th SP Sever
Stabilizer Ratio Freq (Hz) FSM Freq (Hz) FSM
Virgin Tube zeta 42.2 1.34 (No Sever)
1-Span solid 3.33 zeta 28.7 1.64 ——— ———
2-Span solid 3.33 zeta 29.4 1.76 34.6 2.38
2-Span laminated 2.33 zeta 20.2 0.88 26.8 1.30
Hybrid 2.67 zeta 24.6 1.31 28.7 1.80
Sleeve 2.00 zeta 39.0 1.67 32.2 222
Cable 5.00 zeta 6.0 0.68 = —eee- ———
Table 3. Comparison of Turbulence-Induced
Vibration and Stress Amplitudes¥#
TS Sever 15 SP Sever
RMS Displ. RMS Stress# RMS Displ. RMS Stress#
Stabilizer (in) (psi) (in) (psi)
Virgin Tube .018(no sever) 1800(no sever)
1-span solid .010 <1000 ——— ——
2-span solid .010 <1000 <.010 <1000
2-span laminated .045 1800 .027 2600
Hybrid .019 <1000 .012 1200
Sleeve .013 <1000 (tube) .0082 <1000 (tube)

1900 (sleeve)

<1000 (sleeve)

*This is the maximum tube stress, occurred at the tubesheet

##Maximum displacement is at center of top span
DISCUSSION OF RESULTS

Table 2 compares the fluidelastic stability
performances of the different stabilizers. It
isimmediately apparent that the sleeve is, by a
wide margin, the best performer in this area.
After it is stabilized by a sleeve, a tube severed
either at the TS or at the 15th TSP, and hence most
likely anywhere in between, will be even more
stable than the original tube. The sleeve has
other advantages - its semi-flexible characteristic
enables it to be installed remotely; and its
tubular construction enables the repaired tube to
remain in service whereas the tube must be plugged
and removed from service when other stabilizers are
used.

As far as stability is concerned, the two span
segmented solid rod stabilizer offers even better
performance than the sleeve, but not by much. It
is the most obvious design to restore stability to
a severed tube. However, its sectional construc-
tion requires long installation time and hence
large radiation exposure -a major drawback.

The one-span segmented solid rod stabilizer
was designed to reduce the installation time (and
hence radiation exposure). Table 2 shows that for
sever at the tubesheet, it works almost as well as
the two-span stabilizer. However, it has not been
used when the tube defects are near the 15th TSP.

The laminated stabilizer is designed for
rapid installation =-- due largely to its flexi-
bility in one of the two directions. However,
since in actual application, neither the orien-
tation of the stabilizer nor the direction of the
cross flow can be precisely controlled, the
stabilizing effect of the laminated stabilizer
must be determined by the less stiff direction to
be conservative. It has been shown that the
larger stiffness in the perpendicular direction
generally helps the stability in the weaker
direction. The calculation shows that the
laminated stabilizer cannot restore the FSM of a
tube severed at the tubesheet to that of a virgin
tube. However, when the sever is at the 15th TSP,
the laminated stabilizer can restore the FSM of
the tube to almost that of the virgin tube.



Therefore, the laminated stabilizer can be used as
long as the sever is near the 15th TSP. When the
sever is at the tubesheet, the laminated stabilizer
can be used only if the tube is located in regions
of lower cross flow velocity. If we want the
stabilized tube to have an FSM equal to or larger
than that of a virgin tube at the location of
highest cross flow (FSM = 1.34), then the average
cross flow velocity over this tube should not
exceed 0.88/1.34 = 2/3, the maximum mean cross flow
velocity in the bundle. This gives an exclusion
zone within which the laminated stabilizer should
not be used if the sever is at the tubesheet to
maintain the same fluidelastic stability margin as
the original tube.

The hybrid stabilizer was designed to take
advantage of the excellent stiffening effect of the
solid rod stabilizer and yet permits much faster
installation. By extending the solid section just
beyond the tubesheet, this design greatly improves
the stabilizing ability of the laminated stabili-
zer, especially for tubes severed at the tubesheet.
Yet, because most of the stabilizer is flexible, it
can be installed much faster than the solid rod
stabilizer.

If rapid installation were the only criterion
in a stabilizer design, then the most obvious
design would be a completely flexible cable, which
can be easily bent to conform with the internal
shape of the primary head and be inserted through
the tubesheet into the damaged tube. Unfortunately
as Table 2 shows, the cable stabilizer offers
disappointing stability performance even if its
damping ratio were five times that of the virgin
tube. Therefore, further development of the cable
stabilizer was discontinued.

A tube subject to cross flow always experi-
ences wear and fretting and possibly fatigue damage
due to turbulence-induced or vortex-induced
vibration. For the same geometry and under the
same enviromment, it is generally true that a tube
that vibrates more is more prone to be damaged by
fretting, wear and fatigue. Therefore, even if the
repaired tube is stable, one must make sure that
the same tube will not have unacceptably high
turbulence or vortex-induced vibratory responses.
As Table 3 shows, the sleeve again excels in this
area. A tube severed either at the TS or the 15th
TSP and stabilized by a sleeve will have smaller
turbulence or vortex-induced vibrational motion
and stress. Hence, it is less susceptible to
fatigue, fretting and wear than the virgin tube.
The estimated stress induced in the sleeve itself,
is also acceptably small, being approximately the
same as that of the virgin tube. Almost as good
are the 1-span or 2-span solid rod and the hybrid
stabilizers. The laminated-strip stabilizer, on
the other hand, cannot restore a severed tube to
the original condition with respect to turbulence-
induced or vortex-induced vibration. However, the
responses are still small and is unlikely to be a
problem.

SUMMARY REMARKS AND CONCLUSION
The performances of the various stabilizers

are largely determined by their performances with
respect to fluidelastic instability. In all cases,
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turbulence-induced or vortex-induced vibration
amplitudes and stresses of the stabilized tubes
are small -- often smaller than those in the
virgin tube.

Even though the solid rod stabilizer is the
most obvious design, and is in fact, the first
design used in the field, it suffers from the long
time necessary for its installation. The com-
pletely flexible cable obviously requires the
least installation time. Unfortunately it does
not offer sufficient stiffening effect to the
severed tubes. The laminated strip stabilizer
offers sufficient flexibility for rapid instal-
lation and better fluidelastic stability perfor-
mance than the flexible cable. It is adequate for
most applications where the severed tube is not at
the locations of highest cross flow. The hybrid
stabilizer combines a solid rod stabilizer at the
top with a laminated "tail". It offers reasonably
fast installation time and adequate stabilizing
effect for both sever conditions considered.
However, the best design appears to be the sleeve.
Not only that a sleeved tube can remain in service
whereas all other stabilizers require that the
repaired tube be plugged and removed from service,
but the sleeved tube actually has more fluid-
elastic stability margin and less turbulence-
induced stress than the original tube. In
addition, it can be installed remotely, thus
avoiding any radiation exposure.

In the past ten years over 500 sleeves and
over 1000 solid rods, laminated strip and hybrid
stabilizers had been installed in both once-
through and re-circulation type steam generators.
So far, no operational problems have been encoun-
tered in any of the stabilized tubes.
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ABSTRACT

According to fluid inertial mechanism,
tube equation of motion and its solution are
deduced. A design criterion is then presented
and its relevant equation is obtained. Mean-
while, two new dimensionless parameters

given: the " equivalent Strouhal Number "p, and

are

the " universal flow-induced vibration parame-
ter " §, both reflecting nearly all the factors
concerned with tube vibration. Within the range
of m64pd% from 30 to 1000, theoretical results
show good agreement with formulas proposed by
Pettigrew et al. Full-scale test of a large
evaporator shows that some measured results are
different from those obtained from idealized
model.

NOMENCLATURE

di, do=tube inside and outside diameters: m;

E =Young's modulus of tube material: Pg;

f =frequency of tube vibration: Hz;

g =gravitational acceleration constant;

K =fluidelastic instability constant,
dimensionless;

li=tube total length: m;

r =frequency constant: dimensionless;

s =distance along streamtube to the inlet
im;
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t =time: sec. ;
Ups» Uo =pitch velocity and steady flow veloc-
ity at the inlet : m/s;
U, u =steady and perturbation magnitudes of
flow velocity: m/s;
§ =phase angle(or lag): deg. ;
d =logarithmic decrement of damping:
dimensionless;
p =fluid density: kg/m3;
w =angular frequency of tube vibration:
1/sec. ;
i =subscript variable: integer.
INTRODUCTION

Recently, with rapid developments in power,
nuclear and other industries, good overall perf-
ormances of heat exchangers are required. The
appearance of large and high performance heat
exchangers has brought about more and more prob-
lems concerned with flow induced tube vibration
(1=2,7).

After 30 years' of study(3), three main
mechanisms have been proposed, i.e, vortex shed-
ding, turbulent buffeting and fluidelastic inst-
ability. They are used as design criterion(4).
Owing to the complexity of the problem itself,
the traditional way for the researchers is to
conduct an idealized test on a scaled model and
obtain an empirical or semi-empirical formula.



The associated parameters and factors give the

designers the problem of how to have a good cho-
ice. For this reason, a design criterion is pre-
sented after theoretical analysis and full-scale
experiment on a large evaporator which once had
severe tube damage due to flow induced vibration

THEORY

1. Equation of Motion

Under service conditions, cross-flow ind-
uced vibration of heat exchanger tubes is very
complicated. Tubes are subjected to 1ift force,
drag force, direct striking force and fluidela-
stic stiffness force, Tube vibration is affected
by multiple factors such as the stiffness of
the tube assembly, structural damping, material
damping, fluid dampings inside and outside the
tubes, coupling between the tubes and the fluid
as well as their neighbouring tubes,etc. For
the convenience of analysis, the following ass-
umptions are made(1,5):

(a) The tubes are assumed to be straight
Euler-Bernoulli beams with the same cross-sec-
tion areas, and undergo simple harmonic motion
in the 1ift direction only.

(b) The flow distribution at the inlet is
assumed uniform, and there exist two streamtub-
es symmetrically around a single flexible tube
as shown in Fig.(2), the flow is one-dimension-
al in the streamtubes. Detailed explanations of
above two assumptions are in references(1,5).

1.1 Analytical Model. Tubes in this evap-
orator are single-spanned. Their physical and
mathematical model is shown in Fig.(3).

1,2 Fluid Excitation Force Fs(z,t). Based
on fluid redistribution mechanism, the relatio-
of
physical variables of streamtubes are conside-
red as follows:

nships between tube motions and the change

(1)

umptions above, the tube in Fig.(2) undergoes

Streamtube Area A(s,t). From the ass-

single harmonic motion y=ypsin t in the 1ift

direction only. Streamtubes are formed by fixed
boundaries and steady streamlines. Assume stre-
amtube areas to vary with s and t, and both of
the two areas have the same form of expressions
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as tube motion. From the geometries and mathe-
matical deductions, the following area function

is obtained:
Az (s,t)=E(s)+(-1) " Ta(s)sin(wt+2ws /Uy) ...(1)

where, A(s),a(s) are the steady-state stream-
tube area and the area perturbation magnitude,
respectively. 2ws/U, is the phase lag between
the tube motion and the resulting flow area

change at section s.

(2) Flow Velocity Uj(s,t). The Mach Num-
ber of the shell side fluid under service and
test conditions is less than 0.4. So that the
flow may be considered as incompressible(@).

Suppose the streamtube velocity to have the
same function form as areas, i.e,
Ui (s,t)=T; (s)+uj(s)sin@t+¢; (s)) .. (2)

Consider streamtube 1, and apply the one-
dimensional unsteady continuity equation to the
incompressible fluid flowing through the stre-
amtube:

’gg&t) + 2(a1(s,%) Uy (s,1)] = 0 e (3)
Replacing Aq(s,t), U1(s,t) in equation (3) by
equations (1) and (2), and setting steady state
area A,y at the inlet to equal to E,(s) for all
s, and then neglecting the higher-order compon-

ents, the following equation is obtained by the
integration of equation (3) from the inlet to s

U4 (s,t) = Uy +§%%ozsin(w(s+so)/Uo] sin[wt
+w(s-50) /Uy - 3T) e (W)

(3) Fluid Excitation Force Fg¢(z,t). Fol-
lowing the method mentioned above, by assuming
of
equation to the streamtube, the ampli-

streamtube pressure function and the use
momentum
tude and
deduced.

phase lag of pressure variation may be
The fluid force acting on unit length
of tubes of
pressure distribution along the two streamlines
in Fig.(2). This yields:

at the inlet is the integration

Fe(t) = Fosin(@t + 65) e (9L)



