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ABSTRACT

This paper investigates the vibration characteristics of steam generator (SG) U-tubes with
defect. The operating SG shell-side flow field conditions for determining the fluidelastic instability
parameters such as added mass are obtained from three-dimensional SG flow calculation. Modal

analyses are performed for the U-tubes either with axial or circumferential flaw with different sizes.

Special emphases are on the effects of flaw orientation and size on the modal and instability

characteristics of tubes, which are expressed in terms of the natural frequency, corresponding mode
shape and stability ratio. Also, addressed is the effect of the internal pressure on the vibration

characteristics of the tube.

1. Introduction

The problem of steam generator tube rupture
(SGTR) at operating nuclear power plants has
been addressed as one of the most significant
safety issue worldwide for a long time. This is
because the leakage due to SGTR has such serious
implications as the potential for direct release of
radioactive fission products to the environment and
the loss of coolant.

Tube vibration excited by dynamic forces of
external fluid flow in nuclear steam generators
may either initiate such mechanical damages on
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intact tubes as fretting-wear and fatigue which
may eventually result in severe tube failures or
accelerate the growth of pre-existing flaw or crack
caused by stress corrosion in the tubes. Even less
significant dynamic forces of external fluid flow
exerting to tube which can not cause any damage
to the intact tube may lead to excessive vibration
resulting in fatigue failure of the tube with flaw
(crack) which is pre-existed or growing due to
stress-corrosion. Therefore, with regard to nuclear
safety, it is very important to assess the potential
for SG tube failures due to fluidelastic instability
to take the necessary preventive measures for
minimizing the probability of SG tube failures in
operating plants. The assessment of the potential
for such a SG tube failure can be accomplished by
performing the fluidelastic instability analysis for
susceptible tube, for which the prerequisite is the

S 2 E 7 eF A BAF FRE AR} performances of three-dimensional SG flow field
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calculation and tube modal analysis.

This study Investigates the fluidelastic instability
characteristics of steam generator U-tubes with
defect, The operating SG shell-side flow field
conditions for determining the fluidelastic instability
parameters such as damping ratio and added mass
are obtained from three-dimensional SG flow
ATHOS3 Modal
analyses are performed for the finite element
of U-tubes either with axial or
flaw with different sizes. The
effects of flaw orientation and size on the modal

calculation using the code.
modelings
circumferential

and instability characteristics of tubes, which are

expressed in tferms of the natural frequency,
corresponding mode shape and stability ratio, are
investigated by comparing the calculations for the
affected tubes to those for the intact tubes., Also,
addressed in this paper is the effect of the internal
pressure on the vibration characteristics of the

tube,

2. Analysis

2.1 Thermal Hydraulic Analysis
One of the major prerequisites to the assessment
is a detailed knowledge of the secondary side flow
distributions along the tubes, which can be
determined from a three dimensional two-phase
SGs.

reactor SG

thermal-hydraulic  analysis  for Several
currently-used pressurized water
thermal-hydraulics codes are identified and among
them ATHOS3" is one of the most widely used
codes in the industry for three-dimensional
thermal-hydraulic analysis of SGs, which is known
to be a well documented and validated code.
Normal-to-tube cross flow gap wvelocity and

density distributions over entire length of a specific

U-tube can be obtained from the ATHOS3
calculation results. Typical results indicating
non-uniform flow distributions in the U-bend

region clearly illustrate the flow and heat transfer
unbalance between hot and cold sides in U-tubes.

Two dominant dynamic parameters in the

fluidelastic instability analysis of SG tubes are the
distribution of effective (fotal) mass per unit
length of the tube and the damping ratio. The
distribution of effective mass per unit length of a
specified tube would be determined from the

following equation:
mo(x) = m(x) +my(x)+m,(x) (1)

where m and x are mass per unit length of
tube and the distance along the tube length from
the upper surface of tube sheet, respectively. The
subscripts of m in equation (1), e, ¢ pf and a
denote effective, tube metal, primary fluid and
added mass, respectively.

The added (hydrodynamic) mass m,. is defined
as the equivalent mass of external fluid vibrating
with the tube, which increases the effective mass
of the tube in a fluid.”’ The added mass of tube
in a fluid may be calculated by either using the
program AMASS®  based on the
analysis or the utilization of a semi-empirical

computer

correlation'”’ based on the homogeneous two-phase

density and on the equivalent diameter
representing the confinement due to surrounding
tubes.

It is very important to understand the damping
mechanisms of SG U-tubes in the flow-induced
vibration analysis. However, damping is difficult to
predict

conditions of tubes

depends on geometrical
and their

conditions, non-linear effects and the multiplicity

because it
supports, flow

of energy dissipation mechanisms for multi-span
SG tubes. Damping ratio of tubes in liquids may
be determined either from available measured data
by the
expressions for the viscous and support damping
suggested in the previous study of Pettigrew et
al.(6)

The secondary side of a SG, especially the

of Pettigrew et al® or empirical

U-bend region, is actually a two-phase flow field.
Damping in two-phase mixtures is known to be
very different from that in liquids. Because of

SLENSSHE=ZAU/A L3 Y A 53, 200347401
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much difficulty from an experimental point of
view, little data on the damping of U-tubes in
steam-water mixture flows are available at the
present. The support damping of tubes in either
liquids or two-phase mixtures is dominant so that
a large percentage of the total damping energy is
dissipated at the support.(4)

2.2 Modal Analysis

Modal analyses using a commercial computer
code ANSYS 617 are performed to find the
U-tube. Three
different kinds of finite element models for U-tube

vibration characteristics of the

are developed full model, detailled one span
model and simplified full model.

Full models, consisting of full U-tube, are
modeled as elastic shell elements (SHELL63) with
four nodes. The entire length of the U-tube is
divided into 784 elements in the axial direction
and 8 elements in the circumferential direction,
and therefore the total number of elements used is
6272 as shown in Fig. 1. To see the defect effect
on the frequencies, axial or circumferential
through-wall crack is assumed in the lowest span
in the hot side of the U-tube. The cracks are
varied from 0 to 100 % in size in the axial and
circumferential direction. They are simulated by
merging the two nodes which are defined at the

same location.

Detailed one span models, consisting of the
lowest span in the hot side of the U-tube, are
solid

defined by eight nodes

developed wusing 3-dimensional structural

(SOLID45)
having three degrees of freedom. The entire length

elements

of the one span is divided into 260 elements in the
axial direction, 80 elements in the circumferential
direction and 3 elements in the radial direction,
and therefore the total number of elements used is
62400 as shown in Fig. 2. To see the defect effect
on the frequencies, circumferential cracks are
assumed in the inner or outer surface of the
U-tube. The cracks are varied from 0 to 100 % in
depth in the radial direction.

Finally, simplified full models are developed using
the elastic straight pipe elements (PIPE16) for
straight region and elastic curved pipe elements
(PIPE18) for U-bend region. The U-tube consists
of 62 PIPE16 elements in the straight region and
36 PIPE18 elements in the U-bend region as
shown in Fig. 3 for four different types of U-tubes.

The boundary conditions at the tube sheet
nodes are fixed but the nodes at tube sheet plates
and anti-vibration bars are free to move in the
axial direction,

The Block Lanczos method is used for the
eigenvalue and eigenvector extractions to calculate
40 frequencies, which are composed of in-plane

and out-of-plane modes.

)
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Fig. 1 Finite element model of U-tube
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Fig. 2 Finite element model of detailed U-tube
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2.3 Fluidelastic Instability Analysis
The critical
instability was originated by Connors® for the

velocity to initiate fluidelastic
simple case of a tube bank subjected to uniform
cross flow over the entire length of the tubes. The
formulation of fluidelastic instability proposed by
Connors is a semi-empirical correlation fitted by

experimental data and is expressed in terms of a

dimensionltess flow velocity called a reduced
velocity Ven/fud and a dimensionless mass-
damping parameter

Veulfod =K Q2rt,m,/p,d* )" (2)

where Veu, K fu, &1, Mo, pq and d are the critical
velocity of the wth free vibration mode, the
fluidelastic instability coefficient (or the Connors
constant), the natural frequency of the nth mode,

the total damping ratio, the total mass per umit
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Fig. 3 Finite element models
PIPE element

of U-tube by

o

length of the tube, the secondary fluid density and
the outer diameter of tube, respectively.

The fluidelastic instability coefficlent K is a
function of the tube arrangement and the ratio of
tube pitch p over the outer diameter of tube 4
The critical velocity Ve is related to the gap
velocity Vi between the tubes, which is
determined based on the tube pitch and diameter
as applied to the approach or free stream velocity
V. The gap velocity determined using ATHOS3 in

the fluid region is

Ve= 2= v, (3)

For most of practical shell-and-tube type heat
exchangers including SGs, the tube bundles consist
of multi-span tubes and only partial portions of
the tubes may be exposed to cross flow. The
onset of fluidelastic instability of multi-span tubes
partially subjected to cross flow may be predicted
by several approaches. I has been indicated that
the equivalent velocity approach based on mode
shapes is valid and the simplest one to use,?
Equation (2) was originally extended by Eisinger

10 for the use of equivalent velocity

and Juliano
approach in the fluidelastic instability analysis for
the tubes partially subjected to cross flow.

The fluidelastic instability for tubes partially
exposed to cross flow can be evaluated by the
comparison of the critical velocity V., with the
effective cross flow gap velocity Vi which is a
uniform cross flow velocity equivalent to the actual
non-uniform  normal-to-tube cross flow gap
velocity distribution along the tube length V(x),
where x denotes the distance along the tube with
full length from the hot side tube end.

Vee.n 1s variable depending on the free vibration
mode as in the case of V.. The value of Vge.x
Velx)

weighting the »th mode shape as follows:

equivalent to can be determined by

SLSHSSEEE=2H/AM13A A 53, 20033/403
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i POV @0 0
Peo I(:me ()9, (x)dx (4)

ge.n

where o(x) and ¢, (x) are the secondary fluid

density distribution along the tube and the #=th
mode shape function, respectively.

The local normal-to-tube cross flow gap velocity
along the tube length V,(x) can be determined
from the ATHOS3 code calculated porosity-based
intermediate velocity components.

The stability ratio Rs» is defined by the ratio of
Vien OVEr Vi, as given

Rin=Veen/Ven, =123 (5)

where R., indicates the stability ratio for the =th
vibration mode.

The maximum value among the stability ratios
for all vibration modes of a specified tube is used
as the criteria to assess the potential instability of
the tube. If the maximum value of stability ratio
R; is smaller than unity, the tube is fluidelastically
stable, Otherwise, it is unstable and its vibration
divergent rapidly as R

amplifude becomes

increases beyond unity.

3. Results and Discussion

The effective mass distribution along the entire
tube is shown in Fig. 4, which was calculated
from the thermal-hydraulic analysis, This mass
density is used to find the vibration characteristics.
The through-wall in the
lowest one span of the U-tube hot side. Various

cracks are assumed

sizes of crack from 0 to 100 % in the axial and

circumferential  directions are considered. The
frequency variations are shown in Figs. 5 and 6
with respect to the crack sizes. The frequency
variations with crack sizes indicate that there are
no frequency changes in the axial crack but some
crack.

with

circumferential
tube

frequency changes in

Normalized frequencies of the

404/82 2273 S =2R/A 133 A53,

circumferential crack with respect to the tube
without defect are also shown in Fig. 6, which
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Fig. 4 Effective mass distribution along the U-tube
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indicates that frequencies begin to decrease when
crack length becomes 270° in the circumferential
direction.

From detailed
performed for the circumferential crack, Different
depths of surface crack are considered from 0 (no
crack) to 100 % (through-wall crack) and their
frequencies are shown in Figs. 7 and 8. For the
circumferential crack length of 360°, the radial

these results, analyses are

depths are varied, but there are no significant
changes of frequency wuntil it propagates to
penetration. Also, for the radial depth of 99.9 %,
the circumferential crack lengths are varied, which
generates the same results. All of these results
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Fig. 7 Frequency variations with respect to
radial depth for circumferential crack
length = 360 °
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show that the frequency changes are negligible
gven though there is a crack in the U-tube and it
Is not a through-wall crack.

To investigate the {frequencies of the U-tube
with inner and outer surface cracks, circumferential
length of 360° cracks are assumed. Their results
are compared in Table 1 and it is concluded that
little changes
U-tube with inner and outer surface cracks.

Two different elements such as pipe and shell

there are in frequencies of the

elements are used for the finite element analyses
of the simplified U-tube modeling. In using shell
elements the number of element in the
circumferential direction increases from 8 to 40 and
the resulting frequencies are compared to those of

pipe elements as shown in Table 2. In this table,

Table 1 Frequency comparisons between detailed
U-tube model with inner and outer
surface crack

% Size | 0 Frequency (Hz)
(depth/thk)| =™ | 1st | 2nd | 3rd | 4th | 5th
333 Inner | 43.6 | 140.7 | 292.0 | 495.8 | 750.0
) Outer | 43.6 | 140.7 | 292.0 | 495.8 | 750.0
66.6 Inner | 43.6 |140.7 12915 | 495.7 | 7487
) Outer | 435 | 1407 | 291.3 | 495.6 | 748.1
Inner | 43.3 114051 289.2 | 495.0 | 743.0
999 QOuter | 431 | 1404|2877 | 494.7 | 739.6
0 Intact| 43.6 |140.7 | 292.1 | 495.8 | 750.2

Table 2 Frequency comparisons between shell
and pipe elements for U-tube without

crack

No. | Pipe - i ; iShéli' ,

- | N*=8 | N=16 | N=32 | N=40
1 32.24 30.57 31.76 32.07 32.11
2 32.25 30.60 31.79 32.10 32.14
3 33.14 3142 32.65 3297 33.00
4 33.80 32.09 33.34 33.66 33.70
5 42.92 40.73 42.31 42.72 4277
6 43.29 40.98 42.59 43.01 43.06
7 44.69 42.34 44.00 4443 4448
8 46.52 44.18 4588 46.32 46.37

*N=number of elements in the circumferential
direction

=LSNSSHS=2H/A 138 A 53, 20033/405
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the more number of shell elements, the resulting
frequencies are getfing closer to those of pipe
elements. This is explained by the fact that total
mass and moment of inertia which affect the
natural frequencies of the structure are closer to
those of pipe element as the number of shell
elements increase as shown in Table 3.

Four different types of U-tubes for SG Model
51 are chosen to investigate the stability as shown
in Table 4 because they are located in the higher
cross-flow velocities as compared to the interior of
the tube bundle. Modal analyses are performed
in-plane and

and mode shapes consisting of

out-of-plane modes are shown in Fig. 9,

Table 3 Comparisons of total mass and moment
of inertia between shell and pipe
elements for U-tube without crack

Element
No. . Shell
Pipe -

N*=8 | N=16 | N=32 | N=40
mass | 12956 | 12625 | 12872 | 12935 | 12.942
Ixx | 37.62 36.69 3741 37.59 37.61
Iyy | 2452 2391 24.38 24.49 2451
1zz 62.14 60.60 61.78 62.08 62.12
Ixy | 02346 | 0.2286 | 0.2331 | 02342 | 0.2344

*N = number of elements in the circumferential
direction

Table 4 Geometric description of tube bundie
Type A| Type B| Type C| Type D
Outer diameter(107m)|2.2225 | 2.2225 | 2.2225 | 2.2225
Inner diameter(10°m) | 1.968 | 1.968 | 1.968 | 1.968

Thickness (10°m) | 127 | 127 | 127 | 1.27
Radius of curvature of 0.3458 | 0.3810 | 0.8041

Parameters

U-bend (m) 15200
Number of tube support 7 7 7 7
plates

Number of AVB support
points in U-bend

50, 80|35, 40

Angle of (cklr)ved spans| 90

To investigate the effect of the internal pressure

on the vibration characteristics of the tube,
pressures are input as surface loads on the
dementsurfaces of Type D. The resulting

normalized frequencies with respect to the without
pressure case are shown in Fig. 10 with respect to
which that
frequency changes are negligible up to the internal

the unpressurized pipe, indicates
pressure of about 10 MPa. Above this pressure,
frequency drops very rapidly with the increase of
the pressure. The normalized frequencies can be
represented for all modes as:

148522 exp(—— )~ 148521
Y X7 Es 6)

where y and P are the normalized frequency and
(Pa), When
c¢onsidering that pressure difference during normal

the internal pressure respectively.

operation of the nuclear power plant is almost 5
MPa, frequency difference can be concluded to be

negligible with the inclusion of the internal
pressure.
The results of velocity and fluid density

tube
thermal hydraulic analysis and tube normalized

variation versus span coordinates from
displacements from modal analysis are used to
calculate the effective velocities of equation (4).

Also, the critical velocities of equation (2) are
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Fig.10 Normalized frequency variations with
respect to w/o internal pressure case

=482 S3Es =2 /A 1349 A 53, 20033/407



N
N
o~
2
ol

24424493

calculated from the tube geometries and natural
frequencies, efc. Finally, stability
determined for each mode from equation (5) and
found to be less than wunity. Therefore, no
significant tube fretting or wear is expected as a
result of fluid induced tube vibration.

ratios are

4. Conclusions

To investigate the vibration characteristics of
U-tube with defect, finite element models are
developed for an assembly and one detailed span.
Modal analyses for various sizes of axial and
circumferential through-wall cracks and circum-
ferential surface cracks are performed generating the
following conclusions:

(1) For through-wall
crack is

crack, circumferential

more severe than axial crack for
frequency changes.

(2) Frequency changes are not much affected
by the size and propagation of cracks, or there is
little change in the frequency if the crack is not
resulting in through-wall crack even though it is
initiated and propagated. Therefore frequency
change is negligible due to the propagation of a
crack until through-wall crack.

(3) Frequencies of tube with outer surface
crack are smaller than those with inner surface
crack but the difference is negligible.

The frequency changes due to the defect
were negligible unless cracks are propagated to
through-wall penetration. Therefore the instability
characteristics due to the existence of crack of the
tube are not changed until it becomes through-
wall penetration.

Also,

negligible with the

of the
inclusion of the

frequency changes tube are

internal
pressure during the normal operation and therefore
it can be concluded that instability characteristics
are not affected by the internal pressure of the

tube.

408/8t= 2283 =2 /A 13d A5 3,
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