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Experimental Modal Analysis on the Core Support Barrel
of Reactor Internals Using a Scale Model

Seon Ho Song* and Myung Jo Jhung*
(Received December 9, 1998)

The vibration of core support barrel (CSB) in a typical pressurized water reactor is studied

by experimental and finite element analysis methods. Free vibration models are built and tested
for the 1/13.7th scale of Ulchin Nuclear (UCN) Unit 3 & 4. Finite element model is established
by plate model with shell elements. Finite element and measurement analyses are performed with

respect to the two type of cylindrical shell models with and without holes. Test results on CSB

vibration models are presented and compared with finite element analysis results. Various

techniques are used to compare the measurement and analysis results.
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1. Introduction

During normal operations of a nuclear power
plant, the core support barrel moves with in-
finitesimally small amplitudes by the random
thermo-hydraulic load of reactor coolant flow.
Flow-induced vibration of reactor internals has
been investigated extensively to assure the reli-
ability of CSB and to obtain information that will
enable a designer to predict plant vibration ampli-
tudes for improved design (ANSI and ASME,
1994) .

The Ulchin Nuclear Unit 3 & 4, which is of
new structural design, has not been confirmed
that the CSB is adequately dimensioned for the
operational vibration loads during the service life
of the reactor. A Comprehensive Vibration
Assessment Program was carried out recently to
determine the flow-induced vibration of the
Yonggwang Nuclear Unit 4 internals over wide
ranges of flow and temperature (Kim et al,
1995). It was required by the Regulatory Guide 1.
20 of US Nuclear
(USNRC, 1976).
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Much valuable information on the dynamics of
reactor internals can be obtained from model
tests. This includes the excitation mechanisms, the
corresponding vibration responses, the mechani-
cal impedances of the internals, and the character-
istics of the system damping. Because of the
requirements on geometric, kinematic, and
dynamic similarity, reactor models are quite
expensive and difficult to construct and to test. To
obtain satisfactory results, elaborate techniques of
model construction and test instrumentation have
been developed at the NSSS system manufacturer
during the past years (Lee, 1974; Jhung, 1992).

The purpose of this paper is to conform the
adequate modal analysis technique for describing
the CSB motion of UCN Unit 3 & 4 using a scale
model. Free vibration models are built and tested
for the 1/13. 7th scale model. Test results on CSB
vibration models are presented and compared
with finite element analysis
modal analysis techniques are used to show agree-

results. Various
ment between the measurement and analysis
results. By utilizing scaled test results, the flow
induced vibration of the actual reactor internals
can be predicted.
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Fig. 1 Cross sectional view of reactor arrangement.
Table 1 Principal dimensions of 1/13. 7th scale
CSB model
ltems CSB of 1/13.7 Scale
UCN [mm] | Model [mm]
Out Diameter 3657.6 267.0
Thickness 76.2 5.5
Length of CSB 9620.3 700.0
Inlet Nozzle 1D 1184.3 86.0
Nozzle Distance ~
3564.0 260. 0
from CSB flange

2. Experiment

2.1 Description of vibration model

Fig. | shows a cross sectional view of a typical
pressurized water reactor vessel and a core sup-
port barrel. The principal dimensions of the CSB
vibration mode! are exactly 1/13.7th as large as
the corresponding dimensions of the UCN Unit
3 & 4 CSB, as shown in Table 1.

The geometry of the CSB can be changed with
relative ease and at low cost. Schematic view of
the test model is shown in Fig. 2. The major
difference between the test model and the proto-
type CSB is that the model does not have flow
inner and outer surfaces of CSB. The fluid effect
will be included by increasing the mass of the
structure when results from in-air and in-water
conditions are available (Jhung, 1996).
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Fig. 2 Schematic views of the test model.

2.2 Model test and data acquisition methods

The natural frequencies and mode shapes of the
CSB model were measured in air with the instru-
mentation shown in Fig. 2. Impact hammer test
was performed to obtain improved understanding
of the vibration modes of CSB and to determine
how well the natural frequencies and the mode
shapes of the simplified CSB model agree with the
finite element analysis results obtained from
ANSYS (ANSYS, 1996).

For the in-air test, the CSB model was placed
on the work bench upside down, as shown in Fig.
2. The snubber of CSB was omitted in this test to
provide a clamped-free boundary condition.

After completion of all measurements, the fre-
quency response function (FRF) of inertance
data were transferred in the form of . FRF files
(ICATS, 1998). This was achieved using analyzer
interface program that could produce Type 58
universal files. A typical measured FRF, phase
and modulus, of the CSB model is shown in Fig.
3, where the regenerated FRF data is also shown
and there is an excellent agreement between them.

Before undertaking a modal analysis, a com-
bined response data file was created by using the
ICATS software (ICATS, 1998). This file con-
tains the names of the individual .FRF files, their
number and the position of the point measure-
ment, i. e. the particular FRF measurement for
which the excitation and response points are
coincident. This is particularly important as the
mass-normalization of the mode shape vectors
requires this information.
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Fig. 3 Typical measured FRF, phase and modulus of the CSB model.
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Fig. 4 Principal response function analysis.
the Principal Response Function together on the lower display of Fig. 4.

approach, the quality of the measured FRF data
was checked. All 20 FRF files are plotted

The singular values, together with the averaged
FRF values, are shown on the upper display. It is
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Fig. 6 Circle-fit analysis result.

easily seen that the number of non-zero singular Hz)
values is about 16, indicating that there are 16 Prior to analyzing the measured FRFs, the
active modes in the range considered (100-2100 identical analysis was performed and the regener-
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ated FRF was plotted over the experimental data
(Fig. 3). Although the overall quality of the fit is
acceptable, more improvements can be achieved
by refining the experimental mode! via SDOF
techniques.

Fig. 5 shows a line-fit analysis result where a
least-squares line is fitted to the inverse of the
FRF in the Argand plane. In this figure, four
windows drawn in the bottom left-hand corner of
the screen indicate the variation of the real and
imaginary parts of the inverse FRF when viewed
from all possible combinations found using all of
the selected Nyquist points.

Fig. 6 shows the circle-fit analysis result where
the classic SDOF analysis of fitting a circle is
performed to a Nyquist plot around resonance. A
21-point Nyquist plot of a certain mode is dis-
played with 10 points on either side of the reso-
nance. Figure 6 shows a very good agreement
between the regenerated Nyquist and the original
one, which indicates the analysis quality. A three
~dimensional damping plot drawn in the bottom
left-hand corner of the screen indicates the varia-
tion of the damping values with respect to differ-
ent frequency points. It is shown from this figure
that the consistency of the damping values is
obtained by using circle fit analysis with all
available FRF data points. The result is a matrix
of damping values, the number of columns being
determined by the number of data points before
resonance, and the number of rows by the number
of data points after resonance. As the damping
plot is flat and the calculated damping value is an
invariant with respect to FRF data used in this
figure, the mode under consideration is concluded

to be linear.

2.3 Collating individual FRF analysis

The individually analyzed FRFs exhibiting
slightly different modal parameters were checked
whether the collations are successful for those
modes. Fig. 7 shows a matrix of modal parameter
files against modes found in this experiment. The
tolerance value 7% is given to distinguish between
two separate modes. In this figure, 16 modes are
identified. A white-grey grid box indicates that
the corresponding mode was found in that partic-
ular FRF file while a black box indicates the
opposite. Hence, a mode with a complete line of
white-grey boxes has been identified in all FRFs
and the collation is successful for that mode.

An alternative way of modal analysis tech-
nique, GLOBAL M, was used to analyze all
FRFs in one single sweep for modes for each
frequency window considered. GLOBAL M is
based on a complex singular value decomposition
of a system matrix expressed in terms of measured
FRF properties and then on a complex eigensolu-
tion which extracts the required modal properties.
Theoretically,
required to analyze N modes simultaneously. In

a minimum of N FRFs are

this measurement, 40 nodal points were measured
generating 40 FRFs. Fig. 8 shows the
GLOBALM analysis result from 40 FRFs of the
CSB model.

From the individually analyzed FRFs and the
modal parameter files, eigen files were created to
regenerate the FRFs, to order the coordinates and
to animate the mode shapes. The mode shapes
were mass-normalized using the point measure-

MODES
BE DU

CO-ORDINATES

Fig. 7 Matrix of modal parameter files against modes found in experiment.
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Fig. 9 Animated mode of the CSB test model.

ment information. via MESHGEN in ICATS software. Figure 9
One of the mode shapes of CSB model was shows a animated mode of the CSB test model.
animated to assess whether it is physically plau- To assess the complexity of each mode (Ewins,

sible. To achieve this, a geometry file was created 1995), the mode shape elements are plotted as
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Fig. 10 Modal complexity factor.
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Fig. 11

vectors in Fig. 10, the length of each being the

magnitude of the individual element, with the
angle with the X axis representing its phase. The
almost-real modes are those with vectors tending

to form a straight line

FRFs and mode shapes obtained from the ANSYS finite element models.

2.4 Finite element model

The ANSYS finite element analysis program
was used to model the CSB structure. Two finite
element models were generated for the CSB scale
models, 1. e. with and without holes to see

whether the holes affect the modal parameters of
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the shell model. Axisymmetric harmonic struc-
tural shell (SHELL61) and Householder reduced
method are used in the analysis for element and
extraction method,

modal respectively. The

ANSYS eigensolutions corresponding to the

Table 2 Natural frequencies of shells with and

without holes from finite element method
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model transferred from ANSYS into standard
ICATS format. Fig. Il shows the FRFs and
mode shapes obtained from the ANSYS finite
element models. Frequency comparisons between
models with and without holes are shown in
Table 2 and there is a good agreement between
them with frequencies of less than 5% discrepancy.
Therefore the hole effect on the modal characteris-
tics ts found to be negligible.

3. Correlation Analysis

Measured and analyzed natural frequencies
were compared with each other to see the correla-
tion of the CSB model. Natural frequencies of the
measured set (set 2) are now plotted against those
of analyzed set (set 1) in upper left hand side of
Fig. 12. A reference 450 line is also plotted for
convenience. By detecting data points consistently
lying both side of the reference line, it can be
guessed that no systematic discrepancies exist in
the CSB modal analysis.

A two-degree grid plot of the modal assurance
criterion is displayed in upper right hand side of
Fig. 12. The actual modal assurance criterion
values can be retracted using the colour-code

analysis
Serial mode Frequency (Hz) Mode number
w/o hole w/ hole | Axial Circum.

1 295 288-290 | 2

2 424 401-403 ! 1

3 704 693-693 1 3

4 839 831-833 2 2

5 869 856-857 2 3

6 1336 1325-1325 1 4

7 1361 1308-1354| 3 3

8 1420 1405-1420 2 4

9 1578  1546-1560 2 1

10 1654 1634-1667 3 4

11 1812 1724-1828 3 2
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Fig. 12 Natural frequency. modal assurance criterion and mode shape comparisons.
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Fig. 14 Mass and stiffness error matrices.

given in the right hand side. Ideally, the modal
assurance criterion plot should clearly exhibit a
45° line, indicating an ordered correlation of
modes from measured and analyzed data set.

Modes up to 7 show some degree of one-to-one
correlation. However, there are problems with
most of the higher modes. The low modal assur-
ance criterion values of 50% shows that the mode
has been identified alone by either the finite
element model or the experimental model.

The mode shape pairs identified by the modal
assurance criterion plot are plotted against each
other for further comparison. In the bottom side
of Fig. 12, closely correlated mode shapes pro-
duce points that lie on a positive or negative 45°
line. This reference line and the least-squares
equation of the actual plot are also displayed for
convenience.

Relatively well-correlated mode pairs are
selected to see the coordinate modal assurance
criterion. A bar-graph indicating the degree of
correlation for each coordinate is displayed in
Fig. 13. Low value of the coordinate modal assur-

ance criterion is an indication of poor correlation
at these coordinates in spite of the general agree-
ment of the mode shape.

The stiffness error matrix is defined as [E]=
[Klre— [Klexp» where [Klexp Is computed in
terms of the identified modal data. The discrep-
ancies between the finite element and measured
analysis models are spotted using error matrix
techniques in Figure 14. In this CSB model case,
the correlated mode pairs (3 in total) was used
for calculating the mass and stiffness error
matrices. The maximum values for each matrix
are displayed in this figure : 9 for the mass error
matrix and 19 for the stiffness error matrix. The
finite element analysis and measurement coordi-
nates associated with this numbers should be
given a close inspection.

4. Conclusions
Free vibration models are built and tested for

the {/13.7th scale of UCN 3 & 4 CSB. Finite
element and measurement analyses are performed



594 Seon Ho Song and Myung Jo Jhung

with respect o the two shell models. one is shell
with holes and the other is without hole. Test
results on CSB vibration models are presented
and compared with finite element analysis results.
Various modal analysis technigues are used to
show the agreement of measurement and analysis
resulis.

On the basis of the imvestigations described in
this study, the conclusions are as follows:

(1Y The 1 13.7th scale model can predict the
dynanue behavior of the actual core support
barrel structure.

(2y A fine tuning technigque and a more accu-
rate fintte element model should be constructed to
guarantee precise agreement between the natural
frequencies and mode shapes of the one identified
by measurement and the one by the finite element
analysis,

(3) The frequency response functions mea-
sured on the scale model are quite similar to those
caleulated on the finite element model.

(4) The existence of shell holes on the finite
clement model has little effects on the analysis
results. In case of the measurement, however, the
effects of shell hole on the modal frequencies and
mode shapes are much larger than those of the
shell without holes.
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