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1. Introduction

One of the most important parameters in the analysis of the
vibration behavior of the fuel rod is the elastic
characteristics of the spacer grids and how it is connected
to the rod. In this research, finite element model of the
dummy fuel rod related to a special circular fuel assembly
was developed and updated in ABQUS software to
investigate its vibration behavior. Modal experimental
tests were used to validate the developed numerical model.
Moreover, in this research, using a set of experimental tests
and numerical modal analysis of the empty rod, and using
the analysis of the sensitivity of natural frequencies to the
changes in the stiffness coefficients of the middle and end
supports, the numerical model was updated.

2. Numerical model
The studied fuel rod is restrained by three elastic
intermediate holders and two fixed end restraints. The
numerical model considered for modal analysis is
according to Figure 1.
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Figure 1. Numerical model of the fuel rod with linear and
bending springs

3. Modal test
In order to perform the rod modal test, a dedicated system
was designed, built and launched according to Figure 2.
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To determine the equivalent density of the virtual rod
filled with lead tablets, the modal test of the hollow and
solid rod with the same boundary conditions and excitation
was performed. As Table 1 shows, the equivalent density
of the solid rod is different for every motion mode. This
means that the effective weight of the tablets in the
equivalent density of the rod will depend on the movement
form of the rod due to the distance between the tablet and
the internal wall of the rod.
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Figure 2. Modal test set-up

Table 1. Natural frequencies of clad and fuel rod

Mode No. first | Second | Third | Forth
Clad (Hz) 246 288 321 373
Fuel Rod (Hz) 136 150 178 202
Equivalent
Density (kg/m3) 21400 | 24200 | 21300 | 22300

4. Numerical modal analysis

After obtaining the stiffness coefficients and the
equivalent density of the fuel rod, it is possible to analyze
the numerical modal analysis of the rod in ABAQUS
software, which includes the natural frequencies and
modes of the structure. Table 2 shows the natural
frequencies and mode shapes of the rod obtained from the
numerical analysis.
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Table 2. The natural frequencies of the rod as a result of the
initial simulation
First | Second | Third | Forth

136 150 178 202

Mode No.
Experimental
modal test (Hz)
Numerical modal | ,50 | 175 | 219 | 249
analysis (Hz)

Error (%) 16 17 23 23

MAC 0.89 0.79 0.75 0.88

The results of the error values and the Modal Assurance
Criterion (MAC) indicate that the simulation results have
a significant difference with the modal test.

5. Updating the finite element model of the rod

In order to determine the effective stiffness coefficients of
the middle supports and the end constraints, the sensitivity
analysis of the simulated natural frequencies has been used
in relation to the boundary conditions applied in the
experimental test. So, by comparing the simulation results
with the modal test results, the effective values of stiffness
coefficients are obtained. For this purpose, two modal
experimental tests are defined on the empty fuel rod (clad).
The defined tests are: 1) with end boundary conditions
similar to the middle supports in order to determine their
effective stiffness coefficients; and 2) with actual end
boundary conditions to determine the equivalent bending
stiffness coefficient. Table 3 shows the results of the modal
tests.

Table 3. The natural frequencies of the clad
Mode No. First | Second | Third | Forth
Test1(Hz) | 257 295 351 377
Test2 (Hz) | 246 288 321 373

In order to determine the effective linear and bending
stiffness coefficients of middle and end supports, the effect
of these coefficients on the change of natural frequencies
of the clad was investigated independently using modal
numerical analysis similar to the conditions of modal tests
1 and 2. Figure 3 shows, for example, the influence of the
bending stiffness coefficient on the natural frequencies of
the rod.
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Figure 3. The changes of the natural frequencies of the rod
according to the changes of the bending coefficient of the
middle supports

The results of the simulation and experimental test of
the clad modal show that the effective stiffness coefficients
of the constraints are dependent on the mode shape of the

rod. Table 4 shows the results.

After applying the effective stiffness coefficients of the
supports, the simulation results of the updated model are
shown in Table 5. These results agree well with the modal
test results so that the natural frequency calculation error
has reached less than 5%.

Table 4. Effective stiffness coefficients

Mode No. First | Second | Third | Forth
Linear Stiffness 750 750 1250 550
Coefficient (N/mm)

Bending Stiffness 250 200 225 75
Coefficient (N.m/rad)
End Bending Spring 200 300 100 300
Coefficient (N.m/rad)

Table 5. Comparison of the natural frequencies of the rod as
a result of the updated simulation

Mode No. First | Second | Third | Forth

Updated numerical
model (Hz) 142 152 186 204
Error (%) +4.4 +1.3 +4.5 +1.0
MAC 0.99 0.95 0.98 0.99

Figure 4 shows the shape of the natural modes of the rod
resulting from the updated simulation along with the
experimental test. The shape of the modes has increased
from the average value of 0.83 in the initial model to the
average value of 0.98 in the updated model based on the
quantity of the modal assurance criterion.
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Figure 4. The shape of the natural mode shapes of the rod
resulting from the updated simulation

7. Conclusion

The summary of the results is as follows:

- The equivalent density of the rod is different for every
motion mode;

- The results of the initial simulation and modal test for the
rod with specific boundary conditions showed up to 23%
difference between the natural frequencies;

- The bending coefficients of the middle supports are 30%
and the end restraints are 20% of the parameters
influencing the natural frequency of the fuel rod;

- After analyzing the natural frequency sensitivity, it was
found that the effective spring coefficients of the
constraints dependent on the mode shape of the rod;

- Comparing the results of the updated model with the
experimental test shows on average a decrease in the
frequency difference from 20% to 2% and an improvement
in the shape of the natural modes based on the modal
confidence criterion from 0.83 to 0.98.
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Numerical Model Development of Dummy Fuel Rod under Spacer Grids and End Constraints Using
Experimental Modal Analysis

Reza Amirian Gholamreza Zarepoor Mansoor Talebi

Abstract In this research the combination of laboratory tests and theoretical formula was used to determine the stiffness
coefficients of these spacers that is related to a special fuel assembly. In order to validate the numerical model a spatial
modal test set-up has been designed, constructed and set up to perform the modal test. The modal test results indicate
that equivalent density of the dummy fuel rod depends on the natural mode of the rod. Then, the spring coefficients of the
middle spacers and end constraints have been modified by comparing the results of numerical simulation with the results
of modal tests defined in different supporting states of the hollow rod. The simulation results show that in addition to the
middle spacers, also the end constraints have a significant effect on the natural frequencies of the rod. The Sensitivity
Analysis results show that these coefficients depend on the natural mode of the rod. In addition, the results show that by
updating the stiffness coefficients of the middle spacers and end constraints the estimation error of natural frequencies
has been significantly reduced and the estimation of natural mode shapes based on the modal assurance criterion has
been significantly improved.

Key Words: Numerical and Experimental Modal Analysis, Fuel Rod, Spacer Grid, Natural Frequency and Mode Shape,
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