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Critical Velocity of Fluidelastic Vibration
in a Nuclear Fuel Bundle

Sang Nyung Kim*, Sung Yup Jung
Department of Nuclear Engineering, Kyunghee University

In the core of the nuclear power plant of PWR, several cases of fuel failure by unknown
causes have been experienced for various fuel types. From the common features of the failure
pattern, failure lead time, flow conditions, and flow induced vibration characteristics in nuclear
fuel bundles, it is deduced that the fretting wear failure of the fuel rod at the spacer grid position
is due to the fluidelastic vibration. In the past, fluidelastic vibration was simulated by quasi
-static semi-analytical model, so called the static model, which could not account for the
interaction between the rods within a bundle. To overcome this defect and to provide for more
flexibilities applicable to the fuel bundle, Tanaka’s unsteady model was modified to accomodate
the geometrical differences and governing parameter changes during the operations such as the
number of rods, pitch to diameter ratio (P/D), spring force, damping coefficient, etc. The critical
velocity was calculated by solving the governing equations with the MATLAB code. A compari-
son between the estimated critical velocity and the test result shows a good agreement. Finally,
the level of decrease of the critical velocity due to the reduction in the spring force and reduced
damping coefficient due to the radiation exposure is also estimated.
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Nomenclature
C : Coefficient of fluid force
Cn : Added mass coefficient (dimensionless)
Cp : Damping coefficient (dimensionless)
C. : Stiffness coefficient (dimensionless)
D : Fuel rod diameter
Da : Damping coefficient
: Fluid dynamic force
f . Rod frequency in the fluid
K¢ : Fuel cladding stiffness
Ks : Spring stiffness
n : Equivalent mass per unit length
P : Fuel rod pitch
Ve : Reduced velocity (V/fD)
V. . Gap velocity
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. Fuel rod displacement

. Derivation of X with respect to time
. Fluid density

. Eigenvalues

N VR,

1. Introduction

Many types of industrial plants such as the heat
exchangers, boilers, and cores of nuclear power
plants contain the rod bundle as a component.
The bundle is usually subjected to high velocity
flow to enhance the heat-transfer. Also, in case of
the nuclear fuel bundle(F/B), it is desirable to
minimize structural support to reduce the core
volume, pressure drop, and improve on the neu-
tron economy. So they are very vulnerable to
fretting wear due to the flow induced vibration
(FIV). In particular, the F/B is exposed to hos-
tile conditions such as high temperature and
pressure, high speed flow, intense radiation bom-
bardment, fuel cladding creep, spring force reduc-
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tion, among others. In the last decade, there have
been many cases of the nuclear fuel failure by
fretting wear reported in many plants for various
type of nuclear fuel with mixing devices; mixing
vane and intermediate flow mixer. The FIV was
blamed for these failures. However, the exact
mechanism involved was not clear. Although the
damage does not pose a serious safety problem in
the nuclear power plants, it can be guite costly
due to plant shutdowns and radioactive waste
production.

Typical FIV categories include fluidelastic
vibration, periodic shedding, turbulence induced
excitation, and acoustic resonance (Pettigrew et
al., 1991). Even though all these mechanisms
could be present in the rod bundle during normal
operations, excessive vibration is primarily in-
duced by one of these mechanisms depending on
the operating conditions. As mentioned before,
due to the hostile thermal hydraulic conditions
and structural complexity of the F/B, it is very
difficult-to pinpoint the cause of a fuel failure. By
an exhaustive review of the plant operating expe-
riences, failure patterns, thermal hydraulic and
structural characteristics of the F/B, the cause
finally was boiled down to the fluidelastic vibra-
tion (Jung and Kim, 1998).

The fluidelastic vibration was studied by many
scientist. B. W. Robert found the fluid dynamic
forces induced by jet switch (Blevins, 1977) and
pointed out the possibility of fluidelastic vibra-
tion of tube bundles. H. J. Connors conducted a
model test with single-row cylinders supported by
elastic spars in cross flow. He found that the
cylinders started to vibrate abruptly at a certain
velocity. The vibration occurred when the energy
supplied in one cycle was greater than the energy
dissipated by structural damping.

H. Tanaka calculated the critical velocity of the
fluidelastic vibration based on the unsteady fluid
dynamic force in a tube bundle. In Tanaka’s
model, the interactions between the rods in a
given bundle are particularly considered. Also the
interaction coefficients were experimentally deter-
mined (Tanaka and Takahara, 1980). Particular-
ly, his model predicted significant vibrations in
the second layer, which can be well correlated

with the nuclear fuel failure patterns mentioned in
the next section.

Therefore in this study, Tanaka’s model is
adopted and modified to calculate the critical
velocity by taking account of the unsteady fluid
dynamic force, spring force deflection by radia-
tion exposure, and fuel cladding creep.

2. Overview of Vibration Mechanisms

As mentioned before, four FIV mechanisms
can be relevant to the vibration of the rod bundle
components. The relative predominance of these
mechanisms for different flow situations is out-
lined in Table 1(gettigrew et al, 1991). For
various flow conditions of the core, the relevant
mechanisms are darkened as shown in Table 1.

3. Operating Experiences
(Failure Patterns)

Since the F/B has a complex structure and is

Table 1 Summary of flow condition of FIV
@ ; most important, Q ; important, X ; unlikely

Flow Fluidelastic | Periodic | Turbulence | Acoustic
situation vibration | shedding |excitation | resonance
Axial-flow

Internal

Liquid X X [ ] O
Gas X X O ®
Two X X [ ] X
phase flow

xternal

><O"::1

Two X X [ )
phase flow

Cross-flow

1-cylinders
Liquid
Gas X
Two X
phase flow X
Tube
bundle

x0®
O
X

Two [ ] X [ )

phase flow

X
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Fig. 1 The position of failed rods in the F/B
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Fig. 2 The position of failed F/B in the core

operated in severely hostile conditions of high
temperature, pressure, and high radiation expo-
sure, many things can cause the fuel rod to
vibrate. However, the cause of failure is deemed
to be the FIV in the case for the reasons
mentioned previously.

In general, it was known that the vibration of
the F/B was mainly induced by the axial flow.
However, the failed F/Bs have a mixing vane
whose purpose is to enhance the heat transfer by
the cross-flow mixing. The enhanced cross flow
can cause the vibration and result in the fuel rod
failure.

Figures 1 and 2 show the typical failure pat-
terns of the fuel rod by the FIV. As shown in
Figue 1, the fuel rods are arranged in a square
lattice. Figures 1 and 2 show a pseudo fuel assem-
bly and a core consisting of failed fuel rods or
assemblies from various assemblies or cores by
putting in an assembly or a core. Figure 2 also
shows the core loading patterns and the failed
assemblies in the core. From the failed fuel
inspection results, the following conclusions can
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Fig. 3 The definition of the layer
be drawn.

First, the fretting wear in a rod takes place at
the center of the space grid (spring) location. Also
the damage needs a long lead time. It is quite
different from the characteristics of a turbulence
excited vibration which induces failure at the inlet
and the outermost region in the F/B, that is, at
the location subjected to strongest turbulence
excitation. Therefore it can be concluded that the
turbulence excitation is not the predominant
mechanism for the rod damage. Second, as shown
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Fig. 4 The failure frequency in each layer

in Fig. 4, the location of the damaged rods in the
F/B is concentrated on the 2nd layer defined in
Fig. 3. This tendency can only be explained by a
unique characteristic of the fluidelastic vibration.
This characteristic that the amplitude of the tubes
in the 2nd layer is the largest among all layers was
verified by Tanaka’s experiment(Tanaka and
Takahara, 1981). Third, the irregularity of the
damaged locations in the core is observed. It is
different from the periodic vortex shedding which
leads to symmetrical failure of the rods, because
the core has symmetric flow condition.

From these reasons, it is concluded that the
fluidelastic vibration may be the governing mech-
anism for the fuel rod damage.

4. Vibration Modeling

The vibration equation was derived for the
center rod (O) by applying the force balance. The
unsteady fluid dynamic force applied to the rod
by the vibrations, consists of three types of forces;
the inertia force due to added fluid mass, damping
force due to fluid, and stiffness force due to the
rod displacement (Tanaka and Takahara, 1981).

2 . .
=+ DV ek 12V cx (1)

For steady state vibration, Eq.(1) can be
reduced as follows:

F=10V[~Cal@afD)/ V)
+iConfD/ V) +CilX
=T oV~4x2Cal VE+ilnf/ Ve + COX

=30V C(VX @)
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Fig. 5 Geometrical model of fuel rod

As can be shown from Eq.(2), the fluid
dynamic coefficient C (V%) is a complex number
dependent upon the reduced velocity ( Vz).

The fluid dynamic forces are induced not only
by the vibration of the rod itself (O), but also by
the vibration of the adjacent fuel rods. However,
the effect of the diagonal rods( I, II, IIl, IV) was
neglected because the distance between [ and O
is much larger than that between L and O. There-
fore the fluid dynamic force acting on the center
rod per unit length can be given by

5
Fx=é—p VZEI(CXMXV}“ CXk}’Yk) (3)

5
Fy:%szEI(CkaXk‘*‘ CYkYYk) (4)

where £=1~35 denote the five rods (O, L, R, U,
D) shown in Fig. 5. Cx’s are the fluid dynamic
force coefficients, and the first, second and third
suffixes denote the direction of the force, the
position of the vibrating fuel rod, and the direc-
tion of vibration, respectively (Tanaka and Taka-
hara, 1980). Because of the symmetry of the fuel
rod arrangement and flow direction, the fluid
dynamic force Fyox is symmetric and it’s deriva-
tive is zero. Fyux, Fypx, Fxoy» Fxoy, and Fxyy are
also symmetric, and their derivatives are all zero.
The following relations for the fluid dynamic
coefficients can be deduced

Cyux> Cypxs Cxor> Croxs Cxuvs CXDYZO

CXRX = CXLX CYRY = CYLY
Cxrv=—Cxry Crax=—Crvix (5)
The fluid dynamic force Egs. (3) and (4) can
be reduced by the relations mentioned above in
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the following manner:

Fx Z%p V2[ CxoxXo + CXLY(XL + XR)

+ CXLY( YL_ YR)
+ CXUXXU + CXDXXD] (6)

Fy:L.O VZ[ Cyoyyo+ CYLX(XL _XR)
2

+ Cuv( Y+ Yz)
+ Cyoy Yo+ Cyoy Ys] (7

* Let the X-direction and Y-direction be expres-
sed by suffixes of odd and even numbers, respec-
tively.

However, Tanaka’s model could not account
for the irradiation condition. To overcome this
defect, the stiffness force is divided into cladding
and grid spring stiffness forces. The change of the
grid spring stiffness force by irradiation is taken
into account in our calculation.

Then the equation of motion for the rod can be
written as follows.

i X5+ Dass X+ (Ke + Ks( T)) X;=F; (8)

As mentioned previously, the fluid dynamic
forces arise from the inertia of the added mass,
damping, and stiffness forces of the fluid. There-
fore, Eq. (8) can be written as follows:

My X;+ DasXi+(Ke+ Ko(T)) X;
1 5 .. 1 5 .
ZT,ODZ:LJ1 CrinXin+=0D V1§1 CoirXin
1 5
+50 Vzkgl CrinXin 9)
”’lstj + Dast'j + KSJX_,
5 .. .
= El(mfjk)(jk + D Xin+ KrinXin) (10)
where suffixes f, s, and k denote fluid, fuel rod,
and five rods around the central rod(j=0),
respectively. The three fluid dynamic forces could

be expressed by multiplying the corresponding
coefficients and phase differences as follows.

| ..
mf"jk)(jZTPchm'ka (1)
.1 :
DsinXw=~0DVCojnX
Z%pD VCDijin¢Xk (12)

KfjﬁXk =%p VZCKJ'I.Xk :%p WkaCOS ¢Xk ( 1 3)

Equations (11) to (13) are reduced to the
following simple form.

. 1
X5+ Kn X =30 V¥ Criacos ¢

4.2
— 7 Cror) X (14)

The phases and the coefficients in Eqgs. (12) and
(14) can be obtained from the experimental
works(Tanaka and Takahara, 1981). Therefore
the equation for the whole of the F/B can be
written in the matrix form as follows:

[m)(X) +[DIX)+[KN(X)=0  (15)
Equation (15) gives a set of simultaneous equa-

tions for {X}. If the solution is X = Xye*, Eq.
(15) can be expressed as follows

[m/H-D K ]<X>:0
I —AIN\X
The eigenvalues 1 can be obtained by solving

Eq. (16). If AR, which is the real part of 1, is

positive, the vibration in the corresponding mode

is unstable and the amplitude increases with time.

If AR is negative, the vibration mode is stable. So

the critical velocity is defined as the velocity at

which the value of AR becomes zero.

(16)

5. Effects of Parameter Changes on
the Critical Velocity

The mechanical properties such as the damping
coefficient and spring stiffness can be affected by
the irradiation and the weight of the fuel rod
during transportation. The change of the spacer
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Fig. 6 Reduction of spring stiffness at 5th spacer
grid
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Fig. 7 Real part vs critical velocity under
unirradiated condition

grid stiffness by irradiation (including the initial
stiffness change during transportation) is shown
in Fig 6 which was calculated from the KAERI
report (1996). The change in the damping coeffi-
cient by the operation environment was not yet
known specifically. So the effect of the damping
coefficient on the critical velocity was analyzed by
sensitivity calculation of damping coefficient.

6. Numerical Results and Discussion

For the sensitivity analysis of the damping
coefficient, the real parts of eigenvalues were
calculated by increasing the reduced velocity for
3% 3 rod bundle which has a height of 300mm,
diameter of 30mm, and pitch to diameter ratio of
1.33 immersed in 20°C water. The calculations
were executed for both the unirradiated and
irradiated (33MWD/KGU) conditions (Figs. 7,
8). The results were fitted by a 4th order
polynomial. As mentioned above, the critical
velocity is determined when the value of AR is
zero.

The results for unirradiated condition are
compared with the experimental data for 4x7
bundle, and Connor’s model (cross flow, P/D=1.
47, K=4.0, n=0.5) (Fig. 9). The comparison

Reduced Damping
0.001 -+ 0.003

AR

_10 -
Fig. 8 Real part vs critical velocity under
irradiated condition (33MWD/KGU)

B

Reduced Velocity (V/D7)
A

Caiculated Vajus (3+3 P/O=1.33)
& Expenment (47 P/D=1.33)
= = ~ Connor {buncle P/D=1.47 K=4.0 n=0,5)

(A
0.01 0.1 1 10

Reduced Damping (m5/p02)

Fig. 9 Comparison of critical velocity between
measured, calculated, and predicted values

shows a good agreement with the experimenta
data. To verify the validity of the modified mode
for the irradiated rod, the calculated results are tc
be compared with the critical velocity based o1
the cross flow of KORI #2. In the case of the Kor
#2 F/B, the cross flow velocity and frequency ar
27~31cm/sec and 18 ~20Hz, respectively. Wher
this condition is applied to the proposed model
the reduced damping coefficient should be large
than 0.0037~0.0129, the precise value being
dependent on the velocity and frequency. The
calculated values fall within the typical range o
the reduced damping coefficient for the rod bun
dle which is 0.0001~0.05. Figure 10 illustrate:
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1e change in the critical velocity after irradiation.

The critical velocity is reduced by 3.3% after the
idiation exposure. In particular, the result
1owed that the effect of radiation exposure are
10re significant at the reduced damping 0.1~ 10.
. The decrease in the critical velocity resulted
‘om the decrease in the grid stiffness under the
tadiation condition. However, the decrease in
1e mass damping parameter due to the irradia-
on is not included in the present calculation.

7. Conclusions

After a comprehensive review of the general
haracteristics of the flow induced vibrations, the
ow conditions for these vibrations, striking fea-
res of the failure by these vibrations, the failure
attern, and flow conditions in the fuel assembly,
. was concluded that the recent fuel failures by
-etting wear are caused by the fluidelastic vibra-
on. The observed vibration had a characteristic
1at the most signigicant vibration occurred in the
zcond layer of the rod bundle.

From the force balance for the rod in the flow
eld, a set of simultaneous equations for the
uidelastic vibration was derived that accounted
or the interactions between the neighboring rods.
‘he derived simultaneous equation was modified
> accommodate reduced spring force, the fuel
iaterial property changes such as the damping
oefficient, rod stiffness, and the fuel rod cladding
reep by high temperature operating conditions

and irradiation. The critical velocity at which the
real part of the eigenvalue is zero is calculated by
the MATLAB. The critical velocity decreases as
the spacer grid stiffness is reduced by the radia-
tion exposure. In particular, the critical velocity
was greatly affected by the reduced damping
coefficient in the range of 0.1~10.0.

For more accurate calculation, the level of
decrease of the damping coefficient by irradiation
should be specifically determined.
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