Journal of the Korean Nuclear Society
Volume 20, Number 3, September, 1988

The Effects of Fuel Pellet Eccentricity on Fuel Rod Thermal Performance

Suh Young-Keun and Sohn Dong-Seong
Korea Advanced Energy Research Institute

(Received April 13, 1988)

oy A d T &
(1988. 4. 13 H4)

Abstract

This study investigates the effect of fuel pellet eccentricity on fuel rod thermal performance
under the steady state condition. The governing equations in the fuel pellet and the cladding
region are set up in 2-dimensional cylindrical coordinate (r, §) and are solved by finite ele-
ment method. The angular-dependent heat transfer coefficient in the gap region is used in
order to account for the asymmetry of gap width. Material propeties are used as a function of
temperature and volumetric heat generation as a function of radial position. The results show
the increase of maximum local heat flux at the cladding outer surface and the decrease of
maximum and average fuel temperatures due to eccentricity. The former is expected to affect
the uncertainties in the minimum DNBR calculation. The latter two are expected to reduce
the possibility of fuel melting and the fuel stored energy. Also, the fuel pellet eccentricity in-
troduces asymmetry in fuel pellet temperature and movement of the location of maximum

fuel pellet temperature.
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1. Introduction

In a light water reactor fuel rod, a number of
fuel pellets are piled vertically within the cladding.
Heat produced in the fuel pellet is released into
the coolant through the fuel pellet-to-cladding
gap and the cladding under high temperature and
pressure. It is, therefore, necessary to analyze the
thermal and mechanical performance for the de-
sign of fuel rod. Most of commercial fuel rod per-

D2 assumes that the fuel pellets

formance codes
are located concentrically within the cladding.
However, some fuel pellets are often located
eccentrically in the cladding during the manufac-
turing process. If a fuel pellet is eccentircally
placed, there will be azimuthal variation of
temperature and heat flux during in-reactor power
operation and it will in turn affect the fuel rod per-
formance.

McNARY, et al.® analytically investigated the
effects of a non-axisymmetric gap conductance on
the steady state temperature distribution in the fuel
pellet, using the angular-dependent heat transfer
coefficient in the gap region. And McNAIR, et al.?
tried to develope the improved finite difference
method and a geometry-dependent conductivity
in the gas gap to account for the eccentric
geometry.

This study investigates the effects of fuel pellet
eccentricity on the fuel rod thermal performance.
The goveming equations for a fuel rod are set up
in the 2-dimensional cylindrical coordinate (r, §)
and are solved by finite element method. In order
to account for the eccentric geometry, the angu-
lar-dependent heat transfer coefficient in the gap
region is applied. The material properties are
The

volumetric heat generation rate in the fuel pellet

taken to be temperature-dependent.
region is considered as a function of radial posi-
tion. Calculations were performed for a number of
eccentricity ratios. The emphasis is placed on how
temperature and heat flux in a fuel rod will be
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Fig. 1. Cross Section of a Fuel Rod

varied and in turn affect the fuel rod thermal per-

formance.
II. Numerical Analysis

1. Governing Equations and Boundary Conditions
It is assumed that a fuel rod, whose cross sec-
tion at a axial position is shown in Figure 1, lies in
an infinite flow field. The main assumptions are as
follows: (1) axial heat transfer is negligible, (2)
temperature and heat transfer conefficient in
coolant region is uniform with respect to azimuthal
angle, (3) the neutron flux distribution in the fuel
pellet region is a function of radial position, and
(4) the heat generation in the cladding region is
negligible.
The goveming equation and boundary condi-

tions for fuel pellet region are

1 9 wom,2T,, 1 3
ke s Sy 2
K(T) oT, ...
22+ =0
T(r, )< at r<R,
T
—KA(T) -2 =hy(0)(T,u—To) atr=R,,

Where KP (T): temperature-dependent thermal



The Effects of Fuel Pellet Eccentricity...S.-Y. Keun and S.-D. Seong 191

conductivity of the fuel pellet

q ()
Rps:
hg (8):

volumetric heat generation rate
fuel pellet radius
angular-dependent heat transfer
coefficient

Tps: fuel pellet surface temperature
Tci: cladding inner surface temperature

Meanwhile, governing equation and boundary
conditions for cladding region are

aT }—

EX )=0

i aIC aT i 2 (K¢
- 5y KM S+ K

T
—K4T)-9 - =hy(#)(T,e—To) at r=Rq
_KC(T)aa_I:hc(Tco—Too) at r=R,
where K¢(T): temperature-dependent thermal
conductivity of the cladding
h.: coolant heat transfer coefficient
: cladding outer surface temperature
: coolant temperature

R.: cladding inner surface radius

R.,: cladding outer surface radius

An expression for angular-dependent heat transfer
coefficient in gap region can be derived from the
geometry as schematically illustrated in Figure 1. If
the fuel pellet eccentricity with the cladding exists,
the gap width between the fuel pellet and clad-
ding varies around the circumference. When the
fuel pellet is eccentrically placed with distance s,
the local gap width g is approximated by

g=d—s cos §

The local gap conductance hg (s, §) can be writ-

ten as

hg (s, 8)=h,/(1—(s/d) cos &)
where h,: nominal gap heat transfer coeffi-

cient

Also, the azimuthally averaged heat transfer coeffi-

cient in the gap region can be written as

Fig. 2. Finite Element Discretization

2
hoS1= = [, "hyls. 8) db =h /1P

0

In the above equation, one can see that the azi-
muthally averaged gap heat transfer coefficient is
minimum when the fuel pellet is concentrically lo-
cated. The nominal heat transfer coefficient in gap
region is taken from Beyer, et alV

The thermal conductivity of UO,, Zircaloy and
helium gas is considered as temperature-depen-
dent and taken from MATPRO.® The volumetric
heat generation in the fuel pellet is derived from a
heat balance equation in unit-length of fuel con-
sidering thegneutron flux depression effect in the
fuel

ko Lk)

TW=5R,  TkR,

where q”: linear heat generation rate
k: inverse diffusion length
Iy, 1I;: modified Bessel function of the first
kind

2. Finite Element Analysis
The fuel pellet and the cladding regions are di-
vided into many 8-node isoparametric elements
as shown in Figure 2. For each element, the
temperature is approximated as the following

form,
e, 6)=F0, 6)=3 N 0T,

where N; (r, #): interpolation function



192

T;: temperature at node j

n: node number of an element

This approximate temperature (T) is substituted
into the governing equation for an element. After
multiplying the interpolation function (Ni) and in-
tegrating over the element domain, we obtain

K +¢q7)

f N2k 2 T
1 ar2
drd g =0

oT o%F
KP
ar T 6%

By Green’s theorem, the first and third terms of

LHS in the above equation can be written as

2=
1st term= ffNiFKp%}drd p
a%F
= | NiKP _ fi IKP
f 5z 40 f 5 (NP
oT
3t drd 4
2=
3rd term= f f NJ("%:[ drd 9

_fNKPaTd—ff i g2

After substituting the two terms into the governing

drd 7}
or

equation for the element and applying the con-
vection boundary condition at the fuel pellet sur-
face, we can write the finite element equatjion for

the fuel pellet as

[Kij]p' ’Tj} P [Lij]c 1Tji P= 1Fil P

oN, oN, oN
P — p2 Y20 Y7 ;
where [K;) ff (ko9 S RPN
oN, oN,
ke O drd
K58 5 Y
+fNirthjd0

(L[ _fth Nd g
IFjP= fferq “drd

Following similar procedure, one can obtain the
finite element equation for the cladding. The con-
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Table 1. Input Data

Input Parameter Input Value
Linear Heat Generation Rate  (Kw/m) 0.05052
Coolant Temperature (°K) 5940
Coolant Heat Transfer Coeff. (W/m? °K) 3.5 x10™
Fuel Pellet Density {a/cm®) 10.96
Fuel Pellet Diameter (mm) 9.2936
Cladding Density (g/cm®) 6.54
Cladding Quter Diameter {mm) 10.7188
Cladding Thickness {mm) 0.6172

vection boundary condition is applied to the clad-
ding inner and outer surface, but the specified
heat flux boundary condition to the axi-symmetric
surface. The finite element equation for the clad-

ding is wxitten as

Ky Ty €+ [LylP {Tj} °= {F}} ©

: . i
where (1= [ ke? aalj' %1\:’ +KN; aalj
. aN, aN,
RS 5 14l
_ f Nih,Nd 6

(L= f Nirh,Nd ¢
Fi <= | Nah.Tood 8

[t has been already mentioned in section IL.1
that the finite element equations for fuel pellet and
cladding were coupled by the boundary condi-
tions. Tharefore, the solution is calculated after the
elements in fuel pellet and cladding are assembled
together. In addition, since the governig equations
are nonlinear, the solution is obtained through the
direct iteration method. The error bound is taken
as 10%(K).

IIl. Results and Discussion

Temperature and heat flux distribution in fuel
pellet and cladding regions are calculated by the
program developed in this study. The input data
are shown in Table 1. The eccentricity ratio is
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Fig. 3. Comparison of the Analytical Solution and the
Numerical Solution.

defined as the ratio of eccentric displacement to
nominal gap size (s/d). The azimuthal angle is indi-
cated in Figure 1. The focus of this study is
placed on the fuel rod thermal performance para-
meters such as temperature and heat flux in fuel
and cladding. Before the effects of fuel eccentricity
are investigated, the verification of the program
has been carried out.
1. The verification of the program

The verification of the program is performed by
comparing the code calculation results with analy-
tically calculated results for simple concentric fuel
case. The conditions for simple calculation are as
follows: (1) volumetric heat generation rate is 500
W/em?, (2) thermal conductivity of fuel pellet is
2.5 W/m °K, (3) fuel pellet radius is 5.0 mm, (4)
heat transfer coefficient is 3.0 x 107 W/m? °K
and (5) cladding inner surface temperature is 500
°K. The results are compared with the analytical
solution derived by McNARY, et al.® The com-
parison shows a maximum difference of only 1.1
% (4.0 °K} as shown in Figure 3.

2. Effects of eccentricity on temperature

Temperature in fuel and cladding region is an
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Fig. 4. The Variation of Temperature Distribution in the
Fuel.

important parameter for evaluating fuel rod ther-
mal performance. Maximum temperature of fuel
pellet is not allowed to exceed the melting point
because the melting of fuel could deteriorate fuel
rod integrity. The average temperature of fuel be-
fore the onset of an accident is an important per-
formance parameter because it decides the stored
energy in fuel and the fuel behavior during the
accident. If cladding surface temperature is too
high, it could cause departure from nucleate boil-
ing (DNB) or accelerate the cladding local corro-
sion.

In Figure 4, the temperature distribution in the
fuel region is shown. The maximum temperature
slightly decreases as the eccentricity ratio in-
creases. The location of maximum temperature
moves due to eccentricity. When the eccentricity
ratio is 0.95, the decrease of maximum tempera-
ture is 1.9 % (57 °K) and the location of max-
imum fuel pellet temperature moves 156 % of

fuel pellet radius. The decrease of maximum
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Fig. 5. The Variation of Average Temperature in the
Fuel.
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Fig. 7. The Azimuthal Variation of Cladding Outer Sur-
face Temperature.

temperature will reduce the possibility of fuel
melting.

Figure 5 shows the change of volumetric aver-
age temperature. The average temperature of fuel
decreases slightly as the eccentricity increases.
When eccentricity is 0.95, the decrease of average
temperature is 4.3 % (95 °K) of the average
temperature in concentric fuel. The reason is that
the heat transfer coefficient in the gap region in-
creases due to eccentricity as mentioned before.
In other words, the eccentricity enhances the heat
transfer from fuel to cladding and coolant region.

The decrease of fuel average temperature is ex-
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Fig. 6. The Azimuthal Variation of Fuel Surface
Temperature.

pected to reduce the stored energy in fuel and
thus to enhance the fuel performance during a
postulated accident.

In Figure 6, the azimuthal variation of fuel pellet
surface temperature is shown. The maximum
temperature occurs at an angle of 180° where the
heat transfer coefficient is at its maximum while
the minimum temperature at an angle of 0°.
When the eccentricity is 0.95, the maximum in-
crease of local surface temperature is 23.1 %
(289.0 °K) and the maximum decrease of the
temperature is 38.2 % (478.4 °K) of average
fuel pellet surface temperature. From this result,
one can also see that the eccentricity introduces
asymmetry in the fuel temperature distribution.

In Figure 7, the azimuthal variation of cladding
outer surface temperature is shown. The max-
imum temperature of cladding outer surface
occurs at an angle of 0° while the minimum
temperature at an angle of 180°. When the eccen-
tricity ratio is 0.95, the maximum surface tempera-
ture increase is 1.3 % (8.6 °K) of average cladding
outer surface temperature. This result may have a

minor effect on oxidation of cladding.
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Fig. 8. The Azimuthal Variation of Fuel Surfce Heat
Flux.

3. Effects of eccentricity on heat flux

The azimuthal variation of heat flux on fuel pel-
let surface is shown in Figure 8 The maximum
heat flux occurs at an angle of 0° where the
temperature is at its minimum. This result reveals
that the eccentricity increases the maximum local
heat flux. When eccentricity ratio is 0.95, the max-
imum local heat flux increases by 16.9 % of aver-
age heat flux, whereas minimum local heat flux
decreases by 9.1 %.

Figure 9 shows the azimuthal variation of heat
flux on the cladding outer surface. The maximum
heat flux occurs at an angle of 0°, while the mini-
mum heat flux at an angle of 180°. When eccen-
triciy ratio is 0.95, the maximum shows that the
eccentricity can have a significant effect on local
heat flux which is considered to be an important
parameter for calculating the uncertainties in mini-
mum DNBR evaluation.

IV. Conclusions

The effects of fuel pellet eccentricity has been

study. The following conclusions are drawn for a
typical LWR fuel rod as shown in Table 1.

(1) The program developed in this study can be
used as a supplementry code for calculating
temperature and heat flux when the fuel pellet is
located eccentrically within the cladding.

(2) The maximum temperature of fuel decreases
1.9 % while its location moves 15.6 % of fuel
pellet radius at an eccentricity ratio of 0.95. The
decrease of maximum fuel temperature will re-
duce the possibility of fuel melting.

(3) Average temperature of fuel decreases 4.3
% at an eccentricity of 0.95. This result reveals
that eccentric fuel will reduce the stored energy of
fuel and enhance the fuel performance during a
postulated accident.

(4) The maximum local heat flux on the clad-
ding outer surface increases by 15.7 % when
eccentricity is 0.95. This result indicate that eccen-
tric fuel could affect the uncertainties in DNBR
calculation.

(5) The maximum local temperature of the clad-
ding outer surface can increase only 1.3 % at an
eccentricity of 0.95. This result indicates that
eccentricity is expected to have minor effect on
the oxidation of the cladding.
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