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Abstract

The FUel Rod Analysis{FURA) code is developed using two-dimensional finite element
methods for axisymmetric and plane stress analysis ot fuel rod. It predicts the thermal and
mechanical behavior of fuel rod during normal and load follow operations. To evaluate the
exact temperature distribution and the inner gas pressure, the radial deformation of pellet and
clad, the fission gas release are considered over the full-length of fuel rod. The thermal ele-
ment equation is derived using Galerkin’s techniques. The displacement element equation is
derived using the principle of virtual works. The mechanical analysis can accommodate va-
rious components of strain: elastic, plastic, creep and thermal strain as well as strain due to
swelling, relocation and densification. The 4-node quadratic isoparametric elements are
adopted, and the geometric model is confined to a half-pellet-height region with the assump-
tion that pellet-pellet interaction is symmetrical. The pellet cracking and crack healing, pellet--
cladding interaction are modelled. The Newton-Raphson iteration with an implicit algorithm is
applied to perform the analysis of non-linear material behavior accurately and stably. The
pellet and cladding model has been compared with both analytical solutions and experimental
results. The observed and predicted results are in good agreement. The general behavior of
fuel rod is calculated by axisymmetric system and the cladding behavior against radial crack is
used by plane stress system. The sensitivity of strain aging of PWR fuel cladding tube due to

load following is evaluated in terms of linear power, load cycle frequency and amplitude.
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Nomenclature

area of element

stran-displacement matrix

creep matrix

Young’s modulus
elastic modulus in completely cracked
condition.
creep function

external force vector

vield function

heat transfer coefficient of gap gas
gap conductance
heat transfer coefficient by radiation
heat transfer coefficient at solid to solid
contact spots

iteration number, superscipt

prinicipal direction, subscript

thermal conductivity

overall stiffness matrix in thermal and
mechanical equa‘ion

terms of thermal element matrix equation
for R- g system

terms of thermal element matrix equa-
tion for R-Z system

time step number

interpolating function

intermediate point between t, and t,, ;
contact pressure between fuel and clad-
ding

gap gas pressure

coolant pressure

heat genration rate per unit volume
in global coordinate

radial coordinate

systern
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Tei cladding inner radius
Rég; terms of right-hand side column matrix in
thermal matrix for R- § system
RZ,  terms of right-hand side column matrix in
thermal matrix for R-Z system
1Ql terms of right-hand side overall column
matrix in thermal matrix
T temperature
jul radial displacement vector
U, radial displacement of clad
us radial displacement of fuel
U radial contact force of pellet
i axial and circumferential displacement
vector
Y volume of element
Vi axial contact force of pellet
Y plastic potential function
Zz axial coordinate in global coordinate
system
Greek letters
) radial gap between fuel and cladding
So as-fabricated radial gap
3 radial displacement of clad after contact
Arg initial gap thickness
At time interval
el total strain vector
jed creep strain vector
j e elastic strain vector
| € free expansion strain vector
e P plastic strain vector
| &9 creep strain rate vector
et total creep strain
eP equivalent plastic strain
e initial relocation strain
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] tangential coordinate in global coordinate
system
¢ neutron flux
© friction coefficient beween pellet and
cladding
v poisson’s ratio
{o} stress vector
to’} deviatoric stress vector
c equivalent stress

1. Introduction

The experiences with the fuel rods of the water
cooled reactor, in which uranium dioxide fuel pel-
lets are clad with Zircaloy tubing, have shown that
a sufficient severe power increase(ramp) can cause
cladding failure, provided the bum-up is high
enough. Another major cause of the cladding fai-
lure is PCI problem.

Any power increase produces an increased ra-
dial temperature gradient within the fuel pellets,
and results in expansion of the pellets. The Zirca-
loy cladding is also subjected to the thermal stress,
and becomes in contact with fuel pellets. Such
phenomena, termed in pellet-cladding ineraction
(PCI), usually brings about more complicated
problems in analyzing the performance of the fuel
rod system. It occurred that cracks are formed and
grow due to the different radial thermal expan-
sion. As fuel bums up, the hoop stress increases to
a great extent around the contact point of the pel-
let and cladding. This hoop stress is responsible
for the formation and propagation of cracks in the
cladding.

In case of the load-following operation modes,
the fuel cladding is subjected to high stresses,
which change as a function of time. The changed
high stresses affect the cladding failure.

There are many fuel performance codes for the
analysis of the thermomechanical behavior of the
fuel rod! ~®. While the existing codes were consi-
dered on the one or two-dimensional approach,

more accurate analysis may be required (based on
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three-dimension calculation) in the detailed eva-
luation o® PCI problems associated with load-fol-
low oriented studies, such as power ramping tests.
However, three-dimension apporaches using FEM
technique in fuel performance evaluation were
rather complicated and limited to a theoretical
level.

This work intends to give access to the prob-
lems occurring in the transient and local analysis
of the fuel performance based on the quasi
three-dimensional approaches, normally lateral
plane {R- @ system) and axisymmetric analysis
(R-Z system).

The major purpose of this paper is to analyze
the behavior of the local-part of the fuel rod in
accordance with the power history including not
only the steady-state case but also, the transient
case including the load-following.

2. Theory

2.1. Code Structure

This code has two basic analysis capabilities i.e.,
lateral plane analysis (R-@ system) and axisym-
metric analysis (R-Z system). The former is mainly
used in analayzing phenomena with axial variation
such as hourglassing deformation of the pellet,
ridging deformation of the clad, etc. The axisym-
metric analysis is used in cricumferential variations
such as clad stress and strain concentration caused
by local interaction of cracked or relocated fuel
pellets.

2.1.1. Geometrical models

The geometrical model used in this program is
given in Fig. 1. For the R- @ system, a fuel pellet
is divided into the four concentric rings. The data
of the thermal and mechanical properties are
averaged over the width of each of these rings.
For the R-Z system, a half of fuel pellet is divided
into four axial segments. 1All the data averaged
over the height of these segments are used in the
calculations.

The region of half-pellet height is dealt with
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Fig. 1 Axisymmetric and Lateral Plane Analysis Sytem

assuming an axisymmetry and a plane-symmetry
at the mid-plane of a fuel rod. A four-noded
quadratic iso parametric element is used in build-
ing up the element stiffness equation. Also the
stress, strain and material properties are assumed
to be linearly varied in the element.

2.1.2. Code Description

A flow-chart of this program is shown in Fig. 2.
The input includes data of geometrical variables,
material properties, operational history, and initial
values of temperature, stress, and strain. This
program consists of two major calculation parts;
the thermal analysis part and mechanical analysis
part. In the thermal analysis part, the integral be-
havior of a whole fuel rod is analyzed and the
temperature distribution and inner gas pressure
are transfered to the mechanical analysis part
where the local mechanical behavior is analyzed.

In the mechanical part, the boundary conditions
at each interface node during the time step is in-
itially assumed, based on the conditions in the
previous step. Under this assumption, the pre-
liminary calculations are made and first approx-
imations of stresses and strains in the fuel and
cladding are made. These first approximations for
the creep strains are incorporated into the con-
stitutive equations, which are combined with the
equations of equilibrium relations and solved with
the same boundary conditions. This solution yields
a second approximation for the change in stress
and strains in each integration point, which is then

compared with the initial aprroximation. If agree-

input data

choice of mode: 'R-8
R-Z
. o

(U F————
{boundary condition

[;germal stiffness equa:ioi
no thermal

analysis
—————{Eg;vergence cempera:ugiﬂ

yes

———————{boundary condition changeq

no i
ﬁ_v_.__g___(;émperature converge?
AAAAJboundary condition

!

stiffness equation
ves

boubdary condition change”?

ves l

no

mechanical
analysis

end of calculation?

no

’all time step?

Fig. 2. Flow Chart of Program

ment with specified limits is not made, iteration
procedure is continued. After the convergence is
achieved, the boundary coondition is updated and
compared with the first assumption. If agreement
is not made, iteration procedure is continued.
There is another iteration loop to determine the
contact condtion in each interface node couple
whether in full bonding or in sliding. After com-
pletion of these iterations, if the calculated results
show that the material state changes from open to
contact or from contact to open, then the mecha-
nical calculation is followed for residual time step
until the end of time step is reached.
2.2. Thermal Analysis Model

2.1.1. Heat Transfer Models
2.2.1.1. Pellet and Cladding Thermal Conductivity

The thermal conductivity of uranium dioixde is
fairly well established, at least for low burn-up
conditions. The thermal conductivity of UO; is ex-
pressed as a function of temperature and
porosity.g)

The thermal conductivity of Zircaloy is well
established. Remaining uncertainties has only

minor importance for the fuel rod behavior.



92

V

Fig. 3. Boundary Surfaces for
R- § System

Table 1. Restraint Conditionf for R- ¢

System.
Boundary surface Restraint
number condition
1 F R =10
2 FR =0
3 FF
4 F F
5 FR v =0
6 FR W =1{0
7 F F
R: Restraint
F: Free

Values can be found in Ref. 9.
2.2.1.2. Gap Conductance

The heat transfer coefficient between fuel pellet
and cladding is calculated by the modified Ross

and Stoute model'?

. It is given as the sum of
three components, heat transfer coefficients
through gap gas, at solid to solid contact spots

and by radiation as follows.
hoap = hg + hy + h, (1)

2.2.1.3. Temperature Distribution in the Pellet and
Cladding

To obtain temperature distribution in fuel rod,
)

two-diemnsional heat conduction eugation’® is

used.

For R-® system,
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Fig. 4. Boundary Surfaces for R-Z
System
Table 2. Restraint Conditionf for R-Z
System.
Boundary surface Restraint
R Z e
number condition
1 FR =10
2 RF {u=1{0
3 FF
4 FF
5 F R =10
6 FF
7 FF
8 FR {}=v.

2 aT] 1 2 [ aT] por_
ar[krar troalfaeta=0 @

and for R-Z system,

2 [, oT 1 a[ aT} o
*é"r'["’ar]*?)az Koz jtra’=0 @

2.2.2. Pellet-Cladding Gap Change and Contact

pressure

One troublesome area in the analysis is the
estimation of gap change due to the following
phenomena;

(1) Fuel thermal expansion: The fuel thermal ex-
pansion contributes strongly to peak hoop stresses
and consequently also PCI failures. The fuel ther-
mal expansion is given as a function of
temperatureg).

(2) Fuel relocation: the cylindircal fuel pellets
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crack due to the combined effect of thermal stres-
ses. The cracks run predominantly radially from
the center to outwards when seen from the end of
pellet, and transverse across the pellet when
viewed from the side. The fragments of cracked
fuel are relocated outward to reduce a certain
fraction of the gap.

(3) Fuel swelling and densification: these pro-
cess changes the dimensions of the fuel pellets
under irradiation. The densification cause the pel-
let to shrink. The rate of densification is largest at
the start of irradiation and decrease with burn-up
and eventually stops. An empirical expression for
the change of porosity volume is a function of
burnup'?. The swelling is caused by the fissioning
of heavy uranium atoms producting fission pro-
ducts with lower density. It is thus a process apro-
ximately proportional to burn-up. Some of cal-
culations, it is generally easy to handle the sole
effect of the solid fission products while swelling
due to gaseous fission products is much more
complex. The swelling rate due to solid fission
product is given in Ref.11 and that due to the
retension of gaseous fission product is given as a
function of fuel temperature and fission numbers.

(4) Cladding thermal expansion: the clad ther-
mal expansion contributed very little to the varia-
tion in the peak clad stress. The cladding thermal
expansion is given as a function of temperature.”

(5) Cladding Creep deformation: the cladding
creep helps to reduce the stress during and after
power ramps. The radial displacement of the clad-
ding by creep is given as a function of burmnup,
inner and outer pressures.?.

The radius of fuel pellet is varied with phe-
nomena such as thermal expansion, relocation,
densification, and gaseous and solid swelling. And
the cladding radial displacement is also varied
with thermal expansion, elastic and creep de-
formations. When gap change occurs by these

phenomena, the gap is given as follows:

6 =0otu—us (4)

The cladding radial displacement after contact is

given by
8p=—(8otuU-—up (5)

The contact pressure between fuel and cladding is
calculated by
_ b\chcArc

Pre= - 2 6)

ci

2.2.3. Derivation of the Thermal Element Equa-
tion

Galerkin’s technique applied to this equation

yields for node i of the element; for R-® system

] al] 1 a[ aT}
fA{ar[k'ar MUYV AAEY B

Nidrd § =0 (7)

and for R-Z system
,a[ §T] 1 a[ BT] ,,,}.
fA{a’ kear Ve 5zl% 5217

Nydrd 8 =0 8)

where A designates integration over the whole
area of the element and N; are the interpolating
functions. Applying the Green’s theorem de-
scribed in Egs. (7) and (8), and to the interpolating

)

function'®, the element equation at node i is

given as;

for R-® system

4

EIK/;T,‘;T,*:Rﬂ,' (9)
and for R-Z system

S K,T,T,=RZ, (10)

Each term in Egs. (9) and (10) is presented in
ref.22. Equation (9) and (10) are applicable to a
single node within a single element. In order to
produce an overall matrix equation, the process of
assemblage of the element equation is needed

and gives the following overall matrix equation:
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Fig. 5. Node Couples on the Pellet-Cladding Interface

KT = 1@ (11)

where [K] represents the overall stiffness matrix
and the right hand side column vector, {Q}, is
value which were calculated from the previous
iteration step.
2.3. Mechanical Behavior Analysis Model

2.3.1. General Relations

In the derviation of the displacement equation,
the principle of virtual displacementm’ is adopted.
The force-diplacement equilibrium equation in the

form of successive iterations is giver as

[B 1o tave LB av

— {Fns1t =0 (12)

The problems considered here includes the non-
linear material behaviors such as creep, plasticity,
and fuel cracking. Taking into account these non-
linear problems, the constitutive relations are
formulated by the incremental approach.

In general the strain vector can be expressed as
the sum of four components; elastic, creep, plastic

and free expansion.

A€l =1A€nlHiaen il +

1A6ﬁ+1[+]A€g+1( (13}

where

|A € 41} =incremental total strain vector

IA €%, 1| =incremental elastic strain vector

|A €8, | =incremental plastic strain
vector

IA €%, | =incremental free expansion

strain vector

{A €5, 1| =incremental creep strain vector

J. Korean Nuclear Society, Vol. 20, No. 2, June, 1988

Table 3. The Judging Criteria for the Contact Node
Couple

Contact condition .
Judging criteria

Before After
open (6 >0

open contact (s >0)
open U >0

full full bonding Ui<O0, |[Vi| < x| U}

bonding  sliding Ui<0, [Vi| <# | Uy
open Ui >0

sliding full bonding  U;<0, |Vi| <# | U]
sliding Ui<0, |Vi] ># | U

Uy redial contact force of pellet
V. axal and circumferential contact forece of pellet
/¢ friction coefficient between pellet and clad

relationship are presented in refernce 14 and 15.
2.3.2. Creep
The creep theory is used in the strain hardening
theory. The uniaxial creep strain rate is usually
defined as a function of stress, total creep stain,

temperature, and fast neutron flux, namely

je¢ =flia}, e T ¢) (14)

Using a creep flow rule as in plasticity theory,
Eq.(14) can be extended into multiaxial state as
follows:

e 3 f
fed =5 %

The most common method of creep analysis in

ol (15)

the finite element method is the initial strain
method, in which the creep strains are expressed
in an explicit form. The drawback of this approach
is the fact that the time interval must be very small
if the creep rate is high [15], because the solution
becomes numberically unstable. An implicit algor-
ithm has been adopted to obtain the stable solu-
tion if the power is high.

The incremental creep strains |A €541] = is

assumed to be written as

1A €her] =Atasrl€hip | (16)
The following relations hold at that time.
lopilol =1ahiyt+ 8 1doity) (17)
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H,i+1 H,i+1

A€y = Entg) Atnsa (18)
Hi+1 H,i+1
et = edty +odegly {19)

Expanding Eq.(16) and (19) in a Taylor series of
and d Eﬁ'fll,

and rearranging the two equations for eliminat-

the first order aobut Id(in++1,;)|

ing d e %), we have finally

la el =1a ebal +Cht g idoirly
(20)

The detailed expression for Cf, 4, is in Ref4.
2.3.3. Plasticity
The yield criterion can be, in general, expressed

as

h(je)=Y(e"T) (21)

where €? is the hardening parameter which is
defined as the effective plastic strain, and T is the
temperature. The plastic strain increments must
obey the following flow rule.!”

oh

iAEn+1%4AEn+] Ifa’dfin+f) (22)

Wiritting Egs.(21) and (22) in the form of iteration.

h{io ‘+|A€{n+l)l 5+Aéfr}i:%),
Tn+ ATr1+l) (23)
T R LAV 24)

Expanding Eq.(23) in a Taylor series of the first

‘:1} and AT,,;, the expres-

order about A €
sion for A €%, TUI can be derived

do/f},, is obtained considering the in-
cremental creep and plastic strain vector. Substi-
tuting this into Eq.(12) and rearranging the equa-
tion, we have the following stiffness equation to

be solved for the displacements |Aul ).

K gl iauglyt=1aFn (25)

where, [K,. ,] and |AF!, ] are the finite ele-
ment stiffness matrix and the force vector. The

finite element stiffness matrix and the force vector

are presented in detail ¥

The above stiffness matrix and force vector are
computed by using the Gaussian formula of
numerical integration with 33 integration
points.1®

2.3.4. Effect of Pellet Cracking

Fuel cracks are usually observed to occur on
the principal planes, which are perpendicular to
radial, axial, and circumferential direction, and are
therefore associated with the principal stresses.

The crack is viewed as a mechanism which
changes the material behavior from isotropic to
orthotropic. The elastic modulus for fuel under

cracking and crack healing is given:

Ej:— (m) (E E)+EC, if — €reI< ce

2j<0 ¢ (26)
E;=E, if €5 >0 27
E=E if ef<— el (28)

where E. is the very small value, j is the direction-
al suffix and € is the initial strain due to reloca-

tion.

3. Application

3.1. Code Validation

The program validation of code is presented in
order to give its confidence.

To validate the computer code FURA, the
analytical solutions available are compared with
the numerical results simulated using this code.
Experimental data are also used in the case that
no analytical solutions exits. The validation for the
thermal model is made using the geometry model
given in Fig. 6, and the necessary material prop-
erties listed in Table 4. Fig. 7 shows that compar-
ing the analytical solutions with the calculated re-
sults those are in a good agreement in each dis-
crete point of our concerns.

For the mechanical model validation, the be-
havior of the displacement and hoop stress are

dealt with using the geometrical model in Fig. 8,
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pellet gap cladding

Fig. 6. Geometry for Validation for the Thermal
Part

—: amalylic

0, 1 i
. v o {em)

Radial distance {cm)

04875

Fig. 7. Temperature Distribution in Fuel and Cladding

Table 5. Material Properties and necessary quanti-

ties.
Young's modulus 1.9 10% MPa
Poisson’s ratio 0.316
Yield stress 50/13_ MPa
Strain harden parameter 0.0
Inner radius 0.2 cm
Outer radius 0.5 cm
Outer pressure 10 MPa

that is the cylinderical model with a concentric
circular hole. Their material properties are listed in
Table 5. The analytical solutions for the radial dis-
placement of the surface due to hoop stress with a
variable pressure was given by Ref.20. The solu-
tions are compared with the numerical solutions of
the program, considering the variation of the ra-
dial displacement with increasing the inner press-
ure. Fig. 9 shows a good agreement between

dJ. Korean Nuclear Society, Vol. 20, No. 2, June, 1988

Table 4. Material Properties and Necessary Quanti-

ties.
pellet radius 0.41 cm
diameter gap 0.08 cm
average coolant temperature 305°C
heat transfer coefficient 3.36 W/em?.°C
gap conductance 1.0 W/em2.°C

conductivity fuel
cladding
heat generation rate

0.0268 W/cm.K
0.1338 W/ecm.K
455 W/cm3

stress

strain

Fig. 8. Geometry for Stress and Displacement

them. And we know that the low internal pressure
does not induce plastic deformation but high inter-
nal pressure in the inner region. This value of in-
ternal pressure in 63.2 MPa. Such characteristics
as the plastic deformation in the program output
and analytical solutions are plotted in Fig. 10 and
Fig. 11. Fig. 10 shows the distribution of the hoop
stress in the elastic region and Fig. 11 in the case
both elastic and plastic region.

In the thermo mechanical analysis, the geomet-
ry model and their involved material properties
are shown in Fig. 12, and Table 6 repsectively.
Comparisons between the analytical?! and
numerical solutions for the radial displacement are
plotted in Fig. 13, and the distribution of all stress
components in Fig. 14. Since the size of the finite
elements is rather larger, it is natural that slight
relative errors should occur between the numeric-
al and analytical solutions.

The creep down of cladding as burn-up in-

creases is compared with the experimental data®?
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Fig. 9. Incremental Displacement Distribution

100.

(MPa) —: analytic
= ¢ : numerical
hoop stress
0. B

radial stress

-100
r {cm) 0.3

Fig. 11. Stress Distribution in Elastic-Plastic Region

Table 6. Material Properties and Necessary Quanti-

ties.
Inner radius 0.2 ¢cm
Outer radius 05 em
Young’s modulus 1.9x10° MPa
Peisson’s ratio 0.316
Inner pressure 5 MPa
Outer pressure 15 Mpa
Thermal expansion coefficient 0.05x10 ¢
Temperature of outer surface 100°C
Thermal conductivity 0.14 W/em.°K
Heat generation rate 120 W/em®

in Fig. 15. The computation results are slightly low

values.

3.2. Thermal Analysis

As power increases, the gap conductance in-
creases with decreasing gap and decreases due to
released fission gas. In that model, the heat trans-
fer due to radiation is very small and that through

solid and solid spots is increasing when the con-
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100.
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Fig. 10. Strees Distribution in Elastic Region
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Fig. 12. The geometry of a Cylinder With a Concentric
Circular Hole

tact occurs. The numerical value of the gap con-
ductance increases as a whole. Vitanza empirical
model¥ is used as a fission gas release model,
which is described by a function of the fuel
temperature and burn-up. Inner gas pressure is
derived from ideal-gas law considering thermal
expansion of fuel, fuel relocation, fuel densifica-
tion, fuel swelling, clad creep deformation and
values of initial and released fission gas. The con-
vective heat transfer coefficient for the forced con-
vection can be calculated using the Dittus-Boelter



time (hr)

Fig. 16. Fuel Centerline Temperature with the Lapse
Time

correlation.!” Table 8 shows the related fuel
geometry and various coolant conditions. The
coolant temperature is considered as constant for
one fuel pellet.

As constant power operation is proceeding, the
fuel centerline temperature decreases because of
decreased gap conductance. This result is shown
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- 50. L L T 100, T T
° (MPa) ~—: analytic
vl‘c I — : analytic 7 3 : numerical a
= r s @ numerical -
% L - — 0.
ol ! 1 |
’J~0j!i' ¢ (em) 0.3 _m”':%_’ I ro(em) 0.3
Fig. 13. Radial Displacement Distribution Fig. 14. Distribution of Normal Stress Components
100. T T T T Table 8. Properties of Coolant
° N —
(xl()—&cm) o . QE 1 s o
L o 8% ts 4 coolantthermal conductivity 0.0054 W/ecm.°C
@ °8 8 "3 % equivalent hydraulic diameter 1.18 cm
3 P °°Z ® % | coolant velocity 4.33 m/sec
Lo @ coolant density 0.716 g/cm®
w O o : experimental visocisitv of coolant 0.0904 g/m.sec
i % —: numerical Prandtl number 0.9239
specific heat 4.187 J/kg.°C
- | average coolant temperature 305°C
i \ \ ]
0. .
buraup (GWD/MTU) in Fig. 16.
Fig. 15. Cree-dowpn vs. Burnup 3.3. Mechanical Behavior Analysis of a Non-
Cracked Fuel pellet and Cladding
1500. I ST L R +000- A fuel pellet deforms by various factors, such as
(e (W/cm) . . g .
L R thermal expansion, swelling, densification, etc.
ﬁ\kﬂ . )
| = The cladding also deforms by thermal expansion,
Fuel cencerline temperacure ) .
7 creep, etc. The dominant one among the various
i 1 factors is said to be the effect of thermal loading.
i The temperature distribution and inner gas res-
T in w N
| azar_poser i sure calculated in the thermal part of the program
L - is directly used in the calculation of the mechanic-
0.ttt et oo al properties and the distribution of the stress. The

analysis is applied to a specified region of the half-
~pellet height, which is considered as a minimum
scale of the geometrical model. Though the
boundary condition of surface is previously listed
in Table 3, we assume the spring force at the
upper part of the pellet is 3.26 MPa without con-
sidering the effect of te pellet-pellet interaction.

The stresses are calculated for the power level
of 250 W/em. In this calculation the pressure of

the coolant is assumed to be a constant value,
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Fig. 19. The radial Stress Distribution of Pellet with
Non-Crack

15.382 MPa. The three normal stress components
of the fuel pellet and clad are plotted in Fig. 17
through Fig. 20. In ths case when the pellet crack-
ing is not considered, the plastic deformation pro-
ceeds from center of the fuel of power exceeds
more than certain limits. In the clad, however, the
plastic deformation does not occur before the
contact between pellet and clad. For fuel pellet,
the radial stress is compressive, the hoop and axial
stress components are compressive in the central
region of the pellet and tensile in the outer region,
because of the dominant thermal stress in the
centeral region.

As reactor operation is proceeding, the stresses
of pellet rather decrease and those of cladding
increase because of temperature variation with

time. But these variation quantities are small.

700. 1 ] !
(MPa) i 1 : 2z=0.525 em
| 2 : z=0.075 cm A
0. T
-700.
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Fig. 18. The Axial Stress Distributin of Pellet with

Non-Crack
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Fig. 20. The Hoop and Axial Stresses of Cladding with
Non-Crack.

3.4. Mechanical Behavior Analysis of a Cracked
Pellet and Cladding

At the beginning of the reactor operation, the
differential thermal expansion in accordance with
radial region of fuel pellet induces thermal stress
and initiates pellet crack. The crack model is men-
tioned as described previously. We assumed that
the formation of a micro-crack in one of the three
principal direction occurs when the elastic strain in
that direction becomes a tensile value. Therefore,
during initial power ramp escalation, the pellet
micro-crack nucleate both axially and radially in
outer region of pellet.

As the ractor operation proceeds, the fuel pellet
bulges by thermal expansion and fuel swelling,
and the clad contracts by creep-down. As a result,
the cracked pellet and clad makes contact. The
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Fig. 21. The Axial Stress Distribution of Pellet with

Crack
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Fig. 23. The Hoop Stress Distribution of Pellet with
Hard Contact

forces resutls in clad deformations and stresses at
contact points. Estimates of these induced clad
stresses are important becuase those have been
postulated to be a major contributor to fuel rod
failures.

For no contact, at the linear power level of 250
W/cm and 2500 hr operation time, the normal
stresses of the pellet fragments is plotted in Fig. 21
and 22. Before the cracked pellet and clad con-
tact, the fuel pellet and clad does not deform plas-
ticaly. As shown in Fig. 21 and Fig. 22, the stres-
ses of the outer region in fuel pellet is low values
becuase of a cracked pellet. If the linear power is
between 200 W/cm and 300 W/cm, the contact
occurs when the operating time is between 800
days and 1200 days. As time passes, the contact
forec increases.

For hard contact, at the linear power of 250
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Fig. 22. The Hoop Stress Distribution of Pellet with
Crack
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Fig. 24. The Axial Stress Distribution of Pellet with
Hard Contact

W/cm, the normal stresses of the fuel pellet are
plotted in Fig. 23 and 24. The yield region of the
fuel pellet is inner region, while the outer region
of fuel pellet does not deform plastically becuase
of cracked portion of the fuel pellet. The clad de-
forms plastically, the hoop stress of cladding is
positive because the sum of inner pressure and
contact forces is greater than system pressures.
The hoop stress distribution of cladding is shown
in Fig. 25. In order to analyze the detailed clad
behavior when the radial crack of pellet fragment
occurs under contact with cladding, For R-® sys-
tem, a simple model is considered as shown Fig.
26?2 When the linear power is 400 W/cm, the
normal stress distirbutions of the cladding opposite
to the crack is plotted in Fig. 27. By the contact
force, the hoop stresses are highly tensile at the
inner surface. The stress concentration of cladding
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Fig. 25. The Hoop Stress Distribution of the Cladding
with Hard Contact
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Fig. 27. The Hoop Stress Distribution of Clad Opposite
to Crack
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Fig. 29. The Model of Load-follow Operation

around pellet crack is showed in Fig. 28. In Fig.
28, the finite element of clad is coarse and these
values are very rough.
3.5. Application to Load Follow Operation

The load follow operations are inserted during
rod lifetime, and the model is shown as Fig. 29.
The only noticeable effect of load following is an
increase in clad hoop stress. If the pellet-clad gap
is closed at the time of load following, the hoop
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Fig. 26. Geometry Model for Cracked Pellet Fragment
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Fig. 28. The Stress Concentration of Cladding Around
Pellet Crack
stress reaches moderately high tensile values, thus
increasing the PCI failutre probability. When the
pellet-clad contact does not occure, the load-fol-
low stresses are equal to the initial stresses. At
somewhat higher burn-up, the pellet-clad contact
occurs during load follow operation, giving slightly
higher stresses for this mode operation. At high
burnups, around 40 GWD/MT, the pellet is in
contact with the clad even during base load op-
eration and load follow operation increases the
clad hoop stresses by about 180 Pa. After the pel-
let-clad contact occure, the incremental hoop
stress of clad is shown in Fig. 30 up to 40 daily
load cycling is operated. At initial 30 daily load
cycling, the loop stress of clad increases but the
hoop stress of clad converges at the latter load
cycling. When the reactor is operating at various
linear power level, the incremental hoop stress of
clad is a little higher in low power level than in
high power level for the case of one daily cycle.

But the number of daily cycle to the satuation of
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Fig. 30. Incremental Quantities of Hoop Stress During
Load-Following

J. Korean Nuclear Society, Vol. 20, No. 2, June, 1988

hoop stress is nearly constant. For the upper con-
stant power level of daily cycle and various lower
power lzvel, 30%, 50% and 70% of full power,
the amplitude of cycle does not rarely affect the
incremental hoop stress of clad. The reason is that
the pellet and clad does not contact at lower op-
eration. During 30 daily cycling operation after
PCI was initiated, the hoop strain and permanent
hoop strain of clad at the pellet end is plotted in
Fig. 31 As shown in Fig. 31,
permenent hoop strain of clad per one cycle slow-

the incremental

ly decreases during load follow operation. The in-
terval of hoop strain of clad between full power
level and 50% power level is equal, becuase this
value represents elastic hoop strain.

3 : permanent hoop strain at p=400 W/cm

+ hoop strain aL p=400 W/cm

WWWWMNWVM\NW Talaralalatatalyt

* DANNARARRRARRAAAAAATTT T T T TV
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Fig. 31. The Hoop and Permanent Hoop Strain of Cladding (Burnup=40 GWD/MTU)
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Fig. 32. Power and Hoop Stress Variation During Operation
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Fig. 33. The Cladding Outside Diameter During the
Power Ramping Cycle

From initial operation to 1000days, the hoop
stress of cladding versus linear power is plotted in
Fig. 32. As shown in Fig. 32, the hoop stress is
negative before PCl occurs and tensile after PCI.
After contact is established, the cladding outside
diameter is changed during the power ramping
cycling. The difference of cladding diameter be-
tween before ramping cycle and after ramping
cycling is the plastic deformation quantities. The
cladding outside diameter during the power ramp-
ing cycle is plotted in Fig. 33. At point A, the
contact between pellet and clad is initiated, at

point B, the condition is open state.

4. Conclusions

The validation of program is performed in com-
parison with analytic solutions and experimental
data. The predicted results are in good agreement
with the analytical solutions and experimental
data. As a result suggested that:

1) As the constant power operation is proceed-
ing, the fuel centerline temperature is slowly de-
creased because of the increased gap conduct-

ance.
2) After contact is established, the hoop stress of

cladding due to contact forces is positive and
affect the cladding failure.

3) In the parts of the cladding which is opposite
to the radial crack, the hoop stress of cladding
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nearly exceed the ultimate tensile strenth for 500
W/ cm of linear power. Therefore, in the value
above of 500 W/cm linear power, the failure of
clad is initiated.

4) At high burnups, one load follow cycle in-
creases the clad hoop stress by about 180 Pa. The
cladding hoop stress constantly increases during
first 30 daily cycling operation, and then is nearly
constant. The incremental hoop stress of clad for
daily cycle is affected by liner power, but the total
number of daily cycle to the saturation of hoop
stress is hardly affected by linear power. The am-
plitude of cycle is negligible for the hoop stress of
clad at constant upper power level.

5) During load follow operation, the incremental
permanent hoop strains of cladding gradually de-
creases.

To precisely predict the hoop stress of clad
against radial pellet crack, a portion around radial
pellet crack is divided minute finite element. Also
the pellet-pellet interaction and chamfer of pellet

are needed for exact solutions.
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