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Abstract

FEMAXI-II is a computer code to predict the thermal and mechanical behavior of a light
water fuel rod during its irradiation life. It can analyze the integral behavior of a whole fuel
rod throughout its life, as well as the localized behavior of a small part of fuel rod. The
localized mechanical behavior such as. the cladding ridge deformation is analyzed by the two-
dimensional axisymmetric finite element method.

FEMAXI-II calculates, in particular, the temperature distribution, the radial deformation,
the fission gas release, and the inner gas pressure as a function of irradiation time and axial
position, and the stresses and strains in the fuel and cladding at a small part of fuel rod as a
function of irradiation time.

For this purpose, Elasto-plasticity, creep, thermal expansion, fuel cracking and crack
healing, relocation, densification, swelling, hot pressing, heat generation distribution, fission
gas release, and fuel-cladding mechanical interaction are modelled and their interconnected
effects are considered in the code.

Efforts have been made to improve the accuracy and stability of finite element solution
and to minimize the computer memory and running time.

This report describes the outline of the code and the basic models involved, and also
includes the application of the code and its input manual.

Keywords: FEMAXI-TI, Computer Code, Fuel Rods, Thermal Behavior, Mechanical
Behavior, Fission Gas Release, Cladding Ridge Deformation, Fuel-Cladding
Mechanical Interaction, Finite Element Method, Stresses, LWR, Temperature,
Input Manual
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1. Introduction

A fuel rod for light water reactors consists of a cylindrical cladding tube containing
sintered uranium dioxide fuel pellets. The cladding tube is the first barrier against the release
of radioactive fission products to the surrounding coolant. The cladding integrity during
steady-state and transient power conditions is the most important criterion in the design of
fuel rods. The cladding local deformation due to the fuel-cladding mechanical interaction is
considered the principal cause of cladding failure.

The mechanical interaction between the fuel and cladding depends on a great number of
thermal and mechanical processes which are highly complex and interconnected, as for
examples, the temperature distribution, the thermal expansion, the fuel cracking and healing,
the fuel relocation, densification, and swelling, the elasto-plasticity and creep deformation, the
fission gas release, and the fuel-cladding contact forces, etc.

This complicated problem can be analyzed only by a computer code. In a code, a number
of thermal and mechanical processes must be modelled. Furthermore, the fuel-cladding time
dependent response to the steady-state and transient power histories must be considered.

The computer codes are usually classified into two groups, the integral fuel rod behavior
code and the local fuel rod behavior code. The integral fuel rod codes, such as CYGROVY,
COMETHE?), LIFE®, URANUS?, treat the entire fuel rod and analyze the integral behavior
of fuel rod. The localized phenomena, such as the cladding bambooridge formed by the
expansion of fuel pellets, is not treated in these codes except COMETHE.

The local fuel rod codes deal with the localized phenomena and concentrate on the
evaluation of local stresses and strains in the cladding due to the fuel-cladding mechanical
interaction. The finite element method is quite suitable for such a detailed analysis of stress
and strain under complex mechanical interaction. A detailed stress analysis by finite element
method, modelling creep, plasticity, fuel cracking, fuel-cladding mechanical interaction,
requires a large computer memory and running time. Hence a detailed analysis of the localized
phenomena by finite element method is limited to a small part of fuel rod.

The finite element computer codes for analyzing the localized behavior of fuel rod were
developed by Visser®), Swanson®), Levy”, Rashid®, et al. Co-authors also developed the
similar finite element computer codes, FEMAXI®*'®) FEAST'D, and MIPAC!?), respectively.
However these finite element computer codes required so a large computer memory and
running time that these codes were not available for analyzing a problem of long irradiation
history including power ramps within acceptable running time.

The FEMAXI-II code!31%) is an extension of the three finite element computer codes,
FEMAXI, FEAST, and MIPAC. Its principal purpose is the determination of local stresses
and strains in the cladding due to the fuel-cladding mechanical interaction. The localized
phenomena is analized by the two-dimensional axisymmetric finite element method. In the
development of FEMAXI-I, efforts have been made to minimize the computer memory and
running time and to improve the accuracy and stability of finite element solution, so that the
code can obtain the accurate and stable solution for a long irradiation problem including
power ramps within reasonable running time. In order to minimize the computer memory and
running time, the number of finite elements was decreased by adopting a quadratic element
instead of a linear element and the finite element analysis is applied only to the region of
half-pellet height. The accuracy and numerical stability were improved by employing an
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implicit algorithm to the finite element solution via the Newton-Raphson iterative procedure.
Furthermore in FEMAXI-III, the capability to analyze the integral fuel rod behavior was
added, and hence FEMAXI-III can analyze the integral behavior of a whole fuel rod throughout
its life, as well as the localized mechanical behavior at a small part of fuel rod.

The capability of the FEMAXI-III code has been extensively tested with a number of
experimental results obtained in the international fuel irradiation programs, such as the OECD
Halden Reactor Project and the Studsvik Inter-Ramp and Over-Ramp Projects!$:16:17) The
agreement between calculations and measurements was quite satisfactory.

This report provides a general description of the code and of the various models involved.
Some results of applications and input manual for the code are also included.
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2. Code Abstract

2.1 Code Capabilities

FEMAXI-II is a FORTRAN-IV computer code to predict the in-pile thermal and
mechanical behavior of light water reactor fuel rods as a function of the reactor operating
history. The code can not treat the fuel rod behavior during fast transient conditions. The
steady-state thermal calculations are used at each time step with an iterative procedure. The
code assumes an axisymmetry.

The code consists of two major calculation parts, the thermal analysis part and the
mechanical analysis part. In the thermal analysis part, the integral behavior of a whole fuel rod
is analyzed and the temperature distribution, the dimensional changes of fuel and cladding, the
fission gas release, and the associated inner gas pressure are determined. Then, the results of
temperature distribution and inner gas pressure are transfered to the mechanical analysis part
where the localized mechanical behavior is analyzed by the two-dimensional axisymmetric

Table 1 Thermal and mechanical processes considered in FEMAXI-MI

Thermal  Mechanical
Analysis Part Analysis Analysis
Part Part

Thermal expansion l¢)
Elasticity -
Plasticity -
Creep —
Fuel Mechanics Cracking and healing —
Initial reloction o
Densification o
Swelling o)
Hot pressing

Radial contact pressure o
Axial contact pressure -
Axial force -
Inner gas pressure -

Fuel-Cladding
Mechanical
Interaction

Thermal expansion
Elasticity

Plasticity

Creep

Anisotropy
Radiation hardening

o O

Cladding Mechanics

0]

[

00 0000|0000 O0O0O0O0O0OO0OO0CO0OO0

Heat transfer between coolant and cladding

Temperature distribution in cladding

Heat transfer between fuel and cladding
Thermal Processes Heat generation distribution in fuel

Temperature distribution in fuel

Fission gas felease

Inner gas pressure

o0 0O 0 0 0 O0
|

Ridging Treatment - o

Caption ©O:yes
—:no
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finite element method. The finite element method (FEM) analysis is applied to a small part of

fuel rod which is expected to have the most severe mechanical interaction. The results from

the mechanical analysis part is not fedback to the thermal analysis part, hence the mechanical
analysis part is regarded as a subcode for the analysis of localized behavior.

As a function of irradiation time and axial position, the thermal analysis part calculates
the following:

+ the temperature distribution in the fuel and cladding;

* the radial deformation of the fuel due to thermal expansion, swelling, densification, and
relocation;

- the radial deformation of the cladding due to thermoelastic and creep;

* the gap or the contact pressure between fuel and cladding;

- the fission gas release and inner gas pressure.

As a function of irradiation time, the FEM mechanical analysis part calculates the
following:

- stress and strain distributions in the fuel and cladding considering elasto-plasticity, creep,
thermal expansion, fuel cracking and healing, relocation, hourglassing, densification, swelling,
hot pressing, fuel-cladding mechanical interaction, inner gas pressure, and coolant pressure.

The thermal and mechanical processes considered in the two analysis parts are summariz-

ed in Table 1.

'2.2 Code Input

The basic fuel rod geometry handled in the code consists of fuel in the form of a stack of
sintered fuel pellets and a cylindrical Zircaloy cladding tube, closed at each end, with the
upper plenum (Fig. 1). The fuel consists of uranium deoxide in the form of pellets. The fuel
pellets may be solid or annular and may or may not be dished, or be chamfered.

The filling gas is considered as any composition, at any pressure, of the following four
gases: helium, nitrogen, krypton, and xenon.

The design and characterization data of fuel and cladding such as geometry, density,
grain size, filling gas composition and pressure, and cladding type are given as input data.

The fuel rod is supposed to be cooled by pressurized or boiling water. The coolant
temperature and pressure are given as input data as a function of time and are assumed to
constant in axial direction. The power and flux distribution in axial direction is given as input
data as a function of time.

2.3 Method of Solution

2.3.1 Geometrical Models

The thermal analysis part treats the entire fuel rod. The geometrical model for thermal
analysis is shown in Fig. 2. A fuel rod is divided into a number of axial segments (up to 12) to
account for axial variations in the power, flux, and fuel geometry. The averaged values of all
variables over the height of these segments are used in the calculations.

The fuel region in each axial segment is, in turn, divided into the 10 concentric rings
(Fig. 2). The cladding is assumed as one ring. The values of the thermal and mechanical
properties are averaged over the width of each of these rings.

The FEM mechanical analysis is applied to a small region of a fuel rod as shown in Fig. 3,
which also illustrates how the region is modeled by finite elements. The region of half-pellet
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Fig. 1  Fuel Rod Geometry. Fig. 2 Geometrical Model for Thermal Analysis.

height is analyzed assuming an axisymmetry and a plane-symmetry at the mid-plane of a pellet.

The geometrical model for the FEM mechanical analysis is shown in Fig. 4, together with
an axisymmetric ring element. The boundary condition of the top of fuel and cladding is
discussed in Chapter 4. The both fuel and cladding are divided into concentric ring elements
which are linked by continuity laws of force and displacement. An 8-noded quadratic
isoparametric ring element (Fig. 4) is used to built up the element stiffness equation. This
element is used in preference to a linear element for the reason that a more accurate analysis is
obtained with fewer elements than that are required when linear elements are used’-'®). The
element uses an isoparametric approach, so that the element ring can have 8 arbitrarily
positioned nodes”1®). As the deformation of the fuel rod is described by a quadratic variation
in the element, the code can takes highly accurate account of it. The stress, strain, and material
properties are described by a linear variation in the element.

2.3.2 Calculation Procedure

A flow-chart of FEMAXI-II is shown in Fig. 5. The upper half of the flow-chart describes
the thermal analysis part, and the lower half describes the FEM mechanical analysis part.

After operating conditions for a time step are determined, the radial temperature distribu-
tion in the fuel and cladding is obtained by a one-dimensional modelling, and the temperature
is calculated at the boundaries of ten rings in the fuel and for three radial nodes in the
cladding. At the first time step, the initial relocation is considered.

After the temperature distribution is determined, the thermal expansion, swelling,
densification, and fission gas release are evaluated for each of fuel rings with the average
temperature of each ring. The thermal expansion and flux-enhanced creep are calculated in
a ring of cladding with the average temperature of the ring.
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Fig. 3 Finite Element Idealization of Fuel Rod. Model.

These calculations are repeated for all axial segments, subsequently the total amount of
fission gas released to the gap and plenum during a time step is calculated and added to that
already released. The associated inner gas pressure and gas composition are then calculated.
The code assumes instantaneous mixing of released fission gas and filler gas.

The preceding calculations are completed, the gap or contact pressure, and associated
gap conductance are updated. Then the preceding calculations are repeated until the given
convergence criterion is reached.

After completion of the thermal analysis, the temperature distribution and inner gas
pressure are transfered to the FEM mechanical analysis part, where a two-dimensional analysis
is performed at the axial segment of interest.

At the beginning of the FEM mechanical analysis, the change in free strains occured at
each Gaussian integration point during the time step is calculated. If the time step is divided
into the small sub-step, these values are linearly interporated to a point at which the time
step is controlled.

An initial assumption for the boundary conditions at each interface nqde during the
time step is made, based on the conditions in the previous step. Under this assumption, the
preliminary calculations are made and first approximations of stresses and strains in the fuel
and cladding are obtained. These first approximations for the creep strains are incorporated
into the constitutive equations, which are then combined with the equations of equilibrium
relations and solved with the same boundary conditions. This solution yields a second
approximation for the change in stresses and strains in each integration point, which is then
compared with the initial approximation. If agreement is not obtained, within specified
limits, iteration continues. This is the Newton-Raphson iterative procedure, which is one of
the techniques to solve the non-linear equations.
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After the convergence is achieved, the boundary condition is updated and compared with
the first assumption. If agreement is not obtained, iteration continues and the Newton-
Raphson iteration is repeated again. This is the another iteration loop to determine the contact
condition in each interface node couple, whether in full bonding or in sliding.

After completion of these iterations, if the calculated results show that the material
state changes from elastic to yielding or yielding to unloading, or that the contact condition
changes from open to contact or from contact to open, the calculated results are linearly
interpolated to a point of time at which the earliest change appears. Then the mechanical
calculation is continued for the residual time step until the results at the end of time step are
obtained.

After completion of the FEM mechanical analysis for a present time step, the calculation
for a next time step starts.

2.4 Major Characteristics

The major characteristics of FEMAXI-III are the following:

- FEMAXI-II can analyze the integral behavior of a whole fuel rod throughout its life, as well
as the localized mechanical behavior at a small part of a fuel rod;
Localized behavior is analyzed in detail by the two-dimensional axisymmetric finite element
method;
Flasto-plasticity, creep, thermal expansion, fuel cracking and crack healing, relocation,
densification, swelling, hot pressing, heat generation distribution, fission gas release, and
fuel-cladding mechanical interaction are modelled;
A quadratic isoparametric element is used to obtain a more accurate finite element solution
with fewer elements than that are required when linear elements are used!®;
Contact problem between fuel and cladding is exactly treated, where the contact condition,
is determined by iterative procedure;
- An implicit algorithm, which necessitate use of iteration, is applied to obtain a accurate and

stable solution for non-linear problems;

+ Fuel is assumed as a no-tension material. Crack healing under compression is treated as

recovering its stiffness gradually to nominal value. The recovery of fuel stiffness is related to

initial relocation;

Finite element analysis is applied only to a region of half-pellet height to save the computer

memory and running time;

- An efficient sparse matrix storage scheme, which is called the skyline method!®:?9, is used
for solution of global stiffness equation to save the computer memory;

« The code can treat a problem of long irradiation history including power ramps with
reasonable running time.
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3. Thermal Analysis

3.1 Main Assumptions

The assumptions made in the thermal analysis are the following:
» thermal analysis neglects the circumferential and the axial heat conductions;
- steady-state thermal calculations are performed at each time step with an iterative procedure;
- instantaneous gas mixing of released gas with initial filler gas is assumed;
» coolant temperature is assumed to constant in the axial direction;
- empirical models are used to the relocation, densification, swelling, and fission gas release;
* burnup and power cycle effects to the relocation is not considered;

+ fuel and cladding creep effects are not considered in the evaluation of fuel-cladding contact
pressure.

3.2 Heat Transfer Models

3.2.1 Heat Transfer between Coolant and Cladding
The cladding outer temperature is given by

’

o= Twt e M
where T, : temperature of the outside of the cladding [K],
Tw : coolant temperature [K]
q’ : linear heat rate [W/cm],
reo . outer radius of the cladding [cm],
he . heat transfer coefficient between the coolant and the cladding [W/(cm?.K)].

The coolant condition, nucleate boiling or forced convection, is selected by input at the
first stage of calculation. The heat transfer coefficient for the nucleate boiling condition is
calculated using the Jens-Lottes correlation [21], and given by

P ”
hc,NB—: 0.1263 eXp(m).q 0.75’ (2)
with
” q’
T " onre

where hens : heat transfer coefficient between the coolant and the cladding for the nucleate
boiling condition [W/(cm?2-K)],
Pw . coolant pressure [Pa],
¢”  : heat flux [W/cm?].
The heat transfer coefficient for the forced convection condition is calculated using the
Dittus-Boelter correlation®?),
he Fc:o.ozsg—W(M)"'s- (Pry+, 3)
e v
where hcrc : heat transfer coefficient between the coolant and the cladding for the forced
convection condition [Btu/(hr-ft2.°F)],
kw : coolant thermal conductivity [Btu/(hr-ft-°F)],
De : equivalent hydraulic diameter [in],
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coolant velocity [ft/s],

) : coolant density [1b/ft3],

viscosity of coolant water [1b/(ft-s)],
Pr . Prandtl number, Pr=c,-u/k,
cp . specific heat [Btu/(1b-°F)].

3.2.2 Temperature Distribution in the Cladding
Across the cladding the one-dimensional heat-conduction equation is integrated:

T _ 4 (e
-/rlfch* 27 ]n( r )’ )
where T : cladding temperature at radius 7 [K],
ke : thermal conductivity of the cladding [W/(cm-K)],
r : radial coordinate [cm].

The temperature at the radius 7 is calculated by solving Eq. (4).
The thermal conductivity of Zircaloy is given by 23 :

ke=T7.51+2.09X1072T—1.45X107°T%+7.67X107°T3, %)
where k. : thermal conductivity of Zircaloy [W/(m-K)],
T : temperature [K].

3.2.3 Fuel-Cladding Heat Transfer
The heat transfer coefficient between fuel and cladding is calculated by the modified
Ross and Stoute model?®. It is given by the sum of three components:

hgap:hg+ hs+hr’ (6)
where hg., @ heat transfer coefficient between fuel and cladding [W/(cm?-K)],
he : heat transfer coefficient through gap gas [W/(cm?-K)],
hs : heat transfer coefficient through solid to solid contact spots [W/(cm?-K)],
he : heat transfer coefficient by radiation [W/(cm?-K)].

Each component is explained in the following.
(a) Heat Transfer Coefficient through Gap Gas
The heat transfer coefficient %, is given by

k
b= C R TR)T (g 2078 7
where fkgs : thermal conductivity of gas mixture in the gap [W/(cm-K)],
C : aconstant,
Ret  : effective surface roughness of the fuel [cm],
R: : surface roughness of the cladding [cm],
g1 . average temperature-jump distance for a gas at the fuel surface [cm],
g2 : average temperaturejump distance for a gas at the cladding surface [cm],
) : radial gap [cm].

The thermal conductivity of gas mixture kg, is calculated by the following equation
according to the MATPRO-09 model?? :

n k,‘
kgasfz:l ” x; (8)
= 14 i
CISETE

with
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(M;— M;)(M;—0.142 M;)

¢ij:¢,j|:l+2.4l (M, M, )? , )
and
) T
() (0
RS 7Y s (10)
3 i \2
2t (1+ M;‘>
where n . number of components in gas mixture,
i&j . gasspecies,
M, . molecular weight of gas species 7,
xi . mole fraction of gas species 7,
ki : thermal conductivity of gas species ¢ {W/(cm-K)].

The four species of gas, helium, xenon, krypton, and nitrogen, are considered for the
components in the gas mixture. The thermal conductivity equations for the individual rare
gases are given by

kue=3.366X107°7%658 | an
kxe —4.0288X1077T*%72, ' (12)
kxr =4.726X1077T%928 | (13)
by, =2.091X 1076T%84¢ | (14)
where £ : thermal conductivity [W/(cm-K)],
T : temperature [K].
A constant C, which appears in Eq. (7), is given by
C=2.77—2.55xX107%- P, , (15)
where P. : contact pressure [Pa].

The minimum value of C is assumed to be unity.

The empirical parameter R is used for the effective fuel surface roughness instead of the
fuel surface roughness R, in the original model. This modification was made with the view of
explaining in-pile gap conductance inferred from fuel center temperature measurements. The
value of R.ir was estimated as 4 X 10™% c¢m by fitting the model to the fuel center temperature
data. This value is greater than the normal fuel surface roughness of about 1 X 10™* cm. This
implies that the fuel-cladding interface is actually more mismatched compared to the value
given by the original Ross and Stoute model.

The value of (g,+g.) is given by the sum of values of (g, + g2 ); for each gas species of 7,
as follows:

10°

& +gz:i (g1182); %" P , (16)
i=1 gas
where (g, +g.); : temperature-jump distance for gas species ¢ [cm],
X : mole fraction of gas species 7,
Pgas . inner gas pressure [Pa].

For a gas pressure of 76 cm Hg, mean values of (g, + g, ), for each gas species are
10 X 1074 ¢m in helium,
1 X 107% ¢m in xenon,
1 X 107% c¢m in krypton,
5 X 107* cm in nitrogen.
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(b) Heat Transfer Coefficient through Solid to Solid Contact Spots

_ Bm* Pc
hsi OS'REIH ’ (17)
and
H=exp (2.6034x10—2.6394xX 10727 +4.3502X107°T&+2.5621x107873) ,
where k., : mean of fuel and cladding thermal conductivities [W/(cm-K)],
R : square mean of the fuel and cladding roughness [cm],
H : Mayer hardness of the cladding [Pa],
T« : temperature of the inside of the cladding [K].
The values of kn and R are defined by the following equations:
_ 2 (kx 3 kz )
o Gt ks ) (18)
_(R&t RS
(R
where £, : thermal conductivity of the fuel [W/(cm-K)],
ks : thermal conductivity of the cladding [W/(cm-K)].

(c) Heat Transfer Coefficient by Radiation
The heat transfer coefficient by radiation 4. is given by

T4_ 4
hr:l_f_ijl__l .7‘11_2122 ’ (20)
e e
where e . emissivity of the outer fuel surface,
; . emissivity of the inner cladding surface,
o . Stephan-Boltzman constant = 5.67 X 10712 [W/(cm?-K*)],
T, . temperature of the outer fuel surface [K],
T. . temperature of the inner cladding surface [K].

The emissivity of the fuel is defined according to?3), as follows:

T,<1000K, ¢,=0.8707,

1000 K< T,<2050K, e=1.311-4.404X10"*-T, 21)
T,>2050K, ¢=0.4083.

23).

The emissivity of the cladding surface for the zirconium oxide layer is given by

e;—=0.74. (22)

3.2.4 Heat Generation Rate in the Fuel
The neutron flux depression is expressed by Robertson?s) as follows:

_ L (k7))
0=t (e r )+ o203 K e o)) 23)
where ¢ . thermal neutron flux [n/(sec-cm?)],
r . radial coordinate [cm],

Is, K : modified Bessell functions of zero order,
1., K, : modified Bessell functions of first order,
K . inverse diffusion length for neutrons in the fuel [cm™'],
e . inner radius of the fuel [cm].
The inverse diffusion length « is given by
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£=0.328(e- fo)"*+ (0.549—-5)°'” e fa 04
fo
where ¢ . enrichment of U%5 [%],
fa : fraction of theoretical density,
r¢s . outer radius of the fuel [cm].

The neutron flux depression given by Eq. (23) is fitted by the following parabolic form

2 _ b _ b
0 =G A e ey (e ) (23)
where a« . fraction of inner and outer surface heat generation rate,
b . degree of heat generation distribution function = 2,
7 . normalized radius of fuel inner surface = 7:i/710 ,
r . normalized radius of the fuel = 7 /7.

The value of parameter a, which is defined as a fraction of inner and outer surface heat
generation rate, is given by the following using Eq. (23):

_ </’(rﬁ)
T 9l (26)

Since the rate of heat generation is proportional to the neutron flux, it is given by

2 _ oy . b
"= bgii‘l)zgl(af?;{)ilz (zirrlj)% ~ ->;12) It @7
with
4
“= TR 28)
where ¢” : heat generation rate per unit volume of fuel [W/cm3].
3.2.5 Temperature Distribution in the Fuel
The temperature drop across the fuel-cladding gap is given by
Tto= T +—2—”—7qu—h—g; 29
where Tj, : temperature of the outside of the fuel [K],
Tei . temperature of the inside of the cladding [K],
q’ . linear heat rate [W/cm],
reo . outer radius of the fuel [cm],

heap : gap heat-transfer coefficient [W/(cm?.K)].
Across the fuel the one-dimensional heat conduction equation is integrated

L:kde:[’fO%[If’ir -q” (r)dr}dr , (30)

where T . temperature of the fuel at the radius r [K],
ke . thermal conductivity of the fuel [W/(cm-K)],
r : radial coordinate [cm],
q" . heat generation rate per unit volume of fuel [W/cm?].

Substituting Eq. (27) into Eq. (30), we have

T q _
kde:T-F(r) s (31}
fo T

T

where
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_ __gbt2 - . B b _
F(r){4(1 a)(l 14 )f(a*;lb)(1772)+4(1 a rlb+2+ %‘7’3)]“7}

bt+2) b+2
b+2 32
/{b(l—?f)(a—?1°)+2(1—r_1b)(1 -a-r?)} ’ 2
and r : normalized radius =7 /7y,
7. : normalized raidus of inner fuel surface =7 /7.

The temperature at the boundaries of rings is calculated solving Eq. (31) from the outer
ring.
The thermal conductivity of UQ, is expressed as a function of temperature and porosity
according to??).
For0°C< T £1,650 °C;
ki [Eiﬂiilfofééjn [ eexn (KD ¢

For 1,650 °C< T < 2,840 °C;

b (g gad T LKt Kaexp (K] (34)
where k¢ . thermal conductivity of UO, fuel [W/(cm-K)],

fa : fraction of theoretical density,

¥} : porosity coefficient = 2.58 —0.58 X 1073 7,

T . fuel temperature [°C].

The values of constants K, through Ks are given by

K=40.4 , \
K2:464 )
K,=1.216x107* , > (33)
Ki=1.867x10° ,
K;=0.0191 . )

3.3 Gap Closure Models

The gap closure is the most complex mechanism in the fuel, which depends on the

following phenomena:

+ fuel thermal expansion;

+ fuel relocation;

* fuel densification;

« fuel swelling;

* cladding thermal expansion;

+ cladding elastic and creep deformations.

The radial displacement of the fuel and of the cladding is calculated independently in the
thermal analysis part from the FEM mechanical analysis part. The gap or contact pressure
between the fuel and cladding is calculated more simply in the thermal analysis part to deal
with the entire fuel rod.

3.3.1 Main Assumptions

The radial displacement of the fuel and of the cladding including fuel-cladding mechnaical
interaction is calculated according to the following assumptions:
+ fuel radial displacement due to thermal expansion, relocation, densification, and gaseous and
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solid swelling is calculated by a free ring expansion model;
- fuel expands isotoropically;
- cladding radial displacement due to thermal expansion and creep is calculated by a thin wall
cylinder model;
elastic deformation of the cladding due to inner and outer pressures is claculated using elastic
theory of thick wall cylinder;
+ full bonding is assumed if gap closed. No sliding occurs between fuel and cladding;
- fuel behaves as a rigid body after contact. Fuel plasticity and creep are not considered;
- fission gas bubble swelling does not contoribute to the development of contact pressure;
+ cladding deforms elastically after contact by the excess of fuel expansion. Plastic and creep
deformations from stresses induced by fuel-cladding interaction are not considered.

3.3.2 Fuel Relocation Model

At the start-up the fuel cracking occurs due to the thermal expansion differences across
the fuel caused by high temperature gradient in the fuel. The fragments of cracked fuel relocate
outward to reduce a certain fraction of the gap. The radial displacement of the fuel due to
relocation is given by

w=ad, , (36)
where #™ : radial displacement of the fuel by relocation [cm],
a : relocation parameter,
8, . as-fabricated radial gap [cm].

The relocation parameter « is assumed to constant during the whole irradiation period,
and the burnup dependency or power cycle effect to the fuel relocation is not considered.

The value of empirical parameter « was determined by fitting the model to the in-pile fuel
center temperature data. The best estimated value of @ was 0.3.

This value is not applied to the FEM mechanical analysis part for the reason that the
radial displacement of fuel and of cladding is calculated independently in the FEM mechanical
analysis part from the thermal analysis part by using two-dimensional models. Therefore the
relocation parameter for the FEM mechanical analysis was separately determined by fitting
the model to the in-pile fuel diameter measurement data. The value of relocation parameter «
for the FEM mechanical analysis was estimated to be 0.5.

3.3.3 Fuel Densification Model

The in-pile fuel shrinkage, which is called fuel densification, is attributed to the irradiation
induced sintering of the initial fuel porosity. This phenomenon occurs even at low temperature
and results in an asymptotic increase of the fuel density. An empirical expression for the
volume change of porosity as a function of burnup is given by ’

AV N4 AVimax [ N (7 BU )]
(V()) ——‘—VO 1 €Xp 2.3025 S—BU s (37)
d
where (—4‘/1) : volume change by densification,
0
Vo : initial free volume,
4V max : maximum volume change of porosity,
BU : burnup [MWd/tUO,],
SBU : burnup constant for densification.

4V ax Aand SBU are given as input values determined on the basis of resintering tests on
the fuel. SBU defines the slope of densification.
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3.3.4 Fuel Swelling Model

The fuel swelling associated with retension of gaseous and solid fission products inside the
fuel lattice is correlated to the fission numbers for uranium dioxide fuel. The swelling rate due
to solid fission product is given by??

( f}j )ss per 102° fissions/cm® = 0.0025, (38)

where <47V ) : volume change by solid fission product swelling.
]

The swelling rate due to the retension of gaseous fission product is correlated to the fuel
temperature and fission numbers according to?®) and??, and it is given by

S 4
(AVL/ >g per 1020 fissions/cm® =4.396X10% exp (f 1—9—4T53—X10—> , 39)
with
Ts—=T—100 ,
where ( ‘?/V )gs : volume change by gaseous fission product swelling,
0
T . temperature [K].

3.3.5 Fuel Thermal Expansion
The fuel thermal expansion is given as a function of temperature?®)

th
(M) =—4.972X107*+7.107X107°T+2.581X107°T2+1.140X107'3T*, (40)

10 f
4\" ) :
where 7. ) : linear thermal expansion of the fuel,
[+
1y . initial length,
T : temperature [°C].

3.3.6 Fuel Radial Displacement
The fuel radial displacement due to thermal expansion, relocation, densification, and
gaseous and solid swelling is given by integrating the radial displacement at each concentric

ring as follows:

s S I o )

where u;¢ : fuel radial displacement [cm],
ure . radial displacement of the fuel by relocation [cm],
m : number of concentric ring,
th
(%) : thermal expansion of ;th concentric ring,
0/ 1
d
( €/V> : volumetric strain by densification of sth concentric ring,
0o /4
(% o volumetric strain by solid fission product swelling of 7/th concentric ring,
0’1
gs
< ‘:/ ) : volumetric strain by gaseous fission product swelling of sth concentric ring,
0 1
ar; : width of sth concentric ring {cm].

3.3.7 Cladding Thermal Expansion

The cladding axial thermal expansion is expressed as a function of temperature?®
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4/\*
(5"~ —2.506x 107+ 4.441x 1077 42)
0o/c
Al th
where (T) . cladding axial thermal expansion,
o/¢c
T . temperature [°C].
The cladding diametral thermal expansion is given as a function of temperature??)
AD th
(42)"- —2.373x107*+6.721%10°°T , (43)
0 /¢C \
for 27°C< T < 800 °C,
AD\"™ . L .
where D, : cladding diametral thermal expansion,
0/ ¢
Do : initial diameter,
T . temperature [°C].

3.3.8 Cladding Creep
The radial creep deformation of the cladding due to the inner and outer pressures is

calculated very simply in the thermal analysis part using the empirical model, which is
determined by fitting the model to the in-pile creep data.
The radial displacement of the cladding by creep is given as a function of burnup

Cxlo_lo rco (PW—P as) - (7co+7ci )
creep — . g 3 (L¢co "¢
U058 (ra—re) Y PUXI0 z ) “4)

with

C = 0.50 for recrystallized cladding tube,
or

C = 0.75 for stress-relieved cladding tube,

where xS : radial displacement of the cladding by creep [cm],

rew . outer radius of the cladding [cm],
Tei . inner radius of the cladding [cm],
P. : coolant pressure [Pa],

Pgas : inner gas pressure [Pa],
BU : burnup [MWd/tUO,].

3.3.9 Cladding Radial Displacement
The cladding radial displacement due to thermal expansion and elastic and creep
deformations is calculated by

) 2 2y _ 2 th .
_&[Pzas (7c1+rco) 2Pw7co +Vchasi]+ (A.D) ‘_rco*rm + uccreep s (45)

“E rd—rd DyJe 2

where . : cladding radial displacement [cm],

E. : Young’s modulus for cladding [Pa],

i . inner radius of the cladding [cm],

o . outer radius of the cladding [cm],

Pgas . inner gas pressure [Pa],

Py : coolant pressure [Pa],

Ve : poisson’s ratio for cladding,

th
<—%€—> . diameteral thermal expansion of the cladding,
c

ucer . cladding radial displacement by creep [cm].
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3.3.10 Gap or Contact Pressure
The radial gap between fuel and cladding is given by
0=8,tu.—ur , (46)
where § : radial gap between fuel and cladding [cm],

S . as-fabricated radial gap [cm],

Uc . cladding radial displacement [cm],

us . fuel radial displacement [cm].

If 8 becomes minus, fuel/cladding contact occurs. After contact, the cladding radial
displacement is calculated with the following assumptions:
+ fuel behaves as a rigid body;
- cladding deforms elastically after contact by the excess of fuel expansion.

The cladding radial displacement after contact is given by

chi_(80+uc*uf) , (47)
where §; : cladding radial displacement after contact [cm].
The contact pressure between fuel and cladding is calculated by
Y
pro= S Brdre (48)
where Py : contact pressure between fuel and cladding [Pa],
8¢ : cladding radial displacement after contact [cm],
E. : Young’s modulus for cladding [Pa]
4dr. . initial thickness of cladding [cm],
Y : inner radius of cladding [cm].

3.4 Fission Gas Release Model

3.4.1 Fission Gas Production
The fission gas production rate in the concentric ring ¢ at the axial segment ; is given by

Y-q"’
,Bij: Ef'NA ’ (49)

with

q”'"Tan"m'lzq”'(r)rdr , (50)

ri—4ri/2

where ¢ . concentric ring number,

axial segment number,

fission gas production rate per unit length [mole/(cm-sec)],

heat generation rate per unit length {[w/cm],

heat generation rate per unit volume of fuel described by Eq. (27) [W/cm3],
. yielding ratio of (K:+ X.)=0.3,

f : fission energy = 200 MeV,

N, : Avogadoro constant =6.02 X 1023,

~

3

Q o wm .

o~

3.4.2 Empirical Fission Gas Release Model

The Vitanza empirical model®® is used in calculating the fission gas release rate. This
model is based on the wide data base obtained from in-pile gas pressure measurements and
post-irradiation gas analysis results. It assumes that the fission gas release from the fuel occurs
when some burnup is accumulated. This incubation period depends on the fuel temperatures.
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It lasts longer at lower temperatures.
The incubation period is given by

BU*=5.0 exp (9800/T¢) (51
where BU" : incubation burnup [MWd/tUO, ],
Tt : fuel centerline temperature [°C].

If the burnup at the axial segment j exceeds the incubation burnup expressed by Eq. (51),
the local release fraction in the ring ¢ at the axial segment ; is given by

. . BU*7 )
= i] — , 52
ri=ran(1-55) (52)
with
(T*) IV Y 2
fiy— [+ : ij o,
f (1800> if 79/<1800°C,
and
F(T)=1 if T%7>1800°C,
where f%/ : release fraction of fission gas in the concentric ring 7 at the axial segment j,
T . fuel temperature in the concentric ring ¢ at the axial segment j [°C],

BU’ : burnup at the axial segment ; [MWd/tUO,].
To take into account the fission gas release due to knock-out mechanism, the minimum
release fraction of 0.005 is assumed through the whole irradiation period independent to fuel
temperature.

3.4.3 Composition of Gas in the Fuel Rod
The total amount of released gas from the fuel up to the time ¢ is given by

m ) 10 [ .
S )
j= i=
where 7 . number of released gas moles from the fuel up to the time ¢ [mole],
m . number of axial segments considered,
d : concentric ring number,

axial segment number,
length of axial segment [cm],
irradiation time [s],
. release fraction of fission gas,
. fission gas production rate per unit length of fuel [mole/(cm-s)].
The assumptions made in the calculation of the composition of released gas are the

W s S

following:
- the 87% of released gas is xenon and the residual gas is krypton;
- released gas mixes with initial filler gas completely at once;
« gas cmposition is uniform in the fuel rod.
The gas composition is calculated by the following equations:

Lue™ Mo " Xo,ue/ Mt »
xKr:(ﬂo'xo'Kr+0.13nr>/nt N (54)
xXe;(nO'xO,Xe+O~87nr)/nt s

where xue : mole fraction of helium,

zxr . mole fraction of krypton,
%¥xe . mole fraction of xenon,
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g : number of gas moles initially in the fuel rod [mol],
", : number of released gas moles [mol],
ny : total number of gas moles in the fuel rod = 7, + 7: [mole],

%o,ue . initial mole fraction of helium,
%o, xr . initial mole fraction of krypton,
%o,xe : initial mole fraction of xenon.

3.4.4 Fuel Rod Inner Gas Pressure
To determine the inner gas pressure, the temperature of gas in the plenum, gap, central
hole, and internal void in the fuel are volume averaged for use in the perfect gas law

neR Tay

Pgas— m - ] ) s (55 )
Vor + JZ (Vgap+Vh +Vine)
with
Vo + ]fl (Vius + Vi Vi)
fe o, § (Vir i Via)] ¢
Tp] j=1 Tgap Tfi Tf
where Pg,s : inner gas pressure [Pa],
Tav @ volume average temperature of the gas [K],
ny . total number of gas moles in the fuel rod [mol],
R : universal gas constant = 8.314 [J/(K-mol})},
Vm : volume of the plenum [m3],
m : number of axial segments considered,
7 . axial segment number,
Veap : volume of the gap between the fuel and cladding [m3],
Vi : volume of the central hole [m3],
Vine : volume of the internal void in the fuel [m3],
Twm : plenum temperature = 7w + 25 [K],
Tw : coolant temperature [K],
Tt : inner temperature of the fuel [K],
Teap : gap temperature between the fuel and cladding = 0.5(T+Tei) [K],
Tto : outer temperature of the fuel [K],
Tei : inner temperature of the cladding [K],
T¢ : volume average temperature of the fuel [K].

The internal void in the fuel includes the dish volume, chamfer volume, and crack volume,
etc.
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4. Mechanical Analysis

4.1 Main Assumptions
The mechanical analysis is based on the following assumptions:
« FEM analysis is applied to the region of half-pellet height;
+ axisymmetry is assumed;
- symmetrical plane is assumed to mid-plane of a pellet;
- cladding top-plane perpendicular to the axis remains plane;
- for a small time increment, the free expansion strain is assumed to change linearly;
. strain increments are related to stress increments by the Prandtl-Reuss equations?®? including
thermal expansion, fuel growth, plasticity, and creep.

4.2 Finite Element Formulation
4.2.1 General Procedure for Solution of Non-Linear Problems

In the non-linear problems, such as creep and plasticity, the relationship between stress
and strain is not linear and the strain is described by

, fey=sUo}) , 37
where {¢} : strain vector,
{c} : stress vector.
Hence the explicit determination of {¢} in terms of {¢} is not possible in the non-linear

problems.
As usual the rate of non-elastic strain is defined as some function of stresses, i.e.,

= = oh) (58)
where {e"°} . non-elastic strain rate vector,
{4e™} . incremental non-elastic strain vector,
4t . increment of time,
B : non-elastic strain rate vector.

If we consider an interval of time 4¢,., at the beginning of which the state characterized
by nodal displacements, stresses, and forces are known, we can write the equilibrium condition
and the constitutive equation as follows:

[ B(owa) V= Faui)=0 (59)
and
{0n+1 }_{Un}:D{ASnH }_ D{AE;\$1}
:DB({un+1}'{un})~D{Aer?fl ’ (60)
where B . strain-displacement matrix,
{ose1} : stress vector at the time £,41,
{Fan)} . external force vector at the time fn+1,
D . stress-strain matrix,
{deqsn} @ incremental total strain vector during the time interval 4¢,.,,

{4eh%,}  : incremental non-elastic strain vector during the time interval 4¢,., ,
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{uns} : nodal displacement vector at the time ¢,.,.
From the system of Egs. (59) and (60), {0, } and {u..} are solved. To solve Egs. (59) and
(60), the approximate values for {4e¢5% ) need to be determined. The explicit or implicit
approach is used to compute {4dens:} .
If an explicit approach is applied, the approximation to {4e5:} is simply computed by
the stresses at the start of the time interval, i.e.,

{AEr?fl :Atn+1 ﬂ ({Un}) (61)

The advantages of this approach are that it is concise, simply coded and that the nonlinearities,
which necessitate use of iterating, do not enter through $ to the system of Egs. (59) and (60).
The disadvantage is that the numerical stability condition on the size of time step is rather
severe than implicit approach.

If an implicit approach is applied, {4¢3¢, } is computed by intermediate stresses between
t, and t,+ asfollows:

{dep$ ) = dt iy /9 ({onse}) (62)
where
{ops0)=(1—0){oa} +0{0m:} (0<OLT). (63)

If 6 =0 is taken, Eq. (62) is reduced to an explicit form of Eq. (61). In the implicit approach,
nonlinearities, which need the use of iterating, enter through g to the system of Eqgs. (59) and
(60). To solve the non-linear equations, the Newton-Raphson iterative procedure is used.
In the Newton-Raphson method, if an approximation of {4es%i'} is obtained at i -th iteration
to Eq. (60), we can write an improved approximation using a curtailed Taylor expression as

{Aé‘r‘}f’]”l }=dt /9 ({O'n';ré})

:Atnﬂﬂ ({U:+B})+Atn+10ﬂ;i0{dﬂ'ni+ll s (64)
and
. _J 08
p {6 {a} ]’ (65)
where ¢ : iteration number within a time interval,
{do%il} : increments of stresses during the iteration s and i+ 1,
B : Jacobian matrix formed by differentiating g with respect to the com-

ponents of {a}.
Updating A'ne at each iteration, the convergence of solution to Egs. (59) and (60) is
accelerated. This implicit approach, which needs the iterative procedure, is more complex than
the explicit approach. However, for appropriate values of the parameter 6, the implicit scheme
is unconditionally stable!®). Thus the time intervals can be employed which are much larger
than those necessary for the stability of the explicit scheme. Furthermore in the implicit
scheme, the solution is improved by the iterative procedure, hence larger time intervals can be
employed to obtain the same accurate results of the explicit scheme. Therefore the implicit

scheme was applied to obtain the approximate solutions to Egs. (59) and (60).
The implicit algorithm to the solution via the Newton-Raphson method is described

below.
Taking the first guess of {07} and {u5..} as

{of}={os} and A{ugui}=1{un} ,

we can write for Eq. (60) a set of successive iterations
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{oai!}—A{on} = DB{untl } = {un)) + D{desi5 !
={ant1} = {on) = DBUupri} —{un} )+ D{de5t } + {d 04
~DB{d uni!}+ D At sy 0 frigldeiil)
=0 , (66)
where
{oait}=Alomi} +{dai?)

{ur::ll }: {uri+1}+ {d u,.’Il’
Similarly for Eq. (59), we ahve

fv BMaitt} dV—{Fpu)

= [ B0}V —{Fui)+ [ BT ai 1aV=0. ©7)
It is convenient to rewrite Eq. (66) as

{dosii}=—(D'D " )punt D' Blduail) . (68)
where

D'=[D " +dtni05iie T (69)

¢"i“: {ar:.+!}7 {o,}—DB ({uri+l}_ {wn} )+D{Afnnfi£ (70)

Substituting Eq. (68) into Eq. (67), we have an explicit algorithm for {du%ii} as follows:
([BD'Bav)auit=f B™DD 60V~ [ BMofu}dV+{Fun), (T1)
14 v 14

from which {du.:' }and hence {do’!!} are obtained.
Updating the {o5i1} and {«3i} as
{oatt}={od }+{d ot} and  {udil) = {ud )+ {dusit}
the next iteration is repeated. This iteration is terminated when the error, i.e.,

{e}={unil Y {urat, (72)
becomes sufficiently small.

4.2.2 Basic Equations

The stressstrain relations including non-linear material problems, such as creep and
plasticity, are formulated by the standard finite element method'®). Creep and plastic strains
are expressed by non-linear forms in terms of stresses, hence nonlinearities, which necessitate
use of iterating, enter through creep and plastic strain expressions. The implicit algorithm is
employed obtaining the approximate solution to the non-linear problems via the Newton-
Raphson iterative procedure.

As usual the equilibrium condition is written in the following form

[Broyav—1F1=0 . (73)
where B . strain-displacement matrix,
{o} : stress vector,

{F} : external force vector.
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If we consider an interval of time 4¢,., at the beginning of which the state characterized
by nodal displacements, stresses, and forces is known, we can write a set of non-linear algebraic
equations linking the final conditions with time. Thus we have

¢'n+1ﬁj;BT{0n+1}d V—AFn}-0 , (74)

as the equilibrium condition.

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

The incremental elastic strain during the time interval 4¢,., (=f..1—t,) is related to the
incremental stress by

{A€n31}:cn+0{40n+1} ’ (75)
with
C,Ha:(l'ﬁ)c,ﬂrﬁcn“ (Ogagl) >
where {4e5.,} : incremental elastic strain vector during the time interval 4¢,.,,
Caro . strain-stress matrix expressed as an intermediate between C. and C,i,,
{40,..} : incremental stress vector during the time interval 4¢,,,,
n . time step number.

The intermediate matrix C,.s is used in Eq. (75) to take into account the change of elastic
material properties due to fuel cracking and crack healing and temperature differences.
The incremental elastic strain is given by

{ded) } = {densr }—{demsr }— {defir }—{denni} (76)
where {de,..} : incremental total strain vector during the time interval 4¢,.,,
{4eS,, ) : incremental creep strain vector during the time interval 4¢,.,,

{4eP.,} : incremental plastic strain vector during the time interval 4¢,.,,
{4¢%,) : incremental free expansion strain vector during the time interval 4¢,.,.
The free expansion strains { 4e%., } are due to thermal expansion, relocation, densification, and
irradiation induced swelling.
The total strains are related to the nodal displacement by

{A5n+1}:B{Aun+1} s a7
where {4u,.} : incremental nodal displacement vector during the time interval 4¢,.,.
Substituting Eq. (76) into Eq. (75) and using the relation of Eq. (77), we have
Cn+0({0n+1 }‘ {Un} ): B{AurHl }—{desii }— {Aﬁnpﬂ }* {Aef?+l } (78)

Usually the rate of creep strain is defined as some function of stress and total creep
strain, i.e. the creep strain is not determined explicitly. Thus from Eq. (78), we have another
non-linear equation

¢n+l - Cn+0({0n+l }— {Un} )— B({un-H }‘{un} )+{A¢Erf+1 H {Aenp+1 H+ {Aﬁr?H }:0 ’ (79)

where J : non-linear descrete equation operator.

The system of Eqgs. (74) and (79) is a set of non-linear algebraic equations from which
{ons Y and { ., } are solved. The implicit form is applied to the expressions of {d4e5:} and
{4¢B., ) , hence the iterative procedure is necessary to obtain the solution to Egs. (74)and (79).

Taking the first guess of {05, } and {«;.,} as

{Ur?H}:{Un} and {ur?ﬂ}:{un},

we can write for Eq. (79) a set of successive iterations
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;IJI:O:C;+6({07:+1 - {doaii }‘"{Un})'*B({u;H }+1{d u,fff}—{u,,})
+{de st Y {de i H {dedin ) (80)

where ¢ . iteration number.
Similarly for Eq. (74), we can write an improved solution as

i1=0=gin+ [ Bldoiii}ay
:fBT{a,:;,}dvff{F,,HHfBT{do::f}dv . ®1)
v ) v

Substituting Eq. (80) into Eq. (81) to eleminate {doxii} from Eq. (81), successive corrections
for { du%#}) and hence for {doiil} can be determined giving

{Un':]l 1= {Un"+l }+ {dUn':l]} ’ }

{untty={us} + {d uaii

(82)

4.2.3 Creep
The uniaxial creep strain rate is usually defined as some function of stress, total creep
strain, temperature, and fast neutron flux, i.e.,

Fo= Aj; =@, 8T, ¢) , (83)

: uniaxial creep strain rate,

creep function,

equivalent stress,
¢ : total creep strain (equivalent creep strain),

temperature,
) : fast neutron flux.
Using a creep flow rule as in plasticity theory, Eq. (83) can be extended into multiaxial

state as follows

=31, (84)

where

Qi o).

~ o

where {é°} : creep strain rate vector,
{d"} : deviatoric stress vector.
Considering the anisotropic case and including the effect of hot pressing in the manner
proposed by Rashid et al.3?), the equivalent stress o is defined as

6:[—3_)~ {H(0,~09)*+F(0p—0.)*+G(0,~0,)* +2Nt/}: }

2(F+G+H
172
+3alo,tatao) | (85)
where F,G, Hand N : anisotropic coefficients,

a : hot pressing parameter,
Gy . radial stress,
62 . axial stress,
08 . circumferential stress,
Trz . shear stress.

The deviatoric stresses are defined as

(W1=23 {gg . (86)
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The incremental creep strain during the time interval 4¢,.,(= t,,,—¢,) is given approxi-

mately
{defii }=dtniy (Ef0) 87)
where
{ 0}_3 f(0n+0s:n+0y Turgs Pure) {o ”+8} , (88)
n+8
and

Onid= (1 0)0n+00n+1 (OS&SI) ’
6—‘”+0:(1_0)E:+0énc+1 >
Tn+B:(170)Tn+0Tn+l )

PES (1_0)¢n+0¢n+1

The incremental creep strain is described by implicit form as seen in Eq. (87), hence the
Newton-Raphson iterative procedure is made to obtain the approximate values of {5} . If
the approximate values of {515} and {o}. } are obtained to Eq. (88) at 7 -th iteration, we can
write improved values using a curtailed Taylor expression about {0} and z° as follows

‘olf 9 a ¢ nt ’ s i+
e 1= (e g (L), =259 ) (ol o5 Bun 0l 0/it)

4(G4+0)? Gn+b

+L’f+”[g—‘ﬂ;wo{do;¢;}+ St (2L) eazit (89

20u+0 2G40 &€
where {doji! =10l —1ann}
dgfx;;l:ﬁrffl” — &nth

From Eq. (83) the incremental equivalent creep strain during the time interval 4¢,., is
given by
Agr‘l:+1: Atn-H f(5n+ﬂs €_nc+0, TrH—B’ ¢n+0) . (90)

Expanding Eq. (90) in a curtailed Taylor series about {c} and €, we can write for Eq. (90)
a set of successive corrections

gt desi 0 4,0 (OL) 920 tdogi)+0 dtan (D5) | destt L 1)

where L _I denotes row vector.
From Eq. (91) and using the relation deS:i ™ =4e% " — 4%, we have

; 0“"“(%{‘1’_)‘ 0Lg_g_] ) tdasii}
desii = - af Y 92)
1o (5.,
Eliminating de%"' from Eq. (89) by using Eq. (92), we have
(631~ s )+ F000] 03 Ty g ot V10 [ 22| taagit) (93)
where
af )" <ﬂ):
F :—9—————- <if~>‘ fn+0 ( g€ y;+190‘{u'”l 66' n+f (94)
! 4(671'“?)2 66 n+6

On+f i)‘ '
10 dtn <6§C n+8
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Fp=3La (95)

a 267:+0
From Eqgs. (87) and (93) we have a set of successive corrections for incremental creep
strain as

{Afnci'ﬁl }: {AEnclil}+ Cnci‘b {dg,:fll } ’ (96)
where
Cito =0t (Filol i huot R[22 ] ). ©7)

Substituting this into Eq. (80) gives
{dostt}=Dio (B{dut}}— Cire (odri}— {aa})
— (e i) — (4e B = (dedn)) (98)
with
Divo=(ChiatCa5) 99)
where Di,, : elastic and creep matrix computed by intermediate values between f, and

tper -

4.2.4 Plasticity
The general yield criterion is expressed as

h{a)=QE"T) , (100)
where £ . yield function,
Q . plastic potential function,
gP equivalent plastic strain.

Appling the classical theory of anisotropy®®) to the two-dimensional axisymmetric case and
including the effect of hot pressing®®, the yield function is defined as

h:[z—(m?’TfH_) {H(o,—04 )+ F (066—0.)*+G (0.~ 0, )+ 2Nt/.}

2 172
+3a(a,+a,+aa):| , (101)

where F,G,H,and N : anisotropic coefficients.
Using an associated Mises flow rule, the incremental plastic strains during the time interval
At,., are derivable from the yield function of Eq. (101), in the form of the flow rule

oh
{Aenp+l}:AXn+1 {_a_a—}"+0 ’ (102)
where {4e5.} : incremental plastic strain vector during the time interval 4¢,.,,
44 50 : proportionality constant during the time interval 4¢,.,,
n+6 . intermediate point between ¢, and £,.4,
and 42, is defined as
AX,,HiAEan » (103)
where 4z® : equivalent plastic strain.

The incremental plastic strain, given by Eq. (102), is expressed using implicit form, hence
the Newton-Raphson iterative procedure is made to obtain approximation of {4e}.,}. If the
approximate solution at ;-th iteration is obtained, we can write improved values for Eqs. (100)
and (102) as follows
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h({on) H{do it D=QGE P+ e iV, TutdTnsy)

f + -  + ah !
s w2}
En+1 En+ 60 0

Expanding Eq. (104) in a curtailed Taylor series about {s}, €%, and 7T gives

hlouh)+ 28 (doii!

=Q(&n, T+ ((%‘%);w Qe 5+ (%%)m ATy
Using the relation
{doiil )= o1 }+ (dodil } o}
we can rewrite Eq. (106) as

— ,i+1____1___ ﬂ_i i _ _ -
124 = (O ok = o)+ A((eD=QEER, Th)
2Q dh ! i+l
‘(W)M"Tw g dakit)),

Substituting Eq. (98) into Eq. (107) to eliminate {d¢%3!}, we have
ohn !

where

4 pi+l__

I__aa_],,+ Dn+0(B{Aur:++1l} Cn+0({0n+1} {On}) {AE}HI} {Aenﬂ})

n+l

H;';L0+|_00J”+o n+0{ "

e ot = (o (5F) aTwiithClo—QGE T2)
+ n+0

oh
H"+0+L30J Divo {60 n+d

Substituting Eq. (105) with this into Eq. (98), we have

{do,,’i,’} D,,»,a(B{Aun':]l} Cn+0({0n+1} {On}) {A€n+1} {Aé‘nu})

+{S;+0}ATn+1_{Zli}_{Zzi} s
with

oh i -,
D"”’{ao wrol 0o o Diva

oh : ,\' Q—i ?
H"+0+L60_|n+o "*”{aa nt 8

D"”’{@o n+0<aT>n+0

{Sni+0}: A
: ok ,
H;+0+L60Jn+oDn+a {ag n+6
D oh oh
(zt)= Bieo{e), oL B Juso 19711 LonD)

h ' - ’
H:M+|_30_]n oD”*’{ao w0
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(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)
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an{ah} hllon)-QGE 7))

{(z{}= = , (114)
Hail +|_8ar Jn+0 +9{60 }n+0
where D2 : elasto-plastic and creep matrix computed by intermediate values between ¢,
and Tp+t .

Eq. (110) is the constitutive equation which is used in the derivations of finite element
stiffness and force matrices. Eliminating {do%3 } (Eq. (110)) from Eq. (81), we have an explicit
algorithm for {4uiil}).

4.2.5 Fuel 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 assumptions made here are the following:

* the formation of a crack in one of the three principal direction occurs when the elastic strain
in that direction becomes a tensile value;

+ cracking is independently evaluated at each integration point in each element;

« if cracking occurs in one of the three principal direction, the elastic modulus in that direction
is reduced from the nominal value E to a specified small value E.. E. is the very small value
(e.g. 2 X 10° MPa);

+ if the elastic strain changes to a compressive value, the crack then closes gradually. The crack
does not heal immediately;

- if the fuel goes into compressive, the elastic modulus gradually recovers to nominal value;

* crack healing finishes when the compressive strain compensates the relocation strain;

* recovery of elastic modulus depends on the compressive strain.

The model for cracking and crack healing is schematically shown in Fig. 6 where the rela-
tion between elastic modulus and elastic strain during cracking and crack healing is described.

The elastic strain-strees matrix C under condition of cracking is written as

1 v v ]
E, E E 0
1
E. 0
C= 1 , (115)
B 0
Sym 4(1+v)
L y i E7+Ez -
where E:,E,,andEs : elastic moduluses during cracking in radial, axial, and circumfer-
ential directions respectively,
E : elastic modulus in uncracked condition,
v : poisson’s ratio.

The change of elastic modulus in the principal direction from uncracked to cracked
condition in Eq. (115) is related to elastic strain. The elastic modulus for fuel under cracking
and crack healing is given in Table 2.
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Fig. 6 Stiffness Model for Cracked Pellet.

Table 2 Elastic Modulus for Fuel under Cracking and Crack Healing

Uncracked Half cracked Cracked
condition condition condition
€5 ei<—e,~'e‘ —eff<e§<0 e§ =0
6:
Fj E ~—L (E-E)+E. E.
E;el

E. is the very small value (e.g. 2 X 10® MPa), j indicates the three principal
direction, and ¢ is the initial relocation strain in the s direction.

4.2.6 Hot Pressing

The general phenomenon of mechanical densification of fuel pellets, usually referred to
as hot pressing, is characterized by plastic and creep volume change exhibited by the fuel
during reactor operations. To take into account the plastic and creep volume changes, a new
yield criterion and creep law which include the inelastic compressibility of the porous material
is defined by Rashid et al.3®)

A new vyield criterion for fuel is expressed from Eq. (101) assuming isotoropy as follows

h=a— ['é_{(or" Uz)2+ (0'2 '00)2+ (00‘07)2+6trzz}+3d(ar+az+00):|l/2 . (1 16)
Plastic flow rule is defined from Eq. (102) as

oh

() = dhun {50} (117)

Substituting Eq. (116) into Eq. (117) with the relation 42,.,= de}., , we have
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[1+3a —0.54+3«x —0.5+3«a 0
AP 1+3« —0.5+ 3« 0
{AEE+I}:——M— {0n+0} . (118)
On+d | Sym. 143« 0
2
L 3

From this the increment of volumetric strain due to plastic hot pressing is given by
deR ni=deqiy +dAen +defi+ ARl
=P
= LLE (g, iyt onmrot o0 mee) (119)

where derq., : incremental volumetric strain due to plastic hot pressing during the time
interval 4¢,.,

462 nvr» A€l 4u,and deB ,o @ incremental plastic strain during the time interval
4t,s, in radial, axial, and circumferential directions
respectively,

Oy, ns0 5 Oz ni ,and og, n+s . radial, axial, and circumferential stresses respectively.

Similarly for creep, the incremental volumetric strain due to creep hot pressing is
calculated from Egs. (84), (85) and (86) assuming isotropy as follows

—c
Aeh(,:rH'l: ¢ gfrwl (Gr,n+0+0€,n+0+00,n+0> ’ (120)

where 4§ .. : incremental volumentric strain due to creep hot pressing during the time
interval 4¢,.. .
Summing 4B, » and e, ., the hot pressing due to plastic and creep volume change is
given by

Aé‘h,nﬂ :%_d_(dg”pﬂ +Aé,f+1) (Ur,n+0+az,n+0+aﬂ,ﬂ+9) s (1 21 )
where den, .. incremental volumetric strain due to plastic and creep hot pressing during

the time interval 4¢,., .

4.2.7 Stiffness Equation
Substituting Eq. (110) into Eq. (81) and remembering that the volume intergal has to be
taken over the whole ring, we have the following stiffness equation to determine the successive

correction {duti
Ko {duiti}={4F}} (122)
with

Kiwo=2x [[B*DEsBrardz (123)
(4Fis}=2x [[ BT DR (Ciro(ofn) - o))+ (et )+ (defs ) Irdrdz
—ZIffBT({Sr:+ﬂ}ATn+1*{Zli}_{Zzi})7’d7’dZ JF({FnH}

—znffBT{oJ+l}rdrdz) , (124)

where Ki. and { 4F%.,} are the finite element stiffness matrix and the force vectors, and the
third term of Eq. (124) is referred to as unbalanced residual force.
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Solving Eq. (122) for { 4u%il }, the improved estimate { #5i}} is obtained as
{uptl Y= Aunt+ (duiil} . (125)

The successive iterations are repeated until covergence is obtained.

4.2.8 Isoparametric Element Characteristics

(1) Displacement Functions

Figure 7 shows a rectangular shape element with 8 arbitrary nodes. A set of normalized
co-ordinates (£, 7) is set in the element so that the values are either +1 or —1 on the faces of
the rectangle. Nodes 1 to 8 are numbered in the order shown in Fig. 7.

The displacements of a node have two components

U
{8;}= s (126)
v

where {8;} : displacement vector of nodei ,
Ui . radial displacement of node 7,
Vi : axial displacement of node ¢,

and the sixteen components of element displacements are listed as a vector

'{81} ) ’ul\
Uy
{82} Uz
U2
(8ye=4 - p=12-t, 127)
Usg
\{88} y, \2)84
where {8]}¢ : element nodal displacement vector.

The displacements at any point within the element are approximated by these sixteen
values as a column vector

U
{8}:{ }:N{S}e ’ (128)
v
with
N=[N,I NoI N3l <<+=+- Nel] (129)
where {8} : displacements at arbitrary point within the element,
N . displacement (shape) function,
/ : 2 X 2 identity matrix.

The functions N, N;, ----- , N are defined by quadratic members as follows
No=g (=6 (1= (—E—9—1),
Ne=g (1+E) (L 7)(E—7-1),
M=taioarp e,

1, — -
N4—-4(1 EXU+p)(—¢+9—-1), (130)
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No= 5 (1-€)(1-17)
Ne=5 (117",
Ni= (=€) (U+n)

Ne=51-81-7%) .

Thus each N function has a value of 1 at its corresponding node and zero at all other nodes. In
addition, the N functions vary quadraticaly with ¢, 7.

In the isoparametric element the relationship between the actual (7, z) co-ordinates and
the normalized (£, 7) co-ordinates is obtained by the N functions as follows

7’::2]\/1' &,n)eri,
(131)
8
2= L Ni(£ 7)) zis

where 7, ,z; : co-ordinates of node ?.

(2) Strain-Displacement Relations

The strain at any point within the element can be defined by its four components in the
analysis of axisymmetric problem as follows

Qﬂ 3
0
e ) ’
ov
€2 0z
{e}= 1 — >, (132)
€g u
r
\Trz ) ov ou
L(EH‘&E) )
where ¢, ,é:, ¢p,and 7rz : radial, axial, circumferential, and shear strain respectively.

Using the displacement functions defined by Eqs. (128) and (129) we have

{¢}=B{d}°
({3,}
{82}1
=[ By, Ba,reeeeeee ,Bsl § . (133)
{38} )

where
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(134)

As N; is defined in terms of local co-ordinates, it is necessary to provide the transformation
from the global derivatives to the local derivatives.

The relation between

them is given by

ON; ON;
o0& or
=] , (135)
oN: oN,
on 0z
where J is the Jacobian matrix defined as
[or 0z
0t 0¢&
]:
or oz
L dn 07
(&N &N
Toe T oe”
e N, & ON; (136)
|25 2oy ©
The global derivatives are given inverting / and we have
aN; aN;
ar o0&
=7 (137)
aN: oN;
0z a7
Using this relation, B matrix is determined.
=11 (0,1) (1,1
4 7 3 1
o, -0 \? 0, -O O
n X n X
(—a,a) L (a,a)
80O £ Q6 -10 £ Q1
(-1,0) (1,0)
X X
(—a,—a) (a,—a)
o O 5 Oo— O -0
1 5 2 -1
=11 (0.~ -1 a=0.5773502691
Fig. 7 Isoparametric Element with 8 Nodes. Fig. 8 Parabolic Isoparametric Element with

2 X 2 Integrating Points.
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4.2.9 Numerical Integration

The element properties are defined in terms of local co-ordinates, hence the element of
area over which the integration has to be carried out needs to be expressed in terms of the
local co-ordinates with an appropriate change. Thus a area integral in the global co-ordinate
system is related to the corresponding area integral in the local co-ordinate system by

dr dz=det Jd¢ dy . (138)

Using the normalized co-ordinates, the stiffness matrix and force vectors defined by Eqgs. (123)
and (124) are expressed as

(Kieo =20 [ [1 BT D2 B(Z Novi)det Jaedy (139)

(aFin)=2x [ [ BT DR (CiroUoin)—loah )+ et }+{Ae,$ﬂ}>(§lzv,-r,-)det/d5 dy
~2n [ [ BTUS 0 VT 20V (26D (E Nors ) det J ae g

FFw)—2n [ [ B (o) (S N7 ) det T dg ag (140)

To obtain the integrals in the above equations, the Gaussian quadrature formula is used
and it is written as

1 1 n m
[ [remdean=% X HHfE ) (141)
=1 j=
where = : number of integrating points in the ¢ direction,
m : number of integrating points in the 7 direction,
&;and 7: : integrating positions,

H;and H,; : quadrature weighting coefficients.
Taking integrating points » = m = 2 in a square region, the co-ordinates of integrating
points shown in Fig. 8 and weighting coefficients for Gaussian integration are defined as

(—a,—a), (a,—a), (—a,a), and (@, a),
} (142)

H—=H;=1,

where @¢=0.57735 02691.
4.3 Boundary Conditions

4.3.1 Restraint Conditions

Figure 9 shows the geometrical model for finite element analysis. There is the eight
boundary surfaces numbered from 1 to 8 as shown in Fig. 9.

Assuming an axisymmetry and a plane-symmetry at the mid-plane of a pellet, the mid-
plane of fuel and cladding numbered 1 and 5 are not allowed to move axially and the inner
surface of fuel of number 2 can not move radially over the z-axis.

The top-plane of cladding of number 8 is perpendicular to the axis and remains plane.
The fuel top-plane can move freeley until fuel-cladding contact occurs. The boundary condi-
tion of fuel top-plane after contact is discussed later.

The restraint conditions for these boundary surfaces are summarized in Table 3.
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/
4
8
2 FUEL 3 6| CLAD |7
1 5 -

Fig. 9 Eight Boundaries of the Finite Element Geometrical Model.

Table 3 Restraint Conditions of the Nodes on the Boundary Surfaces

Degree of freedom

B::::t‘”::;y of nodes on the boundary Restraint conditions
number Radial Axial

1 ] 1 {v}'={0}

Solid 1 0 {u}?={0}

2 Annular 0 0

3 0 0

4 0 0

5 0 1 {v}°={0}

6 0 0

7 0 0

8 0 1 {v}*=0.{1}

Caption 0 : free, 1 : restraint,

{v} : axial displacement vector,
{«} : radial displacement vector,
v. : cladding axial displacement,
{I} : unit vector.

4.3.2 External Forces on Fuel and Cladding

Figure 10 shows the external force system on the fuel and cladding. For the fuel, the
inner gas pressure P,,, acts on the inner surface of radius 7¢, on the outer surface of radius
rto , and on the top surface of fuel. However these external forces due to inner gas pressure
are not taken into account in the calculation, because the inner gas pressure also acts on the
cracking faces in the fuel and these forces are canceled each other.
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A
pI" Pw—Pgas
1 2 1
6 3 6
40 ﬁ)
— FUEL U —_— ——
Pgas Pgas  Paas Pw 2 ﬁ) 2
3 3
| | | : oY 41‘5
! | | >4
| | 1 I . 1 2 1
'y Tto Tej Teo 6 3 6
Fig. 10  External Force System on the Fuel Fig. 11  Allocation of Uniform Pressure Loads
and Cladding. to the Nodal Forces in the Quadratic
Element.

For the cladding, the inner gas pressure P,,, acts on the inner surface of radiusz.i. The
coolant pressure Pw acts on the outer surface of radius 7.,. The pressure (Pw—Pgas) acts on
the top surface of cladding.

These uniform pressure loads acting on the top of two-dimensional elements is allocated
to nodal forces by the fraction shown in Fig. 11'®), For the quadratic element, the intuitive
allocation of uniform loads is no longer correct'®.

4.3.3 Contact Forces on Fuel and Cladding
If the fuel contacts with the cladding, the contact forces shown in Fig. 12 act on the fuel
and cladding.

N

Pellet-Pellet Interface

VDP

Contact node
couple

FUEL

/7%7 '
Uy=U;, Vi=V,

Fig. 12 Contact Force System on the Fuel and Cladding.



FEMAXI-II : A Computer Code for the Analysis of

38 Thermal and Mechanical Behavior of Fuel Rods

JAERI 1298

For the fuel (f) and cladding (¢ ), the radial contact forces (Us, U ) and the axial
contact forces (V¢,V.) act on the contact node couples.

On the other hand, the additional pellet-pellet interface shown in Fig. 12 is fixed at the
highest node on the top of fuel to simulate the pellet-pellet interaction. This interface is
assumed to be a plane perpendicular to the axis so that all nodes on the top of fuel can not
exceeds the interface axial location. The axial displacement of the top of fuel, after contact
starts, is assumed to same as that of the top of cladding. This boundary condition on the top
of fuel suppresses the axial movement of fuel and hence the axial reaction force VPP acts on
the pellet-pellet interface.

4.3.4 Determination of Pellet-Cladding Contact Conditions

The pellet-cladding contact problem is exactly solved by the direct method with iterative
procedure. The special element between fuel and cladding, such as spring element, is not used
to solve the pellet-cladding contact problem. On the pellet-cladding interface, nodes on the
fuel are connected to the corresponding nodes on the cladding as node couples shown in
Fig. 13. Each node couple simulates the three kind of contact conditions, open gap, sliding,
and full bonding. The contact condition of a node couple is determined with the iterative
procedure.

If there is a radial gap between fuel and cladding, the radial contact forces Us, U. and
axial contact forces V;,V.must become zero, so that the boundary conditions are as follows

3 >0,
Us=U.=0, (143)
Vi=V.=0,

where o : radial gap between fuel and cladding,

Usand U, : radial contact forces of fuel and cladding,
Viand V. : axial contact forces of fuel and cladding.

If §,,, becomes negative at the time step f»+ , contact occurs between fuel and cladding
and the time step f.+ is divided at the intermediate time #.+o at which the radial gap &,+a
becomes just zero. For a small time increment, the radial gap is assumed to change linearly
and the intermediate time #,.q is given by

tn+l—tn

tn+d:m8n+trz , (144)

Node Couple

Cladding
Surface
Boundary

Fig. 13  Node Couples on the Pellet-Cladding Interface.
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where #n : time step number,
t : time,
8 : radial gap between fuel and cladding.
From the time ?4.a to ¢4+ , the contact condition is corrected from open gap to full bonding.
The boundary conditions for full bonding are defined as

dus= du.
dvs= Ao, ,
(145)
Uf: 7UC >
Vf:_vc ’
where du;,du. : increments of radial displacements of fuel and cladding respectively after
contact,
dve ,4ve : increments of axial displacements of fuel and cladding respectively after
contact.

If V¢ becomes larger than »U¢, the sliding occurs between fuel and cladding. Then the
contact condition is corrected from full bonding to sliding and the claculation is repeated using
the following boundary conditions for sliding

dus= du. ,
U= —-Ue
V= V. | (146)
WVel=uUsl ,
where u : friction coefficient between fuel and cladding.

The contact condition, full bounding or sliding, holds as long as the radial contact force Uy
does not become positive. When the Ug, ,,, at the time step #,., becomes positive, the time
step tq.+ is cut to the intermediate time ¢,. at which the radial contact force Uy, ,.o becomes
just zero. For a time increment, the radial contact force is assumed to clange linearly and the
intermediate time £,.. is given by

__tweiTla
tnva ™ Uf' n_Uf,n+1Uf'"+tn . (147)

From the time #,+« to £.+ , the contact condition is corrected from full bonding or sliding to
open gap and the boundary conditions defined by Eq. (143) are used for the residual time.
The judging criteria and boundary conditions to define the contact condition are shown
in Table 4.
The contact condition of a contact node couple, whether full bounding or sliding, is
determined through the following iterative procedure.
(1) Assume contact condition as full bonding or sliding for each contact node couple.
(2) Solve the global stiffness equation using the corresponding boundary conditions.
(3) Judge whether or not the solutions satisfy the assumed contact condition for each contact
node couple.
(4) If the improved contact condition coincide with the assumed condition for each contact
node couple, the iteration is over. If not, the wrong assumptions are corrected and the
steps (2) to (4) are repeated until the convergence is achieved.
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Table 4 The judging criteria and boundary conditions for a node couple
on the pellet-cladding interface

Contact condition

Judging criteria

Boundary conditions

Before After
Open gap >0, U=U.=0,
>0 Vi=V.=0
Open gap
Contact 5<0 Samf: Z.IS full bo.n.dmg
or sliding conditions
>0, Ui=U=0,
Open gap Ui >0 Vi=Ve=0
U¢<O, Ui=—U.., Vi=-V,,
Full bonding Full bonding Vel<ulU;] duc=du., dvi=4v.
o U <0, Usg=—Ue, Vi=—Ve,
Sliding WVel=e Ul Wel ZnlUcl, duc=4du,
Sam full ding-
Open gap U¢>0 e as full bonding
open gap
Sliding _ U<0, Same as full bonding-
Full bonding I
Vil < plU; | sliding
. U¢<O, Same as full bonding-
Slidin e
8 | Vil > plUs|  sliding
dus, duc : increments of raidal displacements,
dvs, dy. :increments of axial displacements,
Us, U, :radial contact forces,
Vi, V.  :axial contact forces,
f.c : suffices corresponding to fuel and cladding respectively,
7 : friction coefficient between fuel and cladding.

4.3.5 Determination of Pellet-Pellet Contact Conditions

If the fuel is in contact with the cladding, the additional pellet-pellet interface is fixed at
the highest axial position on the top of fuel as shown in Fig. 12 and the axial reaction force
acts on this interface.
On the pellet-pellet interface, the two kind of contact conditions, open gap and full
bonding, are treated to simulate the pellet-pellet interaction.
The pellet-pellet gap §P° is expressed as twice the axial distance between a node location
and the interface location. If a node exceeds the interface axial location during the time
interval 4¢,.,, the gap 8P, is regarded negative and contact occurs between pellet and pellet.
Then the time step f.., is cut to the intermediate time {4+« at which the gap 852, becomes just
zero. For a small time increment, the gap is assumed to change linearly and the intermediate
time ¢,.q is given by

where §pr
n

tn+6

t - ——
e 8"pp_8"13+pl

_ tnﬂ'tn

374 ta

gap between pellet and pellet,

time step number,
intermediate time between ¢, and /,...

JAERI 1298

(148)

From the time ?¢,.« to t.+ , the contact condition is corrected from open gap to full bonding.
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The boundary conditions for full bonding is defined as
{dv}P= 45" {1} , (149)

where {49}P® . increments of axial displacement vector of all contact nodes on the pellet-
pellet interface,
4v®* . increment of axial displacement of contact nodes,
{1} . unit vector.

The contact condition of full bonding holds as long as the axial reaction force V °P does
not become positive. If the V2 at the time ¢, becomes positive, the time step is cut to the
intermediate time ?..« at which the axial reaction force V 2%, becomes just zero. For a time
increment, the axial reaction force is assumed to change linearly and the intermediate time /.4
is given by

tn+a:MVﬁp+t” , (150)

VEP—VER

where VPP . axial reaction (contact)force between pellet and pellet.
From the time ..« t0 fsn, the contact condition is corrected from full bonding to open gap.
The boundary conditions for open gap is given by

>0 ,
. } (151)
V>0

The judging criteria and boundary conditions to define the contact condition on the
pellet-pellet interface are shown in Table 5.

4.3.6 Determination of Contact Forces
If we consider an interval of time 4¢,., (=¢,.,—¢,), we can write a global stiffness
equation from Eq. (122) as follows

Knso{dun}={4F i}, (152)
where Ky . global stiffness matrix computed by intermediate values between ¢, and
tn+1,

{dus+y} : incremental displacement vector during the time interval 4%,.,,

Table 5 The judging criteria and boundary conditions for a node
on the pellet-pellet interface

Contact condition

Judging criteria Boundary conditions
Before After
Open gap 0>0 o> 0, Vee»0
Open gap Same as full bondin
. . g-
pp
Full bonding 0PP<0 full bonding
Same as open gap-
/p
Open gap Ve >0 open gap
Full bonding B
Full bonding Ve <0 {dv}™= 40 {I}

5P : gap between pellet and pellet,
VP  :axial reaction force between pellet and pellet,

4v : incremental axial displacement of contact nodes on
the pellet-pellet interface.
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{4F ,.,} : incremental force vector defined by Eq. (124).
If one node couple is in full bounding and the other node couples are not in contact
during the time interval 4¢,,, , the global stiffness equation is expanded including the boundary
conditions for full bonding defined by Eq. (145) as follows

i 0 07 [ ( ]
0 0
l. —1 0 Auf, n+1
j O — 1 A?)f' n+1
k 1 O Auc,rH-l
/ 0 1 Ave n+ =
0 0 4 L ) IO (153)
0 0
00 —1 0 100 scococcee 00 0 Unsi 0
L0 <0 0—1 010 eoveceees 00 04 Wuey ) U O
where 7, J : row positions in Eq. (153) corresponding to radial and axial
components of fuel contact node respectively,
k, / : row positions in Eq. (153) corresponding to radial and axial
components of cladding contact node respectively,
dus, 4n1, Advg s increments of radial and axial fuel displacements during the time
interval 4t,.: ,
At ner> dve, nv - increments of radial and axial cladding displacements during the
time interval 4¢,., ,
Unni : radial contact force between fuel and cladding at the time 4+,
Van : axial contact force between fuel and cladding at the time ?,.,.

The contact forces U .o and V., are determined by solving the above global stiffness
equation. This global stiffness equation satisfies the boundary conditions of full bonding for
the contact node couple which are defined in Eq. (153) as follows

(')o {Aunﬂ}*’AFnH"' Uper > ]
r(;i’ﬂ {Aunﬂ} rff)1+ Va1

- (154)
Kr(lfﬂ {Aun+l }= F})f)li Upir

1} l
r£+0 {Aun+l}_'AFrS+)l Vasr J

—Auf‘n+1+duc,n+1 =0 ,
} (155)

_AUf,nH* Avc,rH-l =0,

where K1) . 7th row of matrix Knss,
K : jth row of matrix Ka+s »

8 kth row of matrix Ko

Kith . Ith row of matrix Kn.s »
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o

radial component of nodal forces of fuel contact node,

Fy
4F W . axial component of nodal forces of fuel contact node,
AF % -radial component of nodal forces of cladding contact node,
4F axial component of nodal forces of cladding contact node.

during the tlme interval 4t¢,.,, the global stiffness equation is expanded to include the
boundary conditions of sliding defined in Eq. (146) as follows

[ 07 | | [ ]
0
i : -1 dug a1
j : Fu Avf.n+l
/ : 1 Auc,n+1
l : ig ) dve,nes b= dF p1 ¢ R (156)
0
0eee0 —1 0 1 0 0 weevoeees e 00 0] (Upi 0

where z is the friction coefficient between fuel and cladding and the other symbols are same as
that defined in Eq. (153).

The contact forces U+ and 22U »+ are determined by solving this. This equation satisfies
the boundary conditions of sliding for the contact node couple which are defined in Eq. (156)
as follows

Ky {dunsi} = AF3 +Upei

K,if)o {duns: }= AF7£+1)1+/1U"+1 ’

_ g (57
Krgf)ﬂ {Aun+l}: AFrgf}_UnH ’
0{Aun+l} F il+,UUn+1 ’
7Auf,n+l+Auc,n+1:0 . (158)

4.3.7 Determination of Axial Displacements

If the fuel and cladding are in contact, the additional pellet-pellet interface is fixed at
the highest axial position on the top of fuel as shown in Fig. 12 and the axial displacement
of the top of fuel, after contact starts, is assumed to same as that of the top of cladding.

If one node couple is in full bonding and the other node couples are not in contact during
the time interval 4¢,., the axial displacements of top of fuel and cladding are calculated
solving Eq. (153). Therefore Eq. (153) is modified to include the axial restraint conditions in
the matrix equation as follows:
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i 0 0 0] f )
« 0 0
m 0 O —1 Af}f,nﬂ
0 0 O
7 Kaso -1 0 0 dus w1
j 0—1 0 A?)f,;ﬁl
k 1 0 0 Auc n+1 o
3 —
/ 0 1 0 A0 nis [ 4F 4, , (159)
0 0 O
0 0 O
n 0 0 1 BV nir
( seooeee Qs —1 0100Q¢ees«s0 0 0 O U pis 0
0+¢0 0Qe+0 0 —1010¢ceee=0 0 0 O Y"” 0
| 0+e0—1°0 0 000 Qoooeer 1 0 0 04V ) ¢ 0 J

where 4o¢ n. : incremental axial displacement of contact nodes on the pellet-pellet

interface,
4v¢ nn : incremental axial displacement of nodes on the top of cladding,
v . axial force induced by the axial restraint condition.

The axial components of contact nodes on the pellet-pellet interface are collected in the
same row of m due to the restraint condition and also the axial components of nodes on the
top of cladding are collected in the same row of »n due to the restraint conditon of top of
cladding. From Eq. (159) the stiffness equations of rows m and » are given by

KT {dunii )= dF,0 4V,
} (160)

KAty { Qs }=AF =V,

where K474 . mth row vector of matrix K,.o,

Kb nth row vector of matrix K,.s ,

4F axial compoment of nodal forces of contact nodes on the pellet-pellet
interface,

AF®, . axial component of nodal forces of nodes on the top of cladding.

Eq. (159) satisfies the boundary condition for the axial displacements of the top of fuel and
cladding as follows:

‘AI_)f.nH +Aﬂc,n+1:0- (161)

If one node is in sliding condition and the other node couples are not in contact during
the time interval 4¢,., , the axial displacements of the top of fuel and cladding are calculated
solving Eq. (153). Eq. (153) is modified to include the axial restraint conditions in the matrix
equation as follows:
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r . 0 0_ ( 3 { )
£ 0 0
m Knvo © 01| | 4Ben
: 0 0
0 0
] . —1 0 Auf,,m
j cxu 0 Jdvgan |
A : 1 0 Auc,,m } 4Fuiy ¢ (162)
/ : tu 0 4v ¢ ni1
. 0 O
- 0 0
n . 0 1 A40c, 01
00 000 10100002 0 0 |Una 0
| 0«0 —10+0 0000 Qeeeee 01+ 0 0] |V L 0

where the symbols are defined before..
From Eq. (162) the boundary condition for the axial displacements of the top of fuel and
cladding is satisfied as follows:

‘Aﬁf,nﬂ +Aﬁc,n+l =0. (163)

On the other hand, the reaction force V®P to the axial force for each contact node on the
pellet-pellet interface is calculated solving the element stiffness equation, that includes the
corresponding contact node in it, as follows:

{Fas }°:f”BT{an+1 yedv (164)
where {(F,. )¢ : force vectors of element e at the time £,.,,
B : strain-displacement matrix,

{onn S . stress vectors of element e at the time Z,4, .
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5. Material Properties

5.1 Thermal Properties

(1) Heat Transfer Coefficient between Coolant and Cladding
See Eqs. (2) and (3).

(2) Heat Transfer Coefficient between Fuel and Cladding
See Egs. (6), (7), (8),and (17).

(3) Thermal Conductivity of Cladding

See Eq. (5).

(4) Thermal Conductivity of Fuel

See Egs. (33) and (34).

(5) Thermal Conductivities of Rare Gases

See Egs. (11), (12), (13), and (14).

5.2 Mechanical Properties

(1) Young’s Modulus for Fuel

Young’s modulus is given as a function of temperature and density??.

For0< 7 £1300 °C,
E¢=2.26X10"(1—1.131X10*T)[1-2.62(1—fa)] ,

where FEs : Young’s modulus for fuel [Pa],
T . temperature [°C],
Jd : fraction of theoretical density.

(2) Young’s Modulus for Cladding
Young’s modulus is given as a function of temperature®!),

E.=19.900X10°-566.9X(T—273.15)1x9.8067x10* ,

where E. : Young’s modulus for cladding [Pa],
T . temperature [K].
(3) Poisson’s Ratio for Fuel
Poisson’s ratio for fuel is given by??),

vi=0.316 ,
where vi : poisson’s ratio for fuel.

(4) Poisson’s Ratio for Cladding
Poisson’s ratio for cladding is a function of temperature3!,

ve=0.3303+8.376x107° (T—-273.15) ,

where v : poisson’s ratio for cladding,
T : temperature [K].
(5) Plasticity for Fuel
Yield stress for fuel is expressed as a function of temperature3?),
for 7 <1800 °C,

oy=1176.1-1.688XT+8.179X107*XT?—-1.293X107"XT?* ,

JAERI 1298
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for 7 > 1800 °C,

oy=33.62 ,
where oy : yield stress [MPa],
T . temperature [°C].

(6) Plasticity for Cladding
Yield stress for cladding is given by

ay— K<&+6P>n ,

33)
b

E
with
K:ay(,(a—ng0.00Z) ,
where oy : yield stress [kg/mm?],
E : Young’s modulus for cladding [kg/mm?],
&P . plastic strain,
ovo . 0.2% yield stress [kg/mm?],
n : strain hardening exponent.

0.2% yield stress oy, is expressed as

— irr
Oyo—UYto‘*'AUYlo s

where o%  : out-of-pile 0.2% yield stress [kg/mm?],

47

4oisT ¢ increment of 0.2% yield stress due to irradiation induced hardening [kg/mm?].

oY% is given as a function of temperature for recrystallized cladding tube,

0%=21.60—0.0213XT, 220°C<T<450°C,

for stress-relieved cladding tube,
64 =31.32—0.0213 X7, 220°C<T<450C,

where T : temperature [°C].
40¥s" is given as a function of fast neutron flux and irradiation time

4o =33.44[1—exp (—Cgt) 1",
with
C=2.92x10"exp(—1.6X107"¢) ,

where ¢ : fast neutron flux [n/(cm?-s)],
¢ . time [s].
Strain hardening exponent # is given as a function of temperature
n=0.0504+0.0001435XT ,

where T . temeprature [°C].
(7) Creep Law for Fuel
Creep law for the fuel is given by?3),

~Qq/ RT

ec_ (A1+Azi7)oe_01/” A404'56

e —Qa/RT
s F0)GF T Aot fay Ao
with
A,=9.728 X 106 |, Q= 90,000
A,=3240 X 10°2 | Q;=132,000 ,
As= 877 Q.= 5200

Ai=1376 X 1074 |
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Ag=-90.5 )
A:;=924 X10°28 |
: creep strain rate [hr™!],
. fission rate (= 8.4 X 107 to 1.18 X 10?° [fissions/(m3.s)],
: stress [1,000 to 16,000 psi],
. gas constant [cal/(mol-K)],
: activation energy for diffusion [cal/mol],
. temperature [713 to 2,073 K],
: fraction of theroretical density [0.92 to 0.98],
: grain size [4 to 35 um].

(8) Creep Law for Cladding

Creep law for the cladding is given by

where é°

[0}

xS e

23)
b

10000

§°=2[5.129X107%¢e * {o+7.252x10%e-267710" "}]><<

3600

creep strain rate [sec™'],
. total creep strain,
fast neutron flux [n/(m?-sec)] E> 1.0 MeV,
¢ stress [Pa],
: temperature [K],
: gas constant = 1.987 [cal/(mol-K)].

(9) Fuel Thermal Expansion
See Eq. (40).

(10) Cladding Thermal Expansion
See Egs. (42) and (43).

(11) Fuel Relocation

See Eq. (36).

(12) Fuel Densification

See Eq. (37).

(13) Fuel Swelling

See Eqgs. (38) and (39).

(14) Fuel Cracking

See Eq. (115).

(15) Fuel Hot Pressing

See Eq. (121).

).
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6. Assessment of the Code

The capability of the FEMAXI-IIl code has been tested with a large data base obtained in
the international progroms such as the OECD Halden Reactor Project and the Studsvik Inter-
Ramp and Over-Ramp Projects. These data consist of in-pile measurements of fuel center
temperature, internal gas pressure, rod diameter, and axial elongation and post-irradiation
examinations such as fission gas release fraction and residual cladding deformations. Some
comparisons between calculations and these data have been published!$—17). Typical examples
of these comparisons are described below.

6.1 Fuel Temperature Calculations

To assess the thermal models incorporated in the code, FEMAXI-II calculations have
been compared with the data of fuel center temperature during the first power operation. The
data were obtained from a variety of fuel rods covering a wide range of initial gap from 60 um
to 400 um.

For this assessment, mainly the fuel relocation model was checked through the com-
parisons. The burnup dependent models, such as fission gas release and swelling etc., are not
assessed here because these are not essential at the beginning of irradiation.
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Fig. 14 Comparison between Measured and Calculated Fuel Center Temperatures of
Various Experimental Fuel Rods during the First Power Operations.



FEMAXI-II : A C ter Code for the Analysis of

50 Thermal and Mechanical Behavior of Fusl Rods JAERI 1298

The calculated fuel center temperatures are compared with the measurements as shown in

Fig. 14. The results of FEMAXI-HI calculations were in good agreement with the measurements

and it confirmed the capability of the FEMAXI-III code to predict the fuel center temperatures
for a variety of fuel rods with different initial gap sizes.

6.2 Fission Gas Release Calculations

To assess the fission gas release model and gap closure models which depend on the
burnup, the FEMAXI-III calculations have been compared with the fission gas release data
obtained from the Studsvik Inter Ramp Project.

The data were obtained from the fuel rods which were irradiated to the burnup levels
from 11 to 23 MWd/tUO, and subjected to the power ramp experiments. The whole irradiation
histories including the power ramp for the test fuel rods were fully simulated by the FEMAXI-
Il code.

The calculated fission gas release fractions are compared with the PIE gas analysis results
of eleven rods in Fig. 15 as a function of ramp terminal power level.

The results of calculations were in reasonable agreement with the measurements and it
confirmed the capability of FEMAXI-III code to predict the thermal behaviors of high exposure
fuel rods.

6.3 Fuel Rod Deformation Calculations

In the Halden Project, the in-pile fuel rod diameter measurements are extensively
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Fig. 15 Comparison between Measured and Calculated Fission Gas Release as a Function
of Ramp Terminal Power Level.
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performed in the experiments, and the diameter changes during the power increase have been
directly observed.

To assess the FEM mechanical models, FEMAXI-I calculations have been compared with
the in-pile data of diameter measurements.

Figure 16 shows the calculated and measured ridge height as a function of rod power
during the first power operation. The calculation simulates the onset power at which the
fuel-cladding mechanical interaction starts and the general trend of ridge growth with rod
power. While the calculation without the initial relocation can not simulate the measured
behavior. Therefore, the fuel relocation model plays an important role in the analysis of the
fuel-cladding mechanical interacfion.

Figure 17 shows the calculated fuel rod deformation at 41 kw/m of linear heat rate
during start up. This figure is a computer graphic of FEMAXI-II calculation, however the
displacement is enlarged by hundred times to exaggerate the ridge shape reproduced by the
code calculation.

These results of mechanical calculations confirmed the capability of FEM mechanical
models incorporated in the FEMAXI-II code to analyze the local mechanical behaivor of fuel
rod.

6.4 Running Time

The running time depends on the length and complexity of irradiation history. The
running time (CPU time) for the thermal and mechanical analysis of the Inter-Ramp fuel rods
mentioned before was on the order of 1-3 min. for the full history on the FACOM M-380
computer. This running time is acceptable for the full analysis of a problem with long-term
irradiation including many power changes.
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7. Conclusions

A computer code FEMAXI-III has been developed to analyze the thermal and mechanical
behavior of light water fuel rod during its irradiation life. FEMAXI-II can analyze the integral
behavior of a whole fuel rod throughout its life, as well as the localized mechanical behavior at
a small part of fuel rod. The localized phenomena, such as the cladding bamboo-ridge formed
by the fuel pellets, is analyzed by the two-dimensional axisymmetric finite element method.

Efforts have been made to achieve the accurate and stable solution for a long irradiation
problem including power ramps within reasonable running time. This work have been succes-
sfully accomplished by the several treatments such as the use of a quadratic isoparametric
element, the exact treatment of contact problem between fuel and cladding by the direct
method, the application of the implicit algorithm to the solution of non-linear material
problems, the effective treatment of fuel cracking and healing by changing the elastic modulus,
the application of the finite element analysis to a minimized region of fuel rod, and the use of
an efficient sparse matrix storage scheme for the solution of global stiffness equation.

The results of applications of the FEMAXI-III code, presented here, show that the agree-
ment is quite satisfactory.

It is expected that the FEMAXI-III code will be used to study the thermal and mechanical
behavior of light water fuel rods and to improve the fuel rod design and the operating
conditions.
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List of Symbols

Description

temperature of the outside of the cladding [K]

coolant temperature [K]

linear heat rate [W/cm]

outer radius of the cladding

heat transfer coefficient between the coolant and the cladding
[W/(ecm?-K)]

heat transfer coefficient between the coolant and the cladding
for nucleate boiling condition [W/(cm?-K)]

coolant pressure [Pa]

heat flux [W/cm?]

heat transfer coefficient between the conlant and the cladding
for forced convection condition [Btu/(hr-ft2.°F)]

coolant thermal conductivity [Btu/(hr-ft-°F)]

equivalent hydraulic diameter [in]

coolant velocity [ft/s]

coolant density [1b/ft3]

viscosity of coolant water [1b/(ft-s)]

Prandtl number

specific heat [Btu/(1b-°F)]

cladding temperature at the radius » [K]

thermal conductivity of the cladding [W/(cm-K)]

radial coordinate [cm]

heat transfer coefficient between fuel and cladding [W/(cm?-K)]
heat transfer coefficient through gap gas [W/(cm?-K)]

heat transfer coefficient through solid to solid contact spots
[W/(cm?-K)]

heat transfer coefficient by radiation [W/(cm?-K)]

thermal conductivity of gas mixture in the gap [W/(cm-K)]

a dimensionless constant near unity

effective surface roughness of the fuel [cm]

surface roughness of the cladding [cm]

average temperature-jump distance for a gas at the fuel surface
[cm]

average temperature-jump distance for a gas at the cladding
surface [cm]

radial gap [cm]

number of components in gas mixture

gas species

molecular weight of gas species ¢

mole fraction of gas species ¢

thermal conductivity of gas species 7 [W/(cm-K)]
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Description

temperature of the gas [K]

contact pressure [Pa]

temperature-jump distance for gas species ¢ [cm]

inner gas pressure [Pa]

mean of fuel and cladding thermal conductivities [W/(cm-K)]
square mean of fuel and cladding roughness
Mayer hardness of the cladding [Pa]

thermal conductivity of the fuel [W/(cm-K)]
thermal conductivity of the cladding [W/(cm-K)]
Stephan-Boltzman constant = 5.67 X 10712
temperature of the outer fuel surface [K]
temperature of the inner cladding surface {K]
emissivity of the outer fuel surface

emissivity of the inner cladding surface

thermal neutron flux [n/(s-cm?)]

radial coordinate [cm]

modified Bessell functions of zero order
modified Bessell functions of first order

inverse diffusion length for neutrons in the fuel [cm™!]
inner radius of the fuel [cm]

enrichment of U%5 [%]

fraction of theoretical density

outer radius of the fuel [cm]

fraction of inner and outer surface heat generation rate
degree of heat generation distribution function = 2
normalized radius of fuel inner surface = ry; /74
normalized radius of the fuel = /7, '

heat generation rate per unit volume of fuel [W/cm?)
temperature of the outside of the fuel [K]

temperature of the inside of the cladding [K]

thermal conductivity of the fuel [W/(cm-K)]

porosity coefficient

[W/(cm?-K%)]

constants

radial displacement of the fuel by relocation [cm]
relocation parameter
as-fabricated radial gap [cm]

volume change by densification

initial free volume

maximum volume change of porosity
burnup [MWd/tUO,]

burnup constant for densification

volume change by solid fission product swelling
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Description

volume change by gaseous fission product swelling

linear thermal expansion of the fuel

initial length

fuel radial displacement [cm]
number of concentric ring
width of concentric ring {cm]

cladding axial thermal expansion

cladding diametral thermal expansion

initial diameter

radial displacement of the cladding by creep [cm]
cladding radial displacement [cm]

Young’s modulus for cladding [Pa],

poisson’s ratio for cladding

radial gap between fuel and cladding [cm]
as-fabricated radial gap [cm]

cladding radial displacement after contact [cm]
contact pressure between fuel and cladding [Pa]
initial thickness of cladding [cm]

fission gas production rate per unit length of fuel [mole/(cm-s)]
concentric ring number

axial segment number

heat generation rate per unit length of fuel [W/cm]
yielding ratio of (Kr + Xe) =0.3

fission energy = 200 MeV

Avogadoro constant = 6.02 X 1023

incubation burnup [MWd/tUO,]

fuel centerline temperature {°C]

release fraction of fission gas in the concentric ring : at the axial
segment j

fuel temperature in the concentric ring ; at the axial segment ;
[°Cl]

burnup at the axial segment ; [MWd/tUO,]
number of released gas moles from the fuel [mol]
number of axial segments considered

length of axial segment [cm]

irradiation time [s]

mole fraction of helium

mole fraction of krypton

mole fraction of xenon

number of gas moles initially in the fuel rod [mol]
total number of gas moles in the fuel rod [mol]
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Description

initial mole fraction of helium

initial mole fraction of krypton

initial mole fraction of xenon

inner gas pressure [Pa]

volume average temperature [K]

universal gas conetant = 8.314 [J/(K-mol)]

volume of the plenum [m?]

volume of the gap between fuel and cladding in axial segment ;
[m3]

volume of the central hole in axial segment 7 [m?]

volume of the internal void in the fuel in axial segment ; [m3]
plenum temperature [K]

gap temperature between fuel and cladding in axial segment j
[K]

volume average temperature of the fuel [K]

strain-displacement matrix

stress vector

strain vector

incremental non-elastic strain vector

non-elastic strain rate vector

stress-strain matrix

external force vector

non-linear descrete eguation operator

time step number

incremental elastic strain vector during the time interval 4z,.,
incremental stress vector during the time interval 4¢,.,
strain-stress matrix expressed as an intermediate between C.and
CnH

intermediate point between ¢, and ?,.

time interval between the time ¢, and ¢,

incremental total strain vector druing the time interval 4¢,,,,
incremental creep strain vector during the time interval Aty
incremental plastic strain vector during the time interval 4¢,.,
incremental free expansion strain vector during the time interval
At yn

incremental nodal displacement vector during the time interval
4t n+l

non-linear descrete equation operator

iteration number

increments of nodal displacements during the iteration ; and 7+ 1
increments of stresses during the iteration ; and 7+1

uniaxial creep strain rate

creep function

equivalent stress

total creep strain (equivalent creep strain)
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Description

temperature

fast neutron flux

creep strain rate vector

deviatoric stress vector

anisotropic coefficients

hot pressing parameter

radial stress

axial stress

circumferential stress

shear stress

elastic and creep matrix computed by intermediate values
between ¢, and ..

yield function

plastic potential function

equivalent plastic strain

proportionality constant during the time interval 4¢,,,
elasto-plastic and creep matrix computed by intermediate values
between ¢, and Z4.:

elastic moduluses during cracking in radial, axial, and circum-
ferential directions respectively

elastic modulus in uncracked condition

poisson’s ratio

elastic modulus in completely cracked condition

principal direction

initial relocation strain in the j direction

incremental volumetric strain due to plastic hot pressing during
the time interval 4¢,.,

incremental volumetric strain due to creep hot pressing during
the time interval 4¢,+

incremental volumetric strain due to plastic and creep hot
pressing during the time interval 4¢,.,

finite element stiffness matrix

force vector

displacement vector of node ¢

radial displacement of node ¢

axial displacement of node ¢

element nodal displacement vector

displacements at arbitrary point within the element

displacement (shape) function

2 X 2 indentity matrix

normalized co-ordinates

actual co-ordinates of node ¢

radial, axial, circumferential, and shear

strains respectively

Jacobian matrix
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Description

number of integrating points in the ¢ direction

number of integrating points in the 7 direction

integrating positions

quadrature weighting coefficients

axial displacement vector

radial diaplacement vector

cladding axial dixplacement

unit vector

coolant pressure

inner gas pressure

radial contact forces. Subscripts refer to fuel and cladding
respectively.

axial contact forces

axial reaction force between pellet and pellet

radial gap between fuel and cladding

time step number

time

increments of radial displacements of fuel and cladding respec-
tively after contact

increments of axial displscements of fuel and cladding respectively
after contact

friction coefficient between fuel and cladding

gap between pellet and pellet

intermediate time between /, and fs«

increments of axial displacement vector of all nodes on the pellet-
pellet interface

increment of axial displacement of contact nodes on the pellet-
pellet interface

global stiffness matrix computed by intermediate values between
ty and t,4

row positions corresponding to radial and axial components of
fuel contact node

row positions corresponding to radial and axial components of
cladding contact node

radial and axial contact forces between fuel and cladding at the
time ¢4+

ith row of matrix K,.s

radial component of nodal forces of fuel contact node

axial component of nodal forces of fuel contact node
incremental axial displacement of contact nodes on the pellet-
pellet interface

incremental axial displacement of nodes on the top of cladding
axial force induced by the axial restraint condition

Young’s modulus for fuel

Young’s modulus for cladding
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Description

poisson’s ratio for fuel

poisson’s ratio for cladding

yield stress

0.2% yield stress

strain hardening exponent
out-of-pile 0.2% yield stress
increment of 0.2% vyield stress due to irradiation induced
hardening

fission rate

gas constant = 1.987 [cal/(mol-K)]
activation energy for diffusion
grain size
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Appendix A . Code Construction

The code consists of the MAIN program and many subroutines. The MAIN program
deceides the necessary memory size and sets the address of variables. The real calculation is
done in the subroutine FEMAX3 which is called by MAIN program.

The tree structure of the FEMAXI-HI subroutines is shown in Fig. A1, which shows how
they are called and the flow of them, together with the brief description of their functions.

MAIN

INPIMG

AAZERO

INPUT1

PRINT O

FEMAX3

b b o

INPGER

INPR

INPZ

LINSET

PLOTLN

COORDI

OUTNOD

DELTAN

NCOUPL

Fig. A1

GPSSET

Set the address of variable dimen-
sion.

Print the list of input data.

Zero-set of variables in labelled
common,

Parameters input except operating
conditions.

Print the input parameters.

Control the whole calculation pro-
cedure,

Generate the finite element meshes.

Set the radial coordinates of meshes.

Set the axial coordinates of meshes.

Set the connection table between
boundary nodes and related ele-
ments.

Print the map of finite element
meshes.

Set the coordinates of nodal points.

Print the coordinates of nodal
points.

Set the connection table between
nodal points and elements.

Set the node couples between fuel
and cladding during contact condi-
tions.

Determine the total number of
freedoms of nodal points.

Structure of FEMAXI-II Code.
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©® 0

A
®)
c
PHIST

es
y End of time step?:>
no
no Next time
step ?
yes
ROTEMP

MODSET

FPRES2

PRIOPT

INPHIS

WETT step?
yes
PJUMP
INIGAS

BURNUP

FLXDEP

FGPRO

O ©

Fig. A1 Continued.

Determine the total memory size
for global stiffness matrix.

Calculate the covering area of
boundary nodal points.

Print the optional parameters.

Input the operating conditions.

Beginning of time step loop.

Beginning of time step cut itera-
tions.

Beginning of sliding/bonding itera-
tion.

Control the time step.

End of time step ?

Next time step ?

Thermal analysis part.

1st time step ?

Calculate the gap size after initial
relocation.

Calculate the free volume and initial
gas content.

Calculate the burnup.

Calculate the flux depression in the
fuel.

Calculate the produced gaseous
fission product.

Beginning of gas release iteration
loop.
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ONONNO
G Beginning of axial segment loop.
H

Beginning of hot gap iteration loop.

Calculate the temperature distribu-
TEMPID tion in the cladding and fuel.
Calculate the steady-state tempera-
SSTEMP ture distribution in the cladding and
fuel.
no L
{st iteration? 1st iteration ?
yes
: no s
< PWE>_‘ PWR coolant condition ?
yes

Calculate the film conductance for
FLMCON| BWR coolant condition using the
J Jens-Lottes correlation.

Calculate the film conductance for
HTCW PWR coolant condition using the
Dittus-Boelter correlation.

CTHCON Calculate the cladding thermal con-
ductivity.

GAPCON| Calculate the gap conductance.

PTEMP Calculate the temperature distribu-
tion in the fuel.

Convergence on Convergence on hot hed ?
hot gap reached? yes g ot gap reachec !
no
Calculate the hot gap or contact
THGAP pressure.
¥
no . ) ) .
‘_< st iteration ? > 1st iteration ?
yes '
PDENS Calculate the fuel densification.

—0O

Calculate the solid fission product
PSWELT swelling.
PTHEX gzl:.ulate the fuel thermal expan-

©® O ©

Fig. A1 Continued.
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URSWEL

COTHEX

GAPMOD

NODFGR

FGREL

RODGAS

C ALGAS

HOTvVOL

nd of axial
segment?

)

yes

no

Convergence on:>

gas release?

yes

X10DD

INTPLT

PRINT1

INISTR

PDENS

PSWELL

Fig. A1

URSWEL

Continued.

Calculate  the
product swelling.

gaseous fission

Calculate the cladding thermal ex-
pansion.

Calculate the corrected gap size or
contact pressure for next iteration.

End of hot gap iteration loop.

Hot gap converged.

Calculate the fission gas release.

Calculate the fission gas release rate.

Calculate the fission gas release.

Calculate the inner gas pressure and
gas composition.

Calculate the free volume.

End of axial segment ?

Gas release converged ?

Calculate the amount of released
iodine.

Calculate the temperature at each
integrating point in each finite
element by quadratic interporation.

Print the results of thermal analysis.

Calculate the free strains for each
integrating point in each finite
element.

Calculate the fuel densification.

Calculate the gaseous fission pro-
duct swelling under contact or
non-contact condition.

Calculate the
product swelling.

gaseous  fission
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PSWELT
PTHEX
PJUMP
CDTHEX
CATHEX
3
GPSSET
PROFIL
)
FORCE
ELMLP1
O
LOCALI
rl9<<1st time step?)}
yes
SHAPE2
JACK2
P2
PX2
PY2

Fig. A1

Continued.

JAERI 1298

Calculate the solid fission product
swelling.

Calculate the fuel thermal expan-
sion.

Calculate the gap size after initial
relocation.

Calculate the cladding diametral
thermal expansion.

Calculate the cladding axial thermal
expansion.

Start the time step cut iteration for
mechanical analysis.

Set the connection table between
nodal points and vector numbers in
global matrix.

Set the connection table between
vector numbers and coefficient
numbers in global matrix.

Beginning of the Newton-Raphson
iteration loop.

Calculate the nodal force vectors.

Set the stiffness matrix and force
vectors.

Beginning of the finite element loop.
Read the all mechanical imforma-

tions at each integrating point, such
as stress, strain, etc.

Ist time step ?

Set the shape function.

Set the Jacobian matrix.

Calculate the N; values.

Calculate the dN; /9¢ values.

Calculate the N, /87 values.
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© 0 ¢

L

GAULP1

67

Beginning of integrating point loop.

Set the stiffness matrix and force
vectors for each element.

Calculate the matrix [B].

Calculate the matrix [C1=
1/2([Cn]+[cn+l])

Calculate the matrix [Cn].

Calculate the matrix [C.] and the
increment of creep strain of the
cladding.

Calculate the equivalent stress o .

Calculate the deviatoric stress {g’}.

Calculate the creep strain rate.

Calculate the matrix [C.] and the
increment of creep strain of the fuel.

Calculate the equivalent stress o .

Calculate the deviatoric stress {o'}.

Calculate the inverse of matrix

([C1+([C.D) .

Calculate the matrix [ DF].

Calculate the equivalent stress.

Calculate the strain-hardening rate
of the fuel.

Calculate the 0« /0T of the fuel.

Calculate the strain-hardening rate
of the cladding.

Calculate the d«/0T of the cladding.

BMAT
INIMAT
CMAT
CREEP1
EQISIG
DEVSIG6
CRPEQ2
CRPMI 1
EQISIG
DEVSIG
INVERS
DPMAT
EQISIG
FHSOFT
FTSOFT
CHSOFT
CTSOFT
DEVSIG

Calculate the deviatoric stress.

Fig. A1 Continued.
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BDMAT
ESMAT
FLOAD
no/End of integrating
point? '
yes
COLECT
LOCALI
no

End of element?j>

yes

MODIFY

GAPELN

{rReturn )

OPTSO02

Contact
changed?

condition >ﬂ° .

yes

TIMER

TIMEG

TIMEB

TIMEY

Fig. A1 Continued.

Calculate the matrix [BT1[D*] .

Calculate the stiffness martix [(K.].

Calculate the nodal force vectors
{F.}

End of integrating point loop ?

Store the element stiffness matrix
and nodal force vectors into the
global matrix and force vector.
Store the all mechanical informa-
tions at each integrating point, such
as stress, strain, etc.

End of element loop ?

Set the boundary conditions.

Set the boundary conditions in the
next step.

Solve the linear equations.

Contact condition changed ?

Set only the boundary condition in
the next sliding/bonding iteration,
here.

Set the next boundary condition
between fuel and cladding in the
next time step.

Set the next boundary condition at
upper surface of fuel in the next
time step.

Set the material condition, elastic
or yielding, in the next time step.
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LOCALI

GAULP 2

BMAT

STRESS

DPST

FHSOFT

FTSOFT

CHSOFT

CTSOFT

CREEP2

CRPHD2

CRPEP2

CRPM12

CRACK

PROBTY

FYIE

CYLE2

BOUNDF

Fig. A1 Continued.

Calculate the stress and strain.

Beginning of element loop.

Read the all mechanical informa-
tions at each integrating point, such
as stress, strain, etc.

Beginning of integrating point loop.

Calculate the stress and strain for
each integrating point and check
the cracking and yielding or unload-
ing.

Calculate the matrix[ B ].

Calculate the stress and strain.

Calculate the increment of equiva-
lent plastic strain.

Calculate the strain-hardening rate
of the fuel.

Calculate the 0x/0T of the fuel.

Calculate the strain-hardening rate
of the cladding.

Calculate the dx/38T of the cladding.

Calculate the increment of creep
strain of the cladding.

Calculate the equivalent creep strain.

Calculate the creep strain rate.

Calculate the increment of creep
strain of the fuel.

Check the cracking in the fuel.

Check the yielding or unloading.

Calculate the yielding point of the
fuel.

Calculate the yielding point of the
cladding.

Calculate the nodal forces at upper
surface of the fuel.
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(25

N0 /End of
point?

integrating :>

yes

no /Contact condition
converged?

>

yes
CLBOF
LOCALI

N%End of element ;j>

yes

PROBDF
J
no Newton—-Raphson
iteration finished ?
yes
PROBD1
TIMER
yes

Time step cut?:>

no

REPLN

OUTPT O

OUTNOD

OUTELM

Fig. A1

Continued.

JAERI 1298

End of integrating point loop ?

Contact condition converged ?

Calculate the nodal forces on the
fuel boundary surfaces.

Store the all mechanical informa-
tions at each integrating point.

End of element loop ?

Set the boundary conditions of fuel
and cladding.

Newton-Raphson iteration finished ?

Calculate the factors of time step
for pellet-pellet interaction.

Set the minimum factor of time
step cut and the boundary condi-
tions and material conditions in the
next time step.

Time step cut ?

Linear interporation of tempera-
tures, free strains, etc.

Print the results of mechanical
calculations.

Print the nodal displacement.

Print the stresses and strains in the
elements.
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Plot the radial deformations of fuel
PAPLOT and cladding and plot the cracking
and yielding map.

PPLOT Plot the radial deformations of fuel
and cladding.
SETPL1 Plot the frame of the map.

Plot the symbols of yielding and
SETPLT cracking for each integrating point
in each element.

i es
E?:p‘?f Pime™ End of time step ?

no

REPLN Linear interporation of tempera-
tures, free strains, etc. at each node.

Linear interporation of tempera-
REPLG tures, free strains, etc. at each
integrating point.

B 'End of time step cut iteration loop.
D /‘ End of time step loop.
QUTPTH Print the calculational results.
~— Return )
END End of calculation.

Fig. A1 Continued.
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Appendix B : FEMAXI-lll Input

The input deck of the FEMAXI-III code consists of

1) A title card,

2) A namelist card,

3) Data cards,

4) History cards,

5) A stop card at the end.

The parameters in the namelist card include constants peculiar to the specific models,
variable storage sizes, and optional parameters for restart and output.

The parameters in the data cards include the geometrical description of the fuel element
and several material parameters.

The history cards include the operational history of the reactor. The variation of power
and related coolant temperature between input history is assumed linear by the code.

The input parameters are listed in Table A1 in the order required by the code. A short
description of the parameters is also given in Table A1. The parameters in the namelist are
described in Table A2. A sample input of FEMAXI-III is shown in Table A3.

(1) Restart Option

The restart option in FEMAXI-III is used for a problem with long-term irradiation that is
difficult to finish the calculation within a limited running time at one time. Fig. A2 shows that
the use of restart option provides the user with the ability to run a problem dividing into a
several parts. A restrart run follows a previous run whose results of calculations are stored on
some permanent device such as the disk file. These run differs from a usual run in the
following:

- control cards;
- setting the namelist variables for restart.

The control cards must indicate to the computer system that the disk files are needed to
read and write the results of calculations.

The namelist variables INTST, IREST, NREC1, and NERCS5 must be set according to the
case. As described in Table A1, if INTST is set to 1, calculational results are written on the
disk file. This disk file number must be set by the variable NREC5. The initial stored value of
NRECS is 12.

If IREST is set to 1, calculational results stored on the disk file are read to execute a
restart run. For the restart run, the disk file number, on which the results of calculations
obtained in the previous run are stored is defined by the variable NRECI1. The initial stored
value of NREC1 is 11. If the previous results are stored on the disk file 12, the value NREC1
must be changed to 12.

The history data for the restart run is needed to set from the lst time step to the
specified time step at which the restart run is stopped. The other inputs such as the geometri-
cal data must be also set as same as the previous run. Therefore, a complete set of input
including the full history data must be set for the final restart run.
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Table A1 Input Parameters for FEMAXI-TI

Card No. Format Symbol

Description

1 20A4 MTITL(]),
I=1,20

Title of the calculation

Namelist card. See Table A2.

3 3110 NAX
IFEM

IPLANT

Number of axial segments (1 < NAX £12).

Axial segment. number at which FEM mechanical
analysis is performed (1 < IFEM £ 12).

Option number for reactor type.

1 =HBWR,

2 = BWR,

3 =PWR.
Currently uniform heat generation is assumed in
the case that IPLANT is selected as 3 (PWR).

4 110, 2F10.0 MRASA

CDIN
CDOUT

Option number for cladding type.
0 = recrystallized cladding tube,
1 = stress-relieved cladding tube.

Cladding inner diameter (cm).

Cladding outer diameter (cm).

S 2110,6F10.0 IDISH(I)

ICHAM(I)

PDIN(I)

PDOUT(I)*
PLENG(D)*
ENR()*
FDEN(I)*
pz(D*

Option number for dishing type.
0 = non-dished,
1 = dished at one end,

10 = all pellets are dished at one end, and you can
omit the input of this variable after the 2nd
card,

2 = dished at both ends,

20 = all pellest are dished at both ends, and you can
omit the input of this variable after the 2nd
card.

Option number for chamfering type.
0 = non-chamfered,
1 = chamfered,
10 = all pellets are chamfered, and you can omit the
input of this variable after the 2nd card.

Fuel inner diameter (cm). If all pellets have a same
inner diameter, you shoud set this variable as a
minus value. Then you can omit the input of this
variable after the 2nd card.

Fuel outer diameter (cm).

Fuel length (cm).

Enrichment of UZ$ (fraction).
Fraction of theoretical density.
Length of axial segment (cm).

You must set this card repeatedly “NAX” times
(NAX is defined in Card 3). You can omit the input
of variables with * after the 2nd card, if the value is
same as previous one.

For non-dished pellet, you must omit the card 6.
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Table A1 Continued

Card No. Format Symbol Description
6 3F10.0 DISH Dishing diameter (cm).
DEPTH Dishing depth (cm).
DISHB Diameter of dish bottom (cm).

For non-chamfered pellet, you must omit the card 7.

7 2F10.0 CHAMR Chamfer width (cm).
CHAMZ Chamfer height (cm).

8 7F10.0 PLENUM Plenum volume (cm?).
GPIN Initial inner gas pressure (MPa).
GMIXO0(1) Initial fraction of helium gas.
GMIXO0(2) Initial fraction of nitrogen gas.
GMIXO(3) Initial fraction of krypton gas.
GMIX0(4) Initial fraction of xenon gas.
PWEIT Total weight of fuel stack (gram).

9 110 NHIST Number of time step

10** 6F10.0, 215 Al Time (hr).

B1 Burnup. Unit of variable Bl is defined by the

parameter IBUNP in the namelist.
MWd/tUO,, if IBUNP =0,
Mwd/tU ,if IBUNP=1,
GJ/kgU ,if IBUNP =2.

You must set either Al or Bl.

A2 Linear heat rate (W/cm).

AS* Fast neutron flux (n/cm2 /sec).

A3* Coolant temperature (K).

A4* Coolant pressure (MPa).

IT Optional number for the input of history data. If IT

is set as 0, the time Al (or burnup B1) is regarded as
the time (or burnup) from the 1st time step or the
last time step after which IT is set as —100.

If IT is set as —100, the time A1 (or burnup Bl) is
regarded as the time increment (or burnup incre-
ment) from the previous time step.

If IT is set as 100, the time Al (or burnup Bl) is
regarded as the time (or burnup) from the 1st time
step.

IP Option number for the output.
0 = detailed output is not made,
2 1= detailed output is made for this time step.

You can omit the input of variables with * after the
2nd card if the value is same as previous one.

However you can not omit the input at the final
time step for the power A2 and the fast neutron
flux AS.

For the input of power, it is not allowed to set 0.
You must set 0.001 instead of 0.
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Table A1 Continued

75

Card No.  Format Symbol Description
11** 12F5.0, 1S RH(I), Relative axial power distribution.
I=1,12
II Number of time steps which have the same axial

power distribution.

If the power distribution does not change for the
next “II” steps (including this step), you can omit
this card “II-1” times.

Caption ** . You must set a couple of cards (Card 10 & 11) “NHIST” times.
But you can omit Card 11 if “II” is specified at the previous time step.

12 A4 IEND This is the termination card.
You must write “STOP” from the lst to 4th
columns,

Table A2 Namelist parameters for FEMAXI-III

Parameter Description Stored value

IREST Option number for restart run. 0
0 = restart run is not done,
1 = restart run is done.

INTST Option number for writing of results on the disk file. 0
0 = results is not stored on the disk file,
1 = results is stored on the disk file.

NRECS Disk file number for writing the results. 12
NREC1 Disk file number for reading the results. 11
ICK1 Option number for the analysis. 0

0 = thermal and FEM mechanical analysis is done,
1 = FEM mechanical analysis is not done
(only thermal analysis is done).

IBUNP Option number for defining the unit of burnup in the input. 0
0 =MWd/tUO,,
1=MWd/tU,
2 =GJ/kgU.

INPCK Option number for checking the input. 0

0 = usual run is made,
1 = only input is checked (calculation is not done).

NGR2 Memory size to store the values of produced gases and release 5000
fractions at each time step.

NGR3 Table size storing the address of values of produced gases and 300
release fractions.

CRFAC Acceleration factor for the creep strain rate of cladding in the 1.3
PWR fuel rods.

DMAX Increased density in the resintering test (1700 °CX 24 hr), (%). 1.0

DE Equivalent hydraulic diameter of the coolant channel (¢cm). 1.18

A" Innlet velocity of coolant (cm/sec). 500
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Parameter Description Stored value
IPH Option number to determine the increment of power during 0
the time interval.
0 = power increment is determined at the segment where 0
FEM analysis is performed.
1 = power increment is determined at the segment where the
power is the highest.
IOPT1 Option number to define the presence of bottom plenum. 0
0 = there is not the bottom plenum,
1 = there is the bottom plenum.
SBU Burnup at which densification terminates (MWd/tUO;). 2500
IWREL(]), Option number for the output of stresses and strains at each
integration point in each finite element at the specified time
step.
0 = output is not made,
1 = output is made.
IWREL(1) radial stresses (o). 0
IWREL(2) axial stresses (o). 1
IWREL(3) circumferential stresses ( ds ). 1
IWREL(4) shear stresses (7rz). 0
IWREL(5) equivalent stresses (). 1
IWREL(6) yield stresses (oy). 0
IWREL(7) radial strains (& ). 0
IWREL(8) axial strains ( €z ). 0
IWREL(9) circumferential strains (¢s ). 0
IWREL(10) shear strains (7rz). 0
IWREL(11) equivalent plastic strains (¢ ?). 1
IWREL(12) radial creep strains (&f). 0
IWREL(13) axial creep strains (€3 ). 0
IWREL(14) circumferential creep strains (e§ ). 1
IWREL(15) radial elastic strains (&% ). 0
IWREL(16) axial elastic strains (€7 ). 0
IWREL(17) circumferential elastic strains ( &§). 0
IWREL(18) radial thermal strains (" ). 0
IWREL(19) axial thermal strains ( €% ). 0
IWREL(20) strains by densification (&9%"). 0
IWREL(21) strains by swelling { ¢*%). 0
IWREL(22) Young’s modulus in the radial direction. 0
IWREL(23) Young’s modulus in the axial direction. 0
0

IWREL(24)

Young’s modulus in the circumferential direction.
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Table A3 Sample Input for FEMAXI-II

1 2 3 4 S [} 7 8
CARD NO. ....5....0....5....0....5....0....5....0....5....0....5....0....5....0....5....0
1. sxxx FEMAXI-III SAMPLE CALCULATION xxx
2. ¥INPUT ICK1=0 ¥END

3. 10 5 3

4. 1 0.8360 0.9511

5. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
6. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
7. 2 0 2.0 0.819 1.344 0.0826 0.9516 9.828
8. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
9. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
10. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
11. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
12. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
13. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
14. 2 0 0.0 0.819 1.344 0.0826 0.9516 9.828
15. 0.595 0.03 0.0

16. 5.2 1.38 1.0 0.0 0.0 0.0 531.1

17. 14

18. 0.0 0.001 O0.33E+14 534.1 13.73

19. 0.56 0.76 0.92 0.99 1.00 0.99 0.99 0.92 0.78 0.61 ]

20. 1.0 200.0 1

21. 1000.0 200.0

22. 0.5 150.0 -100

23. 5000.0 150.0

24 . 1.0 0.001 O0.33E+14 534.1 13.73 -100 1

25. 0.5 0.001 O0.80E+14 577.1 14.60 -100

26. 0.22 0.57 0.85 0.99 1.00 0.75 0.52 0.35 0.11 0.05 8

27. 1.0 200.0 0

28. 25.0 200.0 1

29. 25.5 350.0 0

30. 26.0 500.0 1

31. 30.0 500.0 0

32. 50.0 500.0 1

33. 51.0 0.001 0.80E+14 577.1 14.60 1

34. STOP

cees5....00...5....000005....0000.5.0..0000.5.00.0000.5....0....5....0....5....0

START

WRITE
DISK FILE A :
Store the results up to the present time
step
RESTART 1
WRITE
OC—> [ DisK FILE B :
Store the results up to the present time
step
READ
RESTART 2

‘ END ,

Fig. A2 Restart Option in FEMAXI-II.
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Appendix C . Sample Output

1 4 3 4 5 6 7 8
CARD NO. ....5....0....5.00:000005.000000005.00.000005.00.0,0005.0..0....5....0....5....0
1. ®sx FEMAXI-II1 SANPLE CALCULATION xxx
2. ¥INPUT ICK1=0 ¥END

3. 5 3 3
4. 1 0.8360 0.9511
5. 2 0 0.0 0.819 1.344 0.0826 0.9516 19.656
6. 2 0 0.0 0.819 1.344 0.0826 0.9516 19.656
7. 2 0 0.0 0.819 1.344 0.0826 0.9516 19.656
8. 2 0 0.0 0.819 1.344 0.0826 0.9516 19.656
9. 2 Q 0.0 0.819 1.344 0.0826 0.9516 19.656
10. 0.595 0.03 0.0
11. 5.2 1.38 1.0 0.0 0.0 0.0 531.1
12. 14
13. 0.0 0.001 0.33E+14 534.1 13.73
14. 0.76 0.90 1.00 0.90 0.78 6
15. 1.0 200.0 0
16. 1000.0 200.0
i7. 0.5 150.0 -100
18. 2000.0 150.0
19. 1.0 0.001 0.33E+14 534.1 13.73 -100 0
20. 0.5 0.001 0.80E+i4 577.1 14.60 -100
21. 0.57 0.90 1.00 0.75 0.52 8
22. 1.0 200.0 0
23. 25.0 200.0 1
4. 25.5 350.0 0
5. 26.0 500.0 1
26. 30.0 500.0 o
27. 50.0 500.0 L]
28. 51.0 0.001 0.80E+14 577.1 14.60 [
29. STOP

veeeSaaee0ii5....00..0

L U FUUE SOUIY T DU PO SUDIN SO SRR

SINPUT
IREST=0,INTST=0,NGR2=5000,NGR3=300, INPCK=0, IBUNP=0,1CK1=0,DMAX=1.00000000000000000, SBU=2500.00000000000000, CRFAC=1.30000000000000004 , DE=
1.17999999999999994,V=500.000000000000000, IPH=0, IWREL=0,1,1,0,1,0,0,0,0,0,1,0,0,1,0,0,0,0,0,0,0,0,0,0, LOPT1=0, NREC1=11,NRECS=12,

SEND

P.¥.R. FUEL ROD.
SINPUT DATA

{1 PELLET SPECIFICATIONS ----

NODE DIAMETER (CM) SHAPE U-235 FRACTIONAL ONE PELLEY NODE
INSIDE OUTSIDE CHAMF  DISH ENRICH. DENSITY LENGTH (CM) LENGTH (CW)
1 0.0 0.819 L 0.083 0.952 1.344 19.656
2 0.0 0.819 " 0.083 0.952 1.344 19.656
=3 0.0 0.819 LLd 0.083 0.952 1.344 19.656
4 0.0 0.819 LL] 0.083 0.952 1.344 19.656
5 0.0 0.819 L 0.083 0.952 1.344 19.656
DISH DIAMETER (CM) = 0.595 DISH DEPTH ou = 0.030 DISH BOTTOM om = 0.0
PELLET TOTAL WEIGHT (GRAM) = 531.100
GRAIN SIZE (MICRON) = 15.000
NAXIMUN FRACTIONAL DENSITY = 0.962
SATURATE BURNUP (MWD/TU02) = 2500.000
(2) OTVHERS
CLAD. MATERIAL IS STRESS RELIEVED 2IRCALOY
CLAD. INSIDE DIAMETER (CM) = 0.836
CLAD. OUTSIDE DIAMETER (LM) = 0.951
THERMAL RELOCATIOR (-) = 0.300
PLENUM VOLUME (CMEx3) = 5.200
INITIAL GAS PRESSURE (MPA) = 1.380

INITIAL GAS COMPOSITION (PERCENT)
HELIUM = 100.0
NITROGEN= 0.0
KRYPTON = 0.0
XENON = 0.0
PELLET SURFACE ROUGHNESS (CW) = 0.0005
CLADOING SURFALCE ROUGHNESS (CM) = 0.0001
ROOM TEMPERATURE (DEG.K) = 291.15
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= =xx FEMAXI-1

I1 SAMPLE CALCULATION *xx

-- FEMAXL-IL1 C MOD-03 ) --

NODAL POINT AND ELEMENT CONNECTION NAP
xxx PELLET »3% GAP xxx CLADDING xxx
7+ 11+ 18+ 22¢ 29¢ 33+ 40+ A4+ S1¢ S5+ 62 I 69+ 73+ 80
+ + + + + + + +
6 3 17 28 9 39 12 S0 15 61 I 68 18 79
+ + + + + + + +
5+ 10+ 16+ 21+ 27+ 32¢ 38+ 43+ 49+ 54+ 60 1 67+ 72+ 78
+ + + + + + + +
4 2 15 2 8 37 11 48 14 59 1 66 17 77
+ + + + + + + +
3+ 94 14+ 20+ 25+ 31+ 36+ 42+ 47+ 53+ 58 I 65+ 71+ 76
+ + + + + + L] +
2 1 13 24 1 35 10 46 13 S7 I 64 16 75
+ + + + + + + +
1+ 8+ 12+ 19+ 23+ 30+ 34+ A1+ 45+ 52+ 56 1 63+ 70+ 74
sxxss NODAL COORDINATE (MICRON) sxmxz
(R-DIRECTION) GAP
0.0 425.0 850.0 1275.0 1700.0 2125.0 2550.0 2975,0 3348.3 3721.7 4095.01 4180.0 4467.7 4755.5
0.0 850.0 1700.0 2550.0 3348.3 4095.01 4180.0 4755.5
0.0 425,0 850.0 1275.0 1700.0 2125.0 2550.0 2975.0 3348.3 3721.7 4095.01 4180.0 4467.7 4755.5
0.0 850.0 1700.0 2550.0 3348.3 4095.01 4180.0 4755.5
0.0 425.0 850.0 1275.0 1700.0 2125.0 2550.0 2975.0 3348.3 3721.7 4095.01 4180.0 4467.7 4755.5
0.0 850.0 1700.0 2550.0 3348.3 4095.01 4180.0 4755.5
0.0 425.0 850.0 1275.0 1700.0 2125.0 2550.0 2975.0 3348.3 3721.7 4095.01 4180.0 4467.7 4755.5
(2-DIRECTION) GAP
6420.0 6426.1 6444.3 6474.6 6517.3 6572.3 6639.8 6720.0 6720.0 6720.0 6720.01 6720.0 6720.0 6720.0
5350.0 5370.2 5431.1 $533.2 5600.0 5600.01 5600.0 5600.0
4280.0 4284.0 4296.2 4316.4 4344.9 4381.5 4426.5 4480.0 4480.0 4480.0 4480.01 4480.0 4480.0 4480.0
3210.0 3222.1 3258.6 3319.9 3360.0 3360.01 3360.0 3360.0
2140.0 2142.0 2148.1 2158.2 2172.4 2190.8 2213.3 2240.0 2240.0 2240.0 2240.01 2240.0 2240.0 2240.0
1070.0 1074.0 1086.2 1106.6 1120.0 1120.01 1120.0 1120.0
0.0 0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0 0,0 0.0 0.0
CALCULATIONAL VARIABLE TABLE (1)
CALCULATION OPTION
NAME DESCRIPTION DIMENSION
IREST RESTART OPTION (=0;NORESTART, =1;RESTART) -
INTST DRAW UP RESTART TAPE OPTION (=0;NO, =1;YES) -
1PLT DRAV UP PLOTTER TAPE OPTION (=0;NO, =1;YES) -
NREC1 RESTART TAPE NUMBER -
NREC2 PLOTTER TAPE NUMBER -
DPXX POVER INCREMENTAL VIDTH vicH
EFCOEF TIME INCREMENTAL VIDTH PARAMETER (BE RESTRICTED FROM CREEP) -
1TEND NEWTON-RAPHSON ITERATION COUNT -
KUMAX BOUNDARY CONDLITION LTERATION COUNT -
THETC CREEP PARAMETER -
THETP YIELD PARAMETER -
AY TILTING VALUE o
AMY PELLET/CLADDIND FRICTION COEF. -
1L0CK LOCKING OPTION (=0;P/C GAP SIZE, =1;AXIAL COORDINATE) -
TROOM ROOM TEMPERATURE DEG.K
1BUNP BURNUP DIMENSION FLAG (=0;MWD/TUO2, =1;MWD/TU, =2;6J/KGU) -
INPCK INPUT DATA CHECK OPTION (=0;CALCULATION, =1;INPUT DATA CHECK) -
CRTM OUTPUT DATA OPTION (FINAL INFORMATION GEIVES AFTER CRTN) HR
1TING BOUNDARY CONDITION TIME STEP CONTROL OPTION (=0;NO, =1;YES) -
1TINY ELASTIC/PLASTIC CONDITION TINE STEP CONTROL OPTION (=0;NO, =1;YES) -
1PH POVER INCREMENTAL WIDTH ATTENTION NODE (=0;IFEM NODE,=1,MAXIMUM VARIABLE NODE) -
16Kt MECHANICAL CALCULATION OPTION (=0;CALCULATE, =1;NO CALCULATE) -
1CHI ELASTIC CALCULATION OPTION (=0;NO, =1;YES) -
IWREL ELEMENT INFORMATION OUTPUT CONTROL TABLE (=0;0FF, =1;0N) -
1 SIG(R) 0 2 SIG(D) 1 3 SI6(T) 1 4 SIGRD) 0 5 EQ.SIG
6  SIGY 0 7 EPS(R) 0 8  EPS(D) [} 9 EPS(D) 0 10 EPS(RD)
11 EPSP 1 12 EPSC(R) o 13 EPSC(D) 0 14 EPSC(D) 1 15 EPSE(R)
16 EPSE(Z) 0 17 EPSE(T) 0 18 EPSTH(R) 0 19 EPSTH(D) 0 20  EPSDEN
21 EPSSWL 0 22 ELAST(R) 0 23 ELAST(D)  © 24 ELASTC(D)  ©
DIMENSION INFORMATION
NANE DESCRIPTION DIMENSION
LASR RIAL OIMENSION AREA (USED) -
LD RIAL OIMENSION AREA (DEFINED) -
LASE INTEGER DIMENSION AREA (USED) -
LoL INTEGER DIMENSION AREA (DEFINED) -
NODE NODAL POINT NUMBER -
NOD2 NODAL POINT FREEDUM NUMBER
NELM ELEMENT NUMBER -
NPAR GAP PAIR NUMBER
NMAX SYMMETRIC MATRIX FREEDUM NUMBER -
NHY NON-SYMMETRIC MATRIX FREEDUM NUMBER -
NMK BOUNDARY PAIR NUNBER -
NAX .

SYMMETRIC MATRIX AREA
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-
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FEMAXI-MI : A Computer Code for the Analysis of
Thermal and Mechanical Behavior of Fuel Rods

NCR NON- SYMMETRIC MATRIX AREA
MM CLADDING LAYER NUMBER

NN PELLET LAYER NUMBER

KK AXIAL LAYER NUMBER

NAX AXIAL NODE WNUMBER

NHISY TIME HISTORY POINT NUMBER

CALCULATIONAL VARIABLE TABLE (2)

PELLET OPTION

NANE DESCRIPTION
HO,F0,GO,EQ PARAMETER OF ANISOTROPY
GAMR,GAMZ ,GAMT CRACK PARAMETER
BETA HOTPRESS PARAMETER
YEC PELLET CRACK ELASTIC VALUE (YEC(R),YEC(Z),YEC(T))
FRELOC MECHANICAL RELOCATION PARAMETER
EPSRLZ AXIAL RELOCATION PARAMETER
DCHG RE-RELOCATOIN PARAMETER
SPCON UNRESTRAINT SWELLING BOUNDARY STRESS
N UNRESTRAINT SWELLING BOUNDARY STRESS COEF.

CLADDING OPTION

DESCRIPTION

PARAMETER OF ANISOTROPY

H0,F0,G0,E0

FILN CONDUCTANCE OPTION

NANE DESCRIPTION
v COOLANT VELOSITY
DE EQUIVALENT HYDRAURIC DIAMETER
HISTORY DATA (1)
1 1 1 1 COOLANTI
NHIST 1 1 BURNUP 1 L.H.R. 1 TEWP. I

DIMENSION

DIMENSION

DIMENSION

CM/SEC
[ ]

JAERI 1298

2.00+09 2.0D+09 2.00+09
0.50
3.0000-03
0.50
-1.000D+06
1.00

1.0

I PRINT 1
1 OPTION I

MWD/ TUD2 GJ/KGU I 1 DEG.K

3135.3

1577.10

RELATIVE POWER FACTOR = 0.0

1

COOLANTIFAST NEWTRONI HISTRY
PRESS.I  FLUX 1 OPTION
NPA 1 N/CM2.S 1 -

8.000D+13




JAERI 1298 Appendix C : Sample Output

HISTORY DATA (2)

0.570 1 0.900 I 1.000 1 0,750 I 0.520 1

MECHANICAL ATTENTION NODE NUMBER = 3
2

NST = 1 CAL = DCAL = 2 T.C. = 0 TIME = 0.00 LHR = 0.00 BURNUP = 0.00
NST = ? CAL = 4 DCAL = 2 T.C. = 0 TIME = 0.05 LHR = 10.00 BURNUP = 0.00
NST = 3 CAL = 6 DCAL = 2 T.C. = 0 TIME = 0.10 LHR = 20.00 BURNUP = 0.01
NST = 4 CAL = 8 DCAL = 2 T7.C. = 0 TIME = 0.15 LHR = 30,00  BURNUP = 0.02
NST = 5 CAL = 10 0CAL = 2 T.Co = 0 TINE = 0.20 LHR = 40.00 BURNUP = 0.03
NST = 6 CAL = 12 DCAL = 2 T.C. = 0 TIME = 0.25 LHR = 50.00 BURNUP = 0.0s
NST = 7 CAL = 14 DCAL = 2 T.C. = 0 TIME = 0.30 LHR = 60.00 BURNUP = 0.07
NST = 8 CAL = 16 DCAL = 2 T... = 0 TIME = 0.35 LHR = 70.00 BURNYP = 0.09
NST = 9 CAL = 18 DCAL = 2 T.C. = 0 TIME = 0.40 LHR = 80.00 BURNUP = 0.12
NST = 10 CAL = 20 DCAL = 2 T.C. = 0 TIME = Q.45 LHR = 90.00 BURNUP = 0.16
NST = 11 CAL = 22 DCAL = 2 T.C. = 0 TIME = 0.50 LHR = 100.00 BURNUP = 0.19
NST = 12 CAL = 24 DCAL = 2 T.C. = 0 TIME = 0.55 LHR = 110.00 BURNUP = 0.23
NST = 13 CAL = 26 DCAL = 2 T.C. = Q TIME = 0.60 LHR = 120.00 BURNUP = 0.28
NST = 14 AL = 28 DCAL = 2 T.C. = 0 TIME = 0.65 LHR = 130.00 BURNUP = 9.33
NST = 15 CAL = 30 bCAL = 2 T.C. = 0 TIME = 0.70 LHR = 140.00  BURNKUP = 0.38
NST = 16 CAL = 32 ocaL = 2 T.C. = 0 TIME = 0.75 LHR = 150.00  BURNUP = 0.43
NST = 17 CAL = 34 DCAL = 2 T.C. = 0 TIME = 0.80 LHR = 160.00  BURNUP = 0.49
NST = 18 CAL = 36 DCAL = 2 T.C. = 0 TIME = 0.85 LHR = 170.00 BURNUP = 0.56
NST = 19 CAL = 38 DCAL = 2 T.C. = 0 TIME = 0.90 LHR = 180.00 BURNUP = 0.63
ST = 20 CAL = 40 OCAL = 2 T.C. = 0 TIME = 0.95 LHR = 190.00 BURNUP = 0.70
NST = 21 CAL = 42 0CAL = 2 T.C. = 0 TIME = 1.00 LHR = 200.00 BURNYP = 0.77
NST = 22 CAL = 44 0CAL = 2 T.C. = 0 TIME = 46.55 LHR = 200.00 BURNUP = 71.09
NST = 23 AL = 46 DCAL = 2 T.C. = 0 TIME = 546.55 LHR = 200.00 BURNUP = 843.04
NST = 24 CAL = 48 BCAL = 2 T.C. = 0 TINE = 648.21 LHR = 200.00  BURNUP = 1000.00
NST = 25 CAL = 50 DCAL = 2 T.C. = 0 TIME = 648.31 LHR = 190.00 BURNUP = 1000.15
NST = 26 CAL = 52 DCAL = 2 T.C. 0 TIME = 648.41 LHR = 180,00 BURNUP = 1000.29
NST = 27 CaL = S4 DCAL = 2 T.C. = 0 TIME = 648.51 LHR = 170.00 BURNUP = 1000.43
NST = 28 CAaL = 56 DCAL = 2 T.C. = 0 TIME = 648.61 LHR = 160.00 BURNUP = 1000.56
NST = 29 CAL = 58 DCAL = 2 T.C. = 0 TIME = 648.71 LHR = 150.00 BURNUP = 1000.68
NST = 30 CAL = 60 DCAL = 2 T.C. = 0 TIKE = 698.71 LHR = 150.00 BURNUP = 1058.57
NST = 31 CAL = 62 0CAL = 2 T.C. = 0 TIME = 1198.71 LHR = 150.00 BURNUP = 1637.53
NST = 32 CAL = 64 O0CAL = 2 T.C. = 0 TIME = 1698.71 LHR = 150.00 BURNUP = 2216.49
NST = 33 CAL = 66 DCAL = 2 T.C. = 0 TIME = 2198.71 LHR = 150.00 BURNUP = 2795.45
NST = 34 CAL = 68 DCAL = 2 T.C. = 0 TIME = 2375.37 LHR = 150.00 BURNUP = 3000.00
NST = 35 CAL = 70 DCAL = 2 T.C. = 0 TIME = 2375.44 LHR = 140.00 BURNUP = 3000.07
NST = 36 CAL = 12 DCAL = 2 T.C. = 0 TIME = 2375.50 LHR = 130.00 BURNUP = 3000.14
NST = 37 CAL = 74 OCAL = 2 T.C. = 0 TIME = 2375.57 LHR = 120.00 SBURNUP = 3000.21
NST = 38 CAL = 7% DCAL = 2 T.C. = 0 TIME = 2375.64 LHR = 110.00 BURNUP = 3000.27
NST = 39 CAL = 78 0CAL = 2 T.C. = 0 TIME = 2375.70 LHR = 100.00 BURNUP = 3000.32
NST = 40 CAL = 80 0CAL = ? T.C. = 0 TIME = 2375.77 LHR = 90.00 BURNYP = 3000.37
NST = A1 CAL = 82 OCAL = 2 T.C. = 0 TIME = 2375.84 LHR = 80.00 BURNUP = 3000.41
NST = 42 CAL = 84 DCAL = 2 T.C. = 0 TIME = 2375.90 LHR = 70.00 BURNUP = 3000.45
NST = 43 CAL = 86 DCAL = 2 T.C. 0 TIME = 2375.97 LHR = 60.00  BURNUP = 3000.49
NST = 44 CAL = 88 DCAL = 4 T.C. = 0 TIME = 2376.04 LHR = 50.00 BURNUP = 3000.51
NST = 45 CAL = 90 DCAL = 2 T.C. = 0 TIME = 2376.10 LHR = 40.00 BURNUP = 3000.54
NST = 46 CAL = 92 DCAL = 2 T.C. = 0 TIME = 2376.17 LHR = 30.00 BURNUP = 3000.56
NST = 47 CAL = 94 ODCAL = 2 T.C. = 0 TIME = 2376.24 LHR = 20.00 BURNUP = 3000.57
NST = 48 CAL = 9% OCAL = 2 T.C. = a TIMNE = 2376.30 LHR = 10.00 BURNUP = 3000.58
NST = 49 CAL = 98 0CAL = 2 T.C. = 0 TINE = 2376.37 LHR = 0.00 BURNUP = 3000.58
NST = 50 CAL = 100 OCAL = 2 T.C. = 0 TIME = 2376.87 LHR = 0.00 BURNUP = 3000.58
NST = 51 CAL = 102 DCAL = 2 T.C. = 0 TIME = 2376.90 LHR = 10.00 BURNUP = 3000.58
NST = 52 CAL = 104 DCAL = 2 F.C. = 0 TIME = 2376.92 LHR = 20.00 BURNUP = 3000.58
NST = 53 CAL = 106 DCAL = 2 T.C. = 0 TIME = 2376.95 LHR = 30.00 BURNUP = 3000.59
NST = 54 CAL = 108 DCAL = 2 T.C. = 0 TIME = 2376.97 LHR = 40.00 BURNUP = 3000.59
NST = 55 CAL = 110 OCAL = 2 T.C. = 9 TIME = 2377.00 LHR = 50.00 BURNUP = 3000.60
NST = 56 CAL = 112 DCAL = 2 T.C. = [ TIME = 2377.02 LHR = 60.00 BURNUP = 3000.61
NST = 57 CAL = 114 8CAL = 2 T.C. = 0 TIME = 2377.05 LHR = 70.00 BURNUP = 3000.63
NST = 58 CAL = 116 ocaL = 2 T.C. = 0 TIME = 2377.07 LHR = 80.00 BURKUP = 3000.64
NST = 59 CAL = 118 DCAL = 2 T.C. = 0 TIME = 2377.10 LHR = 90.00 BURNUP = 3000.66
NST = 60 CAL = 120 DCAL = 2 T.C. = 0 TIME = 2377.12 LHR = 100.00 BURNUP = 3000.68
NST = 61 CAL = 122 DCAL = 2 7.C. = 0 TIME = 2377.15 LHR = 110.00 8BURNUP = 3000.70
NST = 62 CAL = 124 DCAL = 2 T.C. = 0 TIME = 2377.17 LHR = 120.00 BURNUP = 3000.72
NST = 63 AL = 126 DCAL = 2 T.C. = 0 TIME = 2377.20 LHR = 130.00 BURNUP = 3000.74
NST = 64 CAL = 128 DCAL = 2 T.C. = 0 TIME = 2377.22 LHR = 140.00 BURNUP = 3000.77
NST = 65 CAL = 130 DCAL = 2 T.C, = 0 TIME = 2377.25 LHR = 150.00 BURNUP = 3000.80
NST = 66 CAL = 132 DCAL = 2 T.C. = 0 TIME = 2377.27 LHR = 160.00 BURNUP = 3000.83
NST = 67 CAL = 134 DCAL = 2 T.C. = 0 TIME = 2377.30 LHR = 170.00  BURNUP = 3000.856
NST = 68 CAL = 136 DCAL = 2 T.C. = 0 TIME = 2377.32 LHR = 180.00 BURNUP = 3000.89
NST = 69 CAL = 138 DCAL = 2 T.C. = ] TIME = 2377.3% LHR = 190.00 BURNUP = 3000.93
NST = 70 CAL = 140 OCAL = 2 T.C. = 0 TIME = 2377.37 LHR = 200.00 BURNUP = 3000.96



FEMAXI-II : A Computer Code for the Analysis of JAERI 1298
Thermal and Mechanical Behavior of Fuel Rods

*xxx FEMAXI-II1 SAMPLE CALCULATION =xx

STAGE NO. = 71 TIME (HRS) = 2401.3712 COOLANT TEMP.(K) =577.100 COOLANT PRESS.(MPA) = 14,600
L.H.R. BURN uP GAP CONDUCTANCE (Ww/CMNz=2 K) TEMPERATURE (K> CLEARANCE CONTACT

NODE (W/ICM) (M¥D/TUO) TOTAL GAS soLiD RAD. PC PS cl co (MICRONS) FORCE(NPA) NOBE
1 114.000 2301.8 0,4001 0.3958 0.0 0.0043 915.6 712.5 602.9 588.7 47.458 0.0 1
2 180.000 2734.2 0.4652 0.4601 0.0 0.0051 1126.4 766.5 617.7 595.3 40.385 0.0 2

x=3 200.000 3038.0 0.4904 0.4851 0.0 0.0053 1191.2 779.0 622.1 597.4 37.872 0.0 3
4 150.000 2728.6 0.4352 0.,4304 0.0 0.0047 1028.8 743.5 611.0 592.3 43.452 0.0 4
H 104.000 2359.9 0.3923 0.3881 0.0 0.0042 884.3 702.6 600.6 587.6 48.340 0.0 5

BURN up PELLET DISP. (MICRONS) CLADDING DISP. (MICRONS)
(FI18S/CC THRMNAL , LRRAD. DENSIFI RELOC

NODE CSFR® PFACx x10=x20) EXPANS SWELL CATION ATION CREEP
1 0.7597 2.0000 0.65 10.469 2.115 -12.010 23.687 -7.707
2 0.7597 2.0000 0.77 17.308 2.513 -12.549 23.687 ~8.400

* 3 0.7597 2.0000 0.86 19.452 2.792 -12.817 23.687 -B8.854
4 0.7597 2.0000 0.77 14.105 2.508 -12.543 23.687 -8.391
5 0.7597 2.0000 0.67 9.473 2.169 -12.095 23.687 -7.804
INITIAL GAS (MOL) = 4.53D0-03

FISSION GAS RESULT
LOCAL FISSION GAS RELEASE FRACTION (AXIAL NODE)

1 0.00500 2 0.00500 3 0.00500 4 0.00500 S5 0.00500
ROD AVERAGE FISSION GAS RELEASE FRACTION = 0.00500 FRACTIONS OF GAS MIXTURE (PERCENT)

HE N2 KR XE
ROD GAS PRESSURE ( MPA ) = 3.204 99.8 0.0 0.0 0.2
TOTAL GAS (MOL) = 4,530-03
RELEASED IODINE ( GRAM/CM==2 ) = 2.010-07 (AVERAGE) 2.32D0-07 (PEAK)
(MOL) HE N2 KR XE TOTAL
PRODUCED GAS . . . . 0.0 0.0 2.44D-04 1.630-03 e e 1.880-03
RELEASED GAS . . . . 0.0 0.0 1.220-06 8.160-06 e e 9.380-06
ROD GAS . . . . 4.53D-03 0.0 1.220-06 8.160-06 e e 4.530-03
-
RADIAL TEMPERATURE DISTRIBUTION AT AXIAL NODE OF 3
PELLET 1 GAP /1 CLAD.

PR PP NS RN TS PSP O SU e S [ N 8 | cealeiena2.0...3

1191 1187 1173 1151 1120 1081 1034 979 918 851 779 622 609 597

xxxxxxxxx QUTPUT ---STAGE--- 71

AEXAEK

TIME 2401.37 HR

LINEAR HEAT RATING 200.00 W/CM

FAST NEUTRON FLUX 8.00D+13 N/CH=x2.S

FISSION RATE 1.18D+13 FISSIONS/CM®x3.S

BURNUP 3.04D+03 MWD/TUO2

*xsxxxxxx TEMPERATURE DISTRIBUTION

N TENP(K) N TENP(X) N TEMP(K) N TENPC(K) N TEMP(K)
1 1190.37 2 1179.21 3 1162.90 4 1129.85 5 1097.89
6 1044.34 7 998.17 8 931.34 9 880.94 10 807.30
1 616.64 12 602.36

axxxsxxxx PELLET/CLADDING MECHANICAL INTERACTION STATUS
NODAL CONTACT PELLET CLADOING RADIAL GAP

COMBINATION SURFACE INCREMENTAL STRESS(PA) TOTAL STRESS(PA) INCREMENTAL STRESS(PA) TOTAL STRESS(PA)

FUEL-CLAD STATUS RADIAL AXIAL RADIAL AXIAL RADIAL AXIAL RADIAL AXIAL C(MICRONS)
62- 69 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5287D+01
61- 68 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8246D+01
60- 67 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.91520+01
59- 66 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.91430+01
58- 65 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.89750+01
S57- 64 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8817D+01
56- 63 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.87760+01

*xkxxxxxx PELLET/PELLET MECHANICAL INTERACTION STATUS #=xx
NODAL CONTACT AXIAL STRESS (PA) AXIAL DISPLACEMEKT (CM> RADIAL GAP (MICRONS)

POINT STATUS INCREMENTAL TOTAL DISP. CONTACT DISTANCE MINMUM BOUNDARY
7 OPEK 0.0 0.0 6.4736D-01 0.0 0.0 2.5287D+01 3.0000D+00
11 OPEN 0.0 0.0 6.47940-01 0.0 0.0 2.52870+01 3.0000D+00
18 OPEN 0.0 0.0 6.49710-01 0.0 0.0 2.52870+01 3.0000D+00
22 OPEN 0.0 0.0 6.52660-01 0.0 0.0 2.52870+01 3.00000+00
29 OPEN 0.0 0.0 6.56820-01 0.0 0.0 2.52870401 3.00000+00
33 OPEN 0.0 0.0 6.62200-01 0.0 0.0 2.52870+01 3.00000+00
40 OPEN 0.0 0.0 6.68820-01 0.0 0.0 2.52870401 3.00000+00
44 OPEN 0.0 0.0 6.7671D-01 0.0 0.0 2.52870401 3.00000+00
51 OPEN 0.0 0.0 6.7655D0-01 0.0 0.0 2.52870+401 3.0000D+00
55 OPEN 0.0 0.0 6.7639D-01 0.0 0.0 2.52870401 3.00000+00
62 OPEN 0.0 0.0 6.7625D-01 0.0 0.0 2.52870+01 3.00000+00



JAERI 1298

(R-DLRECTION) GAP
0.0 7.2 14.2 21.1 27.8 34.1 40.3 46.2 50.8 55.3 59.51 -0.2 0.9 1.
0.0 13.0 25.6 37.5 47.8 56.51 -0.2 1.
0.0 6.4 12.8 19.1 25.2 31.1 36.9 42.3 47.0  51.4  55.61 -0.2 0.9 1.
0.0 12.9 25.3 36.9 47.0 55.61 -0.2 1.
0.0 6.5 13.0 19.3 25.5 31.4 37.1 42.6 47.2  51.6 55.81 -0.2 0.9 1.
0.0 13.1 25.6 37.3 47.3 55.91 -0.2 1.
0.0 6.6 13.1 19.5 25.7 3t.6 37.3 42.8 47.4 51.8 56.01 -0.2 0.9 1
(Z-DIRECTION) GAP
53.6 53.4 52.8 52.0 50.9 49.7 48.4 47.1 45.5 43.9  42.51 8.8 8.8 8.
44.0 43.4 42.1 40.5 38.8 37.21 7.3 7.
34.4 34.3 34.1 33.7  33.3 32.9 32.5 32,2 31.7  31.3 31.11 5.9 5.9 5.
25.3 25.1 24.8 24.4 24.1 23.91 4.4 4.
16.6 16.6 16.5 16.5 16.4 16.3 16.3 16.3 16.2 16.2 16.21 2.9 2.9 2.
8.2 8.2 8.2 3.2 a.2 8.21 1.5 1.
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.0 0.0 0.
wxssx ELEMENT INFORMATION STRESS (MN/M3x2) %338
SIG(D GAP
-0.4 -0.4 -0.4 -0.4 -0.4 -0.2 -0.1 0.1 0.2 0.2 I -50.4 -49.9
-3.3 -3.1 -2.7 -2.0 -1.3 -0.4 0.1 0.6 1.0 1.5 I -50.4 -49.9
-6.5 -5.8 -5.0 -3.3 -1.9 -0.3 0.3 1.1 1.7 2.7 I -50.4 -49.9
-9.7 -8.6 -7.0 -4.3 -2.3 -0.2 0.5 1.5 2.4 3.7 I -50.4 -49.9
-11.1 -9.8 -7.9 -4.8 -2.4 -0.2 0.6 1.7 2.7 4.1 I -50.4 -49.9
-12.0 -10.6 -8.5 -5.0  -2.5 -0.1 0.6 1.9 2.8 4.3 I -50.4 -49.9
xxxxx ELEMENT INFORMATION  STRESS (MN/M®%2) xxx=2%
$16(T) GAP
: 0.4 0.5 0.6 0.9 1.2 1.8 2.4 3.2 3.3 4.7 I -98.5 -96.2
-3.5 -3.2 -2.5 -1.4 -0.5 0.4 1.1 2.0 2.7 3.8 I -98.5 -96.2
-4.6 -4.0 -3.2 -1.8 -0.7 0.4 1.0 2.0 2.7 3.8 1 -98.5 -96.2
-4.9 -4.3 -3.4 -1.8 -0.7 0.4 1.1 2.1 2.8 3.9 I -98.5 -96.2
-4.6 -4.1 -3.1 -1.6 -0.5 0.5 1.3 2.2 3.0 4.0 I -98.5 -96.2
-4.5 -3.9 -3.0  -1.5 -0.4 0.6 1.3 2.3 3.0 4.0 I -98.5 -96.2
sxsxx ELEMENT INFORMATION  STRESS (MN/M222) xxzxsz
EQ.SI6 GAP
0.8 1.1 1.4 1.9 2.3 2.7 3.1 3.6 4.0 4.6 1 80.2 72.7
0.7 1.9 2.8 3.5 3.6 3.5 3.1 3.2 3.2 3.4 1 80.2 72.7
2.0 2.4 2.8 3.0 3.2 3.0 3.1 3.0 3.2 3.6 1 80.2 72.7
4.8 4.3 3.6 2.7 2.6 2.7 2.7 3.0 3.3 4.0 1 80.2 72.7
6.5 5.6 4.5 2.9 2.3 2.5 2.6 3.1 3.5 4.2 1 80.2 72.7
7.5 6.5 5.1 3.0 2.2 2.4 2.6 3.1 3.6 4.3 1 80.2 72.7
sxxxx ELEMENT INFORMATION STRAIN (0.01 PERCENT) =xxxx
EPSP GAP
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 I 0.0 6.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 I 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
xaxxx ELEMENT INFORMATIOR  STRAIN (0.01 PERCENT) =xsxx
EPSC(T) GAP
0.7 0.9 1.3 1.9 2.4 3.1 3.4 3.6 3.5 3.2 I -13.5 -10.0
-0.6 -0.3 0.3 1.2 1.7 2.1 2.1 2.3 2.3 2.2 I -13.5 -10.0
1.0 1.2 1.7 2.2 2.5 2.3 2.2 2.1 2.0 1.8 1 -13.5 -10.0
2.7 2.7 3.1 3.3 3.3 2.6 2.2 2.0 1.8 1.5 { -13.5 -10.0
3.7 3.7 3.9 4.0 3.7 2.8 2.3 2.0 1.8 1.5 1 -13.5 -10.0
4.3 4.2 4.4 4.4 4.0 2.9 2.4 2.0 1.8 1.4 I -13.5 -10.0
sxsSTAGEx*x 71 TINE 2401.37 (HR) POWER 200.00(¥/CH)
PCMI PLOT(MM)
1 0.0 0.020 0.040 0.060 0
) it I I--mmmmmmmmmee e I--mmmme - 1
7 6.72 1 G P
6 5.60 1 G P
5 4,48 1 6 P
4 3.36 I [ P
3 2.24 1 G P
2 1.12 i G P
1 0.0 1 G P
sxxxx CRACK AND YIELD MAP (®=YES) s»xmax
CRACK(R) CRACK(2) CRACK(T) YIELD
PELLET CLADDING PELLET CLADDING PELLET CLADDING PELLET

Appendix C : Sample Output

sxxxx NODAL DISPLACEMENT (MICRON) xzzxx

9
9
9
9
9
9
9
8
3
9
4
9
5
0
PLOT NUMBER = 2
PLOT NUMBER = 3
PLOT NUMBER = 5
PLOT NUMBER = 11
PLOT NUMBER = 14
.080 0.100
___________________ 1
[
[
[
c
<
c
<

CLADDING



FEMAXI-II : A Computer Code for the Analysis of

Thermal and Mechanical Behavior of Fuel Rods JAERI 1298
[ R T S Y L oY Y e ThT TET TRy
I«s=sf» { [ 1 11 1 1 1 I 1 =xi==s] [ 1 Ies[axisx]xu]xx] | | I 1 1 1 1 111
11 1 1 1 111 1 1 1 Iss]s=] [ | I 1 1 sisxix=] [ | I 1 1 1 1 111
P LEE SR TET AR ST P S ET TET TET T P R T I e P T TR L ET TrT I,
I 1.1 1 1 111 1 1 1 lesejsx] [ | I 1 @I »fesiex] | | I 1 1 1 1 111
I 1 111 111 1 1 1 Iss(s=2] | | 1 1 1 sIsx]s=x] | | 1 1 1 1 1 11 1}
Bk headecdecd dont bbb dedet bo-t F T T [T S
1 11 11 111 I I 1 I=xI=x}] | | I 1 1 sisxiss[ | | 1 1 1 11 111
I 1 1 1 1 111 I 1 1 IsxI=sxI [ 1| I 1 1 sississ] | | 1 1 1 11 111
F S S bt SET TP P REr BT T ST PR EEE TRT TEY T P
NST = 7" CAL = 142 DCAL = 2 T.C. = ) TIME = 2401.37 LHR = 200.00 BURKUP = 3038.02
NST = 72 CAL = 144 DCAL = 2 T.C. = 0 TIME = 2401.40 LHR = 210.00 BURNUP = 3038,07
NST = 73 CAL = 146 DCAL = 2 ¥.C. = 0 TIME = 2401.44 LHR = 220.00 BURNUP = 3038.13
NST = T4 CAL = 148 DCAL = 2 T.C. = 0 TIME = 2401.47 LHR = 230.00 BURNUP = 3038.18
NST = 75 cAL = 150 DCAL = 2 T.C. = 0 TIME = 2401.50 LHR = 240.00 BURNUP = 3038.24
NST = 76 CAL = 152 DCAL = 2 T.C. = 0 TIME = 2401.54 LHR = 250.00 BURNUP = 3038.31
NST = Ied CAL = 154 DCAL = 2 T.C. = ] TIME = 2401.57 LHR = 260.00 BURNUP = 3038.37
RST = 78 CAL = 156 DCAL = 2 T.C. = ] TIME = 2401.60 LHR = 270.00 BURNUP = 3038.44
NST = 79 CAL = 158 DCAL = 2 T.C. = ] TIME = 2401.64 LHR = 280.00 BURNUP = 3038.51
NST = 80 CAL = 160 DCAL = 2 T.C. = 0 TIME = 2401.67 LHR = 290.00 BURNUP = 3038.59
NST = 81 CAL = 162 DCAL = 2 T.C. = (1] TIME = 2401.70 LHR = 300.00 BURNUP = 3038.66
NST = 82 CAL = 164 DCAL = 2 T.C. = [1] TIME = 2401.74 LHR = 310.00 BURNUP = 3038.74
NST = 83 CAL = 166 DCAL = 2 T.C, = (] TIME = 2401.77 LHR = 320.00 BURNUP = 3038.82
NST = B84 CAL = 168 DCAL = 2 T.C. = 0 TIME = 2401.80 LHR = 330.00 BURNUP = 3038.90
NST = 85 CAL = 170 DCAL = 2 T.C. = 0 TIME = 2401.84 LHR = 340,00 BURNUP = 3038.99
HST = 86 CAL = 172 DCAL = 2 T.C. = 0 TIME = 2401.37. LHR = 350.00 BURNUP = 3039.08
NST = 87 CAL = 180 DCAL = 8 T.C, = 3 TIME = 2401.90 LHR = 360.00 BURNUP = 3039.17
NST = 88 CAL = 188 DCAL = 8 T.C. = 2 TIME = 2401.94 LHR = 370.00 BURNUP = 3039.26
NST = 89 CAL = 196 DCAL = 8 7.C. = 2 TIME = 2401.97 LHR = 380.00 BURNUP = 3039.36
NST = 920 CAL = 202 DCAL = 6 7.C. = 1 TIME = 2402.00 LHR = 390.00 BURNUP = 3039.46
NST = 91 CAL = 204 DCAL = 2 T.C. = 0 TIME = 2402.04 LHR = 400.00 BURNUP = 3039.56
NST = 92 CAL = 206 DCAL = 2 T.C. = 0 TIME = 2402.07 LHR = 410.00 BURNUP = 3039.67
NST = 93 CAL = 214 DCAL = 8 T.C. = 3 TIME = 2402.10 LHR = 420.00 BURNUP = 3039.77
NST = 94 CAL = 218 DCAL = 4 T.C. = 1 TIME = 2402.14 LHR = 430.00 BURNUP = 3039.88
NST = 95 CAL = 220 DCAL = 2 T.C. = ] TIME = 2402.17 LHR = 440.00 BURNUP = 3039.99%
NST = 96 CAL = 228 DCAL = 8 T.C. = 3 TIME = 2402.20 LHR = 450.00 BURNUP = 3040.11
NST = 97 CAL = 234 DCAL = 6 T.C. = 2 TIME = 2402.24 LHR = 460.00 BURNUP = 3040.23
NST = 98 CAL = 250 DCAL = 16 T.C. = 7 TIME = 2402.27 LHR = 470.00 BURNUP = 3040.35
NST = 99 CAL = 254 DCAL = 4 ¥.C. = 1 TIME = 2402.30 LHR = 480.00 BURNUP = 3040.47
NST = 100 CAL = 258 DCAL = 4 T.C. = 1 TIME = 2402.34 LHR = 490.00 BURNUP = 3040.59
*x% FEMAXI-III SAMPLE CALCULATION =xx
STAGE NO. = 101 TINE (HRS) = 2402.3712 COOLANT TEMP.(K) =577.100 COOLANT PRESS.(MPA) = 14.600
L.H.R. BURN UP GAP CONDUCTANCE (W/CH=z=2 K) TEMPERATURE (K) CLEARANCE CONTACT
NODE (WICH) (NWD/TUD2) TOTAL GAS SOLID RAD. PC PS [ % <o (MICRONS) FORCE(MPA) NODE
1 285.000 2303.3 0.5727 0.5665 0.0 0.0061 1497.8 832.3 640.9 606.0 28.856 0.0 1
2 450,000 2736.6 1.6070 1.5664 0.0348 0.0059 1967.9 784.5 676.8 622.7 0.0 2.783 2
x 3 500.000 3040.7 2.1012 1.8493 0.2459 0.0060 2123.6 77%.1 687.6 627.8 0.0 18.997 3
4 375.000 2730.6 0.8568 0.8505 0.0 0.0063 1778.2 828.9 660.6 615.1 13.820 0.0 4
5 260.000 2361.3 0.5353 0.5293 0.0 0.0059 1411.0 822.2 635.4 603.4 31.729 0.0 5
BURN UP . PELLET DISP. (MICRONS) CLADDING DISP. (MICRONS)
(FISS/CC THRMAL , IRRAD, DENSIFI RELOC
NODE CSFRs PFAC® %10%%20) EXPANS SWELL CATION ATION CREEP
1 0.7597 2.0000 0.65 30.162 2.117 -12.012 23.687 -7.709
0.7597 2.0000 0.77 46.102 16.777 -12.551 23.687 -8.403
x 3 0.7597 2.0000 0.86 52.396 17.050 -12.819 23.687 -8.858
4 0.7597 2.0000 0.77 39.917 7.677 -12.545 23.687 -8.394
5 0.7597 2.0000 0.67 27.103 2.170 -12.097 23.687 -7.806
INITIAL GAS (MOL) - 4.530-03
FISSION GAS RESULT
LOCAL FISSION GAS RELEASE FRACTION C(AXIAL NODE)
1 0.00500 2 0.05727 3 0.13904 4 0.00500 S 0.00S00
ROD AVERAGE FISSION GAS RELEASE FRACTION = 0.04680 FRACTIONS OF GAS MIXTURE (PERCENT)
HE N2 KR
ROD GAS PRESSURE ( MPA ) = 3.821 98.1 0.0 0.2 1.7
TOTAL GAS (MOL) = 4.61D-03
RELEASED IODINE ( GRAM/CMEx2 ) = 1.880-06 (AVERAGE) 6.45D-06 (PEAK)
(HoL) HE N2 KR XE TOTAL
PRODUCED GAS . . . . 0.0 0.0 2.44D-04 1.630-03 P 1.880-03
RELEASED GAS . . . . 0.0 0.0 1.14D-05 7.65D-05 PO 8.790-05
ROD GAS . . . . 4.,530-03 0.0 1.14D-05 7.65D-05 o s e 4,61D-03

RADIAL TEMPERATURE DISTRIBUTION AT AXIAL NODE OF 3

PELLET 1 GAP ¢/ CLAD.
D 2.0 E PR P b P Y STTTRT T 9....10....11 eeelinaa20000.3
2124 2109 2063 1985 1872 1729 1561 1374 1175 975 79 688 657 628



JAERI 1298

Appendix C : Sample Output

saxsxxesx QUTPYUT ---STAGE--- 101
TINE 2402.37 HR
LINEAR HEAT RATING 500.00 W/CH
FAST NEUTRON FLUX 8.000413 N/CHs32,$
FISSION RATE 2.930¢13 FISSIONS/CH®»3.S
BURNUP 3.040403 NVD/TUO2
axxxxxxxz TEMPERATURE DISTRIBUTION
N TEMP(K) N TEMP (K) N TEMP(K) N TENP(K) N TEMP (K)
1 2120.80 2 2082.99 3 2027.01 4 1908.15 5 1791.08
6 1598.81 7 1437.57 8 1217.71 9 1061.88 10 853.77
1 674.49 12 639.97

sssxasxss PELLET/CLADDING MECHANICAL INTERACTION STATUS
NODAL CONTACT PELLET CLADDINS RADIAL GAP

COMBINATION SURFACE INCREMENTAL STRESS(PA) TOTAL STRESS(PA) INCREMENTAL STRESS(PA) TOTAL STRESS(PA)

FUEL-CLAD STATUS RADIAL AXIAL RADIAL AXIAL RADIAL AXIAL RADIAL AXIAL (MICRONS)
62- 69 F1XD -2.73590406 3.1703D+04 -3.1426D+07 -4.6264D+06 2.7359D+06 -3.1703D+04 3.14260+07 4.6264D+06 2.6021D-14
61- 68 FIXD -1,19940+406 7.02900404 -83.0291D+06 3.1790D+05S 1.1994D+06 -7.0290D+04 8.02910+406 -3.17900+05 6.0715D-14
60- 67 OPEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.09080+00
59- 66 FIXD ~2.0409D+06 -1.28420+405 -6.8448D+06 -1.6733D+05 2.04090+406 1.2842D+05 6.84480+06 1.67330+05 4.3368D-14
58- 65 FIXD -2.28430+06 -2.0257D+05 -8.6715D+06 -5.4973D+405 2.2843D+06 2.02570+05 8.67150+06 5.49730+05 2.6021D-14
57- 64 FIXD -2.00570+06 3.0797D+04 -1.1852D+07 5.10380405 2.00570+06 -3.0797D+04 1.18520+07 -5.10380+05 8.6736D-15
56- 63 F1X0 -2.20810+06 0.0 -1.1647D+07 0.0 2.2081D+06 0.0 1.16470+07 0.0 3.4694D-14

sxxsxxxss PELLET/PELLET MECHANICAL INTERACTION STATUS

NODAL CONTACT AXIAL STRESS (PA) AXIAL DISPLACEMENT
POINT STATUS INCREMENTAL TOTAL orse. CONTACT
7 OPEN 0.0 0.0 6.5434D0-01 6.8060D-01
11 OPEN 0.0 0.0 6.5485D-01 6.80600-01
18 OPEN 0.0 0.0 6.56210-01 6.8060D-01
22 OPEN 0.0 0.0 6.5866D-01 6.8060D-01
29 OPEN 0.0 0.0 6.6236D-01 6.8060D-01
33 OPEN 0.0 0.0 6.6721D-01 6.8060D-01
40 OPEN 0.0 0.0 6.7326D-01 6.8060D-01
44 FIxX0 -9.01130+06 -8.1201D+07 6.8Q600-01 6.8060D-01
51 OPEN 0.0 0.0 6.80150-01 6.8060D-01
55 OPEN 0.0 0.0 6.79790-01 6.80600-01
62 OPEN 0.0 0.0 6.7955D0-01 6.8060D-01
=sx3x NODAL DISPLAI
(R-DIRECTION)
0.0 14.9 29.2  41.6 53.4  64.3 74.2 81.8 86.5
0.0 22.8 44.6 63.4 78.3
0.0 11.5 23.2  34.2 44,6 54.2 63.0 70.6 76.6
0.0 24.4 46.3 64.4 7.9
0.0 13.1 25.9 37.7 48.3 57.8 66.4 74.0 79.9
0.0 26.8 49.5 67.5 80.7
0.0 13.8 27.0 39.1 49.3 59.3 68.0 75.6 81.4
(Z-DIRECTION)
123.4 122.4 117.8 111.9 106.3 99.8 92.8 86.0 81.5
100.6 94.2 85.3 78.0 71.4
2.1 7.1 69.1 67.1  65.9 64.2 62.8 61.9 60.5
48.4 47.9 47.5 AT.4 47.0
29.4 29.6 29.9 30.3 30.8  31.3 31.5 31,9 32.1
13.8 14.4 15.2 15.7 16.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
xssxx ELEMENT INFORMATION
SIG(D)
-8.9 -7.0 -8.3 -6.2 -5.6 -22.4 -47.4 -34.1 -9.3
-30.7 -36.4 -34.2 -37.6 -32.6 -27.5 ~-28.8 -8.3 0.9
-49.8 -48.1 -55.9 -58.3 -46.5 -36.8 -2.2 2.9 4.9
-55.3 -55.8 -6t.4 -69.6 -53.6 -37.3 0.6 5.2 8.6
-54,3 -57.0 -61.0 -68.3 -51.7 ~-43.9 0.9 6.4 9.8
-55.1 -55.4 -60.7 -67.0 -50.9 -47.7 0.9 6.7 10.6
sssxx ELEMENT INFORMATION
816(T
-7.0 -6.0 -3.6 1.7 4.6 8.3 11.0 14.1 15.9
-42.5 -46.4 -43.9 -33.5 -9.5 3.3 6.7 10.8 13.3
-53.5 -49.4 -52.7 -24.2 -2.8 4.6 1.7 11.3 13.5
-53.2 -52.2 -51.5 -28.t -2.3 6.2 9.1 12.5 14.6
-49.3 -51.1 -48.9 -26.6 -1.2 7.4 10.1 13.3 15.3
-49.9 -49.3 -48.4 -25.2 -0.7 8.1 10.8 13.9 15.8

PLOT NUMBER = 2

PLOT NUMBER = 3

xxsxx ELEMENT INFORMATION

(LM RADIAL GAP (NICRONS)
DISTANCE MINMUM BOUNDARY
2.6260D-02 8.6736D-15 3.00000+00
2.5751D-02 8.6736D0-15 3.00000+00
2.4394D-02 8.67360-15 3.00000+00
2.19440-02 8.67360-15 3.,00000+00
1.82430-02 8.6736D-15 3.00000+00
1.33930-02 8.6736D-15 3.0000D+00
7.33910-03 8.6736D-15 3.00000+00
0.0 8.6736D-15 3.00000+00
4.4521D0-04 8.6736D-15 3.00000+00
8.1036D-04 8.6736D0-15 3.00000+00
1.05260-03 8.6736D-15 3.0000D+00

CEMENT (MICRON) =axxz
GAP
89.6 91.91 6.9 7.9 8.6
90.01 5.0 6.9
81.5 85.71 2.8 3.8 4.7
87.91 2.9 4.9
84.8 89.11 4.1 5.1 6.0
90.21 5.2 7.1
86.4 90.71 5.7 6.7 7.5
GAP
77.9 75.51 12.9  12.9 12.9
68.41 11.5 10.3
59.5 59.01 9.0 8.7 8.5
47.31 6.2 6.6
32.0 32.11 3.9 4.2 4.5
16.71 1.8 2.3
0.0 0.01 0.0 0.0 0.0
STRESS (MN/M332) s»sss
GAP

-0.1 1 -35.2 42.t
3.9 1 18.7 -9.2
7.3 I 19.3 -9.8

13.6 1 1.6 7.3

13.6 1 -6.5 16.0

15.8 I -13.2 20.2

STRESS (MN/Nxx2) xzzxxz
GAP

17.9 I -17.41 18.5

16.2 I -31.9 -36.1

15.9 I -53.6 -54.2

17.0 1 -46.2 -35.3

17.5 I -29.2 -13.9

18.0 I -16.4 2.6

STRESS (MN/MWx22) sxz3x

PLOT NUMBER = 5



FEMAXI-IN : A Computer Code for the Analysis of ¢
Thermal and Mechanical Behavior of Fuel Rods JAERI 1298

EQ.S16 A
3.2 11.1 17.6 26.3 33.3 46.1 69.6 46.6 37.4 35.3 1 26.1 53.0
15.4 19.1 25.2 37.8 46.5 56.7 44.8 20.8 12.8 13.8 1 44.4 26.8
12.7 12.4 14.9 34.1 46.5 40.2 27.6 22.7 23.4 21.9 I 63.3 42.8

I

1

1

[

12.7 13.0 16.1 37.8  46.4 40.2 26.9 25.2 23.0 22.8 43.0 36.9
12.8 13.6 16.9 37.8  46.3 46.5 32.1 30.5 30.2 29.0 20,0 3t.2
13.1 13.4 16.8 37.7  46.3 49.9 32.5 30.7 30.2 30.0 3.0 30.3

sxxxx ELEMENT INFORMATION STRALN (0.01 PERCENT) sxxxx PLOT NUMBER = 11
EPSP GAP
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 I 0.0 0.0
0.0 0.0 0.0 6.9 11.9 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
0.0 0.0 0.0 2.1 9.2 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
0.0 0.0 5.0 18.0 18.7 0.0 0.0 0.0 0.0 0.0 1 0.0 0.0
11.0  13.6 18.0 27.4 25.5 0.0 0.0 0.0 0.0 6.0 1 0.0 0.0
27.3 27.6 28.2 32.8 28.9 0.0 0.0 0.0 0.0 0.0 L 0.0 0.0
saxsxx ELEMENT INFORMATION  STRAIN (0.01 PERCENT) s»xxx PLOT NUMBER = 14
EPSC(T) GAP
11.8  10.1 11.5 6.1 3.8 3.2 3.5 3.6 3.6 3.3 I -13.6 -10.1
-21.0 -13.5  -4.2 6.4 4.0 2.2 2.1 2.3 2.3 2.2 I -13.7 -10.1
-1.7 4.2 13.5 14.2 5.6 2.4 2.2 2.1 2.0 1.8 I -13.7 -10.1
22.4  24.8 27.3  16.9 6.9 2.8 2.2 2.0 1.8 1.5 I -13.7 -10.1
31.6 31.4 30.1 18.0 7.5 3.0 2.3 2.0 1.8 1.5 I -13.7 -10.1
32.6 30.8 30.5 18.6 7.9 3.1 2.4 2.1 1.8 1.4 1 -13.7 -10.t
xxxSTAGE*=x 101 TIME 2402.37 (HR) POVER 500.00¢w/CM)
PCMI PLOT (MM)
4 0.0 0.020 0.040 0.060 0.080 0.100
Loeosvmnmmmmmeannes R it | R S il ) e e ) e 1
7 6.72 UFL X
6 5,60 UFL X
5 4.48 16 PC
4 3.36 UFI X
3 2.24 UF1 X
2 1.12 UFI X
1 0.0 UFI X
sxxxx CRACK AND YIELD NAP (®=YES) »s¥sx
CRACK(R) CRACK(2) CRACK(T) YIELD
PELLET CLADDING PELLET CLADDING PELLET CLADDING PELLET CLADDING
D R R A IR e bt ST EEL NPT F R R e St AR SEE DR it St S DT
I 111 1 111 1 11 11111 I I sIsx]ssisx] [ 1| I 111 1 111
I 1 1 1 s 1 I 1 1 1 I==I1 I I 1 I =lxsis={ [ 1 I 1 =11 1 1§ 1
D bt ST SR TR D e TR EET R S D e SEL IR ET D At TET TR TPy
11 111 111 1 I 1 I =I=sx11 I I I I si=s[sx] 1 1 I 1+1 1 111
1 1 111 111 I 1 1 I==sfsx] 1 I 1 1 @ sissis=x] I I I I+#+¢Is1 1 11 1
DR SR SR TR D R SEr RS TEE SRS D e L FRE R e SR IR TES
I 11 1 1 111 I I 1 JI=xIzxl I | 1 I I =sl==[z=] ] 1 [++1+sis [ 1 1 1
1 111 1 111 I I 1 I==sIsx[ 1 [ I I 1 sl==sfsx] [ I I++fexis 1 1 10 I
ERR R ST SRR St D SEE TET TEA R SR R e e e O e d R R SR TR SR AR
NST = 101 CAL = 260 DCAL = 2 T.C. = 0 TIME = 2402.37 LHR = 500.00 BURNUP = 3040.72
NST = 102 CAL = 262 DCAL = 2 T.C.= 0 TIME = 2402.38 LHR = S00.00 BURNUP = 3040.77
NST = 103 CAL = 264 DCAL = 2 T.C.= 0 TIME = 2402.51 LHR = 500.00 BURNUP = 3041.25
NST = 104 CAL = 266 DCAL = 2 T.C.= 0 TIME = 2402.64 LHR = 500.00 BURNUP = 3041.77
NST = 105 CAL = 268 DCAL = 2 T.C. = 0 TIME = 2402.79 LHR = 500.00 BURNUP = 3042.34
NST = 106 CAL = 270 DCAL = 2 T.C.= 0 TINE = 2403.03 LHR = 500.00 BURNUP = 3043.27
NST = 107 CAL = 272 DCAL = 2 T.C.= 0 TIME = 2403.95 LHR = 500.00 BURNUP = 3046.83
NST = 108 CAL = 276  DCAL = 4 T.C.= 0 TIME = 2405.03 LHR = 500.00 BURNYP = 3050.97
NST = 109 CAL = 282 DCAL = 6 T.C. = 't TIME = 2406.37 LHR = 500.00 BURNUP = 3056.16
NST = 110 CAL = 292 DCAL = 10 T.C. = 3 TIME = 2426.37 LHR = 500.00 BURNUP = 3133.35
NST = 111 CAL = 296 DCAL = 4 T.C. = 1 TIME = 2426.39 LHR = 490.00 BURNUP = 3133.43
NST = 112 CAL = 302 DCAL = 6 T.C.= 1 TIME = 2426.41 LHR = 480.00 BURNUP = 3133.50
NST = 113 CAL = 308 DCAL = 6 T.C. = 1 TIME = 2426.43 LHR = 470.00 BURNUP = 3133.58
NST = 114 CAL = 310 DCAL = 2 T.C. = 0 TIME = 2426.45 LHR = 460.00 BURNUP = 3133.65
NST = 115 CAL = 312 DCAL = 2 T.C.= O VINE = 2426.47 LHR = 450,00 BURNUP = 3133.72
NST = 116 CAL = 314  DCAL = 2 T.C. = 0 TIME = 2426.49 LHR = 440.00 BURNUP = 3133.79
NST = 117 CAL = 316 DCAL = 2 T.C. = 0 TIME = 2426.51 LHR = 430.00 BURNUP = 3133.86
NST = 118 CAL = 318 DCAL = 2 T.C. = 0 TIME = 2426.53 LHR = 420.00 BURNUP = 3133.92
NST = 119 CAL = 320 DCAL = 2 T.C. = a TIME = 2426.55 LHR = 410.00 BURNUP = 3133.99
NST = 120 CAL = 322 OCAL = 2 T.C. = 0 TIME = 2426.57 LHR = 400.00 BURNUP = 3134.05
NST = 121 CAL = 324 DCAL = 2?2 T.C. = 0 TIME = 2426.59 LHR = 390.00 BURNUP = 3134.11
NST = 122 CAL = 326 DCAL = 2 T.C. = O TIME = 2426.61 LHR = 380.00 BURNUP = 3134.17
NST = 123 CAL = 328 OCAL = 2 T.C. = 0 TIME = 2426.63 LHR = 370.00 BURNUP = 3134.23
NST = 124 CAL = 330 DCAL = 2 T.C. = 0 TINE = 2426.65 LHR = 360.00 BURNUP = 3134.28
NST = 125 CAL = 332 DCAL = 2 T.C. = 0 TIME = 2426.67 LHR = 350.00 BURNUP = 3134.34
NST = 126 CAL = 334 DCAL = 2 T.C. = 0 TIME = 2426.69 LHR = 340.00 BURNUP = 3134.39
NST = 127 CAL = 336 DCAL = 2 T.C. = 0 TIME = 2426.71 LHR = 330.00 BURNUP = 3134.44
NST = 128 CAL = 338 DCAL = 2 T.C. = 0 TIME = 2426.73 LHR = 320.00 BURNUP = 3134.49
NST = 129 CAL = 340 DCAL = 2 T.C. = 0 TVIME = 2426.75 LHR = 310.00 BURNUP = 3134.54
NST = 130 CAL = 342 DCAL = 2 T.C. = 0 TIME = 2426.77 LHR = 300.00 BURNMUP = 3134,59
NST = 131 CAL = 344 OCAL = 2 T.C. = 0 TIME = 2426.79 LHR = 290.00 BURNUP = 3134.63
NST = 132 CAL = 346 DCAL = 2 T.C. = 0 TIME = 2426.81 LHR = 280.00 BURNWUP = 3134.68
NST = 133 CAL = 348 DCAL = 2 T.€.= 0 TIME = 2426.83 LHR = 270.00 BURNUP = 3134.72
NST = 134 CAL = 350 DCAL = 2 T.C, = 0 TIME = 2426.85 LHR = 260.00 BURNUP = 3134.76
NST = 135 CAL = 352 DCAL = 2 T.C. = 0 TIME = 2426.87 LHR = 250.00 BURNUP = 3134.80
NST = 136 CAL = 354 DCAL = 2 T.C, = 0 TIME = 2426.89 tHR = 240.00 BURNUP = 3134.84
NST = 137 CAL = 356 DCAL = 2 T.C. = 0 TIME = 2426.91 LHR = 230.00 BURNUP = 3134.87
NST = 138 CAL = 358 OCAL = 2 T.C. = 0 TIME = 2426.93 LHR = 220.00 BURNUP = 3134.91
NST = 139 CAL = 360 DCAL = 2 T.C. = 0 TIME = 2426.95 LHR = 210.00 BURNUP = 3134.94
NST = 140 CAL = 362 DCAL = 2 T.C. = 0 TIME = 2426.97 LHR = 200.00 BURNUP = 3134.97
NST = 141 CAL = 364 DCAL = 2 ¥.C. = [} TIME = 2426.99 LHR = 190.00 BURNUP = 3135.00
NST = 142 CcaL = 366 DCAL = 2 T.C. = 0 TIME = 2427.01 LHR = 180.00 BURNUP = 3135.03
NST = 143  CAL = 368 OCAL = 2 T.C. = 0 TVIME = 2427.03 LHR = 170.00 BURNUP = 3135.06
NST = 144 CAL = 370 OCAL = 2 T.C. = 0 TIME = 2427.05 LHR = 160.00 BURNUP = 3135.09
NST = 145 CAL = 372 OCAL = 2 T.C.= 0 TINE = 2427.07 LHR = 150.00 BURNUP = 3135.11
NST = 146 CAL = 374  DCAL = 2 T.C.= 0 TIME = 2427.09 LHR = 140.00 BURNUP = 3135.13
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NST =
NST
NST
NST
NST
NST
NST
NST
NST
NST
NST
NST =
NST =
NST =

u

147
148
149
150
151
152
153
154
155
156
157
158
159
160

CAL = 376
CAL = 378
CAL = 380
CAL = 382
CAL = 3as
CAL = 386
CAL = 388
CAL = 390
CAL = 392
CAL = 394
CAL = 396
CAL = 398
CAL = 400
CAL = 402

DCAL

OCAL =

DCAL
OCAL
DCAL
OCAL
OCAL
0CAL
BCAL
0CAL
BCAL
BCAL
OCAL
DCAL

Appendix C : Sample Output

2 T.C. 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TINE
2 T.C. = 0 TIME
2 T.C.= 0 TIME
2 T.C. = 0 TIME
2 T.C. = 0 TINE
? T.C. = 0 TINE
2 T.C. L] TIME

2427.11
2427.13
2427.15
2427.17
2427.19
2427.21
2427.23
2427.25
2427.27
2427.29
2427.31
2427.33
2427.35
2427.37

LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR
LHR

I I

130.00
120.00
110.00
100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00

BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP
BURNUP

= 3135.15
3135.17
3135.19
3135.21
3135.22
3135.23
3135.25
3135.26
3135.26
3135.27
3135.28
= 3135.28
3135.28
= 3135.28

I I ']

1

xxx FEMAXI-111 SAMPLE CALCULATION ssx PAGE 1

STAGE I PO WER H1ISTORY [ THERNAL INFORMATION C( NODE NUMBER 1)
NST 1 TIME LKR BURNUP I TEMPERATURE (C) GAP CON. (W/CM2 O CLEAR CONTACT F.G.R. 10B(10-5
1 (HR) (W/CH) (MWD/TUOD I PC Ps 43 0 TOTAL GAS soLID (NID) (MPA) ) GICH2)
11 0 0.0 0.0 1 261.0 261.0 261.0 261.0 0.3113 0.3090 0.0 55.301 0.0 0.500 0.000

0.4287

0.4248

0.3177

0.4001

0.3148

0.3957

FEMAXI-ILII SAMPLE CALCULATION =xx» PAGE K

STAGE I PO WER HISTORY I THERMAL INFORMATION ( NODE NUMBER 2 )
NST 1 TIME LHR BURNUP I TEMPERATURE (C) GAP CON. (W/CM2 D) CLEAR CONTACT F.G.R. I0D(10-5
1 (HR) (W/CM) (MWD/TUOYI Pc PS <o TOTAL GAS soLID (MIC) (HPA) ) G/CHD)

0.3170

0.4598

0.3724 0.3695

87
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sxx FEMAXI-111 SAMPLE CALCULATION xxx PAGE 3
STAGE I P O W E R HISTORY I THERMKAL INFORMATION { NODE NUMBER 3 )
NST I TIME LHR BURNUP I TEMPERATURE (C) GAP CON. (W/CM2 ©) CLEAR CONYACT F.G.R. 100¢10-5
1 CHR) (W/CM) (MWD/TUO2)1 PC PS c1 co TOTAL GAS soLID (NLO) (MPA) (¢ 3] GICHD)

304.0 304.0 304,0 0.3755

PAGE 4

STAGE 1 P O W ER HISTORY I THERMAL INFORMATION ( NODE NUMBER 4 )
NST I TINE LHR BURNUP I TEMPERATURE (C) GAP CON. (W/CN2 O) CLEAR CONTACT F.G.R. 10D(10-5
1 CHR) (W/CN) (MWD/TUO) I PC PS cl co TOTAL GAS SOLID HIC) C(MPA) X) G/CH2)

555.8 387.4 0.500 o0.021

NST I TIME LHR BURNUP I TENPERATURE (O GAP CON. (W/CN2 O CLEAR CONTACT F.G.R. 100(10-5
1 {(HR) (W/CH)Y (NWD/TUO2) I PC PS cI co TOTAL GAS soLio ML) (MPA) X GICHD)

0.500 0.006

0.500

0.018

0.500 0.018

2369.4 1 1138.0  549.1 362.2 330.3 0.5351 0.5291 0.0 31.712 0.0 0.500 0.018

110 1 2426.4 260.0 2409.5 1 1138.3  549.4 362.2 330.3 0.5345 0.5285 0.0 31.646 0.0 0.500 0.018
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xxx FEMAXI-III SAMPLE CALCULATION »x» PAGE 6
STAGE I P O W ER HISTORY 1 THERNAL INFORMATION ( ROD AVERAGE )
NST | TIME LHR BURNUP I GAS (MOLE) F.G.R. PRESSURE I0OD(10-5 FRACTIONS OF GAS MIXTURE (X)
1 (HR) (W/CM) (MYD/TUOD) I TOTAL INITIAL RELEASE PRODUCE x> (MP2) G/CM2) HE N2 KR XE

29 1 648.7 150.0 1000.7 1 0.00453 0.00453 0.00000 0.00062 0.500 2.949 0.007 99.9 0.0 0.0 0.1

34 1 2375.4 150.0 3000.0 I 0.00453 0.00453 0.0000t 0.00186 0.500 2.938 0.020 99.8 0.0 0.0 0.2

49 [ 2376.4 0.0 3000.6 I 0.00453 0.00453 0.00001 0.00186 0.500 2.559 0.020 99.8 0.0 0.0 0.2

160 I 2427.4 0.0 3135.3 I 0.00462 0.00453 0.00009 0.00193 4.784 2.813 0.197 98.0 0.0 0.3 1.7

*xx FEMAXI-1I1 SAMPLE CALCULATION =xx PAGE ?

NST 1 TIME LHR BURNUP BURNUP 1 CN.TENP DEL.DR DEL.DM UR.SWELL MAX.EPSZ S.SWELL EPSDEN
1 (HR) (W/CM)  (MWD/TUD2) (MWO/TU) [ (DEG.C) (MI0) (MICD (0.01%) €0.01%) 0.01%) €(0.01X)

NST I TIME LHR BURNUP [ AV.GAP D.GAP F.G.R. 100¢10-51 DEL.DR DEL.DM DEL.RIGOE EPSZ EPST/EPSZ
I (HR) (W/CM)  (MWD/TUD2)1 (MIC) (MIC) (€3] GRAM/CM2Y! (MIC) MIC) (NIC) €0.01%) X)
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Thermal and Mechanical Behavior of Fuel Rods
xxs FENAXI-I1I SAMPLE CALCULATION sxx PAGE 9
STAGE 1 P OWER HISTORY I CLADDING INFORMATION
NST I TIME LHR BURNUP IMAX.EPSCT MAX.EPSP R.EQSIG R.SIGZ  R.SIGT  MAX.EQSIG MAX.SIGZ MAX.SIGT
I (HR) (W/CM)  (MWD/TUO)] (0.01%) €(0.01X) (NPA) (MPA) (HPA) (WPA) (NPA) (MPA)

*x% FEMAXI-IIL SAMPLE CALCULATION xxx PAGE 10

STAGE MAX.TINE MAX.LHR INL.GAP BURNUP MAX.TENP f.G.R. 100¢10-5 CR.DOWN(A CR.DOWN(X DEL.DR DEL.DM  DEL.RIGDE

(HR) (WICH) (MIC) (MWD/TUO2) (DEG.O) (X) - GRAM/CM2) V.) (MIC) AX) (MIO) (CH A MID) (MIC)
160 2427.4 500.0 170.0 3135.3 1850.5 4.8 0.2 -0.0 0.0 -9.2 -10.0 0.7
CALC. MAX.DELDR MAX.DELDM MAX.DELR R.MAXEQSIG R.MAXSIGZ R.MAXSIGT MAX.EQSIG MAX.SIGZ MAX.SIGT  AV.GAP 0.GAP  CONTACT

TIMES (HIC) (MIC> (MIO) (MPA) (MPA) (MPA) (MPA) (MPA) (MPA) (NIO) MID LHR(W/CM)




