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The fuel irradiation and burnup causes geometrical and dimensional changes in the fuel rod
which affects its thermal resistance and ultimately affects the fuel rod behavior during
steady-state and transient conditions. The consistent analysis of fuel rod thermal perfor-
mance is essential for precise evaluation of reactor safety in operational transients and acci-
dents. In this work, analysis of PWR fuel rod thermal performance is carried out under
steady-state and transient conditions at different fuel burnups. The analysis is performed by
using thermal hydraulic code, THEATRe. The code is modified by adding burnup dependent
fuel rod behavior models. The original code uses as-fabricated fuel rod dimensions during
steady-state and transient conditions which can be modified to perform more consistent reac-
tor safety analysis. AP1000 reactor is considered as a reference reactor for this analysis. The
effect of burnup on steady-state fuel rod parameters has been investigated. For transient anal-
ysis, hypothetical reactivity initiated accident was simulated by considering a triangular
power pulse of variable pulse height (relative to the full power reactor operating conditions)
and pulse width at different fuel burnups which corresponds to fresh fuel, low and medium
burnup fuels. The effect of power pulse height, pulse width and fuel burnup on fuel rod tem-
peratures has been investigated. The results of reactivity initiated accident analysis show that
the fuel failure mechanisms are different for fresh fuel and fuel at different burnup levels. The
fuel failure in fresh fuel is expected due to fuel melting as fuel temperature increases with in-
crease in pulse energy (pulse height). However, at relatively higher burnups, the fuel failure is
expected due to cladding failure caused by strong pellet clad mechanical interaction, where,
the contact pressure increases beyond the cladding yield strength.

Key words: reactivity initiated accidents, fuel rod thermal behavior, cladding deformation, AP1000,
THEATRe code

INTRODUCTION

In 1960s to early 1970s, the safety criteria of nu-
clear fuel were established [1] and revised afterwards
according to the progress and developments in the nu-
clear industry. The reactivity initiated accident (RIA)
is a design based accident and must be analyzed ac-
cording to the established safety criteria in order to
protect the core from severe accident. The primary ini-
tiating cause of RIA is considered as the sudden con-
trol rod ejection from the core which result in rapid
increase in core power and its temperature.

The fuel rod behavior under RIA can be investi-
gated through experiments and through computer sim-
ulations. Although, the significance of experimental
analysis for assessment of safety related issues cannot
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be neglected, however, the safety analysis using com-
puter simulation is an economical way as compared
with the experimental analysis. Several computer
codes have been developed to simulate and understand
the fuel rod behavior. Moreover, many computer
codes have been modified to predict the fuel rod be-
havior for more realistic best estimate analysis of de-
sign base accidents. Comprehensive modeling of RIA
require the simultaneous solution of the equations rep-
resenting neutron transport, heat transfer within fuel
rod (from fuel to cladding and to the coolant),
thermomechanical behavior of fuel rod and the cool-
ant thermal hydraulics [2]. Generally, computer codes
are developed for a specific analysis such as thermal
hydraulic, reactor kinetics, fuel rod behavior efc.
These codes normally focus on specific analysis for
which they are developed and the effect of other disci-
plines may be ignored or approximated. Therefore, it
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may neither provide consistent representation of the
entire phenomena nor achieve realistic and consistent
results. The accuracy of computer codes designed for
reactor safety analysis is directly related to the detailed
and precise mathematical representation of complex
phenomena and processes associated with nuclear
power plant. The consistent computation method of
multi-physics systems have been started globally to
overcome this issue [3, 4]. The block diagram repre-
senting relationship between important nuclear reac-
tor analysis tools is given in fig. 1.

Several fuel rod behavior analysis computer
codes are available for steady state and transient analy-
sis. Researchers have made many efforts to couple the
thermal hydraulic and fuel rod behavior simulation
tools in order to achieve realistic and consistent re-
sults. A brief overview of some of the codes is given in
the following text.

The coupled codes RELAP5/SCDAP is used for
best estimate thermal hydraulic analysis of nuclear
power plants in case of severe accident. The code is de-
veloped by Idaho National Engineering Laboratory
(INEL). The code takes into account some simplified
fuel rod behavior models including cladding oxidation
and ballooning, gas-gap pressure, release of fission
gas, deformation due to creep, melting of fuel rod, fuel
disintegration, fuel rod rupture, etc. SCDAP/RELAPS
code utilizes MATPRO material properties [4, 5].

For steady-state and transient fuel rod behavior
analysis, FRAPCON and FRPTRAN codes are one of
the latest and advanced computer codes, respectively.
These codes are developed by Pacific Northwest Na-
tional Laboratory for the analysis of LWR oxide fuel
rods [6, 7].

SCANAIR code is developed by L'Institute de
Radioprotection et de Surete Nucleaire (IRSN) for es-
timation of PWR fuel rod behavior during fast tran-
sients e. g. reactivity initiate accidents. The code is
used for the analysis of integral tests carried out in
NSRR and CABRI experimental facilities [4, 8].

There are many other fuel behavior analysis computer
codes such as TRANSURANUS which is developed
by European Institute of Transuranium Elements
(ITU) and FEMAXI developed by Japan Atomic En-
ergy Agency (JAEA) and it is incorporated with im-
proved mathematical representation of stress and
strain [4, 10].

The examples of code modification and cou-
pling includes the coupling of thermal hydraulic and
fuel behavior analysis codes GENFLO-FRAPTRAN
[11], modification of DYN3D code by including the
simple fuel rod behavior models [12] and the develop-
ment of DRACCAR and FRETA-B codes, etc. [4].

DESCRIPTION OF THEATRe CODE

Thermal hydraulic engineering analysis tool in
real-time (THEATRe) is a computer simulation tool
developed by GSE Power systems [4, 13]. The main
design objectives of the code is the real time best esti-
mate thermal hydraulic analysis of the nuclear power
plant and it is a useful tool for developing the real time
plant simulators for the operator training purposes.
The THEATRe code is based on the numerical meth-
odology and the physical models of RELAP5 MOD3
with some modifications which make the code suitable
for real time applications. The state-of-the-art real
time technology adopted in THEATRe code is its so-
phisticated matrix solver routine and the drift flux
model [4, 13].

The THEATRe code can be applied for simulat-
ing the steady-state, transient and accident condition
in nuclear power plant. The code is quite versatile for
thermal hydraulic applications; however, the code ap-
proximate the fuel pin behavior, in that, as-fabricated
fuel rod dimensions are utilized during the analysis.
The code can be modified by incorporating the im-
proved fuel pin behavior mathematical models for
achieving more consistent results in steady state as
well as in accident analysis.

Modifications in THEATRe code

In this study, THEATRe code is modified by
adding important fuel behavior models which affects
the heat transfer from fuel to the cladding. The modi-
fied version of the code is incorporated with the im-
proved gas-gap heat conduction model, fuel rod
thermomechanical behavior model, internal gas pres-
sure model and the improved material properties cor-
relations to simulate the burnup effects of the fuel. The
gas-gap heat conduction model can evaluate the heat
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conduction through gas, radiation heat conduction and
the solid-solid contact heat conduction due to
fuel-cladding gap closure. The fuel rod
thermomechanical model evaluates the updated fuel
cladding gap by estimating the fuel and cladding de-
formation. The internal gas pressure model is used to
calculate the gas pressure in the gap. The important
material properties correlations are added in the modi-
fied version of the code including the burnup depend-
ent fuel thermal conductivity. All the fuel behavior
models and material properties correlations are ob-
tained from FRAPTRAN code. The detail description
of all the models is provided in the relevant sections of
this paper.

Other than fuel rod behavior, the fuel to the coolant
heat transfer is also affected by the heat transfer condi-
tions at the fuel rod surface. The original THEATRe code
is a comprehensive thermal hydraulic code and covers
range of correlations for the heat transfer from heat struc-
ture surface to the coolant. The modified THEATRe code
uses the same fuel rod surface heat transfer correlations/
modes that are used in original THEATRe code. The heat
transfer mode in original THEATRe code are the convec-
tion to noncondensable-water mixture, single-phase lig-
uid convection at critical and supercritical pressure, sin-
gle-phase liquid convection at subcritical pressure,
subcooled nucleate boiling, saturated nucleate boiling,
subcooled transition film boiling, saturated transition
film , boiling subcooled film boiling, saturated film boil-
ing, single-phase vapor convection, condensation when
void is less than one, condensation when void equals one
[4, 13].

As far as steady-state analysis is concerned, the
modified THEATRe code is not designed for simulat-
ing the steady-state long-term burnup effects of the
fuel rod; however, it can simulate the steady-state con-
ditions of the reactor with fresh fuel. The modified
code is designed for burnup dependent transient analy-
sis, for that, the burnup dependent fuel rod initial con-
ditions are required and these initial conditions can be
obtained from the available data in literature or can be
generated through steady-state fuel rod behavior anal-
ysis code such as FRAPCON. In this study, these ini-
tial conditions are obtained from the literature. The
primary purpose of this study is the simulation of those
fuel rod thermal and mechanical behaviors which are
related to the fuel rod heat transfer during initial phase
of RIA, but not the exact and detailed description of
the complex fuel behavior phenomenon which are dif-
ficult to model in a thermal hydraulic code specially in
areal time analysis code and separate special codes are
required for that purpose such as FRAPTRAN.

The modified version of THEATRe is utilized to
investigate the effect of fuel burnup on fuel rod ther-
mal performance in steady-state and transient condi-
tions. In order to investigate the transient fuel rod be-
havior, a hypothetical RIA is simulated by assuming a
triangular power pulse of varying amplitude (relative

to the nominal reactor power level) and pulse half
width. Moreover, the expected fuel failure mecha-
nisms are also investigated. The AP1000 reactor is
considered for this analysis.

FUEL ROD BEHAVIOR MODELS
Thermal model in THEATRe code

The original THEATRe code evaluates the fuel
and cladding temperatures by solving the heat conduc-
tion equation in radial direction. The assumption of
one-dimensional (radial) heat transfer in original code
is because of small fuel rod radial dimensions as com-
pared with its axial length. The governing equation
used in original THEATRe code for heat conduction in
a cylindrical fuel rod is given by [4, 13]

o’T 10T ¢" PC, 0T
+-——+—= —
or: ror k k or

where ¢ is the thermal power generation density.

The original THEATRe code uses the quasi
steady-state analytical method to calculate the temper-
ature profile in heat structures. The same heat conduc-
tion equation of original THEATRe code mentioned in
eq. 1 is utilized in modified THEATRe cod.

(1)

Gas-gap heat conduction

The fission heat generated in the fuel is con-
ducted through fuel, gap and cladding to the coolant.
The thermal properties of fuel and gas-gap are the
main sources of thermal resistance for heat conduction
from fuel to the cladding. The heat transfer coefficient
(HTC) in the gap is mainly comprises of three terms in-
cluding the gas heat conduction, the radiation heat
conduction and the solid-solid contact heat condition
due to gap closure. The gap heat transfer is given in
eq. 2. Equation 3 represent the Ross-Stoute model for
gas heat conduction terms and eq. 4 represent the
Kreith correlation for radiation heat conduction term
in eq. 2, respectively, [4, 10]

haay =hg +h, +h, )
k
hg _ gas (3)
deff+d+gf+gc
hr :GFeFa(Tf2s+Tc2i)(Tfs+Tci) (4)

The solid-solid contact heat conduction term in
eq. 2 is calculated using correlations given in eq. 5
through eq. 7. The gas heat conduction term in eq. 3 is
the main component of gap HTC when the fuel clad-
ding gap is open [14]. This heat conduction through
gas is a function of gas composition and the gap width.
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The radiation heat conduction term is significant in
case of cladding ballooning [7]. The solid-sloid con-
tact term is mainly a function of fuel-cladding contact
pressure and the surface roughness [14]. The correla-
tions used for computing gap HTC in modified THEA-
TRe code are obtained from FRAPTRAN 1.5 code [4]

karelR

h, =04166 - milt if Py >0003  (5)

h, = 0.00125%; ,if 003> P, >90-10° (6)

k PO.S
h, :0.4166%,&&6] <90-10° (7

where E = exp[5.738 — 0.528 In(Rf @)], and a is a con-
stant.

Fuel rod thermomechanical behavior

The evaluation of fuel rod thermomechanical
behavior is important for estimation of changes in the
fuel rod dimensions which occurs due to long-term
fuel residence time in the reactor and also during tran-
sients/ accidents. The thermomechanical models cal-
culate the fuel and cladding thermal expansion, stress
induced cladding deformation and change in the
gas-gap width. All the thermomechanical models used
in modified code are the FRAPTRAN code models.
Similarly, rigid fuel pellet assumption of FRAPTRAN
code is employed in modified THEATRe code and
stress induced fuel pellet deformation is not consid-
ered [4, 7]. The modified code provides more appro-
priate temperature distribution in the fuel rod accord-
ing to the updated fuel, cladding and gap condition.
The modified code updates the fuel rod dimensions
and temperature distribution within the fuel rod at
every time step.

The analysis of thermomechanical fuel rod be-
havior can be characterized according to the physical
condition of the fuel rod gap width. If there is no physi-
cal contact between fuel pellet and cladding, this situa-
tion can be termed as open gap and the open gap solu-
tion method is employed. However, if the fuel pellet
and cladding are in contact, the closed gap solution
method is applied.

In open gap solution, the code evaluates the clad-
ding deformation as a function of internal fuel rod
pressure, external coolant pressure and the cladding
temperature by assuming the cladding as a cylindrical
shell. The physical state of the gas-gap (open or
closed) is determined by comparing the radial dis-
placement of the fuel and the radial displacement of
the cladding due to external coolant pressure and inter-
nal fuel rod gas pressure in the gap. The modified
THEATRe code utilizes eq. 8 to determine the open or
closed state of the gap. If eq. 8 is not satisfied, the gap

is open and the open gap solution isused. Ifeq. § is sat-
isfied, the PCMI condition is reached and the closed
gap solution is applied. The new gap width is calcu-
lated by using eq. 9

SR; 20R, +35, (8)

gap width

The set of equations for computing cladding de-
formation model are given in tab. 1. The total strain is
computed using eq. 10 through eq. 12. Equation 10
through eq. 12 are the generalized form of Hooke's law
and represent the stress-strain relations in incremental
form. In these equations, the terms &7 and de” repre-
sent the plastic strain at the end of previous load incre-
ment and the additional plastic strain increment during
new load increment, respectively. The solution
method adopted by Geelhood ez al., 2014 is utilized to
calculate the de”. The main assumptions are the
axisymmetric loading and deformation and uniform
axial loading with no bending [4, 7] and eq. 13 and eq.
14 represent the equilibrium equations in this case.
Equation 15 through eq. 17 represents the additional
plastic strain increments based on effective stress and
the Prandtl-Reuss flow rule [7].

The closed gap condition is termed as pellet
cladding mechanical interaction (PCMI). In closed
gap solution, the cladding deformation caused by in-
ternal rod pressure in open gap model is replaced with
the radial displacement of cladding inner surface
which is due to the pressure exerted by fuel pellet de-
formation on the cladding inner surface. The closed

Table 1. FRAPTRAN code clad deformation model
employed in modified THEATRe code [4, 7]

Equation No.

T
&y :é(og —vo, )+55 +d55’ + J'ang (10)

Ty

T
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E i

T
&, :—%(Gz —op)+el +del + jardT (12)
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gap solution is quite different and complex as com-
pared with the open gap solution. The stresses in open
gap solution are directly computed by internal and ex-
ternal pressures and the cladding temperature. How-
ever, in case of closed gap, the cladding stresses are the
function of cladding inner surface displacement due to
fuel thermal expansion. The cladding inner surface
displacement can be determined by eq. 18. The clad-
ding stresses (o and o,) can be computed in terms of
cladding inner surface displacement, u(7;), by simulta-
neously solving eqs. 10-12, and 18. When the stresses
are determined, the contact pressure can be computed
using eq. 19

u(ry ) =7z, —%ar (18)

to, +1, P,
Py =2 270%0 (19)

i

Fuel rod internal gas pressure

In order to compute cladding deformation and
heat transfer across fuel and cladding gap, the internal
fuel rod gas pressure must be calculated appropriately.
The rod internal pressure is mainly a function of the
available free volume, the amount and type of gas(s)
and its temperature. The fuel rod is axially divided into
several small volumes and the temperature in each
small volume can be assumed as constant [4, 7]. The
fuel and cladding deformation model evaluate the
change in the gap width in each small volume during
steady-state and transient conditions. The plenum vol-
ume is assumed as constant during the transient. Tem-
perature of the gas in the gap is computed by tempera-
ture model and the SCANAIR code assumption is
employed, in that, the gas temperature (7},) is assumed
equal to the mean value of fuel surface temperature
(T%) and the cladding inner surface temperature (7;)
as given in [4, 8]

T +Ty
Tg _fs > ci (20)

During fast transient such as RIA, the gas(s) in
the gap and in plenum does not reach to their thermal
equilibrium. Therefore, the temperature of the upper
and lower segments of the fuel rod can be assumed for
the upper and lower plenum, respectively [8]. The
change in gas pressure during transient is computed by
eq. 21. Uniform pressure is assumed everywhere i. e.
pressure instantaneously comes into equilibrium in the
gas-gap and fuel rod plenums. The change in internal
gas pressure is computed by evaluating the change in
gap width and change in gas temperature. The change
in the composition of gas in the gap is considered ac-
cording to the burnup of the fuel and obtained from lit-
erature [4, 10]

P, =P,; s Vo Vo 1)
o N
gint Vo + 3V n

n=1

Material properties

The appropriate description and evaluation of
material properties is significant for determining the
heat conduction and temperature distribution in the
fuel rod. The material properties correlations given in
FRAPTRAN material properties hand book [4, 15] are
utilized in modified THEATRe code. The important
material properties employed in modified code are the
thermal conductivities of fuel rod materials and gases
in the gap, thermal expansion coefficients of fuel and
cladding, fuel and cladding specific heat capacity and
elastic modulus, efc.

Fuel burnup has a significant effect on its ther-
mal conductivity. Fuel burnup causes degradation of
fuel thermal conductivity due to irradiation damage to
the fuel lattice and buildup of fission products. In order
to consider the burnup effects on fuel thermal conduc-
tivity, the FRAPTRAN fuel thermal conductivity
model for UO, fuel is selected which is adopted from
modified Nuclear Fuels Industries (NFI) and
Duriez/modified NFI models [4, 15]. The modified
fuel thermal conductivity is givenin eq. 22 and eq. 23

k95 =
_A + BT+ f(Bu)+[1-09exp(-0.04Bu)]|g(Bu)h(T)
E F
{7 -

1
1+ 396exp(—637?0j

The burnup and fuel temperature are assumed as
radially averaged values.

W)= (23)

AP1000 MODEL AND RIA SIMULATION

The AP1000 reactor is modeled in THEATRe
code as per the nodalization diagram given in fig. 2.
The AP1000 fuel assembly is composed of cylindrical
UO, fuel pins. The UO, fuel pellet is covered with
ZIRLO cladding and the fuel-cladding gap is filled
with helium gas.

The steady-state results of AP1000 calculated
from THEATRe model are compared with the data re-
ported by Westinghouse in design control documents
(DCD) [16]. The THEATRe code results are closely
agreed with the reference results as shown in tab. 2.
The main design parameters of AP1000 fuel rod are
considered the same as given in AP1000 design con-
trol documents [16] and mentioned in tab. 3.

In order to investigate the effect of RIA on fuel
rod behavior at various fuel burnups in a pressurized
water reactor under power operation, hypothetical test
cases of power pulse insertion are considered in
AP1000 reactor at nominal power, pressure and cool-
ant mass flow rate.
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SG-1

Figure 2. AP1000 nodalization in THEATRe code

Table 2. Comparison of AP1000 parameters

Parameters THEATRe

Core thermal power [MW] 3410

Coolant volume flow per loop [m’s '] 9.98

RCS pressure [MPa] 15.52
Core inlet temperature [K] 554.22
Core outlet temperature [K] 594.75
Core average temperature [K] 574.4
SG secondary pressure [MPa] 5.602
SG feed water temperature [K] 499.82

Table 3. Design parameters of AP1000 fuel rod

Parameters DCD value [16]

Average linear power [kWm '] 19.22

Fill gas initial pressure [MPa] 2
Active fuel rod length [cm] 426.72
Fuel pellets diameter [cm] 0.819
Diameter gap [cm] 0.0165
Clad thickness [cm] 0.0572
Pitch [cm] 1.260

Fuel rod outside diameter [cm] 0.950

A hypothetical RIA is simulated by considering a
triangular power pulse of variable pulse height (relative
to the full power reactor operating conditions) and pulse
width. The burnup levels considered in this analysis are
0 GWD/MTU", 6.4 GWD/MTU and 21.3 GWD/MTU,
which corresponds to fresh fuel, low and medium burnup
fuels respectively. The burnup dependent steady state
and transient fuel rod behavior analysis requires the
burnup dependent initial conditions as input in the code.
The reference gap width, gas composition and cavity
pressure are obtained from the fuel rod behavior analysis
of AP1000 reactor performed by Yu et al., 2012 [10].

RESULT AND DISCUSSIONS
Steady-state comparison

The comparison of steady-state fuel rod parame-
ters at different burnups is given in fig. 3 through

*GWD/MTU means gigawatt-days per metric tonne of uranium
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Figure 3. Steady-state gap width at fuel rod axial
locations
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Figure 4. Steady-state fuel centerline temperature at fuel
rod axial locations

fig. 6. The gap width along fuel rod axial length at dif-
ferent burnups is given in fig. 3. In fig. 3, the straight
line i. e. the same gap width at each axial position (blue
line) represents the fresh fuel cold state gap width.
However, the other curves represent the gap widths of
fresh and burned fuel rods at average normal reactor
operating condition. This gap width data is obtained
from literature [10] and used as input in this work.
At21.3 GWD/MTU, the gap width at axially cen-
tral locations of fuel rod is near to closed gap width. The
axial distribution of fuel centerline temperature is given
in fig. 4. This axial fuel temperature distribution is caused
by the near-cosine shape axial power distribution in the
fuel. In fig. 4, it is shown that the fuel centerline tempera-
ture at upper and lower portion of the fuel rod is slightly
higher in case of relatively higher burnup fuel. However,
at central portion of the fuel, this temperature is lower for
relatively higher burnup fuel due to a decreased gap
width which affects the gas-gap conductance. The
gas-gap conductance is affected by gap width and gas
composition in the gap. The fuel burnup causes decrease
in gap width and helium mole fraction. These parameters
have opposite effects on gas-gap conductance i. e. reduc-
tion in gap width increases the gap conductance and re-
duction in helium mole fraction decreases the gap con-
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Figure 5. Steady-state cladding inner surface
temperature at fuel rod axial locations
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Figure 6. Steady-state fuel thermal conductivity vs. fuel
burnup [17]; node-1 and node-6 represent upper and
lower segments of fuel rod, respectively

ductance. When gap closure occurs at high burnups, the
gap closure effect dominates and the heat transfer coeffi-
cient (HTC) in gas-gap increases significantly. The axial
distribution of cladding inner surface temperature is
shown in fig. 5. The high burnup fuel rod has lower clad-
ding inner surface temperature. The axial fuel rod length
is divided into six nodes. Fuel thermal conductivity is in-
versely proportional to fuel burnup. Figure 6 shows the
fuel thermal conductivity degradation as a function of
burnup along axial fuel rod length at each axial node.
This thermal conductivity is calculated at steady state op-
eration at corresponding fuel burnup. With increase in
burnup, the fuel thermal conductivity decreases and the
thermal conductivity difference between the fuel rod ax-
ial locations also decreases, which indicates the domi-
nance of fuel burnup effect on fuel thermal conductivity
over the fuel temperature.

Transient fuel rod behavior under RIA
Ahypothetical RIA is simulated by considering a

triangular power pulse with varying amplitude and
pulse width as describe in AP1000 MODEL. The ef-

fect of fuel burnup, power pulse height and the pulse
width on fuel rod parameters has been investigated in
this study.

Effect of pulse height

In this work, the focus of analysis is to see the
fuel behavior. Therefore, hypothetical RIA conditions
considered for analyzing the fuel failure mechanism at
different burnups. The effect of pulse height is investi-
gated by inserting a triangular power peak of variable
amplitude relative to the nominal steady-state reactor
power but with fixed half width 0of 0.4 s. In order to an-
alyze fuel failure mechanisms, reactor shutdown at
overpower is not considered. The immediate effect of
power pulse insertion is the rapid rise of fuel tempera-
ture; therefore, the fuel centerline temperature of axi-
ally central portion of the fuel rod is investigated. The
results at 0 GWD/MTU and 6.4 GWD/MTU fuel
burnups are shown in fig. 7. The rise in fuel centerline
temperature is obvious with increase in reactor power
due to power pulse insertion. For power pulse height
(PH) of 6 and 10 relative to nominal power, the in-
crease in fuel centerline temperature is nearly same for
both the cases of zero GWD/MTU and 6.4
GWD/MTU. At zero GWD/MTU with power pulse
height of 20, the peak fuel centerline temperature be-
comes greater than 2800 K, which is near to fuel melt-
ing temperature and no gap closure at any fuel rod ax-
ial location has been observed. The other observed
fuel rod parameters (not mentioned in fig. 7) includes
as follows.

The gap closure starts as the power pulse height
increase beyond 20 relative to the nominal reactor
power. In case of 6.4 GWD/MTU, the gap closure
starts when the pulse height increases beyond 10 and
for fuel with burnup of 21.3 GWD/MTU, the gap clo-
sure starts as the pulse height increase beyond 6 rela-
tive to the nominal reactor power.
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4
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Figure 7. Fuel centerline temperature with variable
power pulse height at pulse half width of 0.4 s
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Effect of pulse width

In order to investigate the effect of power pulse
width, analysis is performed by varying power pulse
halfwidth by 0.4 s, 0.5 s, and 0.75 s while keeping the
power pulse height as 6 relative to the nominal reactor
power. The analysis is performed by considering the
6.4 GWD/MTU fuel burnup and results are mentioned
in fig. 8 and fig. 9. The results show that by increasing
power pulse width, the peak fuel rod temperature also
increases. No gap closure at any axial fuel rod location
is observed. The behavior of cladding inner surface
temperature is mentioned in fig. 9. The effect of pulse
width with fuel burnup of 21.3 GWD/MTU is also in-
vestigated and it is observed that the gap closure starts
when the pulse half width increase beyond 0.4 s.

Effect of fuel burnup

The effect of fuel burnup on fuel rod tempera-
tures is investigated by considering the power pulse
height of 6 relative to the nominal reactor power and
the pulse half width of 0.4 s. The average linear power
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Figure 8. Fuel centerline temperature with variable
pulse half width at 6.4 GWD/MTU and PH =6
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Figure 9. Variation of cladding inner surface
temperature with pulse half width at 6.4 GWD/MTU and
PH=6

is same in all cases. In fig. 10, the fuel centerline tem-
peratures at axially central and upper segments of the
fuel rod are compared. It is to be noted that in upper
portion of the fuel rod, the initial (steady-state) fuel
centerline temperature is relatively higher at relatively
higher burnupi. e. 21.3 GWD/MTU. However, at cen-
tral segment of fuel rod, the steady-state fuel center-
line temperature is lower in higher burnup case due to
the heat conduction through gap which dominates the
effect of fuel thermal conductivity degradation due to
burnup. Similarly, the increase in temperature after
power peak insertion has similar trend.

Cladding hoop stress is a function of rod internal
pressure, cladding thickness and coolant pressure. The
calculated hoop stress is nearly equal at each axial
node due to the identical internal rod pressure and ex-
ternal coolant pressure. Comparison of hoop stresses
at central node of the fuel rod for all three cases is
given in fig. 11. The steady-state cladding hoop stress
is lower in case of the fuel rod with comparatively high
burnup due to relatively high internal rod pressure.
During course of the transient, variation in coolant
pressure, cladding deformation and the increase in the
rod internal pressure determine the shape of the curve
mentioned in fig. 11. The increase in hoop stress is also
less in high burnup fuel due to high initial gas pressure
and increase in the gas pressure during the transient.
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Figure 10. Fuel centerline temperature vs. fuel burnup
during RIA
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Figure 11. Comparison of hoop stresses at central node of
fuel rod for all three cases
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Table 4. Fuel rod behavior during assumed RIA as calculated by modified TEATRe code

Parameters ‘ Temax [K] ‘ Trmax [K] ‘ Tetad.max [K] ‘ Specific remarks on fuel behavior
Burnup =0
Power pulse height = 6 1715.35 809.21 679.53 No gap closure occurs
Power pulse height =10 | 2027.09 820.02 696.18 No gap closure occurs
Power pulse height = 20 >2800 1135.85 1114.37 Fuel melting expected H > 20, beginning of gap closure
Burnup = 6.4 GWD/MTU
Power pulse height = 6 1678.05 760.84 681.16 No gap closure occurs
Power pulse height =10 | 2011.49 781.37 696.69 No gap closure occurs If 4> 10, beginning of gap closure
Power pulse height = 20 >2500 1591.86 1591.86
Burnup =21.3 GWD/MTU
Power pulse height = 6 1682.21 679.14 ‘ 672.46 ‘ If H > 6, beginning of gap closure

T max — maximum fuel centerline temperature, 7. — maximum fuel surface temperature, 7¢jadmex — maximum cladding surface temperature.
Pulse height (relative to the full power reactor operating conditions)

Assessment of fuel ROD failure during RIA

The fuel rod behavior results observed during all

RIA cases considered in this work have been compiled

and given in tab. 4. Fuel rod temperatures and fuel be-

havior mentioned against each case are at axially cen-
tral portion of the fuel rod. Following can be summa-

rized from the results mentioned in tab. 4.

— With increase in power pulse height (pulse half
width = 0.4 s), the fuel failure in fresh fuel is ex-
pected due to increase in fuel temperature, which
may reach to fuel melting point before start of gap
closure phenomena. It can be seen in tab. 4, with
fresh fuel at pulse height of 20.

— It has been observed that, at any burnup, the gap
closure phenomena initially occur at high power
axial locations in the fuel rod. At gap closure, the
fuel surface and cladding inner surface tempera-
ture becomes nearly identical as given in tab. 4 at
6.4 GWD/MT fuel burnup and PH = 20.

— The fuel failure at 21.3 GWD/MTU fuel burnup is
expected by cladding failure. In higher burnup fu-
els, the gap closure occurs much earlier than the
fresh and low burnup fuels. As mentioned in tab.
4, the gap closure at 21.GWD/MTU fuel burnup
starts when the pulse height increases beyond 6.
At gap closure, the heat transfer becomes better,
however, the contact pressure may exceed the
cladding yield strength and cladding failure due to
PCMI is expected.

CONCLUSIONS

The consistent simulation of accidents and tran-
sients is important for reactor safety analysis. In this
work, fuel rod thermal performance in steady-state
and transient conditions has been analyzed at different
fuel burnup conditions by modifying THEATRe code
with inclusion of fuel behavior models. AP1000 reac-
tor is considered for this analysis. For transient analy-
sis, a hypothetical RIA is simulated. A simple triangu-
lar power pulse of variable height relative to nominal

reactor power level and with variable half width at dif-
ferent burnups is assumed.

This work aimed at the simulation of those fuel
rod thermal and mechanical behaviors which affect the
heat transfer during initial phase of RIA, but not at the
exact description of complex phenomenon of fuel rod
behavior which is difficult to model in thermal hydrau-
lic code and separate dedicated fuel rod behavior
codes are available for that purpose.

The comparison of steady-state fuel centerline
temperature at different axial locations of the fuel rod
shows that at upper portion, the initial (steady-state)
fuel centerline temperature is relatively higher at
higher burnup i. e. 21.3 GWD/MTU. However, at cen-
tral segment of the fuel rod, the steady-state fuel cen-
terline temperature is lower in higher burnup case due
to heat conduction through gap which dominates the
effect of fuel thermal conductivity degradation due to
fuel burnup.

The results of transient RIA analysis indicate
that the fuel failure mechanisms of fresh and higher
burnup fuels are different. The fuel failure in fresh fuel
is expected due to fuel melting as fuel temperature in-
creases with increase in pulse energy (pulse height).
However, at relatively higher burnups, the fuel failure
is expected due to cladding failure due to strong pellet
clad mechanical interaction (PCMI) which may cause
cladding failure when the contact pressure increases
beyond cladding yield strength.

The new fuel rod behavior models in THEATRe
code are capable of estimating the gas-gap behavior
during transient conditions which is relevant to the
consistent calculations of fuel rod parameters during
transient conditions in a thermal hydraulic code. How-
ever, these models need further improvement in order
to account for complex phenomena of fuel behavior
and for the analysis of high burnup fuels.
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NOMENCLATURE

C,  — heat capacity of the coolant, [Jkg 'K

d — open fuel-cladding gap size, [m]

dgr — effective gap width, [m]

def - additional plastic strain increments
at new load

E — modulus of elasticity, [Nm’]

F,  — configuration factor = 1.0

F. - emissivity factor

g — cladding inside temperature jump distance,
[m]

g — temperature jump distance at fuel surface,
[m]

HTC - heat transfer coefficient

hgp — total gap conductance, [Wm “K ']

hgs  — conductance through gas in gas-gap,
[Wm K]

h; — conductance by radiation, [Wm K]

I/ — conductance by fuel clad solid-solid contact,
[Wm K]

K, — mean thermal conductivity, [Wm 'K ']

k — thermal conductivity, [Wm K ']

kes  — gas thermal conductivity, [Wm K]

PH - pulse height
PHW — pulse half width

P; — internal fuel rod pressure, [Nm ]

P,  — coolant pressure, [Nm ]

P, — ratio of interfacial pressure to cladding
Meyer hardness

R — effective roughness, [m]

7 — cladding inside radius, [m]

7o — cladding outside radius, [m]

T — current cladding temperature, [K]

To — reference temperature, [K]

T — fuel pellet outside temperature, [K]

Ts  — cladding inside temperature, [K]

t — cladding thickness, [m]

Greek symbols

a — thermal expansion coefficient, [K™']

£, — axial strain
& — radial strain
gl — plasticstrainatthe end of last load increment
&9 — hoop strain
2 — axial stress, [Nm ]
v — Poisson's ratio
Jol — density, [kgm ]
o} — Stefan-Boltzmann constant
o, — effective stress, [Nm’z]
Oy — hoop stress, [Nm?]
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Ampanx HABA3, Jommkasa XUIEKA3Y, Munr JAHT, AuBap XYCAUH

AHA/IN3A TEPMUUYKOI' ITIOHAITAIbA TOPUBA PWR PEAKTOPA
TOKOM AKIIMJAEHTA U3A3BAHOI' PEAKTUBHOIILY ITPU
PASINYUTUM CATOPEBAILUMA, IPUMEHOM THEATRe KOJA

OspaunBamke U CaropeBame rOpUBA CTBapa IE€OMETPUjCKE U AMMEH3UOHAIHE IPOMEHE Y
FOPUBHOM €JIEMEHTY LITO MMa YTHUIIA] HA IeTOBY TEPMHUUKY OTIIOPHOCT U KOHAYHO JIe/yje Ha MOHAIIamke
TOPHUBHOI €JIEMEHTA TOKOM CTallMOHAPHOL CTama U MpejlasHuxX pexkuma. JlocnegHa aHaln3a TEPMUAYKHUX
nepgopMaHCi FOPUBHOT €JIEMEHTA Of] CYIITHHCKOT j€ 3Havaja 3a Ipel3Hy IPOLeHY CUTYPHOCTH peakTopa
y TIpeJa3HuM pEXMMUMA M TOKOM aKlMAeHaTa. Y OBOM pajly, CIPOBEJICHA je aHalu3a TEPMUUKUX
nepcopmancu PWR ropuBHOr elleMEHTa y CTalMOHAPHOM CTakby M MIpENasHUM peXuMuMma Mpu
Pa3IuYUTUM caropeBambiMa. AHAIN3A je U3BefjeHa IPUMEHOM TePMOXUAPAYINYHOT IPOrpaMCcKOr NakeTa
THEATRe. IIporpaMcku makeT JONYHCH je NOfaBalkbeM MoOfeja IOHAIlamkba CaropeBama TOPUBHOT
eneMeHTa. OpUruHaJIHU IPOTPaMCKH NaKeT KOPUCTU (paOpuyuke JUMEH3Hj€ TOPUBHOT €1€MEHTAa TOKOM
CTallMOHAPHOT CTakba U NPesIa3HUX PEXKUMA, KOje Ce MOTy U3MEHUTH pajii CIPOBOhemha NOTIYHU]€ aHAIHU3€E
curypHoctu peaktopa. AP1000 peakTop cmaTpa ce pedepeHTHHMM PEeakTOpOM 3a OBaKBY aHAlM3Y.
HcnuraH je epexat caropeBama Ha IapaMeTpe TOPUBHOT €JIEMEHTA y CTAlJUOHAPHOM CTamy. 3a aHAIN3Y
IIpeja3Hor peXUMa, XUIOTETUYKM aKUUJAEHT HM3a3BaH pEaKTUBHOIIhy CUMyJMpaH je TpOYIJIacTHUM
MMITYJICOM CHare poMeHJbIBE BUCHHE MMITyJIca (Y OTHOCY Ha pajiHe YCJIOBe peaKkTopa P MyHOj CHa3!) 1
LIMPUHE UMITyJICa, IPH Pa3InUUTOM CaropeBamy rOpUBa Koje OfiroBapa CBEXEM FOPUBY, MaJlO U CPEHE
yTPOIIEHOM rOpuBY. VcnuTaHa je 3aBUCHOCT TeMIlepaType TOPUBHOT €JIEMEHTa Off YTHIAja cHare, BUCHHE
uMIyjica, IIMPUHE HUMIyJCa M caropeBama ropusa. Pesyinratu ananmse akIUJeHTa HM3a3BAHOT
peakTuBHOUThy HOKa3yjy 1a Cy MEXaHU3MU OTKa3MBakha TOPUBHOT €JIEMEHTA PA3IMYUTH 33 CBEXKE TOPUBO U
ropuBa pa3InUUTOr HUBOA UCTPOIIEHOCTH. OTKAa3 TOPUBHOT €1€MEHTA CBEXKET TOPUBA OUEKUBAH je yclef
TOIJbEHA TOPHUBA, jep TeMIIepaTypa FOpHBa pacTe ca MOPacTOM HMITyJIca cHepruje (BUCHHE HMITYJICA).
MebyTum, Ipu pesaTUBHO BUCOKMM HUBOKMMA CaropeBatba, 0TKa3 FTOPUBHOT €JIEMEHTA OYEKUBaH je yCies
Ipomnajiaka KoIyJbUIIE U3a3BaHE jaKUM MEXaHUUKKUM MHTEpaKIMjaMa TOPUBHUX TACTUNIA U KOLIYJBHILE, jep
je mpuTHCcaK KOHTAaKTa Behu off YBpCTHHE KOLIYJbUIIE.

Kwyune peuu: akyuoeHiti U3a3ear peakiiuHouthy, lepmMuiKo oHauare 20pUBHOZ eAeMeHIld,
depopmayuja kowymsuye, AP1000 peakitiop, THEATRe tipozpamcku tiakeitl



