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The fuel ir ra di a tion and burnup causes geo met ri cal and di men sional changes in the fuel rod
which af fects its ther mal re sis tance and ul ti mately af fects the fuel rod be hav ior dur ing
steady-state and tran sient con di tions. The con sis tent anal y sis of fuel rod ther mal per for -
mance is es sen tial for pre cise eval u a tion of re ac tor safety in op er a tional tran sients and ac ci -
dents. In this work, anal y sis of PWR fuel rod ther mal per for mance is car ried out un der
steady-state and tran sient con di tions at dif fer ent fuel burnups. The anal y sis is per formed by
us ing ther mal hy drau lic code, THEA TRe. The code is mod i fied by add ing burnup de pend ent
fuel rod be hav ior mod els. The orig i nal code uses as-fab ri cated fuel rod di men sions dur ing
steady-state and tran sient con di tions which can be mod i fied to per form more con sis tent re ac -
tor safety anal y sis. AP1000 re ac tor is con sid ered as a ref er ence re ac tor for this anal y sis. The
ef fect of burnup on steady-state fuel rod pa ram e ters has been in ves ti gated. For tran sient anal -
y sis, hy po thet i cal re ac tiv ity ini ti ated ac ci dent was sim u lated by con sid er ing a tri an gu lar
power pulse of vari able pulse height (rel a tive to the full power re ac tor op er at ing con di tions)
and pulse width at dif fer ent fuel burnups which cor re sponds to fresh fuel, low and me dium
burnup fu els. The ef fect of power pulse height, pulse width and fuel burnup on fuel rod tem -
per a tures has been in ves ti gated. The re sults of re ac tiv ity ini ti ated ac ci dent anal y sis show that
the fuel fail ure mech a nisms are dif fer ent for fresh fuel and fuel at dif fer ent burnup lev els. The
fuel fail ure in fresh fuel is ex pected due to fuel melt ing as fuel tem per a ture in creases with in -
crease in pulse en ergy (pulse height). How ever, at rel a tively higher burnups, the fuel fail ure is
ex pected due to clad ding fail ure caused by strong pel let clad me chan i cal in ter ac tion, where,
the con tact pres sure in creases be yond the clad ding yield strength.

Key words: re ac tiv ity ini ti ated ac ci dents, fuel rod ther mal be hav ior, clad ding de for ma tion, AP1000,
THEA TRe code

INTRODUCTION

In 1960s to early 1970s, the safety cri te ria of nu -
clear fuel were es tab lished [1] and re vised af ter wards
ac cord ing to the prog ress and de vel op ments in the nu -
clear in dus try. The re ac tiv ity ini ti ated ac ci dent (RIA)
is a de sign based ac ci dent and must be an a lyzed ac -
cord ing to the es tab lished safety cri te ria in or der to
pro tect the core from se vere ac ci dent. The pri mary ini -
ti at ing cause of RIA is con sid ered as the sud den con -
trol rod ejec tion from the core which re sult in rapid
increase in core power and its temperature.

The fuel rod be hav ior un der RIA can be in ves ti -
gated through ex per i ments and through com puter sim -
u la tions. Al though, the sig nif i cance of ex per i men tal
anal y sis for as sess ment of safety re lated is sues can not

be ne glected, how ever, the safety anal y sis us ing com -
puter sim u la tion is an eco nom i cal way as com pared
with the ex per i men tal anal y sis. Sev eral com puter
codes have been de vel oped to sim u late and un der stand 
the fuel rod be hav ior. More over, many com puter
codes have been mod i fied to pre dict the fuel rod be -
hav ior for more re al is tic best es ti mate anal y sis of de -
sign base ac ci dents. Com pre hen sive mod el ing of RIA
re quire the si mul ta neous so lu tion of the equa tions rep -
re sent ing neu tron trans port, heat trans fer within fuel
rod (from fuel to clad ding and to the cool ant),
thermomechanical be hav ior of fuel rod and the cool -
ant ther mal hy drau lics [2]. Gen er ally, com puter codes
are de vel oped for a spe cific anal y sis such as ther mal
hy drau lic, re ac tor ki net ics, fuel rod be hav ior etc.
These codes nor mally fo cus on spe cific anal y sis for
which they are de vel oped and the ef fect of other dis ci -
plines may be ig nored or ap prox i mated. There fore, it
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may nei ther pro vide con sis tent rep re sen ta tion of the
en tire phe nom ena nor achieve re al is tic and con sis tent
re sults. The ac cu racy of com puter codes de signed for
re ac tor safety anal y sis is di rectly re lated to the de tailed 
and pre cise math e mat i cal rep re sen ta tion of com plex
phe nom ena and pro cesses as so ci ated with nu clear
power plant. The con sis tent com pu ta tion method of
multi-phys ics sys tems have been started glob ally to
over come this is sue [3, 4]. The block di a gram rep re -
sent ing re la tion ship be tween im por tant nu clear re ac -
tor anal y sis tools is given in fig. 1.

Sev eral fuel rod be hav ior anal y sis com puter
codes are avail able for steady state and tran sient anal y -
sis. Re search ers have made many ef forts to cou ple the
ther mal hy drau lic and fuel rod be hav ior sim u la tion
tools in or der to achieve re al is tic and con sis tent re -
sults. A brief over view of some of the codes is given in
the following text.

The cou pled codes RELAP5/SCDAP is used for
best es ti mate ther mal hy drau lic anal y sis of nu clear
power plants in case of se vere ac ci dent. The code is de -
vel oped by Idaho Na tional En gi neer ing Lab o ra tory
(INEL). The code takes into ac count some sim pli fied
fuel rod be hav ior mod els in clud ing clad ding ox i da tion 
and bal loon ing, gas-gap pres sure, re lease of fis sion
gas, de for ma tion due to creep, melt ing of fuel rod, fuel
dis in te gra tion, fuel rod rup ture, etc. SCDAP/RELAP5 
code uti lizes MATPRO ma te rial prop er ties [4, 5]. 

For steady-state and tran sient fuel rod be hav ior
anal y sis, FRAPCON and FRPTRAN codes are one of
the lat est and ad vanced com puter codes, re spec tively. 
These codes are de vel oped by Pa cific North west Na -
tional Lab o ra tory for the anal y sis of LWR ox ide fuel
rods [6, 7]. 

SCANAIR code is de vel oped by L'Institute de
Radioprotection et de Surete Nucleaire (IRSN) for es -
ti ma tion of PWR fuel rod be hav ior dur ing fast tran -
sients e. g. re ac tiv ity ini ti ate ac ci dents. The code is
used for the anal y sis of in te gral tests car ried out in
NSRR and CABRI ex per i men tal fa cil i ties [4, 8]. 

FRAS fuel be hav ior anal y sis code is de vel oped
by Kurchatov In sti tute, Rus sia, for the anal y sis of fuel
rod thermomechanical be hav ior in case of loss of cool -
ant ac ci dents and re ac tiv ity ini ti ated ac ci dents [9].
There are many other fuel be hav ior anal y sis com puter
codes such as TRANSURANUS which is de vel oped
by Eu ro pean In sti tute of Transuranium El e ments
(ITU) and FEMAXI de vel oped by Ja pan Atomic En -
ergy Agency (JAEA) and it is in cor po rated with im -
proved math e mat i cal representation of stress and
strain [4, 10].

The ex am ples of code mod i fi ca tion and cou -
pling in cludes the cou pling of ther mal hy drau lic and
fuel be hav ior anal y sis codes GENFLO-FRAPTRAN
[11], mod i fi ca tion of DYN3D code by in clud ing the
sim ple fuel rod be hav ior mod els [12] and  the de vel op -
ment of DRACCAR and FRETA-B codes, etc. [4].

DESCRIPTION OF THEATRe CODE

Ther mal hy drau lic en gi neer ing anal y sis tool in
real-time (THEA TRe) is a com puter sim u la tion tool
de vel oped by GSE Power sys tems [4, 13]. The main
de sign ob jec tives of the code is the real time best es ti -
mate ther mal hy drau lic anal y sis of the nu clear power
plant and it is a use ful tool for de vel op ing the real time
plant sim u la tors for the op er a tor train ing pur poses.
The THEA TRe code is based on the nu mer i cal meth -
od ol ogy and the phys i cal mod els of RELAP5 MOD3
with some mod i fi ca tions which make the code suit able 
for real time ap pli ca tions. The state-of-the-art real
time tech nol ogy adopted in THEA TRe code is its so -
phis ti cated matrix solver routine and the drift flux
model [4, 13].

The THEA TRe code can be ap plied for sim u lat -
ing the steady-state, tran sient and ac ci dent con di tion
in nu clear power plant. The code is quite ver sa tile for
ther mal hy drau lic ap pli ca tions; how ever, the code ap -
prox i mate the fuel pin be hav ior, in that, as-fab ri cated
fuel rod di men sions are uti lized dur ing the anal y sis.
The code can be mod i fied by in cor po rat ing the im -
proved fuel pin be hav ior math e mat i cal mod els for
achiev ing more con sis tent re sults in steady state as
well as in accident analysis.

Mod i fi ca tions in THEA TRe code

In this study, THEA TRe code is mod i fied by
add ing im por tant fuel be hav ior mod els which af fects
the heat trans fer from fuel to the clad ding. The mod i -
fied ver sion of the code is in cor po rated with the im -
proved gas-gap heat con duc tion model, fuel rod
thermomechanical be hav ior model, in ter nal gas pres -
sure model and the im proved ma te rial prop er ties cor -
re la tions to sim u late the burnup ef fects of the fuel. The
gas-gap heat con duc tion model can eval u ate the heat

A. Nawaz, et al.: Ther mal Be hav ior Anal y sis of PWR Fuel Dur ing RIA at Various ...
308 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 4, pp. 307-317

Fig ure 1. Re la tion ship be tween im por tant nu clear
re ac tor anal y sis tools [4]



con duc tion through gas, ra di a tion heat con duc tion and 
the solid-solid con tact heat con duc tion due to
fuel-clad ding gap clo sure. The fuel rod
thermomechanical model eval u ates the up dated fuel
clad ding gap by es ti mat ing the fuel and clad ding de -
for ma tion. The in ter nal gas pres sure model is used to
cal cu late the gas pres sure in the gap. The im por tant
ma te rial prop er ties cor re la tions are added in the mod i -
fied ver sion of the code in clud ing the burnup de pend -
ent fuel ther mal con duc tiv ity. All the fuel be hav ior
mod els and ma te rial prop er ties cor re la tions are ob -
tained from FRAPTRAN code. The de tail de scrip tion
of all the mod els is pro vided in the rel e vant sec tions of
this pa per. 

Other than fuel rod be hav ior, the fuel to the cool ant
heat trans fer is also af fected by the heat trans fer con di -
tions at the fuel rod sur face. The orig i nal THEA TRe code 
is a com pre hen sive ther mal hy drau lic code and cov ers
range of cor re la tions for the heat trans fer from heat struc -
ture sur face to the cool ant. The mod i fied THEA TRe code 
uses the same fuel rod sur face heat trans fer cor re la tions/
modes that are used in orig i nal THEA TRe code. The heat 
trans fer mode in orig i nal THEA TRe code are the con vec -
tion to noncondensable-wa ter mix ture, sin gle-phase liq -
uid con vec tion at crit i cal and super criti cal pres sure, sin -
gle-phase liq uid con vec tion at subcritical pres sure,
subcooled nu cle ate boil ing, sat u rated nu cle ate boil ing,
subcooled tran si tion film boil ing, sat u rated tran si tion
film , boil ing subcooled film boil ing, sat u rated film boil -
ing, sin gle-phase va por con vec tion, con den sa tion when
void is less than one, con den sa tion when void equals one
[4, 13].

As far as steady-state anal y sis is con cerned, the
mod i fied THEA TRe code is not de signed for sim u lat -
ing the steady-state long-term burnup ef fects of the
fuel rod; how ever, it can sim u late the steady-state con -
di tions of the re ac tor with fresh fuel. The mod i fied
code is de signed for burnup de pend ent tran sient anal y -
sis, for that, the burnup de pend ent fuel rod ini tial con -
di tions are re quired and these ini tial con di tions can be
ob tained from the avail able data in lit er a ture or can be
gen er ated through steady-state fuel rod be hav ior anal -
y sis code such as FRAPCON. In this study, these ini -
tial con di tions are ob tained from the lit er a ture. The
pri mary pur pose of this study is the sim u la tion of those 
fuel rod ther mal and me chan i cal be hav iors which are
re lated to the fuel rod heat trans fer dur ing ini tial phase
of RIA, but not the ex act and de tailed de scrip tion of
the com plex fuel be hav ior phe nom e non which are dif -
fi cult to model in a ther mal hy drau lic code spe cially in
a real time anal y sis code and separate special codes are 
required for that purpose such as FRAPTRAN.

The mod i fied ver sion of THEA TRe is uti lized to
in ves ti gate the ef fect of fuel burnup on fuel rod ther -
mal per for mance in steady-state and tran sient con di -
tions. In or der to in ves ti gate the tran sient fuel rod be -
hav ior, a hy po thet i cal RIA is sim u lated by as sum ing a
tri an gu lar power pulse of vary ing am pli tude (rel a tive

to the nom i nal re ac tor power level) and pulse half
width. More over, the ex pected fuel fail ure mech a -
nisms are also in ves ti gated. The AP1000 reactor is
considered for this anal y sis.

FUEL ROD BEHAVIOR MODELS

Thermal model in THEATRe code

The orig i nal THEA TRe code eval u ates the fuel
and clad ding tem per a tures by solv ing the heat con duc -
tion equa tion in ra dial di rec tion. The as sump tion of
one-di men sional (ra dial) heat trans fer in orig i nal code
is be cause of small fuel rod ra dial di men sions as com -
pared with its ax ial length. The gov ern ing equa tion
used in orig i nal THEA TRe code for heat con duc tion in 
a cy lin dri cal fuel rod is given by [4, 13]
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where q''' is the ther mal power gen er a tion den sity.
The orig i nal THEA TRe code uses the quasi

steady-state an a lyt i cal method to cal cu late the tem per -
a ture pro file in heat struc tures. The same heat con duc -
tion equa tion of orig i nal THEA TRe code men tioned in 
eq. 1 is uti lized in mod i fied THEA TRe cod.

Gas-gap heat con duc tion

The fis sion heat gen er ated in the fuel is con -
ducted through fuel, gap and clad ding to the cool ant.
The ther mal prop er ties of fuel and gas-gap are the
main sources of ther mal re sis tance for heat con duc tion 
from fuel to the clad ding. The heat trans fer co ef fi cient
(HTC) in the gap is mainly com prises of three terms in -
clud ing the gas heat con duc tion, the ra di a tion heat
con duc tion and the solid-solid con tact heat con di tion
due  to  gap clo sure. The gap heat trans fer is given in
eq. 2. Equa tion 3 rep re sent the Ross-Stoute model for
gas heat con duc tion terms and eq. 4 rep re sent the
Kreith cor re la tion for ra di a tion heat con duc tion term
in eq. 2, re spec tively, [4, 10]
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The solid-solid con tact heat con duc tion term in
eq. 2 is cal cu lated us ing cor re la tions given in eq. 5
through eq. 7. The gas heat con duc tion term in eq. 3 is
the main com po nent of gap HTC when the fuel clad -
ding gap is open [14]. This heat con duc tion through
gas is a func tion of gas com po si tion and the gap width.
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The ra di a tion heat con duc tion term is sig nif i cant in
case of clad ding bal loon ing [7]. The solid-sloid con -
tact term is mainly a func tion of fuel-clad ding con tact
pres sure and the sur face rough ness [14]. The cor re la -
tions used for com put ing gap HTC in mod i fied THEA -
TRe code are obtained from FRAPTRAN 1.5 code [4]
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where E = exp[5.738 – 0.528 ln(Rf a)], and a is a con -
stant.

Fuel rod thermomechanical be hav ior

The eval u a tion of fuel rod thermomechanical
be hav ior is im por tant for es ti ma tion of changes in the
fuel rod di men sions which oc curs due to long-term
fuel res i dence time in the re ac tor and also dur ing tran -
sients/ ac ci dents. The thermomechanical mod els cal -
cu late the fuel and clad ding ther mal ex pan sion, stress
in duced clad ding de for ma tion and change in the
gas-gap width. All the thermomechanical mod els used 
in mod i fied code are the FRAPTRAN code mod els.
Sim i larly, rigid fuel pel let as sump tion of FRAPTRAN
code is em ployed in mod i fied THEA TRe code and
stress in duced fuel pel let de for ma tion is not con sid -
ered [4, 7]. The mod i fied code pro vides more ap pro -
pri ate tem per a ture dis tri bu tion in the fuel rod ac cord -
ing to the up dated fuel, clad ding and gap con di tion.
The mod i fied code up dates the fuel rod di men sions
and temperature distribution within the fuel rod at
every time step.

The anal y sis of thermomechanical fuel rod be -
hav ior can be char ac ter ized ac cord ing to the phys i cal
con di tion of the fuel rod gap width. If there is no phys i -
cal con tact be tween fuel pel let and clad ding, this sit u a -
tion can be termed as open gap and the open gap so lu -
tion method is em ployed. How ever, if the fuel pel let
and clad ding are in con tact, the closed gap so lu tion
method is ap plied. 

In open gap so lu tion, the code eval u ates the clad -
ding de for ma tion as a func tion of in ter nal fuel rod
pres sure, ex ter nal cool ant pres sure and the clad ding
tem per a ture by as sum ing the clad ding as a cy lin dri cal
shell. The phys i cal state of the gas-gap (open or
closed) is de ter mined by com par ing the ra dial dis -
place ment of the fuel and the ra dial dis place ment of
the clad ding due to ex ter nal cool ant pres sure and in ter -
nal fuel rod gas pres sure in the gap. The mod i fied
THEA TRe code uti lizes eq. 8 to de ter mine the open or
closed state of the gap. If eq. 8 is not sat is fied, the gap

is open and the open gap so lu tion is used. If eq. 8 is sat -
is fied, the PCMI con di tion is reached and the closed
gap so lu tion is ap plied. The new gap width is cal cu -
lated by us ing eq. 9

d d dR Rf cl r³ + (8)

d d d dgap  width r cl f= + -R R (9)

The set of equa tions for com put ing clad ding de -
for ma tion model are given in tab. 1. The to tal strain is
com puted us ing eq. 10 through eq. 12. Equa tion 10
through eq. 12 are the gen er al ized form of Hooke's law 
and rep re sent the stress-strain re la tions in in cre men tal
form. In these equa tions, the terms e p and de p rep re -
sent the plas tic strain at the end of pre vi ous load in cre -
ment and the ad di tional plas tic strain in cre ment dur ing 
new load in cre ment, re spec tively. The so lu tion
method adopted by Geelhood et al., 2014 is uti lized to
cal cu late the dep. The main as sump tions are the
axisymmetric load ing and de for ma tion and uni form
ax ial load ing with no bend ing [4, 7] and eq. 13 and eq.
14 rep re sent the equi lib rium equa tions in this case.
Equa tion 15 through eq. 17 rep re sents the ad di tional
plas tic strain in cre ments based on ef fec tive stress and
the Prandtl-Reuss flow rule [7].

The closed gap con di tion is termed as pel let
clad ding me chan i cal in ter ac tion (PCMI). In closed
gap so lu tion, the clad ding de for ma tion caused by in -
ter nal rod pres sure in open gap model is re placed with
the ra dial dis place ment of clad ding in ner sur face
which is due to the pres sure ex erted by fuel pel let de -
for ma tion on the clad ding in ner sur face. The closed
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Ta ble 1. FRAPTRAN code clad deformation model
employed in modified THEATRe code [4, 7]
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gap so lu tion is quite dif fer ent and com plex as com -
pared with the open gap so lu tion. The stresses in open
gap so lu tion are di rectly com puted by in ter nal and ex -
ter nal pres sures and the clad ding tem per a ture. How -
ever, in case of closed gap, the clad ding stresses are the 
func tion of clad ding in ner sur face dis place ment due to
fuel ther mal ex pan sion. The clad ding in ner sur face
dis place ment can be de ter mined by eq. 18. The clad -
ding stresses (sq  and sz) can be com puted in terms of
clad ding in ner sur face dis place ment, u(ri), by si mul ta -
neously solv ing eqs. 10-12, and 18. When the stresses
are de ter mined, the con tact pres sure can be com puted
us ing eq. 19

u r r
t

( )i r= -e eq
2

(18)

P
t r P

r
cont

i

=
+sq 0 0 (19)

Fuel rod in ter nal gas pres sure

In or der to com pute clad ding de for ma tion and
heat trans fer across fuel and clad ding gap, the in ter nal
fuel rod gas pres sure must be cal cu lated ap pro pri ately.
The rod in ter nal pres sure is mainly a func tion of the
avail able free vol ume, the amount and type of gas(s)
and its tem per a ture. The fuel rod is ax i ally di vided into 
sev eral small vol umes and the tem per a ture in each
small vol ume can be as sumed as con stant [4, 7]. The
fuel and clad ding de for ma tion model eval u ate the
change in the gap width in each small vol ume dur ing
steady-state and tran sient con di tions. The ple num vol -
ume is as sumed as con stant dur ing the tran sient. Tem -
per a ture of the gas in the gap is com puted by tem per a -
ture model and the SCANAIR code as sump tion is
em ployed, in that, the gas tem per a ture (Tg) is as sumed
equal to the mean value of fuel sur face tem per a ture
(Tfs) and the clad ding in ner sur face tem per a ture (Tci)
as given in [4, 8]

T
T T

g
fs ci=

+

2
(20)

Dur ing fast tran sient such as RIA, the gas(s) in
the gap and in ple num does not reach to their ther mal
equi lib rium. There fore, the tem per a ture of the up per
and lower seg ments of the fuel rod can be as sumed for
the up per and lower ple num, re spec tively [8]. The
change in gas pres sure dur ing tran sient is com puted by 
eq. 21. Uni form pres sure is as sumed ev ery where i. e.
pres sure in stan ta neously co mes into equi lib rium in the 
gas-gap and fuel rod ple nums. The change in in ter nal
gas pres sure is com puted by eval u at ing the change in
gap width and change in gas tem per a ture. The change
in the com po si tion of gas in the gap is con sid ered ac -
cord ing to the burnup of the fuel and ob tained from lit -
er a ture [4, 10] 
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Material properties

The ap pro pri ate de scrip tion and eval u a tion of
ma te rial prop er ties is sig nif i cant for de ter min ing   the
heat con duc tion and tem per a ture dis tri bu tion in the
fuel rod. The ma te rial prop er ties cor re la tions given in
FRAPTRAN ma te rial prop er ties hand book [4, 15] are 
uti lized in mod i fied THEA TRe code. The im por tant
ma te rial prop er ties em ployed in mod i fied code are the
ther mal con duc tiv i ties of fuel rod ma te ri als and gases
in the gap, ther mal ex pan sion co ef fi cients of fuel and
clad ding, fuel and clad ding spe cific heat ca pac ity and
elas tic modulus, etc.

Fuel burnup has a sig nif i cant ef fect on its ther -
mal con duc tiv ity. Fuel burnup causes deg ra da tion of
fuel ther mal con duc tiv ity due to ir ra di a tion dam age to
the fuel lat tice and buildup of fis sion prod ucts. In or der 
to con sider the burnup ef fects on fuel ther mal con duc -
tiv ity, the FRAPTRAN fuel ther mal con duc tiv ity
model for UO2 fuel is se lected which is adopted from
mod i fied Nu clear Fu els In dus tries (NFI) and
Duriez/mod i fied NFI mod els [4, 15]. The mod i fied
fuel ther mal con duc tiv ity is given in eq. 22 and eq. 23 
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The burnup and fuel tem per a ture are as sumed as
ra di ally av er aged val ues.

AP1000 MODEL AND RIA SIMULATION

The AP1000 re ac tor is mod eled in THEA TRe
code as per the nodalization di a gram given in fig. 2.
The AP1000 fuel as sem bly is com posed of cy lin dri cal
UO2 fuel pins. The UO2 fuel pel let is cov ered with
ZIRLO clad ding and the fuel-clad ding gap is filled
with he lium gas.

The steady-state re sults of AP1000 cal cu lated
from THEA TRe model are com pared with the data re -
ported by West ing house in de sign con trol doc u ments
(DCD) [16]. The THEA TRe code re sults are closely
agreed with the ref er ence re sults as shown in tab. 2.
The main de sign pa ram e ters of AP1000 fuel rod are
con sid ered the same as given in AP1000 de sign con -
trol doc u ments [16] and mentioned in tab. 3.

In or der to in ves ti gate the ef fect of RIA on fuel
rod be hav ior at var i ous fuel burnups in a pres sur ized
wa ter re ac tor un der power op er a tion, hy po thet i cal test
cases of power pulse in ser tion are con sid ered in
AP1000 re ac tor at nom i nal power, pres sure and cool -
ant mass flow rate.
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A hy po thet i cal RIA is sim u lated by con sid er ing a
tri an gu lar power pulse of vari able pulse height (rel a tive
to the full power re ac tor op er at ing con di tions) and pulse
width.  The burnup lev els con sid ered in this anal y sis are
0 GWD/MTU*, 6.4 GWD/MTU and 21.3 GWD/MTU,
which cor re sponds to fresh fuel, low and me dium burnup 
fu els re spec tively. The burnup de pend ent steady state
and tran sient fuel rod be hav ior anal y sis re quires the
burnup de pend ent ini tial con di tions as in put in the code.
The ref er ence gap width, gas com po si tion and cav ity
pres sure are ob tained from the fuel rod be hav ior anal y sis
of AP1000 re ac tor per formed by Yu et al., 2012 [10].

RESULT AND DISCUSSIONS

Steady-state comparison 

The com par i son of steady-state fuel rod pa ram e -
ters  at  dif fer ent  burnups  is  given  in  fig. 3  through

fig. 6. The gap width along fuel rod ax ial length at dif -
fer ent burnups is given in fig. 3. In fig. 3, the straight
line i. e. the same gap width at each ax ial po si tion (blue 
line) rep re sents the fresh fuel cold state gap width.
How ever, the other curves rep re sent the gap widths of
fresh and burned fuel rods at av er age nor mal re ac tor
op er at ing con di tion. This gap width data is ob tained
from lit er a ture [10] and used as in put in this work.

At 21.3 GWD/MTU, the gap width at ax i ally cen -
tral lo ca tions of fuel rod is near to closed gap width. The
ax ial dis tri bu tion of fuel cen ter line tem per a ture is given
in fig. 4. This ax ial fuel tem per a ture dis tri bu tion is caused 
by the near-co sine shape ax ial power dis tri bu tion in the
fuel. In fig. 4, it is shown that the fuel cen ter line tem per a -
ture at up per and lower por tion of the fuel rod is slightly
higher in case of rel a tively higher burnup fuel. How ever,
at cen tral por tion of the fuel, this tem per a ture is lower for
rel a tively higher burnup fuel due to a de creased gap
width which af fects the gas-gap con duc tance. The
gas-gap con duc tance is af fected by gap width and gas
com po si tion in the gap. The fuel burnup causes de crease
in gap width and he lium mole frac tion. These pa ram e ters
have op po site ef fects on gas-gap con duc tance i. e. re duc -
tion in gap width in creases the gap con duc tance and re -
duc tion in he lium mole frac tion de creases the gap con -

A. Nawaz, et al.: Ther mal Be hav ior Anal y sis of PWR Fuel Dur ing RIA at Various ...
312 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 4, pp. 307-317

Fig ure 3. Steady-state gap width at fuel rod ax ial
lo ca tions

Fig ure 4. Steady-state fuel cen ter line tem per a ture at fuel
rod ax ial lo ca tions

Fig ure 2. AP1000 nodalization in THEA TRe code

Ta ble 2. Comparison of AP1000 parameters

Pa ram e ters THEATRe

 Core ther mal power [MW] 3410

 Cool ant vol ume flow per loop [m3s–1] 9.98

 RCS pres sure [MPa] 15.52

 Core in let tem per a ture [K] 554.22

 Core out let tem per a ture [K] 594.75

 Core av er age tem per a ture [K] 574.4

 SG secondary pressure [MPa] 5.602

 SG feed water temperature [K] 499.82

Ta ble 3. Design parameters of AP1000 fuel rod

Parameters DCD value [16]

 Av er age lin ear power [kWm–1] 19.22 

 Fill gas ini tial pres sure [MPa] 2

 Ac tive fuel rod length [cm] 426.72

 Fuel pel lets di am e ter [cm] 0.819

 Di am e ter gap [cm] 0.0165

 Clad thick ness [cm] 0.0572

 Pitch [cm] 1.260

 Fuel rod out side di am e ter [cm] 0.950

*GWD/MTU means gigawatt-days per met ric tonne of ura nium



duc tance. When gap clo sure oc curs at high burnups, the
gap clo sure ef fect dom i nates and the heat trans fer co ef fi -
cient (HTC) in gas-gap in creases sig nif i cantly. The ax ial
dis tri bu tion of clad ding in ner sur face tem per a ture is
shown in fig. 5. The high burnup fuel rod has lower clad -
ding in ner sur face tem per a ture. The ax ial fuel rod length
is di vided into six nodes. Fuel ther mal con duc tiv ity is in -
versely pro por tional to fuel burnup. Fig ure 6 shows the
fuel ther mal con duc tiv ity deg ra da tion as a func tion of
burnup along ax ial fuel rod length at each ax ial node.
This ther mal con duc tiv ity is cal cu lated at steady state op -
er a tion at cor re spond ing fuel burnup. With in crease in
burnup, the fuel ther mal con duc tiv ity de creases and the
ther mal con duc tiv ity dif fer ence be tween the fuel rod ax -
ial lo ca tions also de creases, which in di cates the dom i -
nance of fuel burnup ef fect on fuel ther mal con duc tiv ity
over the fuel tem per a ture.

Transient fuel rod behavior under RIA

A hy po thet i cal RIA is sim u lated by con sid er ing a 
tri an gu lar power pulse with vary ing am pli tude and
pulse width as de scribe in AP1000 MODEL. The ef -

fect of fuel burnup, power pulse height and the pulse
width on fuel rod pa ram e ters has been in ves ti gated in
this study. 

Ef fect of pulse height 

In this work, the fo cus of anal y sis is to see the
fuel be hav ior. There fore, hy po thet i cal RIA con di tions
con sid ered for an a lyz ing the fuel fail ure mech a nism at
dif fer ent burnups. The ef fect of pulse height is in ves ti -
gated by in sert ing a tri an gu lar power peak of vari able
am pli tude rel a tive to the nom i nal steady-state re ac tor
power but with fixed half width of 0.4 s. In or der to an -
a lyze fuel fail ure mech a nisms, re ac tor shut down at
over power is not con sid ered. The im me di ate ef fect of
power pulse in ser tion is the rapid rise of fuel tem per a -
ture; there fore, the fuel cen ter line tem per a ture of ax i -
ally cen tral por tion of the fuel rod is in ves ti gated. The
re sults at 0 GWD/MTU and 6.4 GWD/MTU fuel
burnups are shown in fig. 7. The rise in fuel cen ter line
tem per a ture is ob vi ous with in crease in re ac tor power
due to power pulse in ser tion. For power pulse height
(PH) of 6 and 10 rel a tive to nom i nal power, the in -
crease in fuel cen ter line tem per a ture 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 cen ter line tem per a ture be -
comes greater than 2800 K, which is near to fuel melt -
ing tem per a ture and no gap clo sure at any fuel rod ax -
ial lo ca tion has been ob served. The other ob served
fuel rod pa ram e ters (not men tioned in fig. 7) in cludes
as fol lows.

The gap clo sure starts as the power pulse height
in crease be yond 20 rel a tive to the nom i nal re ac tor
power. In case of 6.4 GWD/MTU, the gap clo sure
starts when the pulse height in creases be yond 10 and
for fuel with burnup of 21.3 GWD/MTU, the gap clo -
sure starts as the pulse height in crease be yond 6 rel a -
tive to the nom i nal re ac tor power.
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Fig ure 6. Steady-state fuel ther mal con duc tiv ity vs. fuel
burnup [17]; node-1 and node-6 rep re sent up per and
lower seg ments of fuel rod, re spec tively

Fig ure 7. Fuel cen ter line tem per a ture with vari able
power pulse height at pulse half width of 0.4 s

Fig ure 5. Steady-state clad ding in ner sur face
tem per a ture at fuel rod ax ial lo ca tions



Ef fect of pulse width

In or der to in ves ti gate the ef fect of power pulse
width, anal y sis is per formed by vary ing power pulse
half width by 0.4 s, 0.5 s, and 0.75 s while keep ing the
power pulse height as 6 rel a tive to the nom i nal re ac tor
power. The anal y sis is per formed by con sid er ing the
6.4 GWD/MTU fuel burnup and re sults are men tioned 
in fig. 8 and fig. 9. The re sults show that by in creas ing
power pulse width, the peak fuel rod tem per a ture also
in creases. No gap clo sure at any ax ial fuel rod lo ca tion
is ob served. The be hav ior of clad ding in ner sur face
tem per a ture is men tioned in fig. 9. The ef fect of pulse
width with fuel burnup of 21.3 GWD/MTU is also in -
ves ti gated and it is ob served that the gap clo sure starts
when the pulse half width in crease be yond 0.4 s.

Ef fect of fuel burnup

The ef fect of fuel burnup on fuel rod tem per a -
tures is in ves ti gated by con sid er ing the power pulse
height of 6 rel a tive to the nom i nal re ac tor power and
the pulse half width of 0.4 s.  The av er age lin ear power

is same in all cases. In fig. 10, the fuel cen ter line tem -
per a tures at ax i ally cen tral and up per seg ments of the
fuel rod are com pared. It is to be noted that in up per
por tion of the fuel rod, the ini tial (steady-state) fuel
cen ter line tem per a ture is rel a tively higher at rel a tively
higher burnup i. e. 21.3 GWD/MTU. How ever, at cen -
tral seg ment of fuel rod, the steady-state fuel cen ter -
line tem per a ture is lower in higher burnup case due to
the heat con duc tion through gap which dom i nates the
ef fect of fuel ther mal con duc tiv ity deg ra da tion due to
burnup. Sim i larly, the in crease in tem per a ture af ter
power peak in ser tion has sim i lar trend.

Clad ding hoop stress is a func tion of rod in ter nal
pres sure, clad ding thick ness and cool ant pres sure. The 
cal cu lated hoop stress is nearly equal at each ax ial
node due to the iden ti cal in ter nal rod pres sure and ex -
ter nal cool ant pres sure. Com par i son of hoop stresses
at cen tral node of the fuel rod for all three cases is
given in fig. 11. The steady-state clad ding hoop stress
is lower in case of the fuel rod with com par a tively high 
burnup due to rel a tively high in ter nal rod pres sure.
Dur ing course of the tran sient, vari a tion in cool ant
pres sure, clad ding de for ma tion and the in crease in the
rod in ter nal pres sure de ter mine the shape of the curve
men tioned in fig. 11. The in crease in hoop stress is also 
less in high burnup fuel due to high ini tial gas pres sure
and in crease in the gas pres sure dur ing the tran sient.
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Fig ure 9. Vari a tion of clad ding in ner sur face
tem per a ture with pulse half width at 6.4 GWD/MTU and 
PH = 6

Fig ure 10. Fuel cen ter line tem per a ture vs. fuel burnup
dur ing RIA

Fig ure 11. Com par i son of hoop stresses at cen tral node of 
fuel rod for all three cases

Fig ure 8. Fuel cen ter line tem per a ture with vari able
pulse half width at 6.4 GWD/MTU and PH = 6



Assessment of fuel ROD failure during RIA

The fuel rod be hav ior re sults ob served dur ing all 
RIA cases con sid ered in this work have been com piled
and given in tab. 4. Fuel rod tem per a tures and fuel be -
hav ior men tioned against each case are at ax i ally cen -
tral por tion of the fuel rod. Fol low ing can be sum ma -
rized from the re sults men tioned in tab. 4.
– With in crease in power pulse height (pulse half

width = 0.4 s), the fuel fail ure in fresh fuel is ex -
pected due to in crease in fuel tem per a ture, which
may reach to fuel melt ing point be fore start of gap
clo sure phe nom ena. It can be seen in tab. 4, with
fresh fuel at pulse height of 20.

– It has been ob served that, at any burnup, the gap
clo sure phe nom ena ini tially oc cur at high power
ax ial lo ca tions in the fuel rod. At gap clo sure, the
fuel sur face and clad ding in ner sur face tem per a -
ture be comes nearly iden ti cal as given in tab. 4 at
6.4 GWD/MT fuel burnup and PH = 20.

– The fuel fail ure at 21.3 GWD/MTU fuel burnup is
ex pected by clad ding fail ure. In higher burnup fu -
els, the gap clo sure oc curs much ear lier than the
fresh and low burnup fu els. As men tioned in tab.
4, the gap clo sure at 21.GWD/MTU fuel burnup
starts when the pulse height in creases be yond 6.
At gap clo sure, the heat trans fer be comes better,
how ever, the con tact pres sure may ex ceed the
clad ding yield strength and clad ding fail ure due to
PCMI is ex pected.

CONCLUSIONS

The con sis tent sim u la tion of ac ci dents and tran -
sients is im por tant for re ac tor safety anal y sis. In this
work, fuel rod ther mal per for mance in steady-state
and tran sient con di tions has been an a lyzed at dif fer ent
fuel burnup con di tions by mod i fy ing THEA TRe code
with in clu sion of fuel be hav ior mod els. AP1000 re ac -
tor is con sid ered for this anal y sis. For tran sient anal y -
sis, a hy po thet i cal RIA is sim u lated. A sim ple tri an gu -
lar power pulse of vari able height rel a tive to nom i nal

re ac tor power level and with vari able half width at dif -
fer ent burnups is as sumed.

This work aimed at the sim u la tion of those fuel
rod ther mal and me chan i cal be hav iors which af fect the 
heat trans fer dur ing ini tial phase of RIA, but not at the
ex act de scrip tion of com plex phe nom e non of fuel rod
be hav ior which is dif fi cult to model in ther mal hy drau -
lic code and sep a rate ded i cated fuel rod be hav ior
codes are avail able for that pur pose.

The com par i son of steady-state fuel cen ter line
tem per a ture at dif fer ent ax ial lo ca tions of the fuel rod
shows that at up per por tion, the ini tial (steady-state)
fuel cen ter line tem per a ture is rel a tively higher at
higher burnup i. e. 21.3 GWD/MTU. How ever, at cen -
tral seg ment of the fuel rod, the steady-state fuel cen -
ter line tem per a ture is lower in higher burnup case due
to heat con duc tion through gap which dom i nates the
ef fect of fuel ther mal con duc tiv ity deg ra da tion due to
fuel burnup.

The re sults of tran sient RIA anal y sis in di cate
that the fuel fail ure mech a nisms of fresh and higher
burnup fu els are dif fer ent. The fuel fail ure in fresh fuel
is ex pected due to fuel melt ing as fuel tem per a ture in -
creases with in crease in pulse en ergy (pulse height).
How ever, at rel a tively higher burnups, the fuel fail ure
is ex pected due to clad ding fail ure due to strong pel let
clad me chan i cal in ter ac tion (PCMI) which may cause
clad ding fail ure when the con tact pres sure in creases
be yond clad ding yield strength.

The new fuel rod be hav ior mod els in THEA TRe
code are ca pa ble of es ti mat ing the gas-gap be hav ior
dur ing tran sient con di tions which is rel e vant to the
con sis tent cal cu la tions of fuel rod pa ram e ters dur ing
tran sient con di tions in a ther mal hy drau lic code. How -
ever, these mod els need fur ther im prove ment in or der
to ac count for com plex phe nom ena of fuel be hav ior
and for the anal y sis of high burnup fu els.
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Ta ble 4. Fuel rod be hav ior dur ing as sumed RIA as cal cu lated by mod i fied TEATRe code

Pa ram e ters Tc,max [K] Tf,max [K] Tclad,max [K] Spe cific re marks on fuel be hav ior

 Burnup = 0

Power pulse height = 6 1715.35 809.21 679.53 No gap clo sure oc curs

Power pulse height = 10 2027.09 820.02 696.18 No gap clo sure oc curs

Power pulse height = 20 >2800 1135.85 1114.37 Fuel melt ing ex pected H > 20, be gin ning of gap clo sure

 Burnup = 6.4 GWD/MTU

Power pulse height = 6 1678.05 760.84 681.16 No gap clo sure oc curs

Power pulse height = 10 2011.49 781.37 696.69 No gap clo sure oc curs If H > 10, be gin ning of gap clo sure

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, be gin ning of gap clo sure

Tc,max – max i mum fuel cen ter line tem per a ture, Tf,max – max i mum fuel sur face tem per a ture, Tclad,max – max i mum clad ding sur face tem per a ture.
Pulse height (rel a tive to the full power re ac tor op er at ing con di tions)
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NO MEN CLA TURE

Cp – heat ca pac ity of the cool ant, [Jkg–1K–1]
d – open fuel-clad ding gap size, [m]
deff – ef fec tive gap width, [m]

dei
p – ad di tional plas tic strain in cre ments

at new load
E – modulus of elas tic ity, [Nm2]
Fa – con fig u ra tion fac tor = 1.0
Fe – emissivity fac tor
gc – clad ding in side tem per a ture jump dis tance,

[m]
gf – tem per a ture jump dis tance at fuel sur face,

[m]
HTC – heat trans fer co ef fi cient
hgap – to tal gap con duc tance, [Wm–2K–1]
hgas – con duc tance through gas in gas-gap,

[Wm–2K–1]
hr – con duc tance by ra di a tion, [Wm–2K–1]
hs – con duc tance by fuel clad solid-solid con tact, 

[Wm–2K–1]
Km – mean ther mal con duc tiv ity, [Wm–1K–1]
k – ther mal con duc tiv ity, [Wm–2K–1]
kgas – gas ther mal con duc tiv ity, [Wm–2K–1]
PH – pulse height
PHW – pulse half width
Pi – in ter nal fuel rod pres sure, [Nm–2]
Po – cool ant pres sure, [Nm–2]
Prel – ra tio of in ter fa cial pres sure to clad ding

Meyer hard ness
R – ef fec tive rough ness, [m]
ri – clad ding in side ra dius, [m]
ro – clad ding out side ra dius, [m]
T – cur rent clad ding tem per a ture, [K]
T0 – ref er ence tem per a ture, [K]
Tfs – fuel pel let out side tem per a ture, [K]
Tci – clad ding in side tem per a ture, [K]
t – clad ding thick ness, [m]

Greek sym bols

a – ther mal ex pan sion co ef fi cient, [K–1]

ez – ax ial strain

er – ra dial strain

ei
p – plas tic strain at the end of last load in cre ment

eq – hoop strain

qz – ax ial stress, [Nm–2]

n – Pois son's ra tio

r – den sity, [kgm–3]

s – Stefan-Boltzmann con stant

se – ef fec tive stress, [Nm–2]

sq – hoop stress, [Nm–2] 
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Amxad NAVAZ, Jo{ikava HIDEKAZU, Ming JANG, Anvar HUSAIN

ANALIZA  TERMI^KOG  PONA[AWA  GORIVA  PWR  REAKTORA
TOKOM AKCIDENTA  IZAZVANOG  REAKTIVNO[]U  PRI

RAZLI^ITIM  SAGOREVAWIMA,  PRIMENOM  THEA TRe  KODA

Ozra~ivawe i sagorevawe goriva stvara geometrijske i dimenzionalne promene u
gorivnom elementu {to ima uticaj na wegovu termi~ku otpornost i kona~no deluje na pona{awe
gorivnog elementa tokom stacionarnog stawa i prelaznih re`ima. Dosledna analiza termi~kih
performansi gorivnog elementa od su{tinskog je zna~aja za preciznu procenu sigurnosti reaktora 
u prelaznim re`imima i tokom akcidenata. U ovom radu, sprovedena je analiza termi~kih
performansi PWR gorivnog elementa u stacionarnom stawu i prelaznim re`imima pri
razli~itim sagorevawima. Analiza je izvedena primenom termohidrauli~nog programskog paketa
THEA TRe. Programski paket dopuwen je dodavawem modela pona{awa sagorevawa gorivnog
elementa. Originalni programski paket koristi fabri~ke dimenzije gorivnog elementa tokom
stacionarnog stawa i prelaznih re`ima, koje se mogu izmeniti radi sprovo|ewa potpunije analize
sigurnosti reaktora. AP1000 reaktor smatra se referentnim reaktorom za ovakvu analizu.
Ispitan je efekat sagorevawa na parametre gorivnog elementa u stacionarnom stawu. Za analizu
prelaznog re`ima, hipoteti~ki akcident izazvan reaktivno{}u simuliran je trouglastim
impulsom snage promenqive visine impulsa (u odnosu na radne uslove reaktora pri punoj snazi) i
{irine impulsa, pri razli~itom sagorevawu goriva koje odgovara sve`em gorivu, malo i sredwe
utro{enom gorivu. Ispitana je zavisnost tem per a ture gorivnog elementa od uticaja snage, visine
impulsa, {irine impulsa i sagorevawa goriva. Rezultati analize akcidenta izazvanog
reaktivno{}u pokazuju da su mehanizmi otkazivawa gorivnog elementa razli~iti za sve`e gorivo i 
goriva razli~itog nivoa istro{enosti. Otkaz gorivnog elementa sve`eg goriva o~ekivan je usled
topqewa goriva, jer temperatura goriva raste sa porastom impulsa energije (visine impulsa).
Me|utim, pri relativno visokim nivoima sagorevawa, otkaz gorivnog elementa o~ekivan je usled
propadawa ko{uqice izazvane jakim mehani~kim interakcijama gorivnih pastila i ko{uqice, jer
je pritisak kontakta ve}i od ~vrstine ko{uqice. 

Kqu~ne re~i: akcident izazvan reaktivno{}u, termi~ko pona{awe gorivnog elementa,
.........................deformacija ko{uqice, AP1000 reaktor, THEA TRe programski paket


