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The Reactivity-Initiated Accident (RIA) in Pressurized Water Reactor (PWR) system has been 
modeled and simulated. The model was developed to describe the transient thermal 
behavior of burned PWR fuel during RIA and to predict the possibility of the rod failure in 
the mode of cladding melting. The modeling of RIA is divided into three subsystems; reactor 
kinetics, reactor core and cooling system thermal-hydraulics, and the release of Fission 
Products (FPs) from UO2 fuel rods of PWR. The detailed temperature history determined 
from the thermal-hydraulic calculations, and the inventories of FPs calculated by ORIGEN2 
code, have been used for the determinations of FPs release during the proposed transient. 

This paper provides a real-time lumped model for the release of fission products from UO2 
under RIA conditions. All the models mentioned above have been assembled in one unified 
computer program, where the reactor response under RIA was represented by the 
generated power, the surface and centerline fuel temperature, fuel enthalpy and release 
rate as well as fractional release of some FPs at two different average burnup values (10 
and 45 MWd/kgU). 

اادثة  تنأةع عةي ديةاد  ميةاعت  المةاق المضة وي ظةي  ةرو   نموذج رياضي لدراسة  السةلولا الاةرارل الميةاليق لو ةودتم عمل 
انصهار ال ت  الةوا ي للو ةودا النمةوذج المصةمم لهةذا أو بامكاني  ادوث عيب بقضباي الو ود بالإضاظ  إلى التنبؤ  (RIA)الياعلي  
المياعت ،  لةب و أن مة  التبريةد الهيدروليكية  والارارية  للمياعةل وكةذلا م ظرعي  هي كينتيكا  ساإلى ثتث  أ مينقس (RIA)الاادث 

لقد تم اساب درلا  ومخةدوي نةواتج الانأةيار تسرب نواتج الانأيار مي  ضباي الو ود المستخدم ظي مياعت  الماق المض ويا 
د اال نأوق الاادثا تم تلمية  كةل النمةاذج السةابر ذكرهةا ظةي برنةامج واستخدامها ظي اساب النواتج الانأياري  المنبعث  مي الو و

مااكةةاح ايةةث يةةتم تمثيةةل وعةةرف أداق المياعةةل عنةةد هةةذا الاةةادث مةةي خةةتل معةةامت   ةةدر  المياعةةل، درلةةا  اةةرار   لةةب وسةةي  
 ميلاوا  يوم/كلم يورانيوما 54، 01 ضباي الو ود النووى، إنثالبي الو ود، معدلا  انبعاث نواتج الانأيار عند نسبتى ااترار 
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1. Introduction 

 
 The operation of nuclear power plant 

requires an understanding of the plant 

response to both expected and unlikely 

transients. Recognizing the fact that the large 

inventories of radioactive FPs in the irradiated 

fuel are the principal hazards associated with 
nuclear reactors accidents. Considerable 

efforts have been devoted to determine the 

source term, and the potential of release of 

these materials to the environment under a 

variety of accident conditions [1,2]. Many out-
of-pile post irradiation experiments [3-5] 

indicate that for temperatures between 1000 

and 2180 °K, fission products behavior is 

dominated by diffusional release of volatile 

Fission Products (FPs), xenon, krypton, 

cesium, iodine and tellurium from ruptured 

fuel rods. Very little release of the medium- 

and low-volatile FPs is expected at these 
temperatures. The FPs released from the fuel 

matrix through inta- and intergranular 

diffusion, surface vaporization, and cladding 

rupture are macroscopically transported by 

the steam-hydrogen flow through the reactor 

core and primary system. 
 An important postulated accident in the 

design and licensing of a nuclear reactor is the 

reactivity-initiated accident Reactivity-Initiated 

Accident (RIA). Reactor events that can initiate 

the RIA include control rod ejection/rod drop, 
steam line rupture and cold water addition. In 

general, fuel licensing analyses design bases 

using a bounding control rod ejection/rod 

drop accident. Such an accident includes a 

prompt critical power excursion with reactor 

power levels reaching 10 to 100 times rated 
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power in a less than one second before the 

neutronic parameters, Doppler and moderator 

coefficients terminate the events [6]. 
 A control rod ejection accident has been 

analyzed in this work. The rod ejection acci-

dent is defined as an assumed failure of a 

control rod mechanism pressure housing such 

that the reactor coolant system pressure 

would eject the control rod and drive shaft to 
the fully withdrawn position. The consequence 

of this mechanical failure is a rapid reactivity 

insertion. The resulting increase of the reactor 

power is determined by the design features of 

the core; namely the temperature coefficients 
of the reactivity of the fuel (Doppler effect) and 

the moderator. The transient depends on 

many details such as temperatures in the re-

actor core (e.g. cold or hot conditions), the 

control rod and fuel-loading pattern and the 

insertion of the other control rods. 
 From the above discussion, the failure be-

havior of Pressurized Water Reactor (PWR) fuel 

rods is one of the important subjects to be 

studied for LWR safety under the RIA 

conditions. An exact prediction of the fuel 
material temperature requires simultaneous 

determination of the neutronic and tempera-

ture fields. An accurate description of the 

temperature distribution in the fuel rods, and 

the FPs inventory at the time of the accident is 

needed for the release fraction and fractional 
release rate calculations. So, the main pur-

pose of the model is to analyze the transient 

thermal behavior of a PWR fuel rod and 

predict the possibility of its failure. The inven-

tory of the reactor core has been calculated 
using ORIGEN2 code [7], for two different 

average fuel burnup values. The calculations 

have been performed for PWR UO2 fuel of 3.2% 

enrichment.  

 A computer program was written to solve all 

the simultaneously equations set describing 
the model. Many of the mechanical and 

thermo-physical properties of the fuel are 

taken from MATPRO-11 [8]. To validate the 

results, finite-difference and Runge-Kutta 

methods are used to solve the point kinetic 
equation.  

   

2. Outline of the proposed mathematical  

    model 

 
2.1. Reactor kinetics and delayed neutrons  
      model 

 

The kinetic equations simulate power 

generation within the nuclear fuel. Standard 

time-dependent point kinetics, based on neu-
tron conservation, are assumed [9], A coupled 

set of first order differential equations defining 
the total power P(t) and the power due to de-

layed-neutron precursors concentration C(t) as 

functions of time will be as follows: 
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where:   
t  = time (s), 

i = effective delayed neutron fraction for the i-  

      th group, 

 = effective delayed neutron fraction, 

 = prompt neutron generation time (s), 

i  = i’th delayed neutron group decay constant   

      (s-1), 

(t)  = net reactivity 
k

k

k

k 





1
 , and 

k = effective neutron multiplication factor. 

 During RIA the reactivity  varies due to 

externally inserted reactivity, ext, and feed-
backs mainly due to temperature variations. 

This may be expressed as: 

 

       tttt mfext   ,     (3) 

 

f(t), m(t) = Doppler and moderator feedback 

reactivity, respectively. 

 Assuming the reactor has been operated at 
the initial power level Po before the transient 

occurrence, the values of Ci at t = 0 are ob-

tained in the usual way by setting its deriva-
tive equal to zero at the initial power level Po 

as follows: 
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 Since the transient is assumed to occur 

when the reactor is operating in the steady-
state, it becomes better to represent the 

reactor kinetic equations in their normalized 

forms [10]: 
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where:    
Po  is the steady-state power (MW), 

P   is the transient power (MW), 

P*  is the normalized power (MW), 

Cio is the steady-state power due to neutron 

precursor of group i (MW), 
Ci  is the transient state power due to neutron 

precursor of group i (MW), and 

i
*C is the normalized power due to neutron 

precursor of group i (MW). 

 By solving for P and C and substituting in 

eqs. (1) and (2) the following equations are 

obtained. 
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by using eq. (4), the last equations are re-
duced to their normalized forms as follow: 
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the initial conditions of eqs. (8) and (9) are: 
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 The total power Pt(t) is equal the kinetics 

power P(t) in addition to the FPs decay power. 

Constant decay power (6.73% of the initial 

power level) is assumed as long as a plant 

scram does not occur.  Following a scram, this 

decay heat fraction is given by [11]. 
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2.2. Thermal -hydraulic balance equations 
 

 A lumped parameter model is an adequate 

representation of the reactor core, where a 

single temperature node in the fuel and one in 

the surrounding coolant is used. Performing a 
heat balance on the reactor fuel and coolant 

yields the following state eqs. [12]. 
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where:    
Mf, Mc  is the total mass of fuel and 

coolant respectively (Kg), 
Cpf, Cpc  is the specific heat of fuel and 

coolant respectively (MJ/Kg.K), 
Tf(t),  Tc  (t)   is the average temperature of 

fuel and coolant respectively 

(K), 
Tout(t), Tin(t)   is the reactor coolant outlet and 

inlet temperatures (K); 2 Tc = 

Tout+ Tin  

Wcore  is the core mass flow rate 

(Kg/s), 
Qfc    is the heat flow to the coolant 

from fuel (MW) = Ufc (Tf - Tc), 

and 
Ufc    is the overall heat transfer 

coefficient between fuel and 
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coolant (MW/°K), by using the 

Dittus-Boalter correlation [13].  

 
40800230 .. PrRe.Nu  .         (14) 

 

 The heat transfer coefficient is obtained as 
follows, 
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where:   
Nu is the Nasselt number = Ufc De/Kc , 

Re is the Reynolds number = Wcore De/A,  

Pr  is the Prandtl number = Cp /kc, 
De is the equivalent diameter of the flow 

channel (m), 

  is the dynamic viscosity of the coolant 
(kg/m.s) 

c  is the density of the coolant (kg/m3), and 
A  is the cross sectional area of the channel 

(m2). 

 
 The radial, Tf(r) and surface fuel, Tfs 

temperatures are given as follows [12]: 
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 The heat in terms of the linear heat rate 

can be represented as: 
 

qRq  2 .                      (18) 

 

 Also, the linear heat rate can be 

represented in terms of the gap heat transfer 
coefficient hg and the temperature drop across 

the fuel-cladding interface is, 
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 The radial and outer surface of the clad 

temperatures are calculated as follows: 
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2.3. UO2 enthalpy model 

 
 The enthalpy data of UO2 [14] were fit to the 

equations: 

 
For 293 ˚K ≤ T ≤ 2670 K 
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where:   
T* = 298.15 oK 

C1 = 78.215  J mol-1 K-1, 

C2 = 3.860910-3  J mol-1 K-2, 

C2 = 3.4250108  J mol-1 eV-1, 
Ea = 1.9105 eV, 

  = 516.12 K. 

k1 = 8.614410-5 eV K-1 (Boltzmann’s con-

stant); 

 
For 2670 ˚K ≤ T ≤ 3120 K; 

 

34228116704015298 .T.).(H)T(H oo  . 

                            (23) 

 

The failure of the fuel rod is controlled by 

several factors. The three significant inde-
pendent variables are fuel burnup, oxide 

thickness and pulse width. Based on the pub-

lished data, the failure enthalpy correlation is 

derived as follows [15]: 

 

OT..H f  77406156  

           )PWlog(.BU.  41290761 ,      (24) 

 
where Hf is the failure enthalpy (cal/g), OT is 

the oxide thickness (m), BU is the fuel bur-
nup (GWd/tU) and PW is the pulse width in 

terms of Full-Width at Half-Maximum (FWHM) 

in (ms). 
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2.4. Oxidation model 
 

 The oxidation proceeds via a cubic rate law 
until the transition thickness (taken to be 2 

m) is accumulated [8,16]. That is, 
 

   11
2 RTQexpsA

dt
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after transition, the oxidation proceeds ac-

cording to a linear rate law; that is, 
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where: 

ds/dt = oxidation rate (m/day), 
T1   = metal-oxidation interface tem- 

              perature, oK, 

   = fast neutron flux (E>1 Mev), n/cm2.s, 

A   = 6.3109 m3/day, 
Q1   = 32,289 cals/mol, 

Co   = 8.04107 m/day, 

M   = 1.9110-15 cm2.s/n, 
P   = 0.24, 

Q2   = 27,354 cals/mol, 

U   = 2.38108 m/day, and 
R   = 1.98 cals/mol/ oK 

The oxidation layer thickness increments 

were calculated and added to the previous to-

tal thickness to obtain the end-of-step total 
thickness. The integration of the pre-transi-

tion equation was done without the feedback 

between oxide layer thickness and oxide-metal 

temperature. The oxide–layer thickness is con-

verted to weight gain, and garzarolli et al.’s 

(1980) approximate integral solution is used 
and applied again over the current time step. 

The solution has the form [16]: 

 




















 





o
o

o

o
ii

RT

Q
expk

RT

qQ
ln

qQ

RT
ww










2

2

1 1

 

                                    




















 
 ii

o

i tt
RT

wqQ
exp 12


, 

   (27) 

 

where:   
i, i + 1  is the refer to  previous   and   current 

            time step, 

ko is the rate constant, g/(cm2-d) , 

To is the oxide-to-water interface tempera-

ture, oK, 

 is the oxide thermal conductivity, W/cm.oK 

 is the weight gain, g/cm2, 

q   is the heat flux,W/cm2, and 

Q  is the activation energy, cal/mol. 

 

/g),(cm   ]O[]Zr[. 3
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where Zr and O is the atomic weights of Zr and 

O in consistent units and Zr is the density of 

Zircaloy-4 
 
2.5. FGR model at fast transient heating 

 

 In this section, the release of fission prod-

ucts from a reactor core during RIA was simu-
lated. The release calculations require the val-

ues of the initial inventory of the species to be 

released from the core during the simulation, 

and current core temperature at each time 

step. Table 1 lists the amount of some signifi-

cant fission products at the time of the acci-
dent (zero cooling time) for burn-up fuel of 10 

& 45 MWd/Kg.U, respectively. Modeling of the 

release rates of fission products from the fuel 

is based on the models used in NUREG-0772 

[1]. The amount M of the fission product 

remaining in the fuel after a time t is deter-

mined by: 

 

KM
dt

dM
 .                     (29) 

 

Where K is the fractional release rate, which 

can be defined as: 

 

   FlntK  11 ,               (30) 

 
where F is defined as the fractional release of 

the fission product, so the F is equal to 1-
M/Mo, where Mo is the initial amount of the 

fission product present, eq. (30) can be written 
as: 

 

)Ktexp(F 1 ,               (31) 

 

the actual release for each fission product at 

each time step is the product of the fractional 
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release for that time step multiplied by the ini-

tial local inventory of each individual radionu-

clide. The initial inventory itself is a function 
of fuel burnup and operating temperature his-

tory. The fractional release rate coefficient is 

[17]: 

 

 RTQexpKK o  ,              (32) 

 

where: 
Ko is the intercept value of K, 

Q  is the activation energy, 

R  is the universal gas constant = 8.314 J/mol  

    K, and 
T  is the temperature in oK. 

The corresponding values of Ko and Q for 

each fission product are presented in table 1. 

 
3. Results and discussion 

 

This section provides the simulation 

results of reactor neutronics, thermal-hydrau-

lics and fission product release under RIA 
conditions. Some important safety parame-

ters, such as power production, average fuel 

temperature, as well as release rate and frac-

tional release of FPs are discussed. The tran-

sient response of the PWR depends on some 

initial plant conditions. Table 2 provides the 
input data, which are essential to initiate 

transient calculations. Emphasis must be 

given to a reasonable time step control in or-

der to achieve physical meaningful results. 

Several time step criteria are employed and 
the minimum time step is selected. The RIA 

analysis is initiated by the ejection of a rod 

within 0.15 s and it is assumed that, during 

this time a reactivity of 1000 pcm is injected. 

The emergency scram is assumed to occur af-
ter 2s.  

Figs. 1,2 show the relative concentration of 

the delayed neutron precursor concentration; 
C/Co, and the neutron density; n/no, for an 

instantaneous jump of the reactivity:  = 

0.95, where the calculations are done using 
the finite-difference and Runge-Kutta meth-

ods. Comparison between the Runge-Kutta 

and finite-difference methods for the realistic 

control rod ejection is shown in fig. 3. A reac-

tivity of  = 1000 pcm (~ 1.5  or 1.5 $) was 
injected within 0.15s. The other parameters 

were f = -0.32×10-4
 and m =  -1.286×10-4. Fig. 

3 shows the relative power (P/Po( versus the 

transient time as calculated by the point ki-

netic model. The decay power is taken into 

account in the core power calculations. It is 

seen from figs. 1-3 that there is a good agree-

ment between the finite-difference technique 
and Runge-Kutta method.  

Fuel and clad temperature profiles during 

the transient as a function of time is indicated 

in fig. 4. This figure shows the surface and 

centerline fuel temperatures, as well as the in-
ner and outer clad temperatures. The initial 

centerline and surface temperatures are 1362 
oK and 960 oK, respectively. 

The average and maximum fuel enthalpy 

difference versus time during RIA has been 

calculated using the average and centerline 
fuel temperatures. The calculated fuel 

enthalpy for reactivity insertion of ~ 1.5 $ is 

shown in fig. 5. The enthalpies just before the 

pulse power generation were ~ 285 and 207 

J/g UO2 for the maximum and the average 
enthalpies, respectively. Pulse irradiation 

experiments with burned UO2 fuel rods (25 

MWd/kg U) showed that the failure of fuel rod 

occurs at enthalpy values much lower than 

the failure threshold value for fresh UO2 fuel 

rods [18]. The burnup effect, i.e., decrease in  
cladding ductility by oxidation, hydrogen 

absorption and neutron irradiation as well as 

the accumulation of fission gas in fuel pellet, 

is considered to cause the rod failure at 

 
Table 1  
Inventory of some fine fission products 

 
Element FP mass (g) at average 

Bu=10 GWD/ton U 

FP mass (g) at average Bu 

= 45 GWD/ton U 

Q (3) Ko (3) 

Xe 1.624E3 7.543E3 226 2E5 
Kr 1.329E2 4.791E2 242 3.2E5 
Cs 8.594E2 3.735E3 292 8.1E5 
I 7.308E1 3.415E2 335 1.9E7 
Te 1.389E2 6.924E2 230 2.8E3 
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Fig. (1) Relative concentration of the delayed neutron precursor (c/co) for

              an instantaneous jump of the reactivity: 
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Fig. (2)  Relative concentration of the neutron density  (n/no )  for an

               instantaneous jump of the reactivity: 

 
Table 2  

PWR model parameter and initial conditions 

 
Gross thermal power (MWt) 
Total fuel mass (ton) 
Enrichment (%) 

Fraction of heat generation in fuel 
Fuel specific heat  (MJ/Kg.°K) 
Core flow rate (kg/s) 
Total coolant  (kg) 

Cross sectional area of the core (m2) 
Average coolant temperature (°K) 
Centerline fuel temperature (°K) 
Fuel rod length (mm) 

Fuel rod diameter (mm) 
% of power deposited in fuel rods 
Fuel assemblies/core 
Fuel rods/assembly 

Clad thickness (mm) 

3411 
101 UO2 
3.2  

0.951 
5.392E-3 
17400 
3.06E16 

3.37 
578 
1623 
3810 

9.7 
96 
241 
236 

0.813 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

                 

 

 
 

 

 

 

relatively low energy depositions. The work of 

Sasajima et al. [18] has shown that the 
melting is the mechanism of fuel failure and 

the fuel enthalpy at failures is about 230 cal/g 

(963 J/g) for low burnup, and ~ 125 cal/g 

(523 J/g) for a burnup of 25 MWd/kgU. The 

experiments of Fuketa et al. [19] showed that 

the failure threshold enthalpy in the RIA at 

power lies in the range between 199 and 221 
cal/g (832 J/g and 924 J/g). From the 

calculated results presented in fig. 5, we can 

conclude that no failures in the mode of 

cladding melting occur for the enthalpy range 

335 J/g to 586 J/g. 

Fig. 1. Relative concentration of the delayed neutron 
precursor (c/co) for an instantaneous jump of the 

reactivity: =0.95,  = 0.0065. 

Fig. 2. Relative concentration of the neutron density 
(n/no) for an instaneous jump sof the reactivity: 

=0.95,  = 0.0065. 
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Fig. (3)  Transient  relative power pulse [(P-Po)/Po]  under RIA analysis
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Fig. (4)    Fuel and clad temperatures undre RIA analysis - reactor scram is 
                 assumed  to occue at 2 s
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Fig. (5) Specific enthalpy versus transient time during RIA as calculated by 
               the average and centerline fuel tempertures
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Fig. (6)   Release rate of Kr, Cs, and I as a function of average fuel temperature

Finally, by using the data shown in table 

1, the release rate and the fractional release of  

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

Fig. 3. transient relative power pulse [(p-Po)/Po] under 

RIA anlysis. 

Fig. 3. Transient relative power pulse [(p-Po)/Po] under 

RIA anlysis. 

Fig. 4. Fuel and clad temperatures under RIA analysis-

reactor scram is assumed to occue at 2 s. 

Fig. 5. Specific enthalpy versus transient time during 

RIA as calculated by the average centerline fuel 

temperatures. 

Fig. 6. Release rate of Kr, Cs, and as a function as a 

function of average fuel temperature. 
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Fig. (7)  Fractional Release from the ruptured fuel rods to the cooling system
                 of Kr, Cs and I as a function of transient time  
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Fig. (8) Release rate (g/s) of Kr, Cs and I as a function of  transient  time

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 
some FPs (Kr, Cs, I) during the pulse 

irradiation were calculated as a function of the 
average fuel temperature and transient time, 

respectively. The results are shown in figs. 6-

8. During the base irradiation, the FPs Release 

is very low (below ~ 0.1%), indicating that 

most of the fission products generated during 
the base irradiation remained in the fuel 

pellet. The FPs Release during the present 

pulse irradiation were estimated to be ~ 6.76 

%, 1.43 % and 1.14 % for Kr, Cs, I, 

respectively. The free volume probably 

consists of pores and fission gas bubbles 
accumulated during base-irradiation and 

expanded by very sharp increase of 

temperature due to pulse irradiation. It is 

possible to consider that both thermal 

expansions of fuel matrix and bubbles 
resulting in additional volume increase of 

pellet could influence the deformation of 

cladding. The contact between pellet and 

cladding can occur when the swelling of pellet 

reaches at some threshold. From the results, 

it is concluded that the instantaneous 
increase in reactor power, such as power 

burst in RIA results in quick rise in the 

internal pressure of PWR fuel rods causing 

this peak in the FPs release. 

 
4. Conclusions 

 

The above results provide useful 

information to predict what happen in the 

reactor primary system during the first few 

seconds of the transient. It is concluded that, 
the estimation of the fuel temperature is to 

ascertain that the rate of heat removal from 

the reactor core is sufficiently high to prevent 

meltdown, and insured that the core integrity 

was maintained. From the above analysis, we 
can say that the PWR is safe during the first 5 

s of the transient. Many models are involved 

in the program and their interconnections 

allow this program to take into account a large 

part of the physical phenomena occurring in 

the nuclear fuel during the first few seconds of 
the reactivity-initiated accident. The UO2 fuel 

of LWR under RIA has been studied by 

simulating power burst of ~ 1.5 $. The 

emergency scram is assumed to occur after 2 

Fig. 8. Release rate (g/s) of Kr, Cs and /as a function of 

transient time. 

Fig. 7. Fractional release from the ruptured fuel to the 
cooling system of Kr, Ca and as a function of transient 

time. 
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s. As can be seen above, the transient is so 

long before the scram occurred. These results 

demonstrated that no failures of fuel rods 
occurred under the pulse irradiation of peak 

fuel enthalpy ranging from 335 J/g to 586 J/g 

in the mode of cladding melting. Significant 

FGR up to 6.76 % is estimated for Kr and 1.43 
% and 1.14 % for Cs and I, respectively. 

However, the calculation will become more 
accurate when more extensive calibration is 

made based on RIA experimental data. Also, 

the model must be extended and improved for 

proper description of high burnup fuel 

behavior. 
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