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Abstract 
Effect of kinetic model parameters on fission product (I-129) activity from 
fuel to coolant in PWRs has been studied in this work. First a computational 
model was developed for fission product release into primary coolant using 
ORIGEN-2 as subroutine. The model is based on set of differential equations 
of kinetic model which includes fuel-to-gap release model, gap-to-coolant 
leakage model, and Booths diffusion model. A Matlab based computer pro-
gram FPAPC (Fission Product Activity in Primary Coolant) was developed. 
Variations of I-129 activity in Primary Heat Transport System were computed 
and computed values of i-129 were found in good agreement and deviations 
were within 2% - 3% of already published data values. Finally, the effects of 
coolant purification rate, diffusion constant and gas escape rate on I-129 ac-
tivity were studied and results indicated that the coolant purification rate is 
the most sensitive parameter for fission product activity in primary circuit. 
For changes of 5% in steps from −10% to +10% in the coolant purification 
rate constant (β), the activity variation after 200 days of reactor operation was 
23.1% for the change. 
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1. Introduction 

Majority of world operating reactors and systems in planning are Pressurized 
Water Reactors (PWR) or advanced PWR type [1] [2]. Due to their high capacity 
factors, these reactors are used as baseline energy producing units. During full 
power operation, the primary coolant loops of PWR systems have relatively high 
levels of radiation doses [3] [4]. 
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The fission product activity (FPA) is one of the important contributors to the 
total doses near primary coolant circuit. These levels are continuously moni-
tored during the normal operation of PWRs [5]. The fuel pins develop leakages 
with their burnup. When the failed fuel fraction exceeds a safe limit, replace-
ment of defective assemblies becomes necessary. The total fission product activ-
ity can become available source to escape into the environment [6] [7] [8]. An 
analytic procedure to estimate the fission products leakage into the gap was sug-
gested in past [8]. In this method, it was assumed that the radionuclides can es-
cape from the grain corners and leak into the gap. Then Lewis gave a model for 
diffusion of fission fragments in fuel and then leaked into the gap and finally 
transferred to coolant through cracks of cladding [9]. It also included the effect 
of coolant purification rate, diffusion constant and gas escape rate that strongly 
affect the FPA in the system. Also recently, a detailed overview has been pre-
sented by Lewis et al. for fission product release modelling for application of 
fuel-failure monitoring and detection [10]. 

When a fuel becomes defective, the coolant can enter into the gap via cladding 
and fission fragments (i.e., notably the volatile species of noble gas and iodine) 
can escape. Then the fuel integrity can get compromised and it will enhance the 
fission product release. The thermal conductivity of the fuel decreases and heat 
transfer becomes poor when the system is allowed to operate under defected 
conditions. Therefore, defective fuel bundles must be discharged from the core 
as soon as possible. 

This work aims at first developing a time-dependent mathematical model for 
a typical fission product release from the fuel matrix, into fuel-to-clad gap and 
from gap into the primary coolant. The isotope I-129 was selected as a typical 
fission product. As a first step, the fission product release into fuel is done by 
using ORIGEN-2 [11] as subroutine. Then the Booths diffusion model is used 
for fission product transfer from fuel matrix into the fuel-to-clad gap. Further-
more, the balance equations that govern the fission product inventory in the gap 
are used to transport some fraction into the primary coolant via leakages from 
cladding. Then the fission product activity in the coolant is estimated and com-
pared with the published data. Finally, the effect of coolant purification rate, 
diffusion constant and gas escape rate on fission product activity in the system 
was determined. 

2. Method 
2.1. Source Term 

The amount of radioactive material released in an accident is called the source 
term or the measure of radioactive contamination. It is directly proportional to 
the amount of core inventory and is a function of core fissile content, reactor 
power, fuel burn up, neutron flux distribution, and operating history among 
others. The characteristics of radionuclides also influence the source term. The 
nuclides include noble gases (Xe, Kr), volatile isotopes (I, Cs, Te), and semi vola-
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tile isotopes (Sr, Ba, Ru). The isotope I-129 was selected as a typical fission 
product in this work for which experimental data was available [9]. Its release 
into the fuel pellet is computed by using ORIGEN-2 computer program [10] as 
subroutine. 

2.2. Methodologies Adopted 

Based on initial work by Lewis et al. [9], the fission product coolant activity of 
I-129 was estimated using diffusion model coupled with a mass balance in the 
gap and coolant. Detailed overview of fission product release modelling can be 
seen in recent work by Lewis et al., for the application of fuel-failure monitoring 
and detection [10]. This model is used to predict the coolant activity behavior 
for both steady-state and transient reactor operations. The model employs varia-
ble reactor power and coolant purification histories. It can be matched to coo-
lant activity trends for practical cases and can be used to predict the coolant ac-
tivity as a function of reactor power and the coolant purification history. Booth- 
diffusion model for an idealized fuel grain sphere of radius a is used for the radi-
al diffusion equation for the concentration C(r, t) at time with D(t) is diffusion 
coefficient, Ff as fission rate and V as active volume: 
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Now multiply above equation by total volume of defective fuel (V) and nor-
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( ) ( )
( )

( ) ( )

2

2

,
,

, f

u t
u t D t

F yu t t
t

η
η

ηη
λ η

ηη

∂ 
∂  ′ ∂∂  = − +

∂ ∂
        (2) 

where 

( ) ( )
( ) ( )
, , *u t C r t V

D t D t a

η =

′ =
 

The initial and boundary conditions are: 

( )

0; 0, 0.

1, 0, 1, 0.

u t
t

u t t

η

η

∂
= = >

∂
= = >

                    (3)  

The normalized concentration at start of reactor (t = 0) is zero. The rate of 
diffusion is then given by 
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The mass balance in fuel-clad gap is given by the following differential equa-
tion. 
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The concentration in fuel-clad is zero at time t = 0. 
The mass balance of fission products in primary heat transport system 

(PHTS) is given by 

( ) ( ) ( ) ( ){ } ( )d
d
c

g c
N t

t N t t N t
t

ν λ β= − +              (6) 

The concentration in primary coolant circuit initially (at t = 0) is zero. Here, β 
is coolant purification rate; D′  is Empirical Diffusion Constant; Ff is the fission 
rate or knowledge of core inventory based on ORIGEN code and υ is gas escape 
rate coefficient. Using above Equations, a Matlab based computer program 
FPAPC (Fission Product Activity in Primary Coolant) was developed. We first 
have used the approach adopted by Lewis and then incorporated detailed isotope 
balance in primary coolant circuit as well. 

3. Results and Discussion 

The schematic diagram of the fission product production and removal mechan-
isms is shown as Figure 1. The fission products are released into the fuel pellet  
 
 

 
Figure 1. Schematic diagram of the fission products production and removal mechanism 
in the primary circuit of a typical PWR. 

https://doi.org/10.4236/wjnst.2017.74022


R. Nasir 
 

 

DOI: 10.4236/wjnst.2017.74022 288 World Journal of Nuclear Science and Technology 
 

and are estimated using ORIGEN code. Then the fraction of I-129 that gets es-
caped into the fuel-clad gap is estimated using diffusion model equations (Equa-
tion (1)-(5)). The release from clad to the primary coolant is computed using 
diffusion and leakage model equations (Equations (5) & (6)). Then the coolant 
and its impurities get irradiated in the core and decay of radioactive isotopes also 
occurs. Moreover, nuclear reactor has the volume control system and the chem-
ical control systems to remove fission fragments along with ion-exchangers to 
remove activity by cation and mixed beds respectively. Also, some fraction of 
coolant gets filtered and leaked before the coolant gets back to the core again. 

Results for I-129 activity in the primary coolant are shown as Figure 2. For 
reactor’s normal operations the coolant purification rate constant is 7.05E−5 s−1; 
the empirical diffusion coefficient, D' is 4.57E−10 s−1 and gas escape rate coeffi-
cient (υ) is 1.4E−6 s−1 respectively. Results show that for normal operation the 
I-129 activity is very close to the values reported by Lewis et al. [9] and remained 
within 2% - 3%. 

As a next step, we have changed the coolant purification rate constant and 
studied its effect on the activity. Figure 2 shows that for changes from −10% to 
+10% in the coolant purification rate constant (β), the normalized activity after 
200 days of operation changed from 2.6 to 3.2 and it indicates that system is sen-
sitive to changes in coolant purification rate constant. For changes of 5% in steps 
from −10% to +10% in the coolant purification rate constant (β), the activity 
variation after 200 days of operation was 23.1% for the change and it indicated 
that system is quite sensitive to the changes in coolant purification rate constant. 

Similarly, when diffusion constant (D’) was allowed to change keeping others 
parameters fixed, the results for I-129 activity in the primary coolant are shown 
 

 
Figure 2. Effect of coolant purification rate (β) on normalized I-129 coolant activity for 
small perturbations. Normal operation value of β = 7.0E−05 s−1. 
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as Figure 3. It shows that for changes from −10% to +10% in the diffusion con-
stant, the activity after 200 days of operation changed only to 9.6% (i.e. from 
2.75 to 3.046) and it indicates that system is not so sensitive to changes in the 
diffusion constant. Also, when we changed the gas escape rate coefficient (υ) 
from −10% to +10% of its normal value activity after 200 days of operation 
changed only to 0.4%. The results for the effect of changes in the gas escape rate 
coefficient (υ) on I-129 activity in primary coolant are shown as Figure 4. It  
 

 
Figure 3. Effect of Diffusion coefficient (D’) on normalized I-129 coolant activity for 
small perturbations. Normal operation value of D’= 4.57E−10 s−1. 
 

 
Figure 4. Effect of gas escape rate coefficient (υ) on normalized I-129 coolant activity for 
small perturbations. Normal operation value of υ = 1.4E−06 s−1. 
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indicates that system is not sensitive to changes in gas escape rate coefficient (υ) 
in given domain. 

4. Conclusions 

Effect of kinetic model parameters on fission product (I-129) activity from fuel 
to coolant in PWRs has been studied in this work. First a computational model 
was developed for fission product release into primary coolant which uses 
ORIGEN-2 as subroutine. Variations of I-129 activity in Primary Heat Transport 
System were computed and were within 2% - 3% of already published data val-
ues. For changes of 5% in steps from −10% to +10% in the coolant purification 
rate constant (β), the activity variation after 200 days of reactor operation was 
23.1% for the change. It shows that the system is quite sensitive to the changes in 
coolant purification rate constant. 

Similarly, when diffusion constant (D’) was allowed to shift from −10% to 
+10% of its normal value, the I-129 activity coolant changed only to 9.6%, so 
system is not so sensitive to these changes. Also, when we perturb the gas escape 
rate coefficient (υ) from −10% to +10% of its normal value, the activity changed 
only to 0.4% showing that the system is not sensitive to such changes. 
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