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1. Introduction 

 
The Korea Atomic Energy Research Institute 

(KAERI) has designed a Gen-IV Prototype Sodium 
cooled Fast Reactor (PGSFR), which is a metallic 
fueled pool type SFR. A safety analysis including the 
design basis and beyond design basis events has been 
conducted using MARS-LMR. Previous safety limits 
were based on temperature and the duration time. 
However, the cumulative damage function (CDF) will 
be used as the safety limit to evaluate the fuel cladding 
integrity. Recently, a 4S reactor developed by Toshiba 
used the same approach for a safety analysis [1]. 
Therefore, the development of a CDF is necessary to 
evaluate the safety limit for the PGSFR safety analyses. 
The major keys in the CDF model are behavior of fuel 
and cladding. It is not easy to obtain a metallic fuel 
database for a CDF model including the cladding 
materials. Argonne National Laboratory (ANL) in the 
United States is the only major leading group for 
metallic fuel experiments. They conducted various 
experiments with various facilities and experimental 
reactors, for example, EBR-II, FFTF, and TREAT. In 
addition, they have recently been trying to extend their 
oxide fuel based a severe accident code, 
SAS4A/SASSYS, to a metallic fuel version using their 
metallic fuel database. 

In this study, the preliminary CDF model was 
supplemented in the MARS-LMR code. The major 
source was the SAS4A/SASSYS modules related to fuel 
and cladding transient behaviors. In addition, a 
sensitivity test for some parameters in the CDF model 
was conducted to evaluate the capability of these 
models and to find the major parameter of fuel failure. 

 
2. Cumulative Damage Function (CDF) 

 
The Cumulative Damage Function (CDF) or life 

fraction is a widely used method for predicting the 
failure of components that are subjected to creep 
damage at elevated temperatures, and has been accepted 
as a means for predicting a fuel pin failure in LMR 
systems [2]. The CDF method allows rupture time data 
from creep tests at constant stress and temperature to be 
used to predict a failure under similar loading 
conditions, but with time-varying stress and temperature. 
The basic assumption is that creep damage is linearly 
additive so that the damage over a given time interval   
is proportional to the ratio of the time interval, dt, to the 
rupture time, tr, which would cause a failure at 

instantaneous stress and temperature levels. The CDF is 
then defined as the sum of these fractions, or 

 

0

1t t

t
r

CDF dt
t

=

=
= ∫

   
 (1) 

 
The expected value of the CDF at failure should 

equal 1.0 in order to be consistent with the database for 
tr. However, in practice, the allowable CDF is usually 
chosen to be smaller than 1.0 to account for differences 
in the loading conditions from those assumed, 
uncertainties in the applied temperature and stress 
histories, and scatter in the creep-rupture database. 

 
2.1 Rupture Time 

 
For HT9 cladding, the rupture time is proposed as 

correlation in the SAS4A/SASSYS Code [3], which was 
function of hoop stress, cladding temperature, etc. 
 
2.2 Hoop Stress 
 

A hoop stress is the force exerted circumferentially in 
both directions on every particle in the cylinder wall. 
The hoop stress in the cladding, σθ, is determined for a 
thin shell under internal pressure loading:  
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where Pg is the internal pressure, Pch is the coolant 
channel pressure, rci is the inner cladding radius, and tclad 
is the cladding thickness. Hoop stress is correlated with 
the pressure in the coolant channel. In the SAS4A-
SASSYS code, they defined minimum and maximum 
hoop stresses. In MARS-LMR also defined the 
maximum and minimum hoop stresses. In other words, 
if Pch is greater than the Pg, stress has a negative 
direction, in this condition, 1 MPa of the minimum hoop 
stress will be applied. The cladding thickness and 
cladding inner radius are assigned as input variable.  

As the cladding temperature is increased, the 
penetration of cladding is increased. The correlation is 
developed for the eutectic penetration rate as a function 
of absolute temperature is used [4]. Fig. 1 shows the 
eutectic penetration rate for different cladding 
temperatures. This correlation is based on three tests: 
tests in which iron capsules were dipped into molten  
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Fig. 1 Rates of cladding penetration by uranium-based melts 
as compiled from various sources [5]. 

 
uranium and uranium/iron alloy baths [6], tests of EBR-
II Mark-II driver fuel [7, 8, 9] and test of ternary alloy 
fuel (U-19Pu-10Zr) clad with stainless steel D9 [4]. 
Waltar and Kelman associated the rate increase in a 
range from 1353 K to 1506 K with the formation 
characteristics of the compound UFe2 [7]. The model 
based on these experiments is supplemented in MARS-
LMR to calculate the cladding penetration as a function 
of time and the effective cladding thickness at each axial 
location and in each SAS4A/SASSYS channel.  
 
2.3 Pressure in Gas Plenum 

 
The pressure in the gas plenum in Eq. (3) is governed 

by fission gas release, which is proportional to fission 
rate in the fuel. The major fission gases are Xe and Kr. 
The sum of the yields of the stable Xenon and Krypton 
isotopes is between 0.23 and 0.25 [10]. The more recent 
summary of fission-product yields presented by Meek 
and Rider [11] also shows that the total yield of the 
stable fission gases is about 0.25 for both uranium and 
plutonium. In addition, the fission rate can be evaluated 
from following simple relation, because the fission rate 
is directly related to the fission power. Initially, gas 
state in the gas plenum can be assumed ideal gas. 
Therefore, the initial the number of gas molecules can 
be defined as follows: 
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And this parameter will be initial condition for a 

transient analysis. 
And the molecules of fission gas generated by fission in 
the fuel can be defined as follows: 
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Where, Nfission is the number of fission gas released to a 
gas plenum, Ygas is a yield of fission gas, Cconvert is a 
conversion constant for power to fission, qfission is a 
fission power, and dt is a certain time span. Thus, 
during a transient, the fission gas will be increased by 
the fission gas release. And fission gas release fraction 
is depends on a fuel volume expansion. The gas release 
data for swelling can be obtained from SAS4A/SASSYS 
[12, 13]. However, in current CDF model, it is assumed 
that all generated fission gases is released to the gas 
plenum to get conservatism. In other words, the Rf is 
assumed to 1.  
 
 

3. Sensitivity Test of CDF for the PGSFR 
 
3.1 Fuel conditions for the PGSFR 
 

The inner core has higher power to flow condition. 
However, outer core has higher gas pressure in the pin. 
In addition, the fuel pin condition can be changed 
during the cycle. Therefore, for the safety analysis for 
the PGSFR, the fuel conditions can be defined with four 
statuses, as summarized in Table I.  
 

Table I: Design Parameters for Fuel Pin 

Parameters BOC EOC 
Hot Pin in the IC (inner core)   
Burnup [at%] 1.02 11.97 
Volume of gas plenum,VGP [m3] 2.97e-5 2.97e-5 
Pressure at gas plenum, PGP [Pa] 2.1e5 7.93e6 
Cladding inner radius, Rclad [mm] 3.29 3.49 
Cladding thickness, δclad [mm] 0.395 0.169 
Hot Pin in the OC (outer core)   
Burnup [at%] 1.04 11.79 
Volume of gas plenum, VGP [m3] 2.97e-5 2.97e-5 
Pressure at gas plenum, PGP [Pa] 2.1e5 7.84e6 
Cladding inner radius, Rclad [mm] 3.29 3.5 
Cladding thickness, δclad [mm] 0.39 0.161 

 
 
3.2 Sensitivity Test 
 

Based on the Table I, the sensitivity parameters are 
selected. Additionally, cladding and fuel temperatures 
and fission power are considered as sensitivity 
parameter. Based on those parameters’ range, sensitivity 
test conducted with five cases for each parameter as 
shown in Table II. The Case 1 is reference. A sensitivity 
test is assumed under steady-state condition. To indicate  
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Table II: Sensitivity Test Cases 

Parameters Cases 
1 2 3 4 5 

VGP [×1e-5 m3] 2.97 2.82 2.67 2.52 2.38 
PGP [×1e6 Pa] 0.2 0.5 1.0 4.0 8.0 
δclad [mm] 0.4 0.35 0.25 0.15 0.1 
Tclad [×100 K] 9 10 10.1 10.2 10.3 
Tfuel [×100 K] 10 10.5 11 11.5 12 
Qpin [kW] 22 23.1 24.2 25.3 26.4 
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the sensitivity of parameters, a sensitivity factor for the 
CDF, SCDF is defined as the ratio of the rupture time 
change due to change of the test parameter. 

Fig. 2 shows final results of the sensitivity test. The 
cladding temperature shows the highest sensitivity. And 
cladding thickness and pressure in the gas plenum are 
sensitive parameters in the CDF comparing the rest 
parameters. The cladding temperature has influence on 
the cladding penetration as shown in Fig.1.  

 

 
Fig. 2 Sensitivities for different parameters in the CDF model 
 
 
3.3 Cladding temperature 
 

The cladding temperatures are changed from 900 K 
to 1030 K. As increasing the cladding temperature, 
cladding penetration rate is increased as shown in Fig. 1. 
Therefore, cladding thickness is decreased as shown in 
Fig. 3. At the Tclad of 900K there is no penetration, 
however, at the Tclad of 1030K, whole clad thickness is 
penetrated for 2×104 seconds. The released fission gas 
amount is same due to no fission power change, which 
indicates that gas pressure in the gas plenum is the same. 
Fig. 4 shows hoop stress for different cladding 
temperature. Obviously, the hoop stress is drastically 
increased as the cladding thickness is reduced. And the 
rupture time is also drastically decreased as shown in 
Fig. 5.  
 

 

 
Fig. 3 Cladding thickness for different cladding temperatures 

 

 
Fig. 4 Hoop stress for different cladding temperatures 

 

 
Fig. 5 Rupture time for different cladding temperatures 

 
 
3.4 Cladding thickness 
 

As discuss in the cladding temperature effect, the 
cladding thickness is sensitive parameter in the hoop 
stress. The cladding thickness is changed from 0.4 mm 
to 0.1 mm as shown in Table II. Fig. 6 shows the 
rupture time for different cladding thickness. With same 
reason of the cladding temperature effect, the rupture 
time is decreased as the cladding thickness reduced. 
There is little decreasing during the transient because of 
the fission gas release.  
 



Transactions of the Korean Nuclear Society Autumn Meeting 
Pyeongchang, Korea, October 30-31, 2014 

 

 
Fig. 6 Rupture time for different cladding thickness 

 
 
3.3 Pressure in the gas plenum 
 

The initial pressure in the gas plenum is changed 
from 0.2 MPa to 8 MPa. Fig. 7 shows hoop stress for 
different initial gas pressure in the fuel pin, which 
indicates the initial pressure directly proportional to the 
hoop stress as defined in Eq. (2).  
 

 
Fig. 7 Hoop stress for different initial pressure in the fuel pin 

 
3.3 The rest of parameters 

The rest of parameters, i.e. volume of gas plenum, fuel 
temperature, and pin power were relatively insensitive. 
The pin power is increased to 120%. The pin power can 
affect to the fission gas generation, however, the amount 
of the fission gas was not effective as shown in Fig. 8.   
 

 
Fig. 8 Fission gas for different fuel pin power 

And the fuel temperature and volume of gas plenum can 
affect the only state of the fission gas in the plenum as 
shown in Eq. (6). Thus, they are not influential 
parameter on the CDF.  
 
 

4. Conclusions 
 

The Cumulative Damage Function is a good indicator 
for a fuel failure. And this parameter will be used to 
evaluate the safety analysis result of the PGSFR. 
Therefore, the preliminary CDF model based on the 
metallic fuel based SAS4A/SASSYS code developed by 
Argonne National Laboratory is developed and 
supplemented in the MARS-LMR code. In addition, 
sensitivity test for the developed CDF model are carried 
out with fuel conditions for the PGSFR. The major 
parameters for the CDF model are selected including 
cladding and fuel temperatures, initial pressure and 
volume in the gas plenum, clad thickness, and fission 
power in the fuel pin. The most sensitive parameter is 
the cladding temperature. Also, cladding thickness and 
gas pressure in the fuel pin are effective parameters on 
the CDF.  

During an actual transient, various parameter 
including sensitivity test parameters in this study will be 
changed simultaneously. This study can give the 
phenomenological understanding for the CDF change. 
In addition, sense for dominant parameter for safety in 
the fuel pin failure, which can be useful for design 
feedback.  
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