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ABSTRACT 

 
The capability prediction of PAD (version 10.5.2) and TRANSURANUS (TU_v1m1j09) fuel 

rod models to simulate Russian WWER fuel rod behavior under the power transient conditions was 
estimated using the benchmark from the IFPE database for WWER refabricated fuel rods (RFRs) 
examined in different power ramp tests of reactor MIR, which are referred to as “FGR-1”, “FGR-2” 
and “RAMP”.  

The pre-transient calculations carried out for nine RFRs operated under conditions simulating 
the base irradiation in WWER-440 reactor demonstrated that the rod performances at burnups (BU) 
of ∼50 and 60 GWD/MTU predicted by both codes are in good agreement with the experimental 
data. The PAD and TU calculations of RFR dimensional changes (cladding outer diameter, pellet-
to-cladding gap) after the ramp tests showed reasonable agreement with the measured ones. For 
RFRs irradiated in the “FGR-2” test, the behavior of fuel centerline temperatures (FCT) calculated 
by both codes are close to each other and the predicted FCTs correlate well with the measured ones 
for the rod BU of ∼50 GWD/MTU. The over- and underestimation of fission gas release (FGR) 
after the power transients calculated by PAD code are observed for RFRs from “FGR-2” and “FGR-
1”/”RAMP” tests, respectively. For the current TU code version the FGR model parameters 
underestimate the FGR under the power transient conditions for the examined WWER RFRs.  

 
Keywords: WWER fuel rod, PAD code, TRANSURANUS (TU) code, burnup, pellet, cladding, 

FGR, RIP, oxidation, gap, fuel centerline temperature (FCT).  
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1. Introduction 
In the framework of the IAEA coordinated research Project FUMEX-III [1], the predicted capability 
of the Performance Analysis and Design (PAD) code developed by Westinghouse [2] was assessed 
based on the benchmarks from the IFPE database. Using the test matrix from the “US-PWR 
16×16 LTA Extended Burnup Demonstration Program”, the verification of PAD fuel models was 
performed for the fuel rod (FR) designs utilizing solid and annular pellets. The calculation results of 
rod characteristics for the examined full-scale and sectioned rods confirmed that the PAD FR 
models properly simulate the rod behavior at the steady-state operation up to rod burnups (BU) of 
60 GWD/MTU [3].  

A set of PAD validation calculations was performed using the benchmarks for WWER-1000 
Russian FRs that operated normally in Zaporoshye and Novovoronezh NPPs up to a rod average BU 
of (41.5÷52) GWD/MTU. It was shown that the existing PAD fuel models for a low-tin Zr-1%Nb 
alloy cladding with the modified parameters of corrosion rate and irradiation creep, provide good 
correlation between the calculated and the measured data of rod BU, FR irradiation growth, oxide 
thickness, fuel volume and cladding outer diameter (DCO) change, fission gas release (FGR), rod 
internal pressure (RIP), etc. [4]. 

The TRANSURANUS (TU) code designed by Institute for Transuranium Elements [5] is a 
powerful tool to simulate the FR performance with different fuel types and cladding materials [6] 
and is widely used by various research centers and different companies. The calculation results of 
the prediction capability of TU code in simulating of the WWER Russian rod performance have 
been presented in [7-9]. 

The aim of this work is to assess the prediction capability of the PAD and TU* codes in 
simulating of WWER Russian FR performance during power transients. The benchmark from the 
IFPE database for WWER-440 FRs from the Kola3-MIR transient experiment [10] was used. 

2. Experimental Data of WWER Fuel Rods 

2.1. Steady-State Operation and Power Transient Tests  

The assemblies FA-198/222 were operated in 4 and 5 year cycle regimes in the WWER-440 core of 
Kola NPP Unit 3 to an average BU of 45.9 and 49.3 GWD/MTU, respectively [10]. The thermal-
hydraulic parameters of the WWER-400 core were within the nominal operating conditions. After 
irradiation, three FRs from FA-198 and six FRs from FA-222 were refabricated for testing in the 
experiments simulating transient conditions. The power histories of the refabricated RFRs at the steady-
state operation and their main parameters, which are available in the IFPE database [10], were used in 
the analysis of rod performance simulation. Some of RFRs parameters after the base irradiation and 
the rod equipment utilized in the power transient experiments are listed in Table 1.  

The power transient experiments were carried in the reactor MIR under single ramp conditions (test 
referred to as “RAMP”) and step-by-step power increase (tests referred to as “FGR-1” and “FGR-2”). 
During the “RAMP” test the cooling pressure was held at the level of 12.5 MPa. During the “FGR-1”/ 

                                                 
* The TRANSURANUS code was utilized by CRCD based on Software Licensing Agreement №13302. 
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“FGR-2” tests, the cooling pressure rises from 11/9.5 MPa to 13/12.5 MPa when the rod power 
increases to the maximum value at the last stage. The uncertainty of the linear heat rate (LHR) was in 
the range of (6÷8) %, while the error in determining the cladding temperature was ± 6 0C.   

During the “FGR-2” test, the thermocouples (TC) of the RFR №50 and RFR №51 (located 100 
mm from the top of fuel stack) failed before the end of the experiment. The TCs of these RFRs broke 
down after 78/189 hours in operation, when the temperature reached about 1500 0C. The temperature 
measured uncertainty was ±2%.  

During the “FGR-1” test the rod internal pressure was measured by the pressure transducers 
mounted on the end-plugs of RFR №41 and RFR №48. For the RFR №48 the pressure sensor failed 
at the end of the first stage. The RIP measured uncertainty was ±0.4 MPa.  

Upon completion of all the tests, the measurements of FGR, pellet-to-cladding gap and DCO 
change were performed. The measurement uncertainty for the last ones was ±10 µm.  

Variations of the LHR for each RFR during the power ramp tests are available in the IFPE 
database and were used in the PAD and TU FR analyses.  

2.2. WWER Fuel Rod Specification 
The initial FR component characteristics of Russian WWER-440 fuel used in the rod performance 
evaluations are taken from IFPE database [10], as well as from [11, 12].  

3. PAD and TRANSURANUS Simulation 
The same FR geometry and appropriate boundary conditions for the steady-state operation and the 
ramp tests were used to simulate the WWER FR performances by means of PAD and TU code. The 
best estimate (BE) FR models of each code were utilized for both irradiation phases. 

The PAD-4.0 (Ver. 10.5.2) FR model for a low-tin Zr-1%Nb alloy cladding with the modified 
parameters applicable to the WWER-1000 Russian fuel design [4] was used. The code BE 
parameters for the FGR model, the fuel densification and swelling (Westinghouse Electric 
Company model with a sintering temperature of 17000C) were utilized. Also, the fuel thermal 
conductivity correlation accounting for the effect of degradation with increased BU (λ referred to as 
L25) was applied. After the base irradiation the PAD transient option was activated at the time 
frames corresponding to the power ramps.  

The TU (v1m1j09) WWER FR models were used. The basic model of the intergranular FGR 
with the specific saturation concentration of gas atoms on boundaries (code parameter of igrbdm=1) 
and the model of enhance gas release from “rim” zone of fuel pellets (defined by the parameter of 
ThBrnp=85000) were used. The universal λUO2-correlation developed by ITU (code parameter 
Lamf=21) was utilized as a basis. The other WWER rod model parameters can be found in [13]. 
The code restart option was activated to make changes in the fill gas and pin pressure after the base 
irradiation.  

3.1. Simulation Results of WWER Fuel Operated Under Normal Condition in Kola-3 Reactor   
The results of WWER rod performance calculated by the PAD and TU codes for RFRs irradiated 
under conditions simulating steady-state operation in the Kola-3 reactor are presented in Table 1.  
Comparison with the experimental data placed in the same table shows that, as a whole, the RFR 
characteristics predicted by both codes agree well with the measured ones. It should be noted also, 
that there is a systematically under-prediction of fuel BU calculated by the TU code. The deviation 
between the measured and the TU predicted BU averaged over all rods examined is 4.1 % (Standard 
Deviation (S.D.)=1.7 %) versus 0.7 % (S.D.=1.8 %) for the PAD prediction.  

The analysis results of oxide thickness variation along the fuel stack calculated by both codes 
showed that the maximum oxide film is reached in the range of (80-90) % from the bottom of the 
fuel stack. The calculated peak oxide thickness for the FA-198/222 FRs examined varies in the 
range of (4.5÷6.7) µm and (7.0÷9.0) µm for the PAD and TU code, respectively, and these values 
correlate well with the experimental data [10]. The clad oxide thicknesses predicted by PAD for the 
RFRs after the base irradiation lie in the range of (2.0÷4.0) µm, in the average, and they are in a 
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reasonable agreement with the oxide thickness distribution along the original (a.k.a. mother) FRs 
and accounting for the RFR lengths and their axial locations on the mother rod.      

The FGR calculated by the TU code is slightly less than the one predicted by PAD. Thus, for 
the RFRs with BU of ∼50/60 GWD/MTU the calculated FGR is ∼0.3/1% with the TU code and 
∼1.0/1.45% with the PAD code versus the measured data of (0.5÷1.0)/3.7%. 

In order to estimate the fuel centerline temperature (FCT) change during the base irradiation, a 
comparison analysis of the FCT at the peak LHR calculated by both codes was performed. The 
calculations were carried out for the RFR №38 having a BU of ∼60 GWD/MTU. During the TU 
calculation the additional λUO2 correlation related to WWER fuel (code parameter Lamf= 25) was 
utilized. Also, the model parameter L for the PAD λUO2 correlation was varied from -20% to 50% 
from the basic one to estimate the FCT change. The time variation of the BU and the maximum 
FCTs calculated for the different λUO2 correlations are shown in Figure 1. The results demonstrate: 
- the maximum FCT is observed at the beginning of the 1st and 2d cycle of operation and does not 

exceed 8800C at the LHR of 200 W/cm. The TU correlations, Lamf= 21 and 25, provide a higher 
FCT in comparison with the PAD code. The difference is about 1000C and decreases with 
increasing BU. Starting from a BU  of ≈25 GWD/MTU, the difference between FCTs calculated 
by the TU code with λ(Lamf=21) and the PAD code with λ(L25) decreases to (30÷40)0C. When 
the PAD parameter of L37.5 is utilized, the FCT is (15÷30)0C higher than the TU calculated one, 
and this occurs in the BU range of (36÷60) GWD/MTU; 

- at high BU, (50÷60) GWD/MTU, the FCT calculated by both codes varies in the range of 
(570÷655)0C at a LHR of ∼120 W/cm. The TU correlation of Lamf= 25 provides the lowest FCT 
values.  

3.2. Simulation Results of WWER Fuel Rod During Power Transients  

3.2.1 Fuel Centerline Temperature  

The FCT measurements were carried out during the power ramp test “FGR-2” for RFR №51 and 
RFR №50, with an initial BU of 49.5 and 58.4 GWD/MTU, respectively.  The test was comprised 
of two stages with different power ramps. The maximum LHR reached at the 1st and 2d stage was 
34.7 and 45.3 kW/m for RFR №51 and 27.8 and 36.2 kW/m for RFR №50, respectively.  

The variation of FCT during the test for RFR №51 is shown in Figure 2. The PAD and TU code 
calculation results of FCT change for the fuel segments and corresponding TC locations are 
included in the same figure. The analysis of the presented data indicates that: 
- the FCTs predicted by both codes are in satisfactory agreement with the measured ones. At the 

terminal power level of 30.8 kW/m (the end of 1st stage and the beginning of 2d stage) the 
calculated FCT is higher by 1100C for the TU code and 750C for the PAD code with λ(L25), than 
the measured one. The observed overestimation increases when the test power uncertainty is 
applied. Thus, for the PAD simulation with LHR increased by 6%, the overestimation of FCT 
reaches 1400C. The same tendency was reported in [8], when the TU simulation was carried out 
with rod power increased by 10%; 

- the calculation results of the PAD code with the increased L-parameter for λUO2 correlation 
demonstrate the overestimation of FCT. At the power terminal level of (25÷31) kW/m, the 
deviation is about 1150C for λ(L30) (see Figure 2) and 1850C for λ(L37.5);   

- in the case, when the TU λ(Lamf=25) and the PAD λ(L20) correlations are used, the minimum 
deviation between the calculated FCTs and the measured ones are realized.  

The FCTs measured for RFRod №50 and the predicted by the TU and PAD codes are shown in 
Figure 3. As can be seen, the behavior of FCT calculated by both codes is close to each other, while 
the FCT magnitudes are significantly lower than the measured ones. For the ‘nominal’ irradiation 
parameters the deviation between the measured and the calculated FCT at the LHR ≈ 20 kW/m is 
about 3400C for the TU code and 390/2900C for the PAD code with L25/L37.5 model parameters, 
respectively. The deviation decreases, when the power uncertainty is applied, though it remains 
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high. It should be noted that the same underestimation of FCT was reported in [8, 13], when the test 
“FGR-2” was simulated.  

3.2.2 Fission Gas Release  

The data of FGR measured for the RFRs after the power ramp tests are collected in Table 2 together 
with FGR values calculated by the PAD and the TU codes. Figure 4 demonstrates the dynamics of 
gas release for the RFR №41 and RFR №48 simulated by the PAD code.  

The analysis of data from the table allows for the following conclusions: 
- the trend of FGR growth vs. the LHR is observed for the calculated data obtained by both codes. 

However, the FGR values predicted by the TU code are lower than ones obtained with PAD; 
- concerning to the TU code results, the measured FGR values are noticeably higher than the 

predicted ones. For the BE code model parameters used, the deviation between the measured and 
the calculated FGR averaged all over RFRs examined is 30.4 % (S.D.=10.6 %); 

- for the BE PAD FR model parameters utilized, over and underestimations of FGR are observed. 
For the current gas release model parameters used, the average deviation based on the calculated 
data is about 11 % (S.D.=8.7 %). 

As mentioned above, the FGR data predicted by the TU code are significantly underestimated, 
when the basic model of the intergranular FGR is used. To estimate the maximum gas release value, 
the additional code FGR models were utilized, such as (i) “ramp release”, which considers the burst 
gas release due to micro-cracking under ramp conditions (code parameter igrbdm=3) and (ii) “the 
maximum release”, which allows the immediate release of all fission gas atoms that have reached 
the grain boundaries (igrbdm=0). The new values of predicted FGR are presented in Table 2 and 
show: 
- the increase of FGR is observed for both models. However, the total value of FGR is still far from 

the measured ones;  
- the average deviation based on the calculated data is 28.1 % (igrbdm=3) and 27.8 % (igrbdm=0).   
The TU FGR results obtained are similar to the ones from [13] and are evidence that the major part 
of fission gas atoms produced remain in the grains. It should be noted, that the value of BU 
threshold controlling the gas release from the “rim” zone does not impact the total value of FGR 
during the ramp tests. The comparison analysis showed that the gas release increment (∆FGR) due 
to the ThBrnp-parameter reduction to 75 MWD/MTU is approximately the same after the base 
irradiations and ramp tests and for rods with BU of ∼60 GWD/MTU the ∆FGR is 1.7 %, on the 
average [14].  

Concerning the PAD code results, the data in Figure 4 shows the relation of FGR with the LHR 
and BU. In particular, for the BU effect, the FGR increment during the 2d irradiation stage of the 
test is about 12.5% and 16% for RFR №41 (BU=48.9 GWD/MTU) and RFR №48 (BU= 
60.5 GWD/MTU), respectively, while the peak LHR reached at this stage was about 43/32.5 kW/m, 
correspondingly. However, at the end of the ramp test the predicted gas release for the current FGR 
model parameters used remains lower than the measured one. A sensitivity analysis was carried out 
to estimate the FGR variation, and it included:     
- a “power uncertainty” analysis. The rod LHR was increased by 6% (only for the ramp tests); 
- a “thermal conductivity” analysis. The λUO2 correlation with the parameter of L30 was utilized;   
- a “high BU gas release” analysis. The FGR model parameters of the threshold temperature (TTh) 

and BU (BUTh) for the high BU region, which were modified during the analysis of the Russian 
WWER-1000 FR performances (referred to as FGR-m) [4], were simultaneously used during the 
simulation of the steady-state operation and the power ramp tests.  

The calculation results are shown in Table 2. The analysis of these data show, that for the ‘power’ 
and ‘λ’-uncertainty cases the behaviors of gas release increment vs. the peak LHR are practically 
the same and demonstrate that the maximum ∆FGR ≈ 4.7 % is reached at the LHR of about 
∼38 kW/m. Use of the modified parameters TTh; BUTh results in sharp increase of the ∆FGR-value, 
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up to ∼8 %. As shown in the table, the noticeable FGR growth is observed for the pins with the BU 
of about 60 GWD/MTU, when the LHR begins to exceed 34 kW/m. This result allows for 
assumptions regarding the specific pore structure of fuel pellets utilized in the “old” 
WWER-1000/440 FR designs [15], which for ‘normal’ operation conditions (LHR ≤13 kW/m) 
provides the appreciable gas release from ∼0.7% to 4% with rod BU increases from 45 GWD/MTU 
to 55 GWD/MTU [10,16], while for power transient conditions which causes the enhanced FGR, 
when the peak LHR reaches and exceeds 20 kW/m (see Figures 4-6).  

3.2.3 Rod Internal Pressure  
The in-pile pin pressure measurements performed for RFR №41 and RFR №48 during the ramp test 
“FGR-1” are presented in Figure 5 and 6, respectively. The PAD and TU simulation results of RIP 
change are shown on the same figures.  

The comparison of data from Figures 4 and 5 demonstrates that the variation of RIP at power 
follows fission gas release. For RFR №41, during the 1st sub-stage of power ramp the calculated 
RIP is underestimated and this is observed in both codes. At the 2d and 3d sub-stages, the PAD 
results agree well with the measured ones, while the TU data continues to be underestimated. For 
the last stage of the test, the PAD calculated RIPs are close to the measured ones during the rod 
power growth. At the maximum LHR≈ 43 kW/m the deviation between the measured and the 
calculated RIP is 2.35 MPa. At the same time, the PAD pin pressure predicted at the EOL cold 
condition is about 4.4 MPa and this is close to the measured one, ∼4.3 MPa (see Figure 5). The TU 
calculated RIP at the EOL is about 3.2 MPa. 

The RIPs calculated by the PAD and TU codes for RFR №48 are lower than the measured ones 
and the maximum deviation is observed for the TU data (see Figure 6). The comparison of the 
calculated RIP on the last stage of the test shows that the PAD results are noticeable higher than the 
ones predicted by the TU code. At the LHR of 32.4 kW/m the difference is about 6 MPa and 
increases up to 7.4 MPa in case, when the PAD λ(L30)-correlation is used (see Figure 6). 

3.2.4 Geometry Change  
The code predicted geometry changes of the fuel pellet, pellet-to-cladding diametral gap and 
cladding diameter of RFRs after the ramp tests were compared with the measured ones.  

According to the PAD calculations, after the ramp tests there are no changes to the pellet inner 
diameter (hole). An insignificant hole decrease is predicted by the TU code. The calculated 
maximum hole reduction is about 0.043 mm and it is realized for the high BU RFR №50 and RFR 
№52.    

The maximum increment of pellet-to-cladding diametral gap change measured after the ramp 
tests vs. the maximum LHR is shown in Figure 7. The PAD and TU calculated data for the RFRs 
examined are placed in the same graph and demonstrate the following: 
- as a whole, there is a reasonable agreement between the measured gaps and the calculated ones. 

Both codes predict the growth of diametral gap with the LHR increase; 
- unlike PAD, the TU calculation results are underestimated by about 20 µm, when the LHR is less 

than 38.5 kW/m; 
- at LHR higher than 38.5 kW/m, the PAD calculated gaps lie at the upper bound of the measured 

uncertainties. In the case when the λUO2 correlation with the increased L-parameter is used, the 
growth of the residual diametral gap is observed and this is due to the increase in pellet thermal 
expansion. Thus, for RFR № 51 having operated with the maximum LHR of 45.3 kW/m, the 
maximum gap increment reaches about 80 µm, when the λ(L37.5) correlation is utilized.  

The variation of the maximum DCO increment (∆DCO) vs. the peak LHR is close to the gap 
behavior. The TU calculation results lie at the lower bound of the measured uncertainties, when the 
LHR exceeds 38 kW/m. In the power range of (36÷45.3) kW/m, the PAD results show the 
overestimation of ∆DCO, which reaches 20/35 µm, when the λ(L25)/λ(L37.5) correlations are used. 
In order to estimate the cladding creep-out rate, which provides a reasonable agreement with the 
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measured data, additional analysis was required. It was found that when the model creep-out 
parameter is reduced (about 0.1×Nom), an appreciable decrease of DCO and gap increment is 
observed. For the case when RFR № 51 is simulated with the λ(L37.5)-correlation, the maximum 
increment of gap/DCO decreases on about 9/8 µm relative to the primary ones. At the same time, 
the reduction of FGR after the power ramp was only about 0.8%.  

5. Conclusions 
The comparison of analysis of WWER Russian FR parameters at steady-state operation and power 
transients calculated by the TU and PAD codes was performed using the benchmark for WWER-
440 FRs from the IFPE database. It was found that: 
- for the conditions simulating ‘normal’ operation, the FR characteristics calculated by both codes 

correlate well with the measured ones for rods burned up to (50÷60) MWD/MTU. The analysis of 
the maximum FCT change vs. BU showed that starting from 25 MWD/MTU the difference 
between FCTs calculated by the TU code (with λITU) and PAD code (with λ(L30±5)) varies within 
±500C; 

- for power transient conditions, it was observed that the reasonable agreement between the 
measured and the predicted rod geometry (fuel-to-cladding gap, DCO) changes. The variations of 
FCT during the power ramps calculated by both codes are close to each other and FCTs correlate 
well with the measured ones for the RFR №51 (BU=49.5 GWD/MTU) and are notably lower than 
the ones recorded for RFR №50 (BU=58.4 GWD/MTU). For the current version of the TU code, 
the calculation results for FGR are significantly underestimated, even when the FGR model 
options for extreme conditions are used. The deviation between the measured and the calculated 
FGR averaged over all rods examined is 30.4 % and 11 % for the TU and PAD code, respectively. 
The calculated RIP at power follows the fission gas release rates.  

The validation calculations performed using the PAD code with the modified FR model 
parameters demonstrated as a whole a satisfactory agreement with the experimental data for 
WWER FRs normally operated up to rod BU of 60 GWD/MTU and subjected to power transients at 
the EOL. The TU simulation results revealed that FGR models for the power transients need to be 
improved. It is necessary to specify and correct the code model parameters associated with the 
experimental data of FCT, FGR and cladding deformation of PWR/WWER FRs in the high BU 
range. 
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Figure 1. PAD and TU code 
calculation results of fuel burnup 
and maximum fuel centerline 
temperature for refabricated fuel 
rod №38 during base irradiation 
simulating steady-state operation 
in reactor Kola-3.  

 RFR №38 (FA-222, Rod-003)

0

10000

20000

30000

40000

50000

60000

0 5000 10000 15000 20000 25000 30000 35000 40000

Time, hrs
B

ur
nu

p,
 M

W
D/

M
TU

- Experiment
- Calculation, PAD
- Calculation, TU 

   RFR №38 (FA-222, Rod-003)

300

400

500

600

700

800

900

1000

1100

0 5000 10000 15000 20000 25000 30000 35000 40000
Time, hrs

Fu
el

 C
en

te
r 

Te
m

pe
ra

tu
re

,
0 C

 

-240

-200
-160

-120

-80

-40
0

40

80

120
160

200

240

Pe
ak

 L
HR

, W
/c

m

- FCT, PAD (L25) - FCT, PAD (L37.5)
- FCT, TU (Lamf=21) - FCT, TU (Lamf=25)

LHR

Figure 2. Measured and PAD and 
TRANSURANUS code predicted 
fuel centerline temperature 
variation for refabricated fuel rod 
№51 during power ramp test 
“FGR-2”. 
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Figure 3. Measured and PAD and 
TRANSURANUS code predicted 
fuel centerline temperature 
variation for refabricated fuel rod 
№50 during power ramp test 
“FGR-2”.  
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Figure 4. Maximum linear heat 
power and FGR variation 
simulated by PAD code for 
refabricated fuel rods №41 and 
№48 during power ramp test 
“FGR-1”. 
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Figure 5. Measured and PAD and 
TRANSURANUS code predicted 
rod internal pressure variation for 
refabricated fuel rod №41 during 
power ramp test “FGR-1”.  
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Figure 6. Measured and PAD and 
TRANSURANUS code predicted 
rod internal pressure variation for 
refabricated fuel rod №48 during 
power ramp test “FGR-1”. 
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Figure 7. Dependence of pellet-to-
cladding diametral gap change 
after power transients versus 
maximum LHR measured for 
refabricated WWER-440 rods 
tested in reactor MIR [11] and 
calculated by PAD and 
TRANSURANUS codes.  
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Table 1. Experimental and Calculated Parameters of WWER Refabricated Fuel Rods after 
Base Irradiation Simulation 
 

Rod Average Burnup, 
MWD/kgU 

Cladding Outer 
Diameter (DCO), mm 

Pellet–to-cladding 
radial Gap, µm RFR Number 

  (FA number) 
Equip- 
ment 

Exp. TU PAD Exp. TU2) PAD2) Exp. TU2) PAD2)

FGR-1:  41(198) PT1) 48.9 46.6 48.2 9.07 9.042 9.054 4÷15 3.4 8.4
             32(222) No 60.2 57.5 59.4 9.06 9.055 9.070 0÷7 2.1 5.8
             48(222) PT 60.5 58.4 60.5 9.06 9.057 9.065 0÷7 2.2 5.8
FGR-2:  51(198) TC1) 49.5 48.0 49.7 9.04 9.043 9.048 4÷15 3.0 7.6
              50(222) TC 58.4 57.1 59.1 9.06 9.055 9.062 0÷7 2.4 5.9
              52(222) No 58.0 56.9 59.0 9.07 9.055 9.062 0÷7 2.4 6.0
RAMP:  33(198) No 50.8 46.9 48.6 9.05 9.043 9.047 4÷15 3.4 8.0
              37(222) No 60.1 57.2 59.2 9.04 9.055 9.063 0÷7 2.1 5.6
              38(222) No 60.2 57.4 59.5 9.07 9.055 9.063 0÷7 2.2 5.8

1) PT- pressure transducer. TC – wolfram-rhenium thermocouple by ∅1.2 mm.  
2) The calculated data of DCO and radial Gap are averaged along the fuel stack, which is 400 mm for RFRs 51, 50, 52, 

750 mm for RFRs 41and 48 and 950 mm for RFRs 32, 33, 37 and 38. 

 

 

 

Table 2. Experimental and Calculated FGR of WWER Refabricated Fuel Rods after Power 
Transient Tests  
 

Fission gas release during power transient test, %  
TU calculation PAD calculation RFR Number 

(FA number) 

Peak 
LHR, 
kW/m 

igrbdm
= 1 

igrbdm 
=  3 

igrbdm 
=0 

FGR-std,
λ(L25) 

 

1.06×LHR,
FGR-std,
λ(L25) 

FGR-std, 
λ(L30) 

FGR-m, 
λ(L25) 

Exp. 

FGR-1:  41(198) 43.8 15.5 19.1 19.5 39.4 43.2 42.2 41.5 47.5
             32(222) 34.1 5.4 8.0 8.2 26.5 30.7 30.2 34.0 47.0
             48(222) 33.2 5.5 8.3 8.6 30.8 35.8 35.3 39.2 50.0
FGR-2:  51(198) 45.3 26.9 32.5 33.1 59.4 62.9 61.9 62.0 n/a1)

              50(222) 36.2 10.9 15.2 15.7 45.2 50.7 50.0 50.3 n/a1)

              52(222) 38.5 18.3 22.7 23.3 53.2 57.7 57.1 59.1 48.4
RAMP:  33(198) 36.1 0.92 2.44 2.64 18.3 22.5 21.7 18.6 31.3
              37(222) 30.3 0.98 1.98 2.02 10.9 14.6 14.3 12.5 16.9
              38(222) 27.1 0.98 1.54 1.59 4.8 7.9 7.4 6.1 19.6

1) The RFRs 50 and 51 were damaged during disassembling of the “FGR-2” test rig.   

 


