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 The calculated-experimental analysis of the WWER fuel behavior with 5%wt of 
gadolinium oxide at the beginning of life (BOL) is presented. The results are based on the data 
on fuel centerline temperature measurements, gas media pressure inside the cladding and fuel 
elongation obtained during irradiation of the test fuel rods in HBWR (Halden). Computer 
analysis of experimental data is performed with TOPRA-2, version 2 code. It is shown that 
specific features of the uranium-gadolinium fuel behavior at the early of life is due to presence of 
burnable absorber influencing the average linear heat rating, radial power distribution and lower 
thermal conductivity. In particular, the analysis of “late” relocation effect on the maximum Gd 
fuel temperature is presented. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fuel rods containing uranium-gadolinium fuel pellets (Russian abbreviation TVEGs) 
are currently used in the WWER fuel assemblies (FAs). These FAs for WWER-1000 consist of 
312 fuel rods, including up to 27 TVEGs. The behavior of TVEGs is of interest from the 
standpoint of both prediction of TVEG efficiency parameters (especially at high burnup), and of 
using the calculated thermal-mechanical parameters of fuel for the physics characteristics of the 
reactor core. First of all the calculated fuel temperatures are important for the analysis of 
neutronic parameters. Certain interest is a change of fuel temperatures during the first rise to 
power after reloading of the core . 

Behavior of TVEGs under irradiation shall not significantly differ from the rods with  
standard dioxide uranium fuel due to relatively small amount of gadolinium oxide (Gd2O3) in 
uranium dioxide (UO2).  However, some differences of physical and mechanical properties of 
uranium-gadolinium fuel like lower thermal conductivity, a little higher thermal expansion, and 
higher elasticity modulus [1] can affect its behavior under irradiation. It is also necessary to 
account for lower effective additional sintering due to the change of acidity coefficient as a result 
of oxide (U-Gd) reduction in the fuel [2], as well as the influence of burnable absorber onto 
power and burnup distribution on the fuel pellet radius. Presence of burnable absorber at the 
beginning of life (BOL) leads to the lower TVEG linear power as compared to standard fuel 
rods.  

Analysis of the TVEGs  behaviour  at BOL was carried out by comparing of the 
parameters measured in the framework of IFA-676.1 research program at Halden reactor, and 
calculated with thermal mechanical code TOPRA-2, version 2.  

 
IFA-676.1 Program The experiment for testing three different types of WWER fuel 

within experimental fuel assembly IFA-676.1 started July 10 2006 under the auspices of OECD 
Halden Reactor Project. The fuel is provided by JSC “TVEL”: two types - uranium dioxide fuel, 
differing in the grain size, and one type – uranium-gadolinium. Six (6) fuel rods (two for each 
fuel type) in the experimental fuel assembly were equipped with the detectors measuring 
elongation of the cladding and fuel meat, gas pressure under the cladding, as well as with two 
types of detectors measuring fuel temperature. The first type is represented with the expansion 
thermometer that measures fuel centerline average temperature, while the second is a 
thermocouple that measures fuel center temperature “in the point”. The data for both TVEGs (## 
3 and 5) were used for the calculation and experimental analysis [3]. 

TOPRA-2, version 2 code. Computer analysis was carried out with the help of 
TOPRA-2 code [4], intended for modeling of thermophysical and strength parameters of the 
water-cooled reactor leakproof (sealed) fuel element or TVEG in the steady-state, transient, or 
cycling modes. The calculated parameters are: fuel and cladding temperatures; thermal 
conductivity of the fuel-cladding gap; pressure and composition of gas media under the cladding; 
fission gas release from the fuel to inside the cladding; changes of diameters and lengths of fuel 
sections, cladding, and fuel rod as a whole; stresses in the fuel and cladding. TOPRA-2 code is 
used for justification of fuel rods efficiency in fuel cycles against thermophysical and some 
strength criteria. Results, obtained in the cause of the code verification indicated the possibility 
for applying the methodology and TOPRA-2 code for performing engineering analyses of the 
WWER fuel rod parameters. TOPRA-2, version 2 code is certified by SEC NRS of 
Rostechnadzor [5]. The described results of TVEGs parameters comparison – measured and 
calculated are the “post-certification” data of the code verification. 

Distributions of energy deposition and burnup along the fuel radius as the function of 
average burnup in the cross-section were calculated with HELIOS code [6]; they were used as 
the input data for TOPRA-2 code. Jens-Lottes correlation was used for the calculation of the 
coefficient of heat transfer from cladding to coolant. 

Data on the reviewed TVEGs. All TVEGs were filled with helium under the pressure 
of 10 bar, cladding made of Э110 alloy: external diameter 9.1 mm, internal diameter 7.75 mm. 
Length of the fuel column of 44 – 45 pellets was 450.7 mm, mass 194.8 – 198.9 g. Fuel density 



is 96.1 % for TVEGs. Enrichment of fuel, containing 5 % of gadolinium oxide, is equal to 3.6 %. 
Grain size of fuel is 13 mm. 

External diameter of fuel pellets was 7.56 mm, diameter of the fuel-cladding gap is 
190mcm. Fuel pellet internal diameter is 1.6 mm; central hole was reamed up to 1.8 mm in 10 
pellets from top to bottom of TVEG # 5 butt ends for placing temperature point detectors. Height 
of the compensation volume is from 38.1 to 38.8 mm. The measured value of the free volume 
under the cladding is equal to 3.9 or 5.6 cm3 for TVEGs ## 2 or 5, respectively. 

TVEGs were equipped with detectors measuring: 
- temperatures (average along the fuel column height), elongation of the fuel column 

and of the cladding – TVEG # 2; 
- temperatures at points at 95 mm of both but ends of fuel column, gas pressure under 

the cladding and fuel column elongation –TVEG # 5. 
Measurement results are presented as the data registered with the interval of 15 

minutes. These data are: average linear power levels in TVEGs and along three sections of equal 
height; linear power in the locations of point thermocouples; coolant temperatures at the FA inlet 
and outlet; measurement results. The data were condensed in compliance with the special 
technique. This allowed reducing the number of time “points” tenfold. After completion of the 
analysis (for clarity of figures) calculated data in time “points” during short-term reactor power 
decrease were removed. 

Comparison was performed for relatively low burnup levels (up to 15 MWt·day/kgU: 
under irradiation of approximately 700 days). 

It shall be specially noted that additional sintering of TVEG fuel that was not revealed 
in experiments was not considered in TOPRA-2 analysis. Measured axial residual fuel column 
elongation (determined at zero power) indicated that there was no fuel densification [7]. Most 
probably due to low fuel temperatures and low burnup rate, additional sintering can not be 
activated, or it is compensated due to the increased swelling processes, including recovery of (U, 
Gd) pellet stoichiometry [2].  

Fuel temperature: TVEG # 2. Dependences of the average linear power of TVEG # 2 
and values of the measured and calculated average along the fuel column height fuel centerline 
temperatures versus burnup are presented in figures 1 and 2, respectively. It is possible to note 
good agreement between the measured data and calculated results, especially at relatively high 
burnup.  

Let’s review behavior of the fuel temperature at the initial moment of irradiation.  At 
the very beginning measured values correlate well with the calculated ones. Increase of the 
measured temperature values at the burnup of 0.037 MWt·day/kgU by 20 оС, when linear power 
decreases is not confirmed by the calculated data.  Difference is equalized at the burnup of 0.1 
MWt·day/kgU, after that the measured data become practically equal to the calculated ones. 
Increase of the measured temperature values at the burnup of 0.317 MWt·day/kgU (after 
decrease of the linear power and its subsequent increase by 1 Wt/cm higher, than was before) 
higher than by 30 оС is not confirmed by the calculated data. Temperatures, measured later, up to 
the burnup of 5 MWt·day/kgU are sufficiently higher than the calculated temperatures. The most 
sufficient relative difference starts at the burnup higher than 2.3 MWt·day/kgU, after reactor 
power decrease and increase. At the burnup higher than 5 MWt·day/kgU difference of the 
measured and calculated values decreases, and at the burnup exceeding 10 MWt·day/kgU – the 
values become almost equal (fig. 3). 

It shall also be noted that if the stress value, at which cracking starts, increases twice in 
the calculations, values of measured and calculated temperatures at the burnup level of 2,2 - 6 
MWt·day/kgU become much closer.   

Explanation of the reviewed temperature difference. Relocation significantly 
influences fuel temperature changes: lessening of the fuel-cladding effective gap due to fuel 
cracking. Fuel cracking leads to reduction of the fuel temperature. Fuel cracking occurs due to 
temperature gradient along the pellet radius and induced significant positive hoop stresses. In 



power reactors fuel cracks at local stresses of 60-70 Wt/cm. In TVEGs though, stresses in which 
at BOL are lower, cracking occurs later. At that, due to long-term operation on power of no less 
than 60 Wt/cm volumetric changes decreasing tensile stresses during power increase occur in 
fuel. In fuel thermo-mechanical model, applied by TOPRA-2 code, cracking of TVEG # 2 
uranium-gadolinium fuel (simultaneously of two out of three zones) occurs at the average burnup 
of 2.3 MWt·day/kgU. Cracking of real pellets in this TVEG could have started at higher burnup. 
Cracking process starts with mostly stressed pellets, and propagates along the whole fuel 
column, as the TVEG average power increases. As a result average measured temperature 
gradually approaches the calculated value. 

It is important to note that during long-term operation of fuel its cracking can take place 
not only when increasing the TVEG local power, but during its decrease as well due to 
accumulation of volumetric defects in the fuel in the cause of irradiation. In this case cracking 
starts not from the fuel external surface, but from the internal one. In this case it shall be noted 
that post-test research data for WWER fuel rods indicate that some of the top and bottom fuel 
pellets sometimes remain integral, i.e. they do not crack [8]. Computer analysis of such fuel rods 
with TOPRA-2 code also indicates fuel pellets integrity in the top and bottom zones. 

Fuel temperature: TVEG # 5. Difference in the behavior of measured (by the 
detectors in the “point”) and calculated fuel temperatures is similar to the difference, noted for 
TVEG # 2: both for Thermocouple-1 (fig. 4), and for Thermocouple-2 (fig. 5). At the beginning 
of experiment measured values exceeded a little the calculated values. After cracking of pellets 
(in the computer analysis) and up to cracking of real pellets (in which temperature detectors are 
located) the measured values are significantly (up to 80 оС) higher than the calculated values. 
Computer analysis with TOPRA-2 code indicates that in the location of Thermocouple-2 
cracking occurs at the TVEG average burnup of 3.14 MWt·day/kgU. After cracking of real 
pellets calculated values become close to the measured ones.  

Let’s review operational performance of the WWER-1000 TVEG if TVEG pellets start 
cracking after cracking of fuel rod pellets. During the first power increase linear power of the 
majority of many TVEGs sections is less than 60-100 Wt/cm. In this case pellets in the TVEG do 
not crack. During later operation slow increase of linear power takes place. As a result of 
volumetric changes in the fuel due to radiation creep, pellets do not crack under the increased 
linear power levels up to the reactor outage. If the reactor operates without outages, then there is 
no fuel cracking during practically the whole first year along the significant part of the TVEG 
length. This increased TVEG fuel temperature value shall be considered while calculating core 
neutronic parameters, when the fuel temperature is used as the inlet parameter. 

Fuel column elongation. Elongation value (more correctly – change of length) is 
obtained by deducting of the elongation value, measured before start of operation at 220 оС out 
of the measured elongation value. Figures 6 or 7 show measured and calculated values of fuel 
column elongation for TVEGs # 2 or 5, respectively. It is shown that at BOL measured 
elongation significantly (up to 2.2 mm) exceeds the calculated one. During power decrease the 
measured values on the whole are close to the calculated ones. After the TVEG average burnup 
reaches 10 MWt·day/kgU, the measured values become closer to the calculated ones.  

It is shown that the measured values overestimate the fuel column elongation. 
Analytical assessment of TVEG # 5 fuel column elongation in the time “point” at the burnup of 
1.67 MWt·day/kgU (measured value is 2.198 mm) indicated that elongation shall not exceed 
1.55 mm. 

The difference can be explained by the fact that it was assumed in calculations that 
the increase of fuel butt end points was constant along the radius. In reality during expansion the 
pellet elongates more in the central zone. This is due to higher fuel temperature in the central 
hole zone, than in the periphery. On the assumption of fuel pellet non-cracking the analysis with 
MRZ code indicated [9] that difference in elongation of the pellet internal surface zones and its 
periphery is 40 mcm for WWER-1000 at the linear power of 400 Wt/cm. Then difference in 
elongation of the fuel internal surface and elongation in the assumption of flat deformation is 



approximately 30 mcm. For the reviewed TVEGs such difference can be evaluated as 10 mcm. 
So, with consideration of the phenomenon, fuel column real elongation is by 880 mcm larger 
than the elongation, calculated in the assumption of flat deformation (if column consists of 45 
pellets). At that contact between pellets exists not along the whole butt end, but in the zone, 
adjacent to the central hole. Pellet skewing leading to “ratchet” mechanism [10], registered in the 
tested fuel rods and TVEGs, also contributed to the difference. It shall be noted that earlier the 
effect of exceeding the measured column elongation value at BOL of experimental fuel rods was 
registered in the cause of comparison with experimental data SOFIT-1 and IFA-503.2 [11]. 

During operation this difference becomes less due to fuel creep in the pellet central 
part. At this the pellet slightly changes the shape of butt ends. 

It shall also be noted that elongation, obtained for the fuel column active part is used as 
the calculated fuel elongation; and pellet of alumina oxide and not enriched pellet, located at the 
ends of fuel column can slightly contribute to the measured elongation. 

Performed calculations without the action of the spring pressing up the fuel column, 
indicated that fuel column elongation calculated values at the burnup exceeding 25 
MWt·day/kgU become by 0.2 – 0.48 mm larger. 
 Cladding elongation. Elongation value is obtained by deducting of the elongation value, 
measured before start of operation at 220 оС out of the measured elongation value. Fig. 8 
presents measured and calculated cladding elongation values for TVEG # 2. At the very BOL 
calculated elongation values are slightly higher than the measured values; at burnup levels 
exceeding 0.7 MWt·day/kgU measured elongations become larger than the calculated ones. 
Later, calculated elongations approximately constant ~0.15 mm (slightly changing along with the 
increase of the TVEG linear power and versus burnup). The measured elongations increase, 
though, and by the end of the reviewed period they significantly (more than by 0.2 mm) exceed 
the calculated values. Increase of the cladding length in the conditions of relatively weak neutron 
flux and low temperatures indicates presence of strong ratchet interaction. Influence of ratchet 
increases with the increase of linear power. Let’s assume in the analysis influence of axial 
ratchet by adding axial tensile force of 80 Н. At this calculated elongation exceeds the measured 
one up to the burnup of 3 MWt·day/kgU; later measured elongations still significantly (to more 
than 0.14 mm) exceed the calculated ones. When applying the force of 160 Н calculated 
elongation exceeds the measured elongation, as a rule, up to the burnup level of 11 
MWt·day/kgU; later the measured elongations become practically equal to the calculated ones. 
 Gas pressure under the cladding. Fig. 9 presents measured and calculated values of gas 
pressure under the cladding of TVEG #5 as the function of burnup. On the whole these values 
agree well. At the BOL measured pressure values, when operating on power, exceed the 
calculated values. The difference increases along with burnup (and linear power) growth, and 
reaches 0.37 bar. This difference can partially be explained by later real cracking of pellets, than 
was predicted in the analysis. After burnup reaches the value of 4 MWt·day/kgU, calculated 
pressure values become practically equal to the measured ones. When burnup exceeds 10 
MWt·day/kgU, calculated pressure values exceed the measured values by 0.2 – 0.35 bar. This 
difference lasts for the burnup of up to 15 MWt·day/kgU and higher. 

Fig. 10 presents the measured and calculated pressure values up to the pressure of 5 
MWt·day/kgU in the assumption of later start of pellet cracking (if the value of hoop strain, 
when cracking starts increases twofold). It is seen that measured and calculated results correlate 
better in the burnup range of 3 – 5 MWt·day/kgU.  
 Conclusions. This presentation describes comparison of the measured and calculated 
parameters of the WWER TVEGs tested as part of experimental assembly in Halden reactor. 
Absence of additional sintering of uranium-gadolinium fuel in the experiment is indicated. It is 
shown that fuel cracking starts when burnup level reaches approximately 5 MWt·day/kgU, when 
linear power values exceed the parameters for start of cracking of uranium dioxide fuel. Absence 
of additional sintering is explained by low fuel temperatures at BOL, slow burnup rate, and 
increase of the fuel effective volume when recovering stoichiometry. Later start of cracking is 



explained by insignificant fuel temperature gradient at BOL (also due to generation of greater 
part of energy in the fuel meat external layer), and by volumetric changes in fuel in the cause of 
burnup, leading to loss in value of hoop strains in the fuel in case of the constant temperature 
gradient.  

Compared data on gas pressure under the cladding indicate reasonable agreement. 
Differences of the measured and calculated values of changes of the fuel and TVEG cladding 
lengths are reviewed. Analysis of the cladding elongation with various forces pressing the fuel 
column has been performed. It is shown that fuel elongation in the initial period of TVEG 
irradiation shall exceed the calculated values (this shall also be correct for fuel rods). 
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Fig. 1. Dependence of TVEG # 2 linear power versus burnup  
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Fig. 2. Measured (□) and calculated (▬) average along the fuel column height fuel 

centerline temperatures as the function of burnup. TVEG # 2  
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Fig. 3. Measured (□) and calculated (▬) average along the fuel column height fuel 

centerline temperatures as the function of burnup. TVEG # 2, Burnup > 9 MWt·day/kgU 
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Fig. 4. Measured and calculated values of Thermocouple-1 temperature versus burnup of 

TVEG # 5 
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Fig. 5. Measured and calculated values of Thermocouple-2 temperature versus burnup of 

TVEG # 5  
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Fig. 6. Measured and calculated values of TVEG # 2 fuel column elongation  
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Fig. 7. Measured and calculated values of TVEG # 5 fuel column elongation  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 2 4 6 8 10 12 14
Burnup, MWt·day/kgU

C
la

dd
in

g 
el

on
ga

tio
n,

 m
m

 
Fig. 8. Measured and calculated values of TVEG # 2 cladding elongation  
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Fig. 9. Measured and calculated values of gas pressure under the cladding of TVEG # 5 
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Fig. 10. Measured and calculated values of gas pressure under the cladding of TVEG # 5 

in case of later fuel cracking. Slight burnup  


