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Working assembly Adapter Fuel assembly  
Figure 1. Base design of WWER-440 fuel assembly 
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1. Introduction 

Within the framework of the IAEA program the 
working group of the experts in 2000-2002 years 
was stated the main requirements and safety crite-
ria for the PWR and WWER fuel. Both in the re-
quirements and in the criteria a considerable simi-
larity is ascertained. However, by virtue of specific-
ity of the design, the Customer’s requirements, 

operating conditions the requirements for the 
WWER fuel have some structural features. There 
are also differences in the requirements for the fuel 
of the main types i.e. WWER-440 and WWER-
1000.  

In addition to the increase in operational range 
the Utilities need the fuel being less sensitive to 
the initiation conditions the parameters of which 
can be beyond the limits established by the design. 

Table 1. Parameters of fuel cycles with WWER-440 fuel assemblies 

Fuel cycles, [years] 3 4 5 6 

 Refuelling rate of   WA 2.97 4.00 4.95 4.72 5.47 6.12 

Average enrichment in WA, [%235U] 3.57 3.82 3.82 4.40 UGT 4.25* 
UGT 

4.61 
UGT 

Burnup, [MWd/kgU]       

- average 31.73 38.51 43.6 48.91 53.45 56.47 

- maximum 36.0 45.0 45.0 53.9 54.3 66.06 

Duration of fuel cycles, [eff.days] 303.5 303.7 276.2 336.2 308 321.2 

Specific flowrate of natural uranium,  
[kg U/MWd] 

0.256 0.209 0.194 0.195 0.184 0.171 

UО2  mass in WA, [kg] 136 137 137 137 144 144 

Quantity of make-up WA, [pcs.] 105 78 63 66 57 51 

Annual UО2 consumption in WA, [t] 14.28 10.69 8.63 9.04 8.21 7,34 

УЭ1, [MWd/USD] 1.251 1.508 1.608 1.559 1.660 1,772 

УЭ2, [MWd/USD] 0.746 0.922 1.004 1.019 1.076 1,158 

Implementation Design of 
1983 

Duk. 1.2 Boh. 3.4 КNPP 4 KNPP 3 Stage of 
develop-

ment  
* On the base of new generation fuel assembly design  
Note: УЭ1, УЭ2 – specific energy generation. In УЭ1 the costs of the uranium concentrate and dividing operations are taken into 

account, in УЭ2 the costs of fabrication are additionally taken into account.  
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Figure 2. Levels of loss of tightness of WWER-440 fuel assemblies within the period from 1998 to 2002 
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Such modernizations are incidental and they occur 
by the fact of appearing the causes that result in 
such changes. The causes of increasing the eco-
nomical efficiency of the fuel and fuel cycles are 
constant and result in change in generations of the 
fuel assembly design. 

In 2001-2002 the base designs of the new gen-
eration fuel assemblies for the WWER-440 and 
WWER-1000 reactors were developed. The possi-
bilities of their further modernization were defined. 
The present report deals with the urgent require-
ments and how they have been implemented in 
these designs. 

 
 

2. New Generation Fuel for WWER-440 
Reactors 

2.1. Initial Base for the Modernization of the 
Design 

By the early nineties the fuel design (Figure 1) has 
been formed on the basis of which 3, 4 and 5- year 
fuel cycles, presented in Table 1 [1], were realized. 

The operational requirements were realized as 
follows: 
• Making more stringent the criterion of perform-

ance and criterion of safe operation of the RP 
concerning the coolant activity. These criteria 
are equal to, respectively: 2·10-3 Ci/kg and  
4·10-4 Ci/kg by the sum of 131-135I. The criterion 
of the fuel assembly failure amounts to 1·10-4 
Ci/kg for 131I; 

• On the base of the present design the increase 
in the power of the Units is realized up to 108%. 
the load-follow mode is ensured. 

The parameters are reached as follows: 
• Burnup – 53 MWd/kgU; 
• Fuel cycle – 5×1; 
• Maximum duration of staying in the reactor –

1891 eff. day (Kola NPP). 

This design has been in operation within ~10 years 
without any essential changes. The good indices 
were achieved both on reliability and economical 
efficiency. So, for example, for the group of 14 
Units with the V-213 reactor the levels of loss of 
tightness of fuel assemblies in 1998-2002 
amounted to a little more than 1.0·10-6 (Figure 2). 
The level of loss of tightness of the fuel assemblies 
is determined as a ratio of the number of the leaky  
fuel rods (taking into account: one leaky fuel as-
sembly and one leaky fuel rod) to the total number 
of the fuel assembly fuel rods being unloaded from 
the reactor for a certain time period. 

The results of fuel assembly operation at the  
V-230 Units are worse. To a large extent this fact 
is caused by the less favourable operating condi-
tions  
(Table 2).  

The studies at the NPP show that the state with 
fastening the reactor internals under the conditions 
of hydrodynamical flow impact affects the fuel as-
sembly operation to a large extent. Taking the 
above in mind and also in connection with the 
problem of extending the service life of first gen-
eration reactors the large work has been per-
formed now on elimination of the reactor ageing 
effect appearing as wear of the reactor internals 
fastening points. The results of this work will be 
extremely useful for all V-320 Units. 

With this purpose the program of measures is 
also realized on bringing the reactor design up to 
the design state, and also on decrease in the 
flowrate through the fuel assemblies due to the 
available margin. 

The parallel problem is the problem of increase 
in vibration-resistance of the fuel assemblies. To 
this end the intermediate design of the vibration-
resistant fuel assemblies was created. The latter 
has passed the test operation at the Novovoronezh 
NPP, Unit 3 and Kozloduy NPP with the noticeably 
better results (out of 215 fuel assemblies, including 

Table 2. Features of operating conditions of the fuel in the V-213 and V-320 reactors 

Coolant flowrate through the 
fuel assembly, [m3/h] 

Type of 
the Unit 

Shape of 
hydraulic 

path  

Vessel 
surface 

WA FA 

Characteristics of 
coolant flow  

(pulsation) in the 
reactor bottom, 

[m3/h] 

Availability of the 
assemble-screen 

min 111.3 min 128.5 

max 124.5 max 148.8 

V-230 Plane 
bottom 

Uncladded 
vessel 

aver. 119 aver. 138 

ƒ=1-10 Hz 

А=0.2-0.4 kgf/cm2 

At all NPPs, except 
for NV NPP-4, 

Kozloduy-4 NPP 
and Armenian NPP 

min 103.7 min 113.8 

max 111.3 max 119.8 

V-213 Elliptical 
bottom 

Cladded 
vessel 

aver. 108 aver. 117 

ƒ=0.1-1 Hz 

А=0.06 kgf/cm2 

Available only at 
Loviisa NPP 
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84 ones that has finished their 
operation, only one exceeded 
the criterion of loss of tightness 
at the end of service life and its 
failure is caused by the unfa-
vourable conditions of the reac-
tor cell).  

On the basis of the separate 
modifications tested at the 
WWER-440 Units, the new 
generation fuel assembly de-
sign has been created and now 
it has been passing the pilot-
commercial operation at the 
Kola NPP, Unit 3. 

 
2.2. Implementation of the 

Design Requirements 

2.2.1. Increase in the Fuel 
Loading 

Figure 3 shows the loading in-
crease parameters. As a result, 
for the new generation fuel as-
semblies the UO2 loading in the 
working assembly was in-
creased by 7 kg. 

 
2.2.2. Improvement of the Water - Uranium Ratio 
The water - uranium ratio was increased due to 
increase in the pitch of the fuel rod arrangement in 
a bundle from 12.2 mm up to 12.3 mm, and also 
due to some decrease in the fuel rod outside di-
ameter from 9.1 mm up to 9.07 mm. 

The further increase is planned due to applica-
tion of the fuel rods with diameter of 9.0 mm, and 
also due to change in the fuel rod pitch in the work-
ing assemblies up to 12.5 mm in view of the 
change-over from the jacketed fuel assembly de-
sign to the angular one. 

 
2.2.3. Decrease in the Radial and Axial Neutron 

Leak 
The radial leak decreased due to refuelling layout 
when placing the fresh fuel assemblies round the 
core periphery is excluded. 

The decrease in the axial leak is planned to be 
carried out due to introducing the axial blankets 
into the fuel rods. 

 
2.2.4. The Harmful Neutron Absorption Decrease 

due to the Factors 
• Decrease in the Hafnium content in the zirco-

nium materials from 0.05% to 0.01%; 
• Decreased Zirconium amount due to the 

change-over to the FA jacketed tube of the 
ERC fuel assembly of 1.5 mm (zirconium mass 
in the core decreased by ~199.8 kg). 

The further decrease is planned when changing 
over to the angular WA design. In this case the 
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Figure 4. New-generation working assembly 
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Figure 3. Parameters of fuel column 
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decrease in the zirconium mass in the core will be 
~2589.6 kg. 

 
2.2.5. Increase in the Fuel Assembly Vibration-

Resistance 
This is an urgent requirement that has been the rea-
son of the essential revision of the mechanical de-
sign of the WWER-440 new ge-
neration fuel assemblies (Fig. 4). 

The main changes are pre-
sented in Table 3. 

As it is seen from the table, 
the WA design in its lower part 
is essentially strengthened; by 
the results of the studies of the 
fuel assemblies the fretting 
wear of the claddings and fail-
ure of the fuel rod tail-pieces 
were observed in that part. 

Other changes were di-
rected at increasing the eco-
nomic indices: 
• The ability of the working 

assemblies to be disassem-
bled is ensured by adoption 
of the new elastic tip of the 
fuel rods and removable 
jacketed tube. The largest 
operational experience was 
obtained at the “Loviisa” 
NPP including realization of 
the inspection procedure of 
the spent fuel assembly (be-
ing in operation for three 

years) with withdrawal of the fuel rods. 
• Decrease in the local burst of neutrons in the 

area of the FA mating unit and adapter is en-
sured by hafnium insertions (Figure 5). 

The design of the modified mating unit (MMU) has 
passed the successful test operation at the Novovo-
ronezh NPP. 

ERC FA ERC FA 
WA WA 

without MMU with MMU 
 

Figure 5. Influence of the modified mating unit (MMU) in the ERC fuel 
assembly upon the relative power axial distribution of the WA 
fuel rods surrounding the ERC FA 

Table 3. Comparison of the structural parameters of the base fuel assemblies and new generation fuel 
assemblies 

Parameter of fuel assembly Base fuel assembly New generation fuel assembly 

“Width across flats” dimension of the FA 
jacketed tube, [mm] 

144.2 145 

Thickness of the FA jacketed tube, [mm] 2 1.5 

Fuel rod pitch in a bundle, [mm] 12.2 12.3 
SG pitch, [mm] 240 250 
Distance between the lower grid and the first 
SG, [mm] 

187 160 

Way of fastening the fuel rods in the WA lower 
grid 

splinting collet 

Height of the SG cells, [mm] 10 10/20 
Outside diameter of the fuel pellet, [mm] 7.57 7.60 
Diameter of the central hole, [mm] 1.4 1.2 

Mass fraction of hafnium in the zirconium 
materials, not more than, [%] 

0.05 0.01 

Height of the WA fuel column, [mm] 2420 2480 
Hafnium insertion in the interface attachment 
of the ERC fuel assembly  

not available available 

Antidebris filter in the WA not available available 
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2.2.6. Placing of Filters at the Inlet 
From the structural reasons con-
sidering the statistics of the fuel 
assembly failure the filters are set 
at the WA inlet. The structural so-
lution is shown in Figure 4. 

 
 

3. New Generation Fuel for 
WWER-1000 Reactors 

3.1. Initial Base for the 
Modernization of the 
Design 

As it is known from the opera-
tional experience of the WWER 
and PWR upon reaching the in-
creased burnup as a result of de-
creasing the cladding diameter 
(creep) and, as a consequence, 
weakening of the contact of the 
fuel rod with the spacing grid the 
fuel assembly rigidity is essen-
tially reduced and there occurs 
change in its shape. Under the 
conditions of the WWER with 
stainless steel channels of the FA 
it was aggravated with the large 
forces of the initial axial compres-
sion being kept for the steel chan-
nels during the whole cycle of 
operation. 

In some cases the fact of 
changing over to the fuel cycle 
using the fuel assemblies within 3 
and 4 years resulted in the reac-
tor scram delay. The safety 
analyses were performed with the 
conservative preconditions of the 
slowed-down and incomplete re-
actor scram. Despite of the ob-
tained margins for both WWER 
and PWR the measures on elimi-
nation of this effect were realized. 

The change-over to the zirco-
nium cores was useful for de-
creasing the fuel assembly axial 
load. The remarks on reactor 
scram were eliminated. 

However implementation of the zirconium fuel 
assemblies (AFA) was not allowed for the cores to 
be levelled. They inherited the form being obtained 
in the curved areas. To substantiate the safety of 
the Units the generalized procedure was devel-
oped which took into account the presence of the 
increased interassembly gaps and, respectively, 
the possible flash-up in the extreme fuel rods. 

To study the fuel assembly shape the way of 
measuring the channel curvature directly in the 

reactor was developed. With the help of these 
measurements the large statistical material was 
obtained which allowed to study the laws in behav-
iour of the fuel assemblies during operation. For 
example, at the first loading of the Zaporozhye 
NPP, Unit 6, the influence of the supporting sur-
face inaccuracy upon the fuel assembly initial cur-
vature was determined. 

In this connection before the start-up of the 
Volgodonsk NPP, Unit 1 more than half of the sup-

 

FA 2 with 15  FA 2 with 12 SG 
 

Figure 6. FA2  modification 
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porting surfaces was modified to ensure the initial 
vertical position of the fuel assemblies.  

Presently the way of measurement of fuel as-
sembly non-straightness within the core has been 
used now for supporting the test operation of the 
fuel assemblies. It is used together with the an-
other method i.e. the measurement of displace-
ment forces of the absorber rods in the reactor 
assembled; although this method is indirect it is 
the reliable way of diagnostics of the state of the 
whole channel wherein the CPS rods are moved. 

By the results of operation of the Volgodonsk 
NPP within 2 years no remarks towards the core 
were made. The reactor scram period is not more 
than 2 s, the pulling force is not more than 6 kg. 
The precondition to this fact is three factors: the 
specified modification of the supporting surfaces, 
absence of the initial fuel assembly curvature 
within the reactor, more tight placing of the fuel 
assemblies due to the increased “width across 
flats” dimension.  

To ensure the more efficient cycles with reaching 
the high burnups the new fuel assembly design (FA-
2, Figure 6) has been developed. Its first modifica-
tion contains 15 spacing grids (SG) at the former 
levels and has the maximum rigidity for levelling of 
the fuel assemblies having the curvature. 

Figure 7 shows the main difference in modifi-
cations of the FA2  and AFA. In the FA2  design 
the spacing grids are directly welded to the guid-
ing channels thereby ensuring the maximum ri-
gidity of fixing. 

The FA2  design allows for the proven technol-
ogy to be used and the labour input of fabrication 
to be kept at the level achieved. 

 
3.2. Implementation of the Operational 

Requirements 

On the AFA basis the cores are working with 3-4 
year fuel cycle and refuelling of 48 fuel assemblies. 
However, to ensure the high availability factor, par-
ticularly for multi-unit plants, it is expedient that the 
more long-term cycle would be between refuelling. 
For example, the program of the availability factor 
increase up to 90% at the Balakovo NPP provides 
for the stage-by-stage change-over to duration of 
350 and 480 days. The versions of the fuel cycles 
being of interest now for the Customers are given 
in Table 4. 

 
3.3. Implementation of the Design 

Requirements 

3.3.1. Increase in Stability and Decrease in the FA 
Geometry Change 

The main measure is described in item 3.1. Be-
sides the grids of 30 mm height with the increased 
elastic deformation of the cell are applied; alloy Э-
635 of the increased geometrical stability is used; 
the further decrease in the axial load was imple-
mented, relaxation of the springs made of 
ХН77ТЮР alloy was decreased. 

In addition to the above in the FA-2 design one 
makes use of the AFA solutions 
on strengthening the lower fas-
tening unit of the fuel rod bun-
dle: the lower grid thickness 
was increased, the fuel rod 
lower ends were protected from 
the effect of the adjacent fuel 
assemblies during the fuel han-
dling procedures; reliability of 
fuel rod fixing in the lower grid 
was increased.  

The change-over to the new 
lower grid design being of the 
greater strength at the smaller 
pressure loss is provided for. 

As a result of using the 
welded framework in the FA2  
its rigidity exceeds that of the 
AFA after 2 years of its opera-
tion (Figure 8). 

 
3.3.2. Assurance of the 

Extended Fuel Cycles 
Except for increasing the initial 
enrichment the increase in the 
fuel loading in the fuel rod is 
planned. The possibilities and 
effect of the increase in loading 
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are given in Figure 9 and in Table 5. 
 

3.3.3. Decrease in the Axial Neutron Leak 
Figure 5 presents the version of the fuel column 
with the axial blankets due to which the decrease 
in the axial neutron leak is ensured. 

 
3.3.4. Placing of the Debris Filters at the Fuel 

Assembly Inlet 
The placing of these filters is not obligatory and can 
be performed on the demand of the Customers. In 
this case it should be taken into account that in the 

supporting thimble design of the WWER-1000 reac-
tor there are available filters with the cell of 3 mm. 
For the FA2  the filter version developed is planned 
to be substantiated and implemented. 

 
3.3.5. Decrease in Metal Content and Labour Input 

of the Fuel Assemblies 
The above is reached to reduce the spacing grid 
number. As the second modification the FA2  de-
sign with 12 spacing grids was developed. In this 
design we kept the spacing grid arrangement both 
in the lower part in the area of the largest flow tur-

bulence and also in the upper 
part in the area of maximum 
heat-up to ensure the achieved 
level of mixing. The decrease in 
the spacing grid number was 
made considering the fact that 
the criterion on the required fuel 
assembly straightness would 
be unconditionally kept. 

 
3.3.6. Increase in the 

Temperature Measuring 
Accuracy at the Fuel 
Assembly Outlet 

It is reached with the help of the 
nozzle in the FA2 fuel assembly 
cap that ensures the washing of 
the temperature sensor with the 
water being not mixed with the 
leaks from the channels. 

Table 4. Versions of fuel cycles on the FA-2 base 

Fuel cycle/Parameter 4×1 5×1 3×350 2×1.5 

The number of the FA loaded, [pcs.] 42 36 54 82 
Average enrichment of the loaded FA for 235U, [wt.%] 4.31 4.78 4.2 4.56 
Duration of operation of equilibrium cycle, [eff. day] 296.6 293 330 526 
Average burnup of the unloaded FA, [MWd/kgU] 49.0 

(52.1) 
56.4 46.3 

(49.7) 
44.6 

(47.9) 
Specific consumption of natural uranium, [g/MWd] 198 192 - 224 

(In brackets the maximum values are given) 
 
 
 

Table 5. Increase in fuel loading  

№ Measure Increase in fuel 
loading,  
[kg/FA] 

Prolongation of 
reactor life-time, 

[eff.day] 

1 Standard length of fuel column; outside diameter of pellets is 
7.6 mm, central hole diameter is 1.2 mm 

11.2 6.6 

2 Length of fuel column is increased by 150 mm; outside diameter 
of pellets is 7.57 mm, central hole diameter is 1.5 mm 

20.9 12.0 

3 Length of fuel column is increased by 150 mm; outside diameter 
of pellets is 7.6 mm, central hole diameter is 1.2 mm 

32.4 19.0 
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Figure 8. Diagram of bending rigidities 



 161 

3.3.7. Assurance of Possibility of the Design 
Disassembly 

By the conditions of the manufacturing procedure 
considering the possibility of using the design for 
the MOX-fuel and also to ensure the possibility of 
repair the cap in the FA2 cap in the same way as 
in the in AFA, was made as easy-removable. The 
procedure of removing the cap was checked up 
both for the fresh fuel assemblies and for the spent 
ones. With same purpose the design of the fuel rod 
lower tip being realized on the WWER-440 fuel 
assemblies is applied. 

 
3.4. Pilot-Commercial Operation of the FA2  

To substantiate the FA2 design the unprecedented 
scope of the calculation and experimental opera-
tions at the design stage was made. As a result of 
this work the license for operation was obtained.  

In the early 2003 at the Balakovo NPP, Unit 1 a 
batch of the 52 FA2 was placed. From the viewpoint 

of compatibility with the AFA the FA2 design with 15 
spacing grids is not optimal, as its pressure loss is 
much higher. However, such measure was taken for 
the core levelling. The heat-engineering reliability is 
en-sured due to the higher flow rates through the 
reactor as compared with those assumed in the de-
sign. The measurements being performed during the 
process of reaching the power showed a good re-
peatability with the calculated heat-ups. 

Figure 10 shows the diagram of arrangement of 
the fuel assemblies within the core, and also the 
results of measurement of the fuel assembly cur-
vature (Figure 11). It is seen that the essential de-
crease in the fuel assembly curvature was ob-
tained. Subsequently the fuel assemblies are 
planned to be loaded with 12 spacing grids and 
such approach will be applied as well for other 
Units with the jacket-free assemblies. The FA2  
fuel assemblies are planned to be loaded in 2004 
and at the other Balakovo NPP Units – in the 
scope of the complete loadings. 

 Base fuel rod     Further modernizations 

Бланкетыblankets 

 
Figure 9. Increase in fuel loading in the fuel rod 
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4. Assessment of Efficiency of New 
Designs 

There exist the various criteria for evaluation of 
efficiency of improvement of the fuel assembly 
design. The criterion of specific consumption of 
uranium per the unit of the generated energy has 
been often used. At the same time for some Con-
sumers the most important one is assurance of 
the maximum availability factor. In this case nei-
ther the first nor the second index is the universal 
one. The first one does not take into account 
what value the uranium economy reaches, and 
the second one does not consider the uranium 
economy itself. The more acceptable criterion is 
the amount of the energy generated with respect 
to the cost of the loaded batch. This index re-
quires for the following aspects to occur: the ura-
nium loading to be increased in order to ensure 
the more long-term fuel cycles with the maximum 
possible enrichment (up to 5%), the enrichment 
to be saved due to the axial profiling as well, the 

number of the make-up fuel assemblies to be de-
creased in order to reduce the fuel assembly fab-
rication expenses. Naturally, all these require-
ments are assumed using the fuel grid being 
close to the optimal one. 

The assessment is carried out on the basis of 
the existing data of the world market on the cost of:  
• Uranium concentrate; 
• Dividing operations; 
• Fabrication. 
It is additionally possible also to take into account 
the cost of transportation, storage and processing 
of the irradiated fuel including burial of wastes. 

The cost of the above can be changed for the 
different Suppliers, however it does not influence 
upon the results of comparison. 

 
4.1. For the New Generation Fuel Assemblies 

of the WWER-440 Reactor 

Table 1 presents the evaluation of the fuel cycle 
efficiency. 

 FA-2 
 1 year 

FA-2 
2 year 

FA-2 
3 year 

FA-2 
1 year 

Year           № 
Type of assembly 

Initial burn-up 

 
Figure 10. Cartogram of 13 loading at the BLK 1 (the first loading with FA2 ) 
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In the 6-year fuel cycle on the base of the per-
spective fuel assemblies using the axial profiling in 
the WA and FA of the ECR fuel assembly the spe-
cific energy generation without consideration of 
fabrication (УЭ1) by 42% higher than in 3-year cy-
cle and by 55% with consideration of fabrication 
(УЭ2). 

Application of the axial blankets (100 mm 
height, 2.2% enrichment for WA and 1.6% for FA) 
will give the economy by 3%, considering the 
stretch-out operations – by 6%. 

 
4.2. FA2  Fuel Assembly and Its Modification 

The most essential factor, from those listed for FA2  
and influencing upon the economic efficiency of 
the fuel, is the increase in the fuel column and im-
plementation of the axial profiling. 

Both these factors give benefit concerning the 
above-mentioned criteria for the equilibrium loading 
as compared with the base version – up to 4%. 

In this case only an increase in the fuel column 
(without the axial blankets) gives – 1.8%.  

These and other assessments are given in 
more detail in [2] and [3]. 
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Figure 11. Change in the average values of the FA axis deflections after refuelling, according to the years of 
operation  


