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1 Introduction
The work recently accomplished in Russia to im-
prove fuel and fuel cycles promoted the reliability
of VVER-1000 operation in a 3 year mode and
VVER-440 in a 4 year mode (Kola and Novovo-
ronezh NPPs) at the mean fuel discharge burnup
~ 42 MWd/kgU. The fuel rod operational reliability
is at a high level. During 1991 - 1993 in VVER in
Russia and Ukraine the frequency of fuel rod leak-
age did not exceed on the average -2-10"5 (the
number of leakers in relation to the total number of
discharged fuel rods). In some units no failures of
fuel rods in discharged assemblies were observed.

The high reliability of fuel operation is also at-
tested by the low activity of the primary circuit
coolant. In 1991-1993 in VVER-1000 under opera-
tion in Russia it was from 10"6 C///to 2-10'5 CM of
total iodine isotopes. It is clear that high fuel per-
formance is also promoted by the high quality of
products and correct design and engineering solu-
tions, parameters and operational conditions.

However, we understand that at the burnup of
~ 50 MWd/kgU which is presently traditional in
world practice the operational reliability if one
compares fuel supplied by different customers, is
not a decisive criterion since to-day essentially all
companies-fuel supplies produce fuel of very high
quality that assures the needed operational and
life-time characteristics at an adequately low level
of fuel failures - (1 - 2)-10~5. Therefore, the efforts
made in Russia to improve nuclear fuel are aimed
at both further increasing the fuel operational reli-
ability and improving the technico-economical pa-
rameters of fuel cycles primarily through increasing
endurance characteristics of structural materials
and fuel rods to reach the mean fuel burnup
- 5 5 - 6 0 MWd/kgU and higher.

2 Development of Work in Russia to
Improve Fuel Rods and Materials

By now a large scope of experimental, design and
pilot work has been accomplished to further im-
prove the life-time of fuel. U-235 enrichment of
VVER-440 fuel increased to 4.4% mass allowed at
the 4 year mode of operation a 25% increase of
both the mean burnup and fuel cycle duration to
42 MWdlkc^J and 8000 hours, respectively. In this
case fresh fuel was essentially loaded to the core
circumference, i.e., the low leakage loading pattern
was realized. In 1990 the core of Kola NPP unit III
was fully loaded in this way 12 fuel assemblies
have successfully operated in this unit for 5 years

to reach the burnup of 48 MWd/kgU'[1]. The pro-
gramme -of work under way in Russia aimed at new
improved fuel envisages creation of VVER type
cores having the following basic characteristics:
• the mean fuel burnup of 55 - 60 MWd/kgU,
• 5-6 year fuel cycle;
• time between reloads increased to 18 months;
• use of integral fuel burnable absorber

(U02+Cd203);
• optimized enrichment and UO2 fuel charge in a

fuel rod (through increased weight per fuel rod
unit length);

• use of high irradiation and corrosion resistant
Zr-Sn-Nb-Fe alloy as a structural material of
claddings and guide thimbles;

• use of Zr alloys containing Hf less than 0.01 %
mass as structural material spacer grids and
guide thimbles included;

• axial blankets used in fuel rods;
• higher operational reliability of fuel rods, failure

level- 5-10~6;
• provision of load follow characteristics of NPPs.
Introduction of new fuel into VVER reactors will
significantly improve the economic parameters of
VVER fuel cycles. Starting from 1995-1996 it is
planned to commercially realize improvements af-
ter they have been mastered, experimental and
design studies have been completed and data
have been generated needed for licensing: Fig. 1.

3 Some Operational Specificity of
Russian VVER Fuel

In principle, the conditions of VVER fuel operation
are not different from those of PWR (see Tables 1
and 2). However, the Russian fuel has several
specific features, the major of them are:
• use of Zr-Nb alloys;
• hexahedron shape of fuel assembly instead of a

square one;
• use of spacer grids of honeycomb type the cells

of which are manufactured from tube fragments;
• pellets having plane ends and central hole in-

stead of solid dished pellets.

Aside from these design features there are also
distinctions in technological processes of fuel and
component production (fuel pellets, cladding tubes,
etc.). Therefore, it is of interest to make compari-
sons whenever it is possible between individual
operational characteristics of Russian and standard
PWR fuel. Of special interest are characteristics
that are capable of limiting fuel service life with a
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Activities

1. Use of integral fuel burnable absorber
(UO2 - Gd2O3)

2. Reduction to < 0.01% of Hf content of Zr alloys
used as FR and FA structural materials

3. Use of alloy Zr-1.2%Sn-1%Nb-(0.3-0.4)%Fe as
structural material

4. Increase of UO2 inventory per
fuel rod length

5. Promotion of mean burn-up of 55-60 MWd/kgUand
5-6 yr cycle with 18 months between refuelling

6. Development of improved algorithms of control and
load-follow core characteristics

Time of completion

1994 1995 1996 1997 1998 1999 2000

Figure 1 Milestones in improvement of VVER fuel rods and structural materials

further increase of fuel burnup in commercial reac-
tors (> 50 MWd/kgU): water-side corrosion and
hydrogen pick-up by fuel claddings; corrosion in-
duced cracking; fuel behaviour in power ramps;
initial characteristics, microstructure included, and
irradiation behaviour of fuel pellets.

3.1 Water-Side Corrosion and Hydrogen
Uptake

Fig. 2 and Table 3 contain experimental data on
commercial fuel operation in VVER-1000 and pilot
fuels in a loop facility of MR reactor.

From the presented experimental results, it fol-
lows that corrosion and hydrogen pick-up by VVER
fuel claddings are not factors that fundamentally
affect the life-time of fuels clad in (Zr-1%Nb) alloy in
VVER type reactors. The following pattern is typi-
cal:
• no nodular corrosion;
• outer surface of fuel claddings has a uniform

dark oxide film from 3 to 8 \xm thick;
• insignificant amount of platelet hydrides not

more than 100|am in size are observed in clad-
dings. Hydrides have random or tangentional
orientation, the hydrogen content of claddings is
within 30 - 80 pprrr,

• fuel claddings retain high strength and signifi-
cant ductility margin (see Figs. 3 and 4).

3.2 Influence of Power Cycling on VVER Fuel
Cladding Corrosion

Under load follow conditions at the stage of power
rising tensile stresses can develop in fuel clad-
dings.

The time during which fuel claddings are sub-
ject to tensile stresses can totally reach 5 - 7-103 h
per fuel cycle for cores designed for the mean fuel
burnup of 55 - 60 MWd/kgU.

The level of tensile stresses depends on a num-
ber of factors, namely, heat generation rates,
power variation rates, algorithm of power rating
control on power changes, burnup, etc. Tensile
stresses are capable of accelerating corrosion.

The influence of this factor on Zr-1%Nb cladding
corrosion was studied in MR loop. Two dummy fuel
assemblies were tested under the following condi-
tions:
• number of cycles of power variations is 778 and

794, respectively;

Table 1 Characteristics of VVER-440 (4-Year
Cycle) and VVER-1000 (3-Year Cycle)

Characteristics

Number of FAs per core

Number of FRs in FA

Number of CPS subassemblies

Core height, mm

Total UO2 fuel charge, t

Spacing between FAs, mm

Spacing between fuel rods in
FAs, mm

Fuel management scheme

Maximum make-up fuel enrich-
ment, % U-235

No. of FAs reloaded per year

VVER
440

349

126

37

2500

44

144

12.2

partial
LLLP

4.4

- 9 0

VVER
1000

163

312

61

3530

74

236

12.6

partial
LLLP

4.4

- 5 5
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• maximum fuel heat generation rate is
440 W/cm, amount of power variation (depth of
load follow) is 70-80% in a pattern like:
(100%N- 20-30%/V-100%A/);

• maximum fuel rod burnup is from 29.3 to
36.5 MWd/kgU.

Hot-laboratory examination of fuel rods showed:
• oxide film thickness was less than 10 [irrr,
• nodules up to 40 [im were observed at fuel rod

surfaces; the cause of nodules was not conclu-
sively established since during experiment the
free oxygen content of coolant increased from 5
to 20 mg/l(compared to specs).

3.3 Corrosion Induced Cracking
Fig. 5 shows the crack propagation rate vs. stress
intensity factor (A:scc) for claddings of Zry-4 as

Table 2 Main Geometrical Characteristics and
Parameters of Fuel Operation in VVER-
440 and VVER-1000

Characteristics

Fuel rod diameter, mm
Fuel cladding thickness, mm
Cladding material
Coolant pressure, MPa
Coolant flow rate in bundle, m/s
Linear heat gener. rate, W/cm:

mean
maximum

Average coolant temper., °C
Maximum temperature of fuel rod
surface, °C
Mean (design) discharge fuel
burnup, MWd/kgU
Time of fuel cycle, h

Water chemistry

VVER
440

9.1
0.7

Zr-1%Nb
12.7
3.5

128
325
283

335

40-43

(7-8)-103

VVER
1000

9.1
0.7

Zr-1%Nb
16.7

6.0

167
448
306

352

40-45

(7-8)-103

ammonia-boron-
potassium

Table 3 Experiment Conditions and Results of
Cladding Corrosion and Hydrogen Pick-
Up Tests

Parameter

Coolant pressure, MPa
Coolant flow rate, m/s

Coolant temperature, °C:
inlet
outlet

Maximum LHGR, W/cm.
at start of irradiation
at end of irradiation

Fuel burnup, MWd/kgU:
average
maximum

Testing time at different
power levels, h

Value

16.0
5.5

305
320

490
200

70.0
92.9

40164

Oxide
film,
\xm

3

(15 at
one
test)

H2

content
ppm

30-60

stress relieved (SR) [2] and of Zr-1%Nb as recrys-
tallized, i.e. the states in which the alloys are used
as fuel claddings in commercial reactors. In both
cases internally pressurized claddings with pur-
posely made fatigue cracks at the inner surface
were used for testing. Comparison between crack
resistances of two alloys in iodine shows that the
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threshold stress intensity factor of Zr-1%Nb is much
higher which indicates the advantage of this alloy
overZry-4 (SR).

3.4 Fuel Rod Behaviour in Power Ramps
Fig. 6 presents the results of experimental studies
carried out in MIR reactor using specially fabri-
cated experimental fuel rods and the ones refabri-
cated from commercial VVER-1000 fuel rods. In the
same figure the dashed line shows the damage-
ability threshold accepted for PWR fuels (Siemens,
CEP, Japan) [3, 4]. The advantages shown by the
VVER fuel rods can be possibly explained by two
factors, namely, higher ductility of Zr-1%Nb and
use of pellets with central holes.

3.5 Initial Characteristics and Irradiation
Behavior of Pellets Produced in Russia

The specimens to be tested were either commer-
cial ones (VVER-1000) or manufactured by the
technology corresponding to the technology of
VVER-1000 pellets manufacture. The initial charac-
teristics of the specimens are listed in Table 4.

Fig. 7 illustrates the stress dependence of the
rate of irradiation induced secondary creep at dif-
ferent temperatures and fission densities. In the
experiments the equilibrium stresses were deter-
mined at which the irradiation induced creep and
swelling rate are the same and equal to 5 - 6 MPa
and are essentially independent of fission density.
The equilibrium stress is an important characteris-
tic that enables one to assess the level of stresses
originating in fuel claddings as a result of UO2

swelling. Fig. 8, 9 show experimental data on UO2

volume changes under irradiation. These and simil-
ar experimental data allowed the dependence to be
derived of irradiation effected densification on the
initial porosity (see Fig. 10) and temperature (see
Fig. 11).

The specific behaviour of VVER fuel rods in
LOCA (using as an example VVER-1000 fuel rods)
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Figure 5 Crack propagation rate as a function of
stress intensity coefficient

is dealt with in a special report that will be pre-
sented by Mr. Sokolov at this meeting.

4 Fuel Rod Design and Structural
Material Improvements

As it is shown above the VVER fuel fabricated in
compliance with the specifications now in action
has high serviceability and meets the present-day
operational requirements. The more so, as far indi-
vidual parameters are concerned that are important
for the life-time characteristics (corrosion and hy-
drogen uptake, corrosion cracking, damageability
in power ramps) the VVER fuel is superior to that of
PWR which evidences its higher potential ability for
increasing its life-time.

Table 4

Sample
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Characteristics of samples and testing conditions

Oxygen
- Metal
ratio

2.003
2.006
2.005
2.003
2.005
2.006
2.003
2.003
2.006
2.003
2.003
2.006
2.003
2.005
2.003

Grain
size,
urn

10
8.8
10.4
8.8
10
8
10

10.1
8.7
8.8
10
10
10
8

8.7

Total
porosity

%

4.38
4.2
5.93
4.2
6.94
4.6
4.2
3.28
5.2
4.38
7.9

2.65
2.4
4.4
5.1

Porosity fraction, %

d<1
J_l/7?

0.09
0.31
0.04

0.02
0.10
0.48

0.08
0.07

0.08

1<d<2
\xm

0.94
0.71
0.40

0.20
2.00
1.51

1.02
0.09

0.62

2<d<4
[im

3.60
1.80
4.98

1.89
1.50
2.39

1.55
1.41

1.94

d<4
\xm

1.38
1.40
1.52

1.17
1.60

-

-
-

2.48

T,°C

270
400
540
630
790
900
930
950
950
970
990
1000
1010
1040
1200

o,
1015

Morn's

3.6
2.0
6.6
4.5
8.2
2.6
4.0
9.1
2.8
8.2
4.6
2.8
4.6
4.6
4.6

BUO t ,
1020

Mcnfs

1.0
0.6
2.0
1.2
2.4
0.8
2.0 *
2.0
0.5
2.0
1.4
0.8
1.6
1.4
1.5
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Figure 6 Experimental results of VVER-1000 fuel behaviour in power ramps (MIR reactor) study
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Stress dependence of low temperature
irradiation creep of UO2

4.1 Use of Integral Fuel Burnable Absorbers

In 1990-1992 VNIINM together with PC UMP in Ust-
Kamenogorsk have mastered and commercially
executed the technology of fabrication of uranium-
gadolinium (UO2 + Gd2O3) fuel pellets.

A batch of pellets has been manufactured con-
taining 8% mass Gd2O3. At NZKK plant in Novosi-
birsk, 12 pilot fuel assemblies were fabricated,
each containing 18 fuel rods fuelled with uranium-
gadolinium oxide pellets. From 1993 such fuel as-
semblies are under test at unit 3 of the Balakovo
NPP. Presently the work has started to fabricate
the next larger batch of fuel assemblies with ura-
nium-gadolinium fuel rods.

Through the use of integral fuel burnable ab-
sorbers the VVER-1000 core will be arranged at the
lower radial neutron leakage pattern (LLLP) and it
will be easier to provide negative values of the tem-
perature coefficient of reactor reactivity [1]. Now
the work is under way to use integral fuel burnable
absorbers in VVER-440 to attain the fuel LLLP.
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4.2 Reduction of Hf Content of Zr Alloys Used
as Fuel Claddings

Beginning from 1993, commercial production of
components from Zr-alloys containing less than
100 ppm of Hf has started in Russia. Until that time
the Hf content was limited to 500 ppm.
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Figure 8 Change in volume of uranium dioxide
under irradiation:
1:T=270°C, P0=95.6%;
2:T=400°C, P0=95.8%, 0 = 2 1013;
3:T=450°C, P0=94.07%.
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Figure 9 Change in volume of uranium dioxide
under irradiation:
4:T=630°C, P0=95.8%;
5:T=790°C, P0=93.16%.

The need for reducing Hf content arose in con-
nection with the replacement of steel spacer grids
and guide thimble tubes by Zr ones. With large
amounts of steel available in the core the above
mentioned Hf content of Zr did not in principle af-
fect the core characteristics.

4.3 Use of Zr-Nb-Sn-Fe Alloy as Structural
Material

Special attention is paid to the choice of an ade-
quate fuel cladding material for operation at a
higher fuel burnup (55 - 60 MWd/kgU). The fact is,
that despite high operational characteristics, alloy
Zr-1%Nb has some disadvantages, namely:
• sharp increase of irradiation growth after a flu-

ence of 2-1022 N/cm2 (E > 0.1 MeV) is reached;

AP, % #=(2 • 8,2) .1018 , T=270 + 900 °C
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• high thermal and irradiation creep;
• rather high sensitivity of corrosion resistance to

oxygen content in water above 10 mg/l.
Late in the 60-s another Nb-containing alloy
Zr-Sn-Nb-Fe has been developed in Russia. To-
date it is thoroughly studied in terms of both tech-
nology and performance. The optimal composition
of the alloy and its metallurgical condition have
been identified. While having all the advantages of
Zr-1%Nb alloy, it is superior to the latter in its irra-
diation resistance (see Figs. 12 and 13).

There are also some other operational advan-
tages of this alloy:

• The alloy has a high corrosion resistance not
only in pressurized water but also in boiling re-
actors.
A large amount of pilot FAs (~ 40 items) with
fuels clad in this alloy were successfully tested
for 3 years at the Leningrad NPP. At the full ab-
sence of nodular corrosion the oxide film thick-
ness did not exceed 10 -15 \im.

• The corrosion resistance of the alloy is essen-
tially not sensitive to a higher oxygen content of
a coolant under VVER service conditions.

When comparison tested in the same loop and
during the same period of time with the oxygen
content of water increased to 20 mg/l Zr-1%Nb
claddings showed individual nodules up to
~ 40 (i/77 in size while no nodular corrosion was
observed in Zr-Sn-Nb-Fe claddings.

• Zr-Sn-Nb-Fe alloy shows a high corrosion resis-
tance under water the chemistry conditions of
PWR reactors (Fig. 14).

One more important circumstance is to be also
noted. Use of FA structural materials having high
irradiation resistance such as the Russian
Zr-Sn-Nb-Fe alloy (very low irradiation growth, high
resistance to thermal and irradiation creep) allows
to avoid to a significant extent the problem relevant
to geometrical instability of FAs, particularly at
high burnup and high neutron fluence. Today
Zr-Sn-Nb-Fe tubes are produced at the plant in
Glasov, Russia.

4.4 Increase of UO2 Inventory per Fuel Rod
Length: Optimization of Geometrical
Parameters and Allowances of Fuel
Pellets and Cladding Tubes

It is known that UO2 inventory per fuel rod length in
VVER-440 does not essentially differ from that in
PWR. In VVER-1000 it is somewhat less which al-
though slightly but still affects the economic pa-
rameters of fuel cycle.

To eliminate this, complex design, experimental
and technological investigations, industry included,
were carried out and have been completed by now;
as a result the following recommendations were
issued:

• The central hole diameter that was specified on
the basis of adequately low bounds on FGP

0 1 2 3 4 5 6
Figure 8 Irradiation growth strain of 2H annealed

at 580C fuel rod tubes of Zr1%Nb
(circles) and ZrNbSnFe (triangles) as a
function of fluence in axial (white
symbols) and transverse (black
symbols) directions at Tirr=330-350°C

1 2 3 4 5
FLUENCE, x1022cm2

Figure 13 Creep strain of Zr-alloys as function of
neutron fluence irradiation at
300 -350 C and stress of 130 MPa:
1 - Zr1%Nb;2- Zr-1%Nb-O*3- Zir-
caloy-4F; 4 - Zr-1%Nb-1.2%Sn-0.3%Fe
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Figure 14 Corrosion tests in water with Li. Test
conditions: H2O, Li content 70 mg/l,
T=360°C,P= 18.6 MPa.
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release from fuel can be decreased. Its opti-
mized value is 1.5 -1.6 mm (see Table 5).

• A fuel pellet having plane ends and a central
hole is a preferable option compared to a
dished one. Under conditions typical of VVER
(reactor MR loop) fuel rods stacked with pellets
having central holes promoted the fuel burnup
~ 100 MWd/kgU wh\\e retaining some margin to
prolong the life-time.

A decrease in the maximum manufactured defect
permissible in Zr tubes from 50 to 35 urn achieved
by our industry in 1993 as well as a further im-
provement of technological processes and control
of final products promote optimization of the nomi-
nal value and allowance for the inner diameter of a
tube at the similar changes in the geometrical pa-
rameters and a fuel pellet.

In the nearest future the above recommenda-
tions will be introduced into the practice of the
commercial production of VVER fuel (early in
1995).

Table 5 Some initial parameters of tested fuel
rods

Parameter

Coolant pressure, MPa

Coolant rate, m/s

Coolant temperature, °C
inlet
outlet

Maximum linear heat generation rate, W/cm

Initial coefficients of power density
non-uniformity

in height
in section

Time of testing at different power levels, h

Power generation, MWd

Fuel burn-up, MWd/kgU
mean
maximum

Coefficients of fuel burn-up non-uniformity
in height
in section

Number of reactor trips
during testing of SS signals
for scheduled maintenance

Value

16.0

5.5

305
320

490

1.37
1.20

40164

317.9

70.0
92.9

1.17
1.14

273
92

It is certain that if the fuel mass per unit length is
increased the feasibility will be considered of de-
creasing the fuel enrichment although an increase
in the specific inventory of UO2 per fuel rod will not
result in an increase of the maximum design linear
heat generation rate or a rise of the fuel tempera-
ture due to a decrease of the non-uniformity coeffi-
cients (decrease of Keng through a decrease of al-
lowances for geometry, density, enrichment, etc.).

4.5 Profiled Fuel Enrichment in Cross Section
of Fuel Bundle

VVER fuel is produced with six 235U enrichment
values, namely, in %: 1.6; 2.0; 3.0; 3.3; 3.6; 4.4.
The Profiled enrichment of fuel in FAs promotes
lower non-uniformity coefficients in the distribution
of power density within a core and optimization of
fuel inventory. Presently VVER-1000 fuel assem-
blies have two levels of enrichment. In accordance
with customers needs, the number of enrichment
levers can be increased also through increasing
the nomenclature of enrichment.

5 Investigations to Validate Extended
Burn-Up in VVER Fuels

The work in this area is under way in the following
main directions:

• Research reactor experimental studies of fuel-
simulator behaviour to reach a burnup signifi-
cantly (a factor of 1.5 - 2.0) higher than the de-
sign fuel burnup in commercial reactors.

• Extension of life-time of a specific number of
commercial FAs by one and in some cases by
two fuel cycles promoting the burnup slightly
higher than the design one with the simultane-
ous resolution of other important tasks: corro-
sion, fretting corrosion, geometrical stability of
FAs, etc.

• Improvement of existent and development of
new thoroughly verified design methods and
codes with the provision of a full set of the
needed properties enabling a reliable prediction
of the fuel life-time and performance and foun-
dation of licensing criteria.

Table 6 Major results of calculations

Parameter

Max. stress at steady-state 3 years
conditions, MPa 4 years

Change of clad diameter in 3 years
steady-state condition, \im 4 years

Max. stress at power ramp, 3 years
MPa 4 years

Standard fuel rod
design: dia 2.3 mm1

50
74

-13
4

80
102

Hole diameter
1.2 mm

95
115

20.6
70.1

138
145

Hole diameter
0.8 mm

101
125

32.2
94

147
1572

1 Limit condition is achieved.
2 For 2-year cycle fuel hole dia was 1.5 mm. It was increased to 2.3 mm in order to increase free volume for fission gases. At pres-

ent on the basis of FGR results, hole dia is in stage of optimization (some reduction to 1.5 -1.6 mm).
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It should be noted that thoroughly verified
codes with a full set of fuel and structural mate-
rial properties are very essential since they en-
able one to quickly execute and introduce new
developments into the practice of the operation
of commercial reactors at NPPs.

• Refinement of the existent licensing criteria or
development of new ones for fuel of extended
burnup, longer time between reloads and life-
time of operation (to 5 - 6 years).

• Extended research reactor MIR loop channel
irradiation (conditions typical of VVER) of refab-
ricated or individual full-scale fuel rods specially
sifted after dismantling commercial FA and pre-
liminary non-destructive examinations of fuel
rods in a hot laboratory.

At this stage our efforts are primarily directed to
research activities to study the re-irradiation of full-
scale fuel rods. In this case one can obtain ade-
quately unbiased experimental data on the life-time
characteristics including the maximum design
abilities. Besides, by performing in the process of
re-irradiation some experiments (power ramps) or
non-destructive assays in a cooling pond or hot
cells (non-destructive measurements of mixed gas
pressure inside a fuel rod, eddy - current control,
etc.) data can be obtained that are very important
for code verification and refinement of licensing
criteria.

Very soon at SRIAR the work will be completed
aimed at mastering the procedure and fabrication
of equipment designed for this kind of investiga-
tions. Experiments with re-irradiation of commercial
full-scale fuel rods are planned for 1995. The or-
ganization and performance of this type of activities
enable a speedy generation of data on the behav-
iour of commercial fuel rods at burnups signifi-
cantly higher than those in commercial reactors.

To-date in Russia a large scope of experimental
work has been carried out to study the research
reactor behaviour of prototype fuel rods to burnup
a factor of 1.5 - 2.0 higher than the design one in
commercial reactors. Post-irradiation examinations
of a rather large number of such fuel rods show
that fuel rod relevant design and technological so-
lutions developed for commercial reactors are op-
timal for promotion of fuel burnup ~ 60 MWd/kgU
and higher (mean discharged one). Tables 6 and 7
list the initial parameters and service conditions for
some pilot fuel rods that were successfully MR re-
actor tested up to extended burnup. The detailed
results of their post-irradiation examinations are
discussed in [1]. However, it should be noted that
several features relevant to the specific conditions
of fuel rod operation within full-scale fuel assem-
blies in commercial reactor cores (high neutron
fluence, substantial temperature gradients in radial
and azimuthal directions, etc) will require a new
structural material that compared to Zr-1%Nb
should have a higher irradiation resistance, a
higher corrosion resistance under conditions under
conditions of cladding wall temperature rise and

low boiling as well as low corrosion sensitivity to
variations in the water chemistry, including free
oxygen generated in the coolant above permissible
amounts. This structural material is available in
Russia, it is Zr-Sn-Nb-Fe.

6 Conclusions
The main conclusions are listed below:
1. The work recently performed in Russia to im-

prove fuel and fuel cycles promoted the reliable
operation of VVER-1000 in a three year mode
and VVER-440 in a four year mode at the mean
discharge fuel burnup - 4 2 - 4 3 MWd/kgU \n FA
sets. In 1991 - 93 in Russia and Ukraine, the fre-
quency of VVER fuel rod leakage did not ex-
ceed on the average 2-10"5.

2. Comparison between the individual characteris-
tics of Russian VVER fuel performance and
those of the standard PWR fuel shows that in a
whole series of characteristics important for
further increasing the life-time, such as: water-
side corrosion and hydrogen uptake by fuel
claddings, corrosion induced cracking, fuel be-
haviour in power ramps - the Russian fuel is
much superior to the standard PWR fuel which
evidences the higher potential abilities of the
Russian fuel for further extension of burnup in
VVER reactors.

3. The programme of work now under way in
Russia to create new improved fuel is aimed, on
the one hand, at higher fuel utilization and, on
the other, at further improvement of technico-
economic parameters of fuel cycles through
extension of life-time of structural materials and
fuel rods to promote the mean fuel burnup up to
55 - 60 MWd/kgUand higher.

4. A large scope of experimental work has been
carried out in Russia to study the behaviour of
prototype fuels in research reactors up to bur-
nup significantly a factor of 1.5 - 2.0 higher than
the design burnup of commercial reactor fuel.
The investigations show that the design and
technological solutions on fuels developed for
commercial reactors are optimal. However,
some specific features that are relevant to the
operation of fuel rods within a full-scale fuel as-
sembly in commercial reactor cores will need a
new structural materials that compared to
Zr-1%Nb alloy should have higher irradiation
and corrosion resistances for operation at
higher temperature of a cladding wall and low
boiling of coolant as well as a weak corrosion
sensitivity to water chemistry variations, includ-
ing free oxygen in the coolant. This alloy is al-
ready being produced commercially in Russia:
Zr-1.2%Sn-1%Nb-(0.3 - 0.4)%Fe.
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