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Abstract 

In-service dimensional stability of the VVER-1000 reactor fuel assemblies (FA) depends to a great extent on their flexural rigidity. A 

decrease in the flexural rigidity in the process of the FA operation in the reactor may lead to such FA bowing as will make it difficult for 
the absorber rods of the reactor control and protection system to move in the FA guide channels. This is not admissible from the point of 
view of the reactor operation safety. 

This paper describes a method and a facility for the hot cell testing of the irradiated VVER-1000 FA flexural rigidity. The method is 
based on measurements of the FA bowing induced by cross-sectional loading. The load applied to the spacer grids is perpendicular to the 
grid face, and the FA bowing is measured optically using a TV camera. The facility can also be used to test the flexural rigidity of the FA 

skeleton after all of the fuel rods are removed. Several tens of VVER-1000 FAs with a burnup of ∼4 to ∼65 МW day/kg U were tested by 
Dimitrovgrad Research Institute of Atomic Reactors. The generalization and an analysis of the test results have made it possible to identify 
the major factors that contribute to the in-service change in the flexural rigidity of the VVER-1000 FAs and to determine the experimental 
dependence of its change on burnup. 

It has been shown that an increase in the burnup causes the flexural rigidity of TVSA and TVS-2 FAs with a rigid skeleton to decrease 
to the minimum value of ∼5 kg f/mm, the burnup being 45–50 МW day/kg U, and then to start growing again. It has been found out that it 
is the fuel bundle, specifically the change in the force of the fuel rod compression in the spacer grid, which is responsible for the change in 
the FA flexural rigidity. The maximum TVSA and TVS-2 FA bowing is in the range of 8–11 mm whereas the burnup is 48–63 МW day/kg U. 
The newly adopted TVSA and TVS-2 FA designs have contributed to the safe operation of the VVER-1000 control and protection system’s 
absorber rods. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Safe operation of nuclear power units with VVER-1000
eactors depends to a great extent on the geometrical stability
f the fuel assembly (FA) structure (bowing degree and shape,
wist angle, length, lateral dimension, warping of spacer grids)
hroughout the operation period. The robustness of the reactor
ontrol and protection system’s (CPS) absorber rods and the
afety of the FA handling in the course of refueling depend
n changes in the FA geometrical parameters. 
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To improve the neutronic performance of the VVER-1000
eactor cores, the commercial FA with a steel skeleton was
eplaced for an improved FA (IFA), in which the steel guide
hannels (GC) and spacer grids (SG) were substituted for zir-
onium ones. The spacer grids are attached to the FA central
ube, and the GCs are attached in the FA tail support grid
t the bottom and in the FA head at the top and run freely
hrough the SG [1,2] . 

The results of studies on six IFAs at NIIAR have shown
hat it is as soon as after one fuel cycle (a burnup of 10–
6 MW day/kg U) that the IFA bowing reaches ∼15 mm and
hat it has a zigzag shape. The potential causes for the IFA
owing are axial loads from the reactor’s safety tube block
nd lateral loads from the adjoining FAs, as well as the
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Fig. 1. Layout of the FA flexural rigidity measurement facility: 1 – FA head 
attachment; 2 – TV camera; 3 – measuring bar; 4 – force loading ring; 5 –
FA; 6 – FA tail attachment; 7 – cable hoist; 8 – dynamometer; 9 – cables; 
10 – TV camera rack; 11 – crane sling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. FA axis shape during tests. 
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in-service decrease in the IFA flexural rigidity [3,4] . The bow-
ing reaches 18 mm at a burnup of ∼40 MW day/kg U. These
two factors, the degree of bowing and its shape, have been
found to be primarily responsible for the increase in the time
of the CPS absorber rods drop in the FA GCs and even for
the potential absorber rods sticking in the event of the reactor
scram, which is not admissible in terms of the reactor safe
operation [5,6] . 

A procedure and an hotcell facility have been developed at
NIIAR to study the flexural rigidity of irradiated FAs based
on determination of the FA flexural rigidity from the degree
of bowing in conditions of lateral FA loads [6–8] . 

The facility ( Fig. 1 ) consists of three major components:
a force loading system, the FA attachments and an FA bow-
ing measurement system with a TV camera moving along
he FAs. The FA attachment inside the facility reproduces
he attachment conditions in the reactor. The FA bowing is
imulated through a load being perpendicularly applied to the
aces at the level of the eighth or the twelfth spacer grid (re-
pectively SG8 and SG12). The load is transferred through
he force loading ring fit tightly onto the SG. A cable is
onnected to the ring which is led, with the use of rollers,
hrough a shielded hotcell horizontal port into the operator
oom where it is connected to the force loading hoist via a
ynamometer. 

The load is applied to the SG in steps of 10 to 15 kg f
ith the load removal after each step, whereas a TV camera

s used to measure the displacement of each SG in the FA.
he results are processed and smoothed and the FA axis shape

s restored during the loading and after the load is removed. 
As an example, Fig. 2 presents the shape of the FA axis

ith SG8 being loaded in two opposite directions: in the di-
ection from the FA’s face 3 towards face 6 and vice versa.
he figure also shows the shape of the initial bowing after

he FA operation and of the residual bowing after the load
emoval. The residual bowing is caused by the interaction of
he fuel cladding and the GCs with the spacer grids during
oaded FA bowing. It is enough to suspend the assembly onto
 crane and pull it slightly up for the bowing to disappear. 

The FA flexural rigidity is characterized by the coefficient
 FA 

which is determined with an error of not more than 4%
rom the dependence of the bowing degree B on the applied
oad F ( Fig. 3 ) [7] : 

 FA 

= d F /d B. (1)

Normally, the coefficient k FA 

is determined for the FA mid-
le at the level of SG8 for the FA designs with fifteen grids.
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Fig. 3. FA bowing at the level of SG8 as a function of the force applied. 

Fig. 4. VVER-1000 FA flexural rigidity change as a function of burnup. 
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Fig. 5. VVER-1000 fuel cladding diameter change as a function of fuel 
burnup. 
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The results of the IFA studies ( Fig. 4 ) have shown that the
exural rigidity decreases by more than a double, from 8.3

o 3 to 4 kg f/mm, at a burnup of about 38–48 MW day/kg U,
hich leads to a heavily bowed FA [9, 10] . 
Two designs, TVSA and TVS-2, both with a rigid skele-

on, have been developed for increasing the flexural rigidity.
n the TVSA, the skeleton rigidity is achieved via six an-
les from the E635 alloy, which are connected to the SG
y resistance spot welding. The angles are attached to the
VSA tail at the bottom. The central tube and the GCs run

reely through the SGs and are not attached to them [11] . In
arly designs, the angle covered three fuel rods (together with
he corner one) on the TVSA face [12] . As compared with
FAs, the flexural rigidity was increased twofold at burnups of
7–55 MW day/kg U (see Fig. 4 ). Further, the angle width in
he TVSAs was reduced, which naturally led to a decrease in
he assembly structure’s flexural rigidity. 

In the TVS-2, the assembly skeleton rigidity increase is
chieved in another way: the guide channels are attached to all
5 SGs by resistance spot welding, the SG height is increased
rom 20 to 30 mm, and the SG subchannel width is increased
o 0.3 mm [13] . And the TVS-2 flexural rigidity does not
iffer greatly from the flexural rigidity of the narrow-angle
VSA (see Fig. 4 ). 

The procedure and the facility developed were used to
tudy the fuel rod contribution to the VVER-1000 FA flex-
ral rigidity. After the FA study (examination, measurement
f geometrical parameters and determination of flexural rigid-
ty), the FA head was dismantled and all fuel rods were with-
rawn from the skeleton. The force of the fuel rod withdrawal
hrough all FA spacer grids was measured in parallel. Then
he FA head was reinstalled onto the skeleton and the skele-
on’s flexural rigidity without fuel rods was measured. 

The studies have shown that, after one fuel cycle of the
VSA and TVS-2 operation, starting with the fuel burnups of
5–18 MW day/kg U and up to a burnup of ∼54 MW day/kg U,
he skeleton rigidity in these FA designs does not change and
s in a range of 4–4.5 kg f/mm (see Fig. 4 ). At the same time,
he TVSA and TVS-2 flexural rigidity decreases with bur-
up from approximately 10 kg f/mm for non-irradiated FAs
o the minimum values of about 5 kg f/mm at burnups of
5–50 MW day/kg U, and then starts to grow (see Fig. 4 ). 

Such flexural rigidity behavior is explained by the fuel rod
ffects. Under the action of an excessive coolant pressure, in
he process of operation, the fuel rod diameter decreases to the
evel of the cladding’s tight contact with the fuel pellets. For
he VVER-1000 fuel rods, this contact takes place at the max-
mum fuel rod burnup value in a range of 50–60 MW day/kg U
 Fig. 5 ) [14–17] . Meanwhile, the fuel cladding diameter de-
reases by approximately 0.08 mm. The cladding’s initial dis-
ortion takes place then under the action of the fuel swelling,
nd the diameter starts to increase. 

A decrease in the fuel cladding diameter leads to a de-
rease in the fuel rod compression force in the spacer grid
ells, and, as a consequence, to a decrease in the FA struc-
ure flexural rigidity. The decrease in the fuel rod compression
orce inside the spacer grid cells is indirectly confirmed by
 change in the force of the fuel rod withdrawal from the
A skeleton from burnup. Fig. 6 presents the averaging re-
ults for all of the 312 fuel rods in the FA and the intervals
f changes in the force of the fuel rod withdrawal from the
VSA and TVS-2 skeletons as a function of burnup. The
inimum of the withdrawal force falls on the average FA
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Fig. 6. Force of the fuel rod withdrawal from the VVER-1000 FA skeleton. 

Fig. 7. Fuel bundle contribution to the FA flexural rigidity as a function of 
burnup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. FA bowing change as a function of burnup. 
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burnup of ∼44 MW day/kg U [10] . With the “physical” dif-
ference in the FA average burnup values and the maximum
fuel rod burnup value taken into account, the minimums in
Figs. 5 and 6 fall approximately on the identical burnup in-
terval in terms of the average burnup in the FA. 

Numerically, the fuel rod contribution to the FA flexural
rigidity, as a function of burnup, can be obtained from data
in Fig. 4 , using a simple formula 

k fr / k FA 

= ( k FA 

− k ske ) / k FA 

, (2)

where k fr is the flexural rigidity introduced by the fuel bundle;
and k ske is the flexural rigidity of the FA skeleton. 

Since the skeleton flexural rigidity was studied not for all
of the FAs shown in Fig. 4 , it was assumed that the flexural
rigidity of the TVSA and TVS-2 skeleton did not practically
change in a burnup range of 0–70 MW day/kg U. In accor-
dance with this, the FAs whose skeleton flexural rigidity was
not measured had its degree assumed to be equal to the aver-
age value of k av 

ske = 4.23 kg f/mm obtained from experimen-
tal data for five FAs (see Fig. 4 ) with a burnup of ∼15 to
∼54 MW day/kg U. 

For nonirradiated TVSAs and TVS-2s, the flexural rigidity
of the fuel bundle ( Fig. 7 ) accounts for 60% of the assembly’s
flexural rigidity. After the initial year of operation, the fuel rod
contribution to the FA flexural rigidity decreases by 20 % and
reaches its lowest of 20% in the course of further operation
up to a burnup of ∼48 MW day/kg U. This is followed by
a growth in the fuel rod contribution to the flexural rigidity
caused by an increase in the fuel rod diameter due to the fuel
ellet swelling. With a burnup of ∼65 MW day/kg U, the fuel
in contribution to the FA flexural rigidity increases to about
4%. 

The maximum recorded degree of the TVSA bowing does
ot exceed 8 mm up to the burnups of 63 MW day/kg U, and
he TVS-2 has its bowing not exceeding 11 mm at a burnup
f 48 MW day/kg U ( Fig. 8 ). And the bowing shape changes
rom zigzag to arched. 

The increase in the flexural rigidity of the TVSA and TVS-
 structures has made it possible to solve in principle the
afety problem involved in the operation of the reactor con-
rol and protection system’s absorber rods which is confirmed
rimarily by a positive experience of their operation [18–20] .

onclusion 

The development of new VVER-1000 FA designs with a
igid skeleton (TVSA and TVS-2) has made it possible to
ncrease greatly the FA flexural rigidity and to reduce their
owing to the maximum values of 8–11 mm, which ensures
afe operation of the CPS absorber rods. It has been shown
hat an in-service change in the FA flexural rigidity is defined
redominantly fuel rods and by the change in the force of
heir compression inside the spacer grid cells. Introduction of
ew solutions such as a decrease in the number of the spacer
rids from 15 to 12 and then to 8; a redesign of the fuel
od (a decrease in the cladding thickness, a decrease in the
iametrical gap between the cladding and the fuel pellets, and
n increase in the fuel rod length) are expected to lead to a
hange in the VVER-1000 FA flexural rigidity and require an
xperimental justification. 
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