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Abstract

Full or partial core drying-out takes place in loss-
of-coolant accidents, which leads to worsening of 
heat removal from the fuel rods. Depending on the 
accident scenario the fuel rod cladding tempera-
ture can be in a wide range from 350 to 1200°C. It 
is worth mentioning, that the length of the process 
can considerably affect the fuel rod cladding load-
carrying capacity and the FA structure as a whole, 
and in the long run it defi nes the radiation conse-
quences of the accident and the possibility of post-
accident core disassembly at low cost.

Most experiments staged of late were devot-
ed to a study of FA behaviour in the temperature 
range 800-900°C of α→β phase transition that is 
characterized by a sharp increase in the rate of 
zirconium alloy creep which leads to fuel rod clad-
ding ballooning and loss of their tightness within a 
short period of time. The 600-700°C temperature 
range turned out to be less investigated whereas 
this is the range where the change of zirconium 
alloy mechanical properties is also observed but 
only with the retention of α-phase. The tests of 
a full-scale FA dummy with the skeleton of guide 
tubes and spacer grids connected by friction forc-
es, carried out at the testing facility of JSC OKB 
“GIDROPRESS”, were devoted to a study of FA 
behaviour in this temperature range. The model 
was heated up with hot air to 650°C for 6 hours. 
The tests ended with fuel rod cladding ballooning 
due to gauge pressure and shape deformation. No 
loss of fuel rod cladding integrity was observed. 
Therefore, a conclusion can be made that a long-
time core holdup at the parameters implemented 
at the test facility is permitted and the deforma-
tions of the FA structure do not lead to the dam-
age that could considerably complicate the core 
disassembly.

The test results were used for the verifi cation of 
the calculational model of FA TVS-2006 structure 
with a welded skeleton by ANSYS code. On the 
basis of the verifi ed calculational model a calcula-
tional model was generated for the consideration 
of TVS-2006 fuel assembly thermal-mechanical 

stability and its component shape deformation in 
loss-of-coolant accidents. The calculation results 
have shown that in the course of a design-basis 
loss-of-coolant accident TVS-2006 has a two-fold 
margin for stability loss at the longitudinal com-
pression considering the increase in the force of 
FA compression due to thermal expansion of fuel 
rod bundle. The increase in the width across the 
fl ats is insignifi cant and it does not impede the 
post-accident core unloading. KEYWORDS: TVS-
2006, thermal-mechanical, shape deformation, 
modeling, loss of coolant.

1.  Introduction

Safety analysis reports consider loss-of-coolant 
accidents that are characterized with considerable 
temperature, force and hydrodynamic loads on 
FAs. The highest temperature of FA components, 
namely, fuel rod claddings, can be achieved in the 
course of primary loss-of-coolant accidents. The 
high temperature can lead to a considerable creep 
of structural materials, which in its turn can lead 
to a considerable FA and/or its separate compo-
nent shape deformation and it shall be taken into 
consideration in the course of post-accident core 
disassembly planning.

There are no data available on previously per-
formed experiments to study the FA shape defor-
mation under the conditions that model a loss-of-
coolant accident at full-scale FA dummies. The test 
results have two application objectives. First, the 
results are needed to get an insight into the pro-
cesses of high-temperature local and total shape 
deformation at numeric modeling of a FA behav-
iour in LOCAs. Second, the results are used for 
the verifi cation of the calculational models of differ-
ent codes used for design analyses.

2. Experimental Studies

The purpose of the tests was to obtain the ex-
perimental data on high-temperature deformation 
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of VVER reactor FAs and fuel rods at modeling a 
large-break loss-of-coolant accident that are re-
quired for the calculational model verifi cation. The 
task of the test was to measure the FA deforma-
tion and the longitudinal force at FAs depending on 
the time and temperature in the course of the test. 
High-temperature tests were performed on a full-
scale FA dummy. The FA and fuel rod (gas plenum 
included) are of standard design and they were 
fabricated at the nuclear fuel Supplier plant. The 
fuel rods that contained fuel pellets from uranium 
dioxide were not irradiated. The pressure in all the 
fuel rods of the advanced FA dummy was 2 MPa 
at 20°C. Pressure was not monitored in the course 
of the experiment. During the test the fuel rods 
remained intact. The full-scale FA dummy testing 

is related to the necessity of transferring consid-
erable heat power to the dummy to provide the 
high velocities of heatup (of the order of 10°C/s) 
and temperatures (up to 850°C). Since there is no 
solution to this problem, the experiment was per-
formed at lower heatup rates (40-50°C/h) and FA 
holdup temperature (up to 681°C). In our opinion 
for the sake of the calculational model verifi cation 
the deformation of structural materials with account 
for the creep, the decrease of the heatup rate in the 
experiment is permitted. The stated task of obtain-
ing considerable FA deformations that are required 
to adjust the calculational model was solved by in-
creasing the length of the holdup at maximum tem-
perature up to 6 h, whereas according to the cal-
culation scenario the accident lasts a few minutes.

Figure 1. Dependence of the FA temperatures versus time in 
the course of the tests
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Figure 2. Axial distribution of FA temperatures averaged across 
the sections
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During the tests the FA 
dummy was installed into 
the test facility column and 
fastened at the ends with 
the appliances that had 
the standard geometry of 
the protective tube unit 
and support tube. The FA 
dummy was compressed 
with the longitudinal force 
of design value that was 
controlled in the course of 
the heatup. The transverse 
force was not created. 
The dummy was heated 
up with air that circulated 
in the closed circuit. In 
out opinion, the air is ap-
plicable as coolant when 
the purpose is to obtain 
the FA thermomechanical 
deformations. The experi-
ment did not consider the 
issues related to structural 
material corrosion. The 
heatup system comprised 
a column, electric heaters, 
pipelines with gate valves 
and a heat-resistant fan. 
The heated air was sup-
plied to the column at the 
middle of the FA, which re-
sulted in the FA axial tem-
perature profi le with the 
maximum in the middle, 
though it does not corre-
spond to the temperature 
distribution in the acci-
dent scenario. However, 
the difference does not 
considerably affect the 
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maximum values of the dummy deformations. 
The dependencies of FA temperature in time and 
FA axial temperature distribution are presented 
in Figures 1 and 2, respectively. FA temperature 
was measured by a few scores of thermocouples 
located on the FA surface and across its section. 
The longitudinal compression and the compres-
sion force were measured with the movement and 
force pickups. The temperature and longitudinal 
quasi-static force effects on the FA showed that at 
temperatures above 600°C after a 6-hour holdup 
the following irreversible deformations took place 
because of zirconium alloy accelerated creep:

 ● progressive bow with the maximum defl ection 
up to 20 mm;

 ● fuel rod cladding ballooning from 9,1 mm to the 
maximum diameter of 10,7 mm;

 ● increase in the spacer grid width across the 

fl ats (maximum increment by 9 mm);
 ● spacer grid cell deformation;
 ● fuel rod and guide tube elongation (maximum 

increment by 22 mm);
 ● force relaxation in the top nozzle spring unit.

The analysis of the process of the post-accident 
core disassembly shows that along with the trans-
verse bow that is traditionally considered the most 
hazardous from the point of view of the contact 
with adjacent FAs and sticking, it is necessary to 
consider the effect of fuel rod ballooning and sub-
sequent increase in the width across the fl ats of 
the spacer grid since it can lead to the fi ll-up of the 
spacer grid-to-grid gaps and sticking.

From the point of view of the possibility of the 
post-accident core disassembly the danger of 
fuel rod cladding ballooning with simultaneous in-
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Figure 3. Fuel rod cladding temperature versus time at 
calculational modeling of the experiment
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 Figure 4. Pressure inside fuel rod cladding versus time 
assumed in the calculation

crease in the spacer grid width 
across the fl ats is especially 
large with account for the fact 
that the heat expansion coeffi -
cient of zirconium alloys is three 
times as low as the heat expan-
sion coeffi cient of steel. There-
fore, during the post-accident 
cooling of the internals and the 
FAs the decrease in the linear 
dimensions of the spacer grids 
will be insignifi cant as opposed 
to a far greater decrease in the 
transverse dimension of the in-
ternals.

3. Calculational 
Analyses

3.1. Cladding Ballooning 
Calculations

Maximum fuel rod cladding bal-
looning shall take place at a suf-
fi cient distance from the spacer 
grid. Consequently, the 15-mm 
long fuel rod cladding fragment 
located in the middle of the 
spacer grid-to-spacer grid span 
was chosen for the calculational 
model. In this place the effect of 
the spacer grid on reduction of 
the degree of fuel rod cladding 
ballooning is small and so con-
servatively it was not taken into 
consideration in the calculation.
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The calculation was made with ANSYS Code. 
At the fi rst stage of verifi cation the fuel rod clad-
ding ballooning was modeled for the conditions 
close to experimental. Linear temperature change 
is assumed in the calculation at the stages of FA 
heatup and cooling down. The following testing 
stages were considered:

 ● heatup from 400  to 650С
 ● holdup at temperature 650С;
 ● cooling from 650 to 400C.

The temperature change plot assumed in the cal-
culation is given in Figure 3.

The mechanical loading was realized by pres-
sure applied to the internal surface of the fuel rod 
cladding and the forces at the edges. The pres-
sure change plot assumed in the calculation is 
given in Figure 4.

As a result of the calculation the radial move-
ments of the fuel rod cladding were determined. 
The fuel rod external diameter increased from 9,1 
to 9,9 mm (in the experiment from 9,1 to 10,7 mm 
for the most heated FA area where the tempera-
ture was higher than calculated) and at this the cir-
cumferential deformation of the fuel rod cladding 
was 17 %.

The calculational model of the fuel rod clad-
ding was verifi ed by the calculation results and 
the dependence of high-temperature creep of 
E110 alloy was chosen out of the number of the 
dependences recommended for analytical calcula-
tion that describe the fuel rod cladding suffi ciently 
well under the considered conditions that was later 
used at modeling the loss-of-coolant accident.
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Figure 6. Fuel rod temperature change during the accident 
assumed in the calculation

3.2. Calculations of Fuel 
Rod and Spacer Grid 
Deformation in a Large-
Break Loss-of-Coolant 
Accident

From the point of view of the 
change in the spacer grid width 
across the fl ats the consider-
ation of the joint shape defor-
mation of the fuel rods and the 
spacer grid is quite important. 
For the calculation of the most 
unfavourable situation with max-
imum temperature increase in 
the core, an accident of the main 
coolant pipeline break at reac-
tor inlet was considered. The 
change in the fuel rod tempera-

ture in the course of the accident was assumed for 
the hottest area of the fuel rod cladding. The plot of 
the fuel rod cladding temperature change in time 
used in the calculations is presented in Figure 6. 
The temperature of the spacer grid cells was con-
servatively assumed to be equal to that of the fuel 
rod claddings. The initial diameter of the fuel rods 
was assumed equal to 9,1 mm.

The fi nite-element model of the spacer grid 
with the fuel rods contains 593910 nodes and 
289140 elements (see Figure 7).

The pressure load was applied to the internal 
surface of the fuel rods and the forces on the edg-
es. The calculations were performed for the gauge 
internal pressure equal to 4, 6, 8 and 10 MPa.

Following the spacer grid shape deformation 
in the course of the design-basis accident the dis-
tributions of the spacer grid displacements and 
deformations were obtained that are presented in 
Table 1. The change of the width across the fl ats of 
the spacer grid was assumed as the criterial value 
that characterizes the post-accident spacer grid 
shape deformation (residual).

The experiment covered in the paper was used 
for the verifi cation of the calculational model of a 
fuel rod cladding deformation under the conditions 
of high-temperature creep of zirconium alloys.

A comparison of the calculational model and 
the experiment was made by the value of the fuel 
rod cladding ballooning. It was mentioned in the pa-
per that according to the calculations the average 
diameter of the fuel rod claddings was assumed 
to increase to 9,9 mm. The test results show an 
increase in the average diameter to 10,3 mm.
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Figure 7. Finite-element model of a spacer grid with guide tube and fuel rods

Instrumen-
tation tube

Guide tube 

Table 1. Calculation results of fuel rod and spacer grid deformation in a design-basis accident

Gauge pressure inside 
the fuel rod, MPa

Fuel rod diameter increase, mm Increase in the spacer grid 
width across the fl ats 

(residual), mm

4 0,01 0,01

6 0,03 0,02

8 0,08 0,04

10 0,17 0,06
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4. Conclusion

The test of high-temperature loading of a FA re-
sulted in considerable irreversible deformations of 
the FA and its components. On the basis of the 
obtained results the calculational model was per-
formed that describes the fuel rod cladding bal-
looning due to high-temperature creep under the 
conditions of a large-break loss-of-coolant acci-
dent.

The verifi ed model was used for the calcula-
tions of joint deformation of the fuel rod claddings 
and spacer grids in the course of the accident for 
different gas pressure values inside the fuel rod 
containment.

The calculational and experimental studies 
have shown that in the course of the large-break 
LOCA no considerable change in the spacer grid 
takes place in the considered scenario that would 
impede the post-accident unloading of TVS-2006 
fuel assemblies out of the core.

Abbreviations

FA –  fuel assembly
TVS-2006 – fuel assembly for AES-2006 Project
VVER – water-cooled and water-moderated 

power reactor
LOCA – loss-of-coolant accident


