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In the programs of fuel rod computation, which are
used to validate its working ability during the nor-
mal operation, fuel and cladding are usually pre-
sented in the form of coaxial cylinders, which can
change their sizes, mechanical and thermal-
physical properties. But some deviations from this
scheme are typical to the real fuel element: axial
asymmetry of the fuel-cladding system (due to the
oval form of the cladding, cracking and other types
of the fuel pellet damage, axial asymmetry of the
volumetric heat release), gaps between the pellets
(and heat release peaking in the fuel near the gag),
chamfers in the pellets.

As a result of these deviations actual fuel rod
parameters of working ability (temperature,
stresses, thermal fluxes relieved from the cladding,
geometry changes) in some locations can greatly
vary from the ones calculated due to continuous
coaxial cylinders (CCC) model. The influence of
these deviations is extremely importane, because
they are a part (or are to be a part) of mechanical
excess coefficient, which is very important while
calculating the fuel rod.

Lets review the influence of these factors using
specific examples.

The calculations were carruid out by the devel-
oped by the author two-dimensional codes
{x-y and r-z), based on the Finite Elements Method
(FEM) for calculation of temperature fields,
stressess, deformations in the elements of fuel
rods.

It was considered that:
• the properties of fuel, cladding and gas media

inside the cladding are typical for VVER fuel
rods;

• coolant temperature at the reviewed location is
600°C;

• cladding-coolant heat removal coefficient is
constant and equal to 1.5-104 W/m2.

For more clear results, the influence of the relative
power density reduction along the fuel radius was
not considered.

The initial stage of operation is reviewed. It is
considered that there is no fuel cracking, creep
deformation is not taken into account.

Lets consider that the sum of the parameter of
roughness of fuel and cladding

B=C(R^+ Ra2)
and temperature jump length is equal to 8 \im.

1 Axial Asymmetry
Let s review the VVER fuel rod:

RCO=4.6 mm, RCI=3.9 mm,
Rpo=3.8 mm, mm

at the initial temperature 300 K. Here and later: R is
radius; c and p indexes mean that it either belong
to "cladding" or to "pellet", respectively; o and / in-
dexes denote outer or inner surface.

Let's assume that the volumetric density of heat
release ^,,=1.109 W/m3 (at 300 K), that means that
linear thermal load <jv=412 W/cm.

1.1 Excentricity of Fuel and Cladding

Excenticity of fuel and cladding is <?=69 \im (after
thermal expansion fuel touches the cladding at the
angle ofcp=0-see Fig. 1).

Table 1 lists the calculated values of tempera-
ture rand shifts d.

Table 1 Fuel-cladding excentricity

Figure 1 Fuel-cladding excentricity

Parameter

r,, K

Tpl,K

VK

7;/,K

Tct>, K

dlw,\xm

dch[im

dco,\x.m

e=0

for all cp

1545

1961

1073

692.4

640.6

53

8.2

9.5

e = 69 nm

cp = 0

1729

768

708

647.6

39

8.4

9.8

(p =7l/2

1514

1923

1065

690

639.7

51

8.0

9.4

<P = 7t

2099

1322

681

635.6

63

7.9

9.3
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Tpo is equal to 1088 K, when cp=O and to 1056 K,

Figure 2
Fuel pellet spall

Table 2

Tempe-
rature

'V,K
rp,,,K

7'c,, K

Spall of fuel pellet
((p,=7t/14; r=0A9nm, 7',= 1554 K).

0

1962

1072

692.4

640.6

5n/7

1971

1073

693.1

640.9

25TT/28

1976

1079

692.2

640.3

27n/28

1977

1042

684.3

637.0

71

1978

- (gas)

676.1

634.8

Table 3 Ovality of cladding w = 62.5 \xm
(/; =1497 K)

Temperature

r,,,,K

7;,,K

'/;•/, K

'/;•». K

</,,„, |iA77

c/(7 , \x m

(p = 0

1962

1261

674

633

54.1

8.75

<p = T C / 2

1853

781

721

652

46.5

7.4

1.2 Spalls of Fuel Pellets

Lets discuss the case cp1=7i/14, when A A = 0 . 1 9 mm
(<y1 = 410.5 W/cm) - see Fig. 2. The calculation re-
sults are listed in Table 2.

1.3 Ovality of the Cladding

Lets specify the ovality in the form

R,K(o,,rK(o,,) + W cos2cp

If W=61.5u/7? (after thermal expansion fuel touches
the cladding at <p=7t/2). The results of calculations
are listed in Table 3.

1.4 Axial Asymmetry of the Volumetric
Density of Heat Release

Lets assume that qv = qvo (I + 0.1coscp).

In this case 7,=1544K; Tpi is equal to 2023 K,
when cp=O and it is equal to 1895 K, when 9=71;

We can make a conclusion [2], that axial
asymmetry of the fuel-claddin system leads to
slight reduction of the fuel average temperature Th

when the average gap is preserved (cases 1.1, 1.3,
1.4). It is all due to the fact that redistribution of
thermal flux takes place through the gap - the ma-
jority of heat is transferred through the part of the
gap having higher thermal conductivity, than in the
case with axial symmetry. It leads to reduction of
maximum temperature rmax in the pellets without
central hole (when ^=412 W/cm. 7'max=2244K,
7,=1609K when e=0; rmax=2225 K, r,=1575K
when e=64 cm), the maximum fuel temperature
increases in the pellets with central hole. The value
of this increase depends on the linear load, fuel-
cladding gap and radius of the central hole in the
fuel [4].

In case the average gap becomes larger (1.2)
the avrerage and maximum temperatures of the
fuel become higher.

In all the cases with axial symmetry heat fluxes
relieved from the cladding are redistributed (the
intensity of the flux can be increased in some local
part by 20%).

1.5 Influence of Axial Symmetry on the
Pellet-Cladding Interaction (PCI) [6]

It is well known that the main mechanisms respon-
sible for violation cladding tightness is PCI, which
mainly occurs at the increase of linear load. The
effect of interaction can be strengthened due to
radial cracks within the pellets, which are the con-
centrators of tensile stresses, deformations and
agressive environment.

Lets review the influence of volumetric heat re-
lease density axial asymmetry and radial crack in
the fuel of the stressed-deformed state of the clad-
ding. It was assumed that pellets and cladding are
tightly keyed to each other and that they are de-
formed together without any sliding in the condi-
tions of flat deformation of the cylinder with free
ends. It was considered that at q{.

• outer pressure (16 MPa) - from the part of the
coolant and the inner one (5 MPa) - from the
part of the gas inside the cladding influence the
fuel-cladding system;

• there is no tension in the fuel;
• there is no fuel-cladding contact pressure;

• fuel has either no cracks or one radial crack, the
shores of which are in contact with each other
(at zero pressure). The depth of the crack is
0.58 mm,

• the fuel burnup is 30 MWd/kg (this was used to
calculate heat release and power density along
the fuel radius, as well as fuel-cladding gap
conductivity).

In p. 1.5 we assumed that there took place abrupt
increase of the linear load up to qn. When reviewing
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the case for volumetric power density axial asym-
metry, it was considered that

q\-qv = const (q>), if qn- qva (1 + O.lcoscp).
Lets review the example when the power is
increased from qx = 200 W/cm {Tmax= 914 K,
T, = 802 K) to 300 W/cm (T, = 929 K).

Table 4 Calculated temperatures and circular
stresses at the inner and outer surfaces
of the cladding:
1. Fuel-cladding axial symmetric system;
2. In the fuel there exists the crack of an

angle coordinate <p = n, axial symmet-
ric volumetric heat release;

3. No crack in the fuel, axial asymmetric
volumetric heat release.

<7,= 200W/cm, qn= ZOOW/cm

Case

7,,K

7;,,,K

Tt-,,, K

S,, MPa
So, MPa

1

for all cp

2

cp=O (p=7t

3

cp=O tp=7t

928.5

1117
609.5

114
106

1117
609.5

182
116

114
106

1147
611.5

138
132

1087
607.5

91
80

0 1876
T

0 I

1031 692 639,6

101
1888 1327

014-J -

1014'

•1892 1034*

*1896 1034*

999*
1845 1276

«653 -

-638—

636,5

635,6

j 640.1

2 m

*- 639,9

625,4

0,75 m
t - 618,5—*

Figure 3 Calculated temperature of the fuel rod
points, where the gap between two
pellets is 1.5 mm. Symmetry axis is O-z;
symmetry surfaces are Or and s-s.

The averaged (in respect to the intermediate
environment) results of calculations are listed in
Table 4.

We would like to note that here we do not dis-
cuss the shock tensile influence of fuel on the
cladding, which is possible at cracking of the non-
damaged at q,fuel.

2 Deviations Within the Height of the
Fuel Rod

It is evident that presence of spalls and chamfers
on the pellets leads to the increase of the average
gap of the fuel-cladding system, and thus to the
increase of the maximum and average fuel tem-
perature (for some 20 K when qf =412 W/cm) and
to skight change of heat fluxes relieved from the
cladding [3, 5].

Lets discuss the influence of the gap between
the pellets on the temperature field in the fuel rod.
It is known that in the gap area there takes place
local increase of the heat release density into the
fuel of this fuel rod and into the neighboring ones.
This is caused by moderation of the neutron spec-
trum due to the increse of the moderator fraction
and decrase of the neutron absorption. The typical
size of the area with increased heat release in the
fuel of the fuel rod with the gap 1.5 mm is some
5 - 1 0 mm (calculated values used are presented
by Dr. G. Bogachev): near the gap heat release
density goes up by 6% at the distance of 8 mm -
by 0.1%.

Fig. 3 presents the calculated temperature of
the fuel rod points, when the gap between two pel-
lets is 1.5 mm and sticking of other pellets after
thermal expansion. It was considered that the pel-
lets have chamfers, typical for VVER fuel rod pel-
lets, Rco-4.6 mm, RCI=3.B8 mm, Rpo=3.78 mm,
Rpi=1."\5 mm, length of the pellets is 10 mm,
g\,=1-109 W/m3; qv and q, decrease due to the fuel
thermal expansion (in r and z direction) was con-
sidered. It is seen that presence of the gap causes
the temperature splash and thermal flow from the
cladding to the splash of heat release in the neigh-
bouring fuel rods as well (when the gap is 1.5 mm) -
by 0.4 - 1% in local parts (1 - 2 cm) of the neigh-
bouring fuel rods. In this case temperature goes up
by 0.4-1%.

We would like to point out that the calculation
results show the slight heat eschange between the
neighbouring pellets.

It is shown that consideration of these devia-
tions, as a rule, leads to the increase of the maxi-
mum fuel temperature (in the VVER pellets, charac-
teristic by large central hole), tempertaure of the
cladding, thermal flux, relieved by the coolant from
the cladding and stresses in the cladding.

To conclude it all, it is important to note, that it is
necessary to consider these factors for both vali-
dation of the fuel element working ability and inter-
pretation of the experimental results.
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