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(57) ABSTRACT

A cladding tube for nuclear fuel made from metal and 1includ-
ing concave dimples on 1ts external surface. A nuclear fuel
assembly includes at least a plurality of nuclear fuel rods
provided with such cladding tubes.

The cladding tube 1s advantageously manufactured by pil-
ogrim rolling, the dimples being formed during the pilgrim
rolling.
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CLADDING TUBE FOR NUCLEAR FUEL
ROD, METHOD AND APPARATUS FOR
MANUFACTURING A CLADDING TUBE

[0001] The present invention relates to a cladding tube for
nuclear fuel rod, made from metal.

BACKGROUND

[0002] In certain types of nuclear reactors, such as light
water reactors (LWR) including boiling water reactors
(BWR) and pressurised water reactors (PWR) 1ncluding
those of Russian design VVER (Vodaa Vodiannee Ener-
gititscherski Reactor, in English Water Water Energy Reac-
tor), the nuclear fuel 1s packed 1n nuclear fuel assemblies,
cach assembly comprising a bundle of nuclear fuel rods, each
rod comprising a cylindrical cladding tube containing nuclear
tuel and closing plugs welded to the ends of the cladding tube.
[0003] In operation, a heat transfer fluid (boiling water 1n
BWR or pressurised water in PWR) circulates along the rods
in order to extract the heat produced by the nuclear fuel. The
heated fluid 1s then used 1in order to convert this heat into
clectrical energy.

SUMMARY OF THE INVENTION

[0004] It 1s desirable for the cladding tubes of nuclear tuel
to exhibit a mechanical strength suificient to resist to the
internal stresses exerted by the nuclear fuel received in the
tubes and the external stresses encountered 1n a nuclear reac-
tor, whilst favouring heat exchanges between the nuclear fuel
and the heat transfer flud.

[0005] Itis an object of the imnvention to provide a cladding
tube for nuclear fuel which favours heat exchanges between
the 1nterior and the exterior of the tube whilst being strong.
[0006] To this end, the invention provides a cladding tube
tor nuclear fuel rod, made from metal, comprising dimples on
its external surface.

[0007] According to other embodiments, the cladding tube
comprises one or several ol the following features, considered
alone or 1n any technically possible combinations:

[0008] the cladding tube has a smooth internal surface;

[0009] the cladding tube has an external diameter between
6 and 20 mm;

[0010] the cladding tube has a wall thickness between 0.4
and 1.5 mm;

[0011] each dimple has a depth between 10% and 60% of
the wall thickness of the cladding tube;

[0012] each dimple has a contour 1n the shape of an ellipse
or a circle;
[0013] the contour of each dimple has a maximum dimen-

sion greater than 0.8 mm;

[0014] the cladding tube 1s made from a zirconium-based
alloy; and

[0015] the dimples are obtained by punching.

[0016] The invention also provides a nuclear fuel assembly

ol the type comprising a bundle of nuclear fuel rods, each tuel
rod comprising a cladding tube filled with a stack of nuclear
tuel pellets, wherein the cladding tube of at least one fuel rod
1s a cladding tube as defined above.

[0017] The invention also provides a method of manufac-
ture by pilgrim rolling of a metal cladding tube from a tubular
blank, of the type in which the blank 1s progressively
deformed by rolling between a mandrel 1nserted inside the

Sep. 15, 2011

blank and two dies disposed about the mandrel and recipro-
cally moved along the mandrel and by advancing the blank
along the mandrel between reciprocating movements of the
dies, wherein dimples are formed on the external surface of
the blank during the rolling of the blank.

[0018] According to other embodiments, the method com-
prises one or several of the following features, considered
alone or 1n any technically possible combinations:

[0019] the dimples are formed with the aid of at least one
punch disposed on one of the dies;

[0020] the diameter of the blank 1s reduced during the pil-
grim rolling;
[0021] the dimples are formed at a front end of the mandrel

with respect to the direction of advancing the blank along the
mandrel during the pilgrim rolling;

[0022] the blank 1s turned about an axis of the mandrel
between reciprocating movements of the dies; and

[0023] the metal tube has a smooth i1nternal surface.
[0024] The invention also provides a pilgrim-rolling appa-
ratus for the manutacture of a metal tube from a tubular blank,
of the type comprising at least two dies and a mandrel
received between the dies mounted so as to carry out recip-
rocating movements along the mandrel for rolling a blank
fitted onto the mandrel between the mandrel and the dies,
wherein at least one of the dies has at least one punch to form
dimples on the external surface of a blank fitted on the man-
drel during reciprocating movements of the dies.

[0025] According to other embodiments, the apparatus
comprises one or several ol the following features, considered
alone or 1n any technically possible combinations:

[0026] each die comprises a peripheral groove, the grooves
of the dies forming a passage for the mandrel between the
dies, each punch being disposed at the base of the groove of
the corresponding die;

[0027] themandrelisof convergent shape along its axis, the
or each punch being disposed 1n a calibration region of the
groove of the corresponding die defining the passage for the
mandrel when the dies are advanced and surround the end of
the mandrel with a smaller diameter; and

[0028] each die comprises at least one punch.

-

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The invention and the advantages thereof will be
better understood by reading the description which follows,
given solely by way of example and with reference to the
appended drawings, 1n which:

[0030] FIGS. 1 and 2 show schematic side views of a pil-
ogrim rolling apparatus according to the invention;

[0031] FIGS. 3 and 4 show sectional views according to and
IV-IV 1n FIGS. 1 and 2 respectively;

[0032] FIGS. 5 and 6 show schematic views, respectively
from the side and in cross-section, of a cladding tube for
nuclear fuel obtained with the apparatus of FIGS. 1 to 4;
[0033] FIGS. 7 and 8 show schematic views, respectively
from the side and 1n cross-section, of a nuclear fuel assembly
comprising a bundle of fuel rods formed from cladding tubes
according to FIGS. 5 and 6; and

[0034] FIG. 9 showsa cladding tube according to the mven-
tion and a cladding tube of conventional design after a test
simulating a loss of coolant accident.

DETAILED DESCRIPTION

[0035] The pilgrim rolling apparatus 2 shown in FIGS. 1
and 2 makes it possible to manufacture a cladding tube for a
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nuclear fuel rod without welding, starting from a tubular
metal blank 4 which 1s mitially cylindrical and has a greater
diameter and a smaller length than the tube which 1t 1s desired
to obtain.

[0036] The apparatus 2 comprises, 1n a conventional man-
ner, a mandrel 6 and two dies 10 disposed on either side of the
mandrel 6 and intended to carry out reciprocating movements
along the mandrel 6 1n order to roll a blank 4 fitted on the
mandrel 6.

[0037] Themandrel 6 1s elongated along a longitudinal axis
L. The mandrel 6 exhibits a rotational symmetry about 1ts axis
L. It has a convergent shape from a rear end of the mandrel 6
of greater diameter towards a front end of the mandrel 6 of
smaller diameter.

[0038] More precisely, the mandrel 6 has a central portion
14 1n the shape of a truncated cone which converges towards
the front, an entry portion 16 which extends the central por-
tion 14 towards the rear, and a calibration portion 18 which
extends the central portion 14 towards the front (FIGS. 1 and
2).

[0039] The entry portion 16 has an external diameter sub-
stantially equal to the 1nitial internal diameter of the blank 4.
The entry portion 16 1s substantially cylindrical.

[0040] The calibration portion 18 has a section substan-
tially corresponding to the internal surface of the tube which
1t 1s desired to manufacture. In a known manner, the calibra-

tion portion 18 1s very slightly conical and converges towards
the front 1n order to facilitate the exit of the blank 4 at the front
end of the mandrel 6.

[0041] FEach die 10 has the shape of a cylinder of axis A
having a circumierential groove 20 extending over 1ts exter-
nal peripheral surface 22. The groove 20 of each die 10 has a
semi-circular cross-section with a diameter which decreases
continuously from an entry region 24 of the groove 20 to a
calibration region 26 of the groove 20.

[0042] The dies 10 are disposed on either side of the man-
drel 6 in such a way that their grooves 20 face one another and
define a passage for the mandrel 6 between the dies 10. The
axes A of the dies 10 are perpendicular to the axis L and
parallel with one another.

[0043] Inaknown manner, the dies 10 are mounted so as to
be contrarotating about their axes A and movable in transla-
tion along the axis L in such a way as to be able to move along
the mandrel 6 whilst turning about their axes A and carrying
out reciprocating movements.

[0044] In a retracted position (FIG. 1) the entry portion 16
1s rece1ved 1n the entry regions 24. The dies 10 define with the
mandrel 6 an annular passage having substantially the dimen-
s1ons of the blank 4 1n the mnitial state (FIG. 3).

[0045] In an advanced position (FIG. 2) the calibration
portion 18 1s received in the calibration regions 26. The dies
10 define with the mandrel 6 an annular passage having
substantially the dimensions of the tube which 1t 1s desired to
obtain (FI1G. 4).

[0046] Thedies10moveina“forward” movement from the
retracted position to the advanced position by turming in the
direction of the arrow R1 and advancing according to the
arrow F1 (FIG. 1).

[0047] Conversely the dies 10 move 1 a “return” move-
ment from the advanced position to the retracted position by
turning 1n the direction of the arrow R2 and moving back
according to the arrow F2 (FIG. 2).

[0048] In a known manner, the apparatus 2 comprises
means for moving the blank 4 fitted on the mandrel 6 along
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this latter and to make the mandrel 6 p1vot about the axis L in
order to move the blank 4 1n rotation about the axis L.

[0049] As shown in FIG. 4, each die 10 comprises a punch
30 projecting from the base of 1ts groove 20 1n order to mark
a dimple 48 1nto the external surface 12 of the blank 4 during
a reciprocating movement of the die 10.

[0050] Inthe contextofthe invention, a dimple 48 generally
designates a hollow indentation or a depression provided on a
surtace.

[0051] The punch 30 of each die 10 1s disposed in the
calibration region 26 of the groove 20 of this die 10, 1n order
to make the dimple 48 when the die 10 1s in the advanced
position at the front end of the mandrel 6.

[0052] For the mounting of the punch 30 the die 10 has a
bore 32 for recerving the punch 30 which extends through the
die 10 radially with respect to the axis A thereof and opens
into the base of the calibration region 26 of 1ts groove 20.

[0053] The bore 32 1s stepped and comprises coaxial cylin-
drical longitudinal sections with diameters decreasing from
the interior towards the exterior of the die 10, separated by
shoulders which are radial with respect to the axis of the bore

32.

[0054] The punch 30 has a disc-shaped foot 34 received 1n
the bore 32 bearing against a shoulder 36 via an annular

spacer 38, and a cylindrical rod 40 extending from the foot 34
through the bore 32 as far as the end of the bore 32 which
opens 1nto the groove 20.

[0055] Theireeend oftherod 40 projects into the groove 20
and forms the tip 42 of the punch 30. In the illustrated
example the tip 42 has the shape of a spherical segment.

[0056] Each die 10 comprises a setscrew 44 screwed 1nto a
threaded longitudinal section of the bore 32 and bearing on
the foot 34 of the side opposite the rod 40. The setscrew 44 1s
ightened 1n order to keep the punch 30 bearing on the shoul-
der 36 by way of the spacer 38.

[0057] The choice of the thickness of the spacer 38 makes
it possible to adjust the height of the tip 42 projecting mto the
groove 20, and thus the dimensions of the dimple 48 which
the tip 42 will make.

[0058] The mnvention 1s not limited to the rolling apparatus
2 of the illustrated example. Other embodiments of the rolling
apparatus 2 can vary by the number of dies 10 and the mode
of mounting, the number and/or the position of the punches
30. For example as a variant at least one of the dies 10 has no
punch 30. As a variant or as an option at least one die 10
comprises a plurality of punches 30.

[0059] The punches 30 are not necessarily disposed in the
calibration regions 26 of the grooves 20. As a variant or as an
option one die 10 comprises one or a plurality of punches 30

in a region of the groove 20 upstream of the calibration region
26, 1n order to make a dimple 48 1n the blank 4 with regard to
the conical central portion 14 of the mandrel 6.

[0060] Thetip 42 is chosen as a function of the shape which
it 1s desired to give to the dimples 48 which will be left 1n the
blank 4 by the punch 30.

[0061] Itispossible to provide means for adjustment of the
position of the punches 30 which are different from those of
the 1llustrated example.

[0062] The apparatus 2 of FIGS. 1 to 4 makes 1t possible to

implement a pilgrim rolling method 1n order to obtain from a
cylindrical tubular metal blank 4 a cylindrical tube having a
smooth cylindrical internal surface 8 and a cylindrical exter-
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nal surface 12 provided with concave dimples 48 without
deterioration of the internal diameter d or of the internal
surtace 8.

[0063] Inthepilgrim rolling method, the blank 4 1s progres-
stvely deformed by rolling the blank 4 on the mandrel 6, with

the aid of dies 10 which are displaced jointly with reciprocat-
ing movements along the mandrel 6 between the retracted

position (FIG. 1) and the advanced position (FIG. 2), and
moving the blank 4 forwards along the axis L between the

reciprocating movements.

[0064] In this view, the mandrel 6 1s inserted 1n the 1nterior
of the tubular blank 4 which mitially has a constant cross-
section over 1ts entire length with a smooth mternal surface 8
and a smooth external surface 12.

[0065] Then the dies 10 are moved by repeated reciprocat-

ing movements between the retracted position (FIG. 1) and
the advanced position (FIG. 2), and the blank 4 1s moved

forwards along the mandrel 6 between the reciprocating
movements.

[0066] When the blank 4 has been advanced with respect to
the mandrel 6 1ts shape no longer corresponds to that of the
mandrel 6. During the subsequent reciprocating movement of
the dies 10, the blank 4 1s deformed by being rolled between
the dies 10 and the mandrel 6.

[0067] When the blank 4 1s suiliciently advanced along the
mandrel 6, at the end of the forward travel of the dies 10, each
punch 30 makes a dimple 48 on the section 50 of the blank 4

situated at the tront end of the mandrel 6.

[0068] The length portion 32 of the blank 4 which extends
beyond the mandrel 6 has a cylindrical tubular shape and has
dimples 48 on 1ts external surface 12, the internal surface 8

remaining smooth. The length portion 52 corresponds to the
tube which 1t 1s desired to obtain for use as a cladding tube 54

for a nuclear fuel rod.

[0069] Due to the repetition of the reciprocating move-
ments of the dies 10 and the displacement of the blank 4 along
the mandrel 6, the blank 4 advances by successive steps along
the mandrel 6 and progressively assumes the desired shape.
Thus the blank 4 1s elongated and 1ts diameter 1s reduced.

[0070] In order to form the dimples 48 distributed over the
circumierence of the external surface 12 of the blank 4, the
reciprocating movements of the dies 10 and the axial dis-
placements of the blank 4 along the mandrel 6 are combined
with displacements of the blank 4 1n rotation about the axis L.
Thus between two successive reciprocating movements of the
dies 10 the blank 4 1s displaced along the mandrel 6 and/or the
blank 4 1s displaced 1n rotation about the axis L.

[0071] FIGS. 5§ and 6 show a portion of the length of a
cladding tube 54 obtained by the pilgrnim rolling method

according to the mvention implemented with the aid of the
apparatus 2 of F1IGS. 1 to 4.

[0072] The cladding tube 54 1s tubular and cylindrical with

an axis L. It has a smooth cylindrical internal surface 8 and a
cylindrical external surface 12 having concave dimples 48

formed during the pilgrim rolling 1nto the external surface 12
within the thickness of the wall of the cladding tube 54.

[0073] The dimples 48 are distributed according to a pat-
tern which 1s repeated along the cladding tube 54.

[0074] In the example of FIGS. 5 and 6, the dimples 48
comprise series of dimples 48 situated in the same radial
plane and distributed about the axis L at an angle 3. The
dimples 48 of two adjacent series are offset axially by a step
P and angularly by an angle ¢. about the axis L.
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[0075] In order to obtain such a pattern, during the pilgrim
rolling several reciprocating movements are carried out by
turning the blank 4 by an angle 3 about the axis L between
cach reciprocating movement without advancing the blank 4.
Then the blank 4 1s turned by an angle o and 1s advanced by
a step p. Then these operations are started again.

[0076] The distribution of the dimples 48 1s not limited to
the 1llustrated example in FIGS. 5 and 6.

[0077] Other patterns can be obtained by moditying the
amplitude of the rotation of the blank 4, the step by which the
blank 4 1s advanced between the reciprocating movements of
the dies 10, the number of dies 10, the number of punches 30

borne by each die 10, and/or the position of the punches 30 on
the dies 10.

[0078] It 1s for example possible to turn the blank 4 and to
advance the blank 4 between each reciprocating movement of
the dies 10. The result of this 1s that when each of the dies 10

includes a punch 30 dimples 48 are obtained which are dis-
posed 1n a double helix about the tube cladding 54.

[0079] Advantageously, the dimples 48 are distributed
regularly on the external surface and/or according to a regu-
larly repeated pattern on the external surface.

[0080] The dimples 48 have a shape defined by the tip 42 of
punch 30 having depth ¢ (FIG. 6).

[0081] In the illustrated example, the dimples 48 have the
shape of spherical segments of radius W (FIG. 5). Thus the
base of the dimples 48 has a radius of curvature W. The
contour of the dimples 48 1s substantially circular.

[0082] The shape of the dimples 48 1s not limited to this
embodiment. The shape of the dimples 48 depends upon that

of the punches 30.

[0083] In a variant the contour of the dimples 48 has for
instance the shape of an ellipse. In this case the principal axis
of the ellipse 1s oriented longitudinally. In a variant 1t makes
an angle with the axis L.

[0084] The punch or punches 30 of each die 10 1s or are

preferably disposed in the calibration region 26 of the groove
20 1n such a way as to make a dimple 48 1n a section 50 of the
blank 4 during the last passage of the dies 10 on this section
50. This makes 1t possible to control the shape of the dimple
48, since 1t 1s made 1n a final stage in which the section 50 1s
substantially 1n its final state of deformation.

[0085] FIG. 7 shows a schematic illustration of a nuclear
tuel assembly 56 for a light water nuclear reactor of the PWR
type. In this type of reactor, in operation light water serves as
moderator for the nuclear reaction and as heat transter tiuid
for the heat exchanges.

[0086] The assembly 56 extends in a longitudinal direction
B, intended to be vertical when the assembly 56 1s disposed 1n
the core of a nuclear reactor. This direction 1s the principal
flow direction of the water.

[0087] In a known manner the assembly 56 comprises a
bundle of nuclear fuel rods 58 contaiming the fissile material
and a structure 60 to support and retain the tuel rods 58.

[0088] The structure 60 conventionally comprises a lower
nozzle 62, anuppernozzle 64, guide tubes 66 and spacer grids
68 for retaining the fuel rods 58.

[0089] The lower nozzle 62 and the upper nozzle 64 are
disposed at the longitudinal ends of the assembly 56.

[0090] The guide tubes 66 extend longitudinally between
the nozzles 62, 64 and are fixed at their longitudinal ends on
the nozzles 62, 64. Thus the guide tubes 66 connect the
nozzles 62 and 64 to one another.
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[0091] In a conventional manner the guide tubes 66 are
intended to receive via their open upper ends cluster rods
which do not contain fissile material and which when present
or when 1nserted more or less substantially allow control of
the nuclear reaction. In a variant at least one of the guide tubes
66 1s replaced by an 1nstrumentation tube intended to allow
the msertion via 1ts open lower end of an instrumentation
device of the reactor.

[0092] The grids 68 are fixed on the guide tubes 66 and
distributed along the guide tubes 66 between the nozzles 62,
64.

[0093] The fuel rods 38 are disposed longitudinally 1n a

bundle and extend through the grids 68. The grids 68 ensure
that the fuel rods 58 are retained 1n the structure 60. The fuel
rods 58 terminate at a distance from the end nozzles 62, 64.

[0094] FEach fuel rod 58 1s formed by a cladding tube 54
according to FIGS. 5 and 6 filled with nuclear fuel pellets 70
(FIG. 8) of cylindrical shape stacked inside the cladding tube
54 and closed by two plugs 72 disposed at the ends of the
cladding tube 54. The stack of pellets 70 1s generally desig-
nated as a “fissile column™.

[0095] As shown in FIG. 8, the fuel rods 58 and the guide

tubes 66 are disposed 1n a lattice with a square base. The fuel
rods 58 and the guide tubes 66 are kept spaced by the spacer
orids 68 for the water to pass between them 1n the direction B
(perpendicular to the plane of FIG. 8).

[0096] FIGS. 7 and 8 show a typical fuel assembly 56 with

a square array for a PWR. The fuel assemblies 36 for VVER

typically have a hexagonal array. The structure used for a
BWR fuel assembly 1s also different but the fuel pellets and
the fuel rods are similar, the dimensions being adapted to each
specific design. In all cases, the cladding tube 54 1s for
example made 1n a zirconium based alloy.

[0097] A customary grid for a fuel assembly for a pres-
surised water reactor (PWR) defines a lattice with a square
base including for example between 14 and 19 cells on each
of 1ts sides, a plurality of cells recerving guide tubes distrib-
uted 1n the lattice, and as an option a central cell for recerving
an instrumentation tube.

[0098] A customary grid for a fuel assembly for a boiling
water reactor (BWR) defines a lattice with a square base
including for example between 6 and 13 cells on each of 1ts
sides and at least one cell for receiving for instance a water rod
or a water channel which replaces 1 to 5x35 fuel rods and may
have different form and position within the structure.

[0099] During operation of the nuclear reactor water circu-
lates along the cladding tubes 34 1n order to exchange heat
with the nuclear fuel contained 1n the cladding tube 54.

[0100] The dimples 48 increase the heat exchanges through
the wall of the cladding tube 54 and therefore improve the
operation and the performance of the assembly 56.

[0101] As amatter of fact each dimple 48 creates locally on
the external surface 12 of the cladding tube 54 turbulences
which favour the heat exchanges between the fluid and the

cladding tube 54.

[0102] The turbulences occur more specifically 1n the form
of a vortex which forms in the base of the dimple 48. The
vortex causes a flow of water towards the base of the dimple
48 and a flow of vapour bubbles towards the exterior of the

dimple 48.

[0103] This type of turbulence can have a positive or nega-
tive effect on the heat exchange through the wall of the clad-
ding tube 54. Nevertheless, the experiments carried out by the
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inventors have shown that this effect 1s mainly positive under
the conditions of use of the Light Water nuclear Reactors

(BWR or PWR).

[0104] A phenomenon encountered in nuclear reactors 1s
the deposition of a layer of oxide particles on the external
surface 12 of the cladding tubes 54, generally called “CRUD”
(an acronym for Chalk River Unidentified Deposit). This
layer limits the heat exchanges through the wall of the tube.
This results 1n a loss of effectiveness and an increase 1n the
risks of accident.

[0105] The experiments carried out by the mventors have
shown that the dimples 48 make 1t possible to limit the for-
mation of “CRUD?”. This 1s perhaps due to the fact that the
vortex turbulences prevent the CRUD deposition.

[0106] Since the dimples 48 are formed as cavities on the
external surface 12, the gap to the tlow of the water through
the assembly 56 between the fuel rods 58 1s not atfected. This
makes 1t possible to preserve the external diameter of the
cladding tubes 54 with respect to those of conventional
design, and to preserve the free cross-section in the assembly
56 for the passage of the water.

[0107] Itis believed that obtaining the dimples 48 by com-
pressive deformation makes 1t possible to preserve the homo-
genelty of the material and to avoid the local cutting of the
grain structures which would be generated by a method of
removal of maternial (chemical, mechanical . . . ).

[0108] Tests carried out by the mventors have shown that
the dimples 48 have an additional beneficial effect in the event
of LOCA (Loss Of Coolant Accident) during which a local
heating of a tube causes the formation of a bulge until this
bulge bursts and the fuel contained 1n the tube disperses.

[0109] FIG. 9 shows a conventional first tube 73 (on the
lett) of smooth external surface 12 and a second cladding tube
54 (on the right) according to the invention after a LOCA test.
In a postulated loss of coolant accident, fuel temperature 1s
increased for several minutes until the emergency core cool-
ing system (ECCS) recovers the coolability of the reactor
core. Several conventional tests have been done for various
conditions 1n temperature and hold times, always resulting 1n
the same behaviours.

[0110] At the end of the test, the first tube 73 has a bulge 74

with an opening 76. The second cladding tube 54 has a bulge
78 of a lesser magnitude but extending over a greater length.

[0111] This may be due to the fact that the bulges are
usually 1nmitiated close to zones of reduced thickness of the
wall (for example due to a knock or a scratch) and in a hot
region of the tube. The dimples 48 improve the unmiformity of
temperature by the increase in the heat exchanges and provide
distributed variation in thickness whereby this may be the
cause for a less extensive deformation extending over a
greater length. As a result, the tube cladding 54 can resist for
a longer time 1n the case of LOCA.

[0112] The method of manufacture by pilgrim rolling
makes 1t possible to obtain cladding tubes 54 of small diam-
cter and of great length without welding. The dimples 48 are
obtained directly during this process without an additional
manufacturing stage.

[0113] The dimples 48 are obtained on the external surface
12 of the cladding tube 354 without affecting the internal
surface 8 which remains smooth and of which the diameter
depends solely upon the mandrel 6.

[0114] The adjustment of the distribution of the dimples 48
on the external surface 12 of the cladding tube 54 1s achieved
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casily by controlling the advance and the rotation of the blank
4 between each reciprocating movement of the dies 10.
[0115] Theshapeofthe dimples 48 1s chosen easily with the
aid of punches 30, and their depth e 1s adjusted easily by
adjustment of the punches 30. In any case the dimples 48 are
non-trough cavities and the depth e of the dimples 48 1s less
than the thickness of the wall of the cladding tube 54.
[0116] The above advantages would not be obtained 1n a
method of manufacture of the cavities by machining of the
tube by mechanical, electromechanical, chemical or laser
means.

[0117] The following elements can be chosen 1n particular
tor the production of the cladding tube 54

[0118] external diameter D of the cladding tube 54;
[0119] 1nternal diameter d of the cladding tube 54;

[0120] thickness of wall of the cladding tube 54;

[0121] shape of each dimple 48;

[0122] radius of curvature W of the base of each dimple 48;
[0123] greater dimension of the contour of the dimple 48

(diameter of the circular contour or length of the great axis of
the elliptical contour);

[0124] depth e of each dimple 48;

[0125] density of the dimples 48 on the external surface 12
of the cladding tube 54; and

[0126] pattern of distribution of the dimples 48 on the exter-
nal surface 12 of the cladding tube 54.

[0127] According to one aspect of the invention, the clad-
ding tube 54 has an external diameter D between 6 and 20 mm
and a wall thickness between 0.4 and 1.5 mm. The base of
cach dimple 48 has a radius of curvature W between 0.5 mm
and 50 mm. Each dimple 48 has a depth e between 10% and
60% of the wall thickness of the cladding tube 54. The
dimples 48 cover 10% to 60% ofthe external surface 12 of the
cladding tube 54.

[0128] These dimensions make it possible to obtain a clad-
ding tube 54 which has suflicient mechanical resistance
whilst allowing satisfactory heat exchanges through the clad-
ding tube 54 for use as a cladding tube for nuclear tuel.
[0129] The cladding tube 54 1s produced for example from
a zirconium-based alloy or from steel.

[0130] The imnvention 1s applicable 1n particular to the
manufacture of cladding tubes 54 for light water reactor
nuclear fuel, and more generally to the manufacture of tubes.
[0131] In different applications of the cladding tubes for
nuclear fuel, 1t 1s possible to provide a tube with an internal
surface which 1s not smooth but provided with longitudinal
reliefs. For this purpose the cross-section of the calibration
region 26 of the mandrel 6 1s adapted.

What 1s claimed 1s:

1-20. (canceled)

21. A cladding tube for anuclear tuel rod, the cladding tube
being made from a metal, the cladding tube comprising
dimples on an external surface.

22. The cladding tube according to claim 21 wherein the
cladding tube comprises an internal surface, the internal sur-
face being smooth.

23. The cladding tube according to claim 21 wherein the
cladding tube has an external diameter between 6 and 20 mm.

24. The cladding tube according to claim 21 wherein the
cladding tube has a wall thickness between 0.4 and 1.5 mm.

25. The cladding tube according to claim 24 wherein each
dimple has a depth between 10% and 60% of the wall thick-
ness of the cladding tube.

Sep. 15, 2011

26. The cladding tube according to claim 21 wherein each
dimple has a contour 1n a shape of an ellipse or a circle.

277. The cladding tube according to claim 26 wherein the
contour of each dimple has a maximum dimension greater
than 0.8 mm.

28. The cladding tube according to claim 21 wherein the
cladding tube 1s made from a zirconium-based alloy.

29. The cladding tube according to claim 21 wherein the
dimples are obtained by punching.

30. A nuclear fuel assembly comprising: a bundle of
nuclear fuel rods, each of the fuel rods comprising a cladding
tube filled with a stack of nuclear tuel pellets, wherein the
cladding tube of at least one of the fuel rods 1s the cladding
tube according to claim 21.

31. A method of manufacture by pilgrim rolling of a metal
cladding tube from a tubular blank, the method comprising
the following steps: progressively deforming a blank by roll-
ing between a mandrel 1nserted 1inside the blank and two dies
disposed about the mandrel;

reciprocally moving the two dies along the mandrel; and

advancing the blank along the mandrel between recip-
rocating movements of the dies, wherein dimples are
formed on an external surface of the blank during the
rolling of the blank.

32. The method according to claim 31 wherein the dimples
are formed with the aid of at least one punch disposed on one
of the dies.

33. The method according to claim 32 wherein the diam-
cter of the blank 1s reduced during the pilgrim rolling.

34. The method according to claim 31 wherein the dimples
are formed at a front end of the mandrel with respect to a
direction of advancing the blank along the mandrel during the
pilgrim rolling.

35. The method according to claim 31 wherein the blank 1s
turned about an axis of the mandrel between reciprocating
movements of the dies.

36. The method according to claim 31 wherein the metal
cladding tube has a smooth internal surface.

37. A pilgrim rolling apparatus for the manufacture of a
metal tube from a tubular blank, the pilgrim rolling apparatus
comprising: at least two dies; and a mandrel received between
the dies mounted to carry out reciprocating movements along
the mandrel for rolling a blank fitted onto the mandrel
between the mandrel and the dies, wherein at least one of the
dies has at least one punch to form dimples on an external
surface of the blank fitted on the mandrel during the recipro-
cating movements of the dies.

38. The apparatus according to claim 37 wherein each die
comprises a peripheral groove, the grooves of the dies form-
ing a passage for the mandrel between the dies, each punch
being disposed at a base of the groove of the corresponding
die.

39. The apparatus according to claim 38 wherein the man-
drel 1s of convergent shape along an axis of the mandrel, the
or each punch being disposed 1n a calibration region of the
groove ol the corresponding die defining the passage for the
mandrel when the dies are advanced and surround an end of
the mandrel with a smaller diameter.

40. The apparatus according to claim 37 wherein each die
comprises at least one punch.
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