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Performance et développement du combustible CftNDU*

par

D.G. Hardy, J.C. Wood et A.S. Bain

Résumé

Le taux des défectuosités de combustible dans les réacteurs
CANDU (Canada Deuterium Uranium) continue d'être très faible puisqu'il est
de 0.06% depuis 1972. Les défectuosités dues à des variations de puissance
qui ont constitué • la majorité des premières défaillances ont été
virtuellement éliminées en modifiant les programmes de chargement et en
enduisant de couches de graphite CANLUB 1'intérieur des gaines. Des
irradiations faites en laboratoire et en boucle ont démontré que les
couches CANLUB en graphite améliorent la tolérance aux variations de
puissance mais que pour obtenir un avantage maximal les caractéristiques
du revêtement comme l'épaisseur, l'adhésion et la résistance à l'usure
doivent être optimisées.

Le combustible enduit de CANLUB à base de siloxane est plus
tolérant à 1'égard des variations de puissance que la plupart des enduits
au graphite; le contrôle de Ta qualité semble plus simple et l'on a pas
constaté de cas d'hydruration localisée des gaines avec des enduits
traités et irradiés. Des essais limités ont montré que le combustible
ayant des disques de graphite entre 2es pastilles de combustible a également
une grande tolérance à l'égard des variations de puissance mais il est plus
coûteux et son taux de combustion est inférieur.

Le nombre des défectuosités dues à des composants défectueux
a été très petit (0.00014%) mais un contrôle amélioré de la qualité et de
meilleures méthodes de soudage peuvent réduire encore plus ce pourcentage.
Les défectuosités dues à des causes extérieures eux grappes ont également
été très rares.

* Rapport présenta à la session des combustibles nucléaires et des recyclages
de combustible du I8eme Congrès annuel international de l'Association
nucléaire canadienne, tenu à l'hôtel Château Laurier à Ottawa, le 14 juin 1978.
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CANDU FUEL PERFORMANCE AND DEVELOPMENT*

by

D.G. Hardy, J.C. Wood and A.S. Bain

ABSTRACT

The fuel defect rate in CANDU (Canada Deuterium Uranium)
reactors continues to be very low, 0.06% since 1972. The
power ramp defects, which constituted the majority of the early
defects, have been virtually eliminated by changed fuelling
schemes and through the introduction of graphite CANLUB coatings
on the inside of the sheath. Laboratory and loop irradiations
have demonstrated that the graphite CANLUB layers increase the
tolerance to power ramps, but to obtain the maximum benefit,
coating parameters such as thickness, adhesion and wear resistance
must be optimized.

Siloxane CANLUB coated fuel offers greater tolerance to
power ramps than most graphite coatings; quality control
appears simpler and no instance of localized sheath hydriding
has been seen with cured and irradiated coatings. Limited
testing has shown that fuel with graphite discs between fuel
pellets also has high tolerance to power ramps, but it is more
costly and has lower burnup.

The number of defects due to faulty components has been
extremely small (0.00014%), but improved quality control and
welding procedures can lower this number even further. Defects
from causes external to the bundle have also been very few.

*presented at the 18th Annual International Conference of the
Canadian Nuclear Association, Nuclear Fuels and Fuel Recycles
Session, Chateau Laurier Hotel, Ottawa, June 14, 1978

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0
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1. INTRODUCTION

The fuel for CANDU* reactors is very simple; it consists
of only six components [1,2]. The Bruce fuel bundle shown in
Figure 1 is typical. High density (10.6 Mg/m3) natural UO2
pellets are contained in thin-wall (0.4 mm] Zircaloy-4 tubes
(500 mm long, 13.08 mm OD) sealed at each end by resistance
welded end plugs. The cladding is collapsible under the coolant
pressure (-10 MPa) and is supported by the UO2 pellets during
operation. Thirty-seven individual elements are resistance
welded to e.id plates to form the bundle. Separation of the
elements is maintained with a central plane of spacer pads brazed
to the cladding and separation from the pressure tube is accom-
plished by brazing three bearing pads to each outer element. All
components are Zircaloy-4 except the UO2 pellets. In CANDU-PHW**
reactors the bundles are irradiated in horizontal zirconium alloy
pressure tubes and in the CANDU-BLW*** Gentilly-1 reactor in
vertical pressure tubes.

The overall performance of CANDU fuel has been excellent,
see Table 1 [3,5]. Of the 142,000 fuel bundles irradiated in
Canadian CANDU reactors, only 251 (0.18%) have defected; this
includes both visually confirmed defects (169) and those bundles
suspected of having defected (82) . A defect is considered to be
any fuel bundle which contains at least one fuel element with a
free path between the inside of the .-lenient and the primary heat
transport system. Defects may vary in size from a pinhole in the
sheath or end plug to a long, gaping split in the sheath. Even
though there have been only a few defects, there is considerable
incentive to reduce them to the lowest possible number. Defects
release fission products to the heat transport system; continued
operation of a defect could lead to loss of UO2 through areas of
secondary damage, such as occurs through the formation and sub-
sequent breakage of zirconium hydride (deuteride) patches in the
sheath. Contamination of the primary circuit makes maintenance
more difficult and increases the potential for staff exposures
to radiation. Discharge of defective fuel leads to loss of
burriup.

This report reviews the defect performance of CANDU fuel
and discusses the measures and development work which have been
devoted to reducing the incidence of defects.

* CANDU - Canada Deuterium IJranium

** PHW - Pressurized Heavy Water

*** BLW - Boiling L̂ ight Water
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2. CANDU FUEL PERFORMANCE

The number of confirmed defects occurring during each
year from 1962 to 1977, the annual defect rate, and the number
of bundles irradiated during each year are shown in Figure 2.
The defect rate is a function of the number of defects
and the number of bundles under irradiation (number of bundles
in-core plus number of bundles discharged) during that year.

The causes of the various defects are shown in Table 2. Of
the 169 confirmed defects, 114 or 67's occurred before 1973, during
the early operation of the Douglas Point reactor and Unit 1 at
Pickering. Most of these defects occurred during on-power
fuelling, or adjuster rod movements when bundle powers were in-
creased after accumulating burnups greater than 30 MW.h/kg U [3,6].
This type of defect (referred to as a "power ramp" defect) has
been obse/ved elsewhere [7,8] and is attributed to stress corrosion
cracking of the Zircaloy by fission product iodine [9-13]. As a
result of measures fully documented elsewhere [4-6,11] the inci-
dence of power ramp defects has been greatly reduced; since 1972
the defect rate has been 0.06%. Only two defects have been dis-
charged from the four Pickering reactors over the last 2h years.

There are two other general types of defects: those due to
faulty components, such as porous end plugs and faulty end plug
welds, and those resulting from factors external to the bundle,
such as handling damage, fretting by debris in the coolant, or
by flow induced fretting when the bundle is parked in cross flow
in the end fitting when the fuelling machine malfunctions.

The actions taken to overcome these various types of defects
are discussed in this paper.

3. POWER RAMP DEFECTS

3.1 Development of Graphite CANLUB Coatings

Work on solutions to the power ramp defects started shortly
after they were identified in Douglas Point in 1969-70. Although
the defect rate was not excessive, there uas concern chat it
might increase at the higher powers contemplated for future
reactors. A two-pronged attack on the problem was launched: a
fundamental study to understand the basic mechanism causing power
ramp defects and a series of irradiations on various design
modifications which might help increase the toleranco of the fuel
to power ramps.
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A total of seventeen different design modifications were
tested and a number of them, such as elements with a graphite
interlayer between the sheath and the UO2 pellets, a siloxane
intexlayer, graphite discs between fuel pellets,and low density
pellets survived the power ramps. However, the graphite inter-
layer, referred to as CANLUE, was selected for production because:

(.1) it had been given the most severe ramp,
(2) it had a minimal adverse effect on the neutron economy of

the fuel, and
(3) it would increase fabrication costs very little.

In the meantime other steps were taken to reduce the power
ramp defects: the fuelling sequence was changed and the
adjuster rod insertion sequence was corrected. The defect rate
dropped dramatically, so that by the time a significant number of
graphite CANLUB bundles had been introduced into Pickering NGS
reactors the power peaks and transients had been reduced suffi-
ciently that even the non-CANLUB fuel had a low probability of
defecting.

The reactor loops at Chalk River proved to be the only
place where the beneficial effect provided by the coating could be
established by comparing the power ramp behaviour of coated and
uncoated fuel.

According to an analysis of Douglas Point and Pickering
defects performed by Penn, Lo and Wood [14], the probability of
a defect occurring on a power ramp is dependent on the power
increase (AP), the magnitude of the ramped power (Pmax)>

 t h e fuel
burnup (w) and the time (t) the fuel was at the ramped power.
They found that threshold values of AP and Pmax

 nad to be exceeded
for defects to occur. Thus by comparing the threshold values for
graphite CANLUB coated fuel with that of uncoated fuel, the benefit
of such a coating could be determined.

The power increase (AP) has been plotted as a function of
burnup in Figure 3. The threshold line for non-CANLUB fuel was
established on the basis of 55 bundles and 120 elements which
were power ramped in the loops [15]. The line represents a 1%
defect rate and the probability of a defect increases above and
to the right of the line.

At the present time, a total of 19 fuel bundles and 90
individual elements with graphite CANLUB coatings and Zircaloy-4
sheaths have been power ramped in the NRU loops. Their power
increases have been plotted on Figure 3; the open points represent
intact fuel, the solid points are defects. Arrows connecting
points indicate a ramp of two or more steps with a period of
steady power operation between the ramps. All of the defects in
the CANLUB fuel are above and to the right of the non-CANLUB
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defect thrf-^hold line (Figure 3), indicating that the graphite
CANLUB coating has improved the tolerance of the fuel to power
increases. Since there are insufficient data points to precisely
locate a threshold line, the threshold has been represented by a
shaded band on Figure 3.

Similarly the graphite CANLUB results for the ramped power
(Pmax) are plotted against burnup in Figure 4: the CANLUB defects
are all well above the non-CANLUB defect threshold line. This
shows an advantage for CANLUB fuel by a margin of at least 13 kW/m.
Thus for both AP and Pmax> graphite CANLUB shows a significant
improvement over non-CANLUB coated fuel.

Not all graphite CANLUB coatings offer the same increase in
tolerance to power ramps. As the irradiation program proceeded
it became obvious that certain coating parameters, principally
thickness, need to be carefully controlled to ensure optimum per-
formance. In Figure 3 the five defect points closest to the
defect threshold band had thin graphite coatings, whereas most
of the fuel which survived to higher power had thicker coatings.
The three defects closest to the defect threshold band in
Figure 4 also had thin coatings. These observations led to an
irradiation in which the effect of caating thickness was specif-
ically investigated. Four out of six elements with thin graphite
CANLUB coatings defected, whereas none of the 12 elements with
thicker coatings defected. Analysis of available data indicates
that coating thickness shou/d be greater than 3 um for good
results.

In a comprehensive study of coating parameters, over 80
archive tubes were measured and tested for thickness, porosity,
density, graphite platelet alignment, surface appearance,
adhesion, wear resistance and circumferential extension over an
expanding ceramic liner. Optimum extensions in the expanding
ceramic liner test were obtained from coatings in the range
5 to 9 um thick that also retained 80% or more of their coating
during the wear test. Thin coatings tend to wear off at pellet
interface positions during normal handling and transportation of
fuel elements. Although some wear of thicker coatings does not
appear detrimental to power ramp performance, coatings which do
not wear are preferred.

The defect threshold band for graphite CANLUB fuel in
Figures 3 and 4 represents the threshold for thin, poor quality
coatings. Thicker, more adherent, more wear resistant coatings
have higher thresholds. Although thinner coatings have operated
successfully at the fuel powers encountered in Pickering and in
Bruce to date, they may be inadequate at the higher peak powers
that could occur durirg future operation.
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3.2 Development of Siloxane CANLUB Coatings

Our interest in siloxane coatings was first aroused when
siloxane vapours from a greased ground £lass joint condensed on
stressed split rings of Zircaloy cladding and prevented then from
cracking during an iodine stress corrosion test [16] Siloxanes
are compounds whose molecules are silicon-oxygen chains with
alkylor aryl side groups attached to each silicon atom. Siloxane
fluids can be made up into greases by "filling" them with finely
divided silica. Most of our experience has been with poly-dimethyl-
siloxane containing 7 wt% SiO2. When baked in air at 300 to 350°C,
the molecular chains will cross-link with the evolution of gases
such as hydrogen and methane until a hard lacquer forms.

Irradiation testing of siloxane coated fuel has spanned a
period of seven years [11] and involved twelve different irradi-
ation experiments. Most of these have been done in the NRU reactor
loops, but some have been done in the NPD*and Douglas Point power
reactors. To date, eight siloxane coated bundles and 21 individual
elements have been given power ramps. None of this fuel has
defected at powers relevant to CANDU power reactors, but two
elements did defect when they were inadvertently overpowered such
that central melting of the UO2 occurred during a transient power
increase in the loop and the sheath fractured by mechanical shear.

The siloxane power ramp results are compared to the defect
threshold curve for thin graphite CANLUB coated fuel in Figure 5,
where the power increase (AP) is plotted against burnup. The
open points are non-defects, the solid point is a defect. Two of
the ramps were done with Zr-1.0 wt% Nb clad fuel; all of the rest
had Zircaloy-4 cladding. The results show a definite improvement
over graphite. Ignoring the defect associated with central
melting of the \)0t, the threshold for siloxane coated fuel may
be as much a;; 16 kW/m above the graphite threshold band.

The ramped power (Pmax) ^
o r siloxane coated fuel is plotted

against burnup in Figure 6. Again the results show considerable
improvement over the graphite CANLUB defect threshold band.

The increase in the tolerance to power ramps indicated by
the power ramp experiments on siloxane coated fuel conducted in
the NRU loops is sufficient to accommodate any of the proposed
power ramps for CANDU reactors.

During baking of the coating, scissioning of the side
groups from the siloxane chains (which precedes cross-linking) is
induced by a process of oxidative cleavage; side groups can also
be scissioned by ionizing radiation. Baking for too long or at
too high a temperature (or both) will cause the coating to
degenerate into silica powder. Baking for too short a period or

*NPD - Nuclear Tower Demonstration, Rolphton, Ontario
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at too low a temperature (or both) will result in a coating
containing much residual hydrogen in the side chains. The art
of coating and curing is to optimize the coating thickness and
curing procedure for adherence to the Zircaloy while removing
sufficient hydrogen from the side chains to be acceptable for use
in-reactor.

No local concentrations of hydrogen have ever been observed
with yiloxane coatings; they have always produced a uniform
hydrogen uptake in the sheath.

Two irradiations have been performed which give confidence
that thick or underbaked coatings will not cause hydriding
problems. In one (U-136) the siloxane coating was 60 ym thick
and inadequately cured [partial vacuum instead of an air environ-
ment) . This coating was IS to 25 times thicker than normal
siloxane coatings and after a 90 hour bake the film contained
sufficient hydrogen to increase the hydrogen concentration in the
sheath to 1400 ppm. Even so, the U-136 elements did not defect
after being given a large power ramp (AP >_ 26 kW/m) at a burnup
of 50 MW.h/kg U.

The other irradiation is a deliberate study of the effect
of underbaking siloxane coatings by reducing the baking temperature.
The elements are currently being irradiated at 34 kW/m and have
reached a burnup of 75 MW.h/kg U; they will be ramped when the
burnup reaches 120 MW.h/kg U. However, the fact that the elements
have survived until now is encouraging.

It is anticipated that quality control of siloxane coatings
will be relatively simple. A thick coating cracks and can be
easily spotted by visual inspection; weighing the tube before
and after coating ensures that curing has removed the excess
hydrogen. Adhesion of siloxane coatings is excellent and the
wear resistance is generally much better than that of graphite
coatings.

3 . 3 Graphite Disc Fuel

The use of graphite discs between fuel pellets was proposed
by Lewis as a method of operating fuel elements at very high
power levels [17,18]. The graphite discs provide better heat
transfer from th<" centre of the fuel and could lower the fuel
temperature of current fuel designs, to make the service less
severe and hence enable the design to tolerate power ramps
better.

One bundle and two individual elements containing graphite
discs (and graphite CANLUB coatings) have been ramped in the NRU
loops. The bundle was irradiated at low power in the NPD power
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reactor, then was power ramped in an NRU loop. The bundle survived
a ramp from an outer element linear power of 40 kW/m to 80 kW/m
at a burnup of 108 MW.h/kg U. The two individual elements
survived ramps from 22 to 56 kW/m at a burnup of 51 MW.h/kg U.

The principal drawbacks to the graphite disc design are
its potentially higher cost and lower burnup. If this design
were ever required to overcome a power ramp problem, the extra
costs would have to be weighed against the benefit of a particular
fuelling scheme.

3.4 The DP-10 Experiment

DP-10 is a ma-jor experiment in which ten bundles of each of
the following designs are being irradiated.in Douglas Point NGS :

(1) graphite CANLUB,
(2) siloxane CANLUB,
(3) graphite discs between UO2 pellets, and
(4) graphite discs plus graphite CANLUB.

Successive outer elements of the fourth design are loaded with
solid, annular and low density (10.3 Mg/m3) pellets.

The object of the irradiation is to establish the relative
order of merit of these designs by determining the defect thresh-
old curves on power ramping as a function of burnup in a power
reactor. Twelve bundles have been ramped to date. The power
increase (AP) as a function of burnup of the twelve ramps is
shown in Figure 7. The results are compared with the defect
threshold curve for non-CANLUB fuel ramped in the power
reactors [14]. This threshold curve is slightly higher than the
one obtained for non-CANLUB fuel ramped in the NRU loops, possibly
because irradiation in the horizontal orientation of the power
reactors is less severe than the vertical orientation of the
loops and possibly due to UO2 pellet fragment relocation on
handling fuel for loop tests just prior to ramping. All the DP-10
data points lie considerably above the defect threshold iine. A
graphite CANLUB coated fuel bundle has been the only defect.

The ramped power (Pmax) i-s plotted as a function of burnup
in Figure 8. The defect threshold line for non-CANLUB fuel
ramped in the power reactors is also shown. The ramped points
are considerably above the ncn-CANLUB defect threshold curve.
Reasons for the defect have not been established; however, it did
experience the largest power ramp and had the highest burnup
before the ramp.

It is not possible to clearly differentiate between the
various designs on the basis of the DP-10 ramp results. However,



the large power increases achieved by the bundles indicate that
all four designs are capable of significantly increasing the
tolerance of Zircaloy-4 clad U02 fual to power ramps.

4. OTHER POWER REACTOR DEFECTS

Only 13* of the 154 identified defects in CANDU reactors
are attributed to causes other than power ramping. These defects
are classified into two broad categories, those that defected
because of faulty components and those that defected due to
factors external to the bundle. These are discussed in the
following sections.

4.1 Faulty Components

4.1.1 Faulty End Plug Welds

Except for the TIG welded end plugs used in the first fuel
charge for the NPD reactor, all CANDU fuel has resistance welded
end plugs. Recently, four defects due to faulty end plug welds
have been identified in Bruce reactor fuel; the only such defects
ever found in CANDU fuel. Since over 8 million resistance welds
have been irradiated, this represents a defect rate of only
0.00005%, or on a bundle basis the defect rate is 0.0028%.

Quality control of the welding process is maintained through
metallographic sectioning of frequent weld samples and by helium
leak testing after welding. Incomplete welds are sometimes
produced through malfunction of some part of the welding equipment.
All welds produced during such a period would be rejected. In
recent years the quality of the welds has increased and the number
of helium leakers showing up has greatly diminished.

4.1.2 Porous End Plugs

Porous end plugs are penetrated by small irregular axial
holes, typically 0.1 to 0.15 mm in diameter. The holes probably
originate in the Zircaloy ingot as voids or pipes which are
elongated during the rolling of the bar stock from which the end
plugs are machined.

Four defects caused by porous end plugs have been identified
in CANDU fuel, giving the same defect rate as for faulty end
plug welds. Prevention of this type of defect rests mainly with
effective nondestructive testing of the bar stock. In the last
few years significant improvements have been made to the ultrasonic
inspection techniques and for leak testing after fabrication;
thus the potential for this type of defect has been greatly reduced.



4.2 Defects Due to Factors External to the Bundle

4.2.1 Handling Damage

This type of defect is rare. It occurred four times in N?D,
once when a bundle was back fuelled through a fuel channel latch;
a non-standard operation. A Douglas Point bundle exhibited a
gouge which was judged to have occurred before irradiation, but
the cause is unknown.

4.2.2 Fretting by Debris in the Coolant

This type of defect has been seen in two reactors. In
Gentilly-1, a CANDU-BLW reactor, the disintregation of a pump
impeller produced a considerable amount of debris, some of which
was trapped in the fuel bundles producing at least five defects.
In one, the piece of debris was found still imbedded in the sheath;
analyses showed it to be part cf the hard facing of the pump.

One defect from the Unit 2 reactor at Bruce has been
attributed to fretting by debris in the coolant. This is the only
defect ever attributed to construction debris in the primary heat
transport system; hence defects due to debris are not a significant
problem.

4.2.3 Flow-Induced Fretting

Two instances of flow-induced fretting recently occurred in
Pickering Unit 1 when, because of a fuelling machine problem, two
bundles were temporarily parked in an end fitting. Coolant cross-
flow at that location set up large vibrations in the elements
causing severe fretting of the spacers. Later when the bundles
were reinserted into the reactor they were found to be defective.

5. CONCLUSIONS

1. The performance of fuel in CANDU reactors has been excellent;
since 1972 the defect rate has been O.(

2. Power ramp defects, which constituted the major proportion
of defects, have been virtually eliminated by instituting
procedures to avoid local overpowers at the stations and
through the introduction of graphite CANLUB coatings.

3. Siloxane CANLUB coated fuel offers greater tolerance to power
ramps than most graphite CANLUB coatings; quality control
appears simpler and no instances of localized sheath hydride
have been seen on cured and irradiated coatings.

4. Limited testing has shown that fuel with graphite discs
between UO2 pellets has a high tolerance to power ramps, but
it is more costly than coated fuel and has lower burnup.
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5. The number of defects due to faulty components has been
extremely .Miall CO. 0056%). Improved quality control and
welding procedures can reduce this value even further.

6. The number of defects from causes external to the bundle has
also been very small.
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TABLE 1

FUEL DEFECT STATISTICS

(To End of March, 1978)

Station

NPD (22 MWe)

Douglas Point G S. (208 MWe)
Before Jan. 1, 1972
After Jan. 1, 1972

Gentilly-1 (250 MWe)

Pickering G.S. (4 x 514 MWe)
Unit 1

Before Nov. 1, 1972
After Nov. 1, 1972

Unit 2
Unit 3
Unit 4

Pickering G.S. Total

Pickering G.S, Total after Nov. 1/72

Bruce (4 x 733 MWe)
Unit 1
Unit 2
Unit 3

Bruce G.S. Total

All Stations

All Stations since 1972

Total Bundles
Irradiated

4,083

15,301
7,169
8,132

3,214

27,636
6,938

20,698
26,350
20,766
18,180

92,932

85,994

9,922
10,522
6,240

26,684

142,214

121,825

Defects

Confirmed

8

57
40
17

11

77

0
6
1

84

4
5
0

9

169

Suspects

0

33
26

7

6

24

1
0
3

28

5
10

0

IS

82

Total

8

90
66
24

17

101
91
10

1
6
4

112

21

9
15
0

24

251

69

Total
Percent

Defective

0.20

0.59
0.92
0.30

0.53

0.37
1.31
0.05

0.004
0.029
0.022

0J2

0.02

0.09
0.14
0

0.09

0.18

0.06



TABLE 2

REASONS FOR DEFECTS IN POWER REACTOR FUEL

N. Type of
\ Defect

Reactor \.

NPD

Douglas Point

Gentilly-1

Pickering

Bruce

Total

Power
Ramp

47

4

83

134

Faulty Components

Incomplete
End Plug
Welds

4

4

Porous
End
Plug

3

1

4

External Causes

Handling
Damage

4

2

6

Fretting
by

Debris in
Coolant

4

1

5
_ —

Flow
Induced
Fretting

1

1

Confirmee
Defect
but

Cause
Unknown

4

5

3

0

3

15

Total
Confirmed

8

57

11

84

9

169

Suspects

0

33

6

28

15

82

Total
Number
Defects.
Confirmed

Plus
Suspects

8

90

17

112

24

251



3637-0

1. URANIUM DIOXIDE PELLETS
2. ZIRCALOY FUEL SHEATH
3. ZIRCALOY END PLUG
4. ZIRCALOY BEARING PAD
5. ZIRCALOY INTER ELEMENT SPACER
6. ZIRCALOY END SUPPORT PLATE
7. PRESSURE TUBE

FIGURE I
BRUCE 3 7 - ELEMENT FUEL BUNDLt
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FIGURE 3 Power increase (AP) as a function of burnup for graphite CANLUB
coated fuel ramped in the NRU loops compared to the defect threshold
line for non-CANLUB coated fuel also ramped in the loops. The shaded
band represents the likely location of the defect threshold line for
graphite CANLUB coated fuel.
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FIGURE 4 Ramped power (P^ax) a s a function of burnup for graphite CANLUB coated
fuel ramped in the NRU loops compared to the defect threshold line for
non-CANLUB coated fuel also ramped in the loops. The shaded band
represents the likely location of the defect threshold line for
f.raphite CANLUB coated fuel.
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FIGURE 5 Power increase (AP) as a function of burnup for siloxane CANLUB
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FIGURE 7 Power increase (AP) as a function of burnup for bundles of the DP-10
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