
AECL-6676

ATOMIC ENERGY J B ^ B k L'ÉNERGIE ATOMIQUE

OF CANADA UMITED R S w DU CANADA LIMITÉE

POWER RAMPING PERFORMANCE OF WATER
REACTOR FUEL

Performance de la montée en puissance du combustible

des réacteurs à eau

J.C WOOD, D.G. HARDY and A.S. BAIN

Chalk River Nuclear Laboratories Laboratoires nucléaires de Chalk River

Chalk River, Ontario

August 1979 août



ATOMIC ENERGY OF CANADA LIMITED

POWER RAMPING PERFORMANCE OF WATER

REACTOR FUEL

by

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

Fuel Engineering Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario, KOJ 1JO

1979 August

AECL-6676



Performance de la montée en puissance

du combustible des réacteurs à eau

par

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

Résumé

Ce document comprend deux rapports présentés à une réunion
de spécialistes sous les auspices de l'Agence internationale de
l'énergie atomique au sujet de "la montée en puissance et des variations
cycliques de puissance des combustibles employés dans les réacteurs
à eau." Cette réunion a eu lieu à Arles en France du lU au 17 mai 1979.
Le premier rapport décrit une méthode permettant d'évaluer la probabilité
des défectuosités dans les combustibles des réacteurs à eau légère.
Par ailleurs, dans ce rapport on compare les résultats obtenus avec
d'autres modèles. Quant au deuxième rapport, il décrit dans les grandes
lignes la performance des combustibles à revêtement CANLUB de graphite
ou de siloxane. La tolérance aux défauts de montée en puissance dépend
des paramètres de revêtement CANLUB tels que l'épaisseur et la résistance
à l'usure et elle dépend également des conditions thermiques et environne-
mentales au cours de la maturation des revêtements.
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ABSTRACT

This document contains two papers presented at
the International Atomic Energy Agency Specialists
Meeting on "Power Ramping and Power Cycling of Water
Reactor Fuels" which was held in Aries, France,
May 14-17, 1979. The first paper describes a method
for assessing defect probabilities of LWR fuel and
compares the results with other models. The second
paper outlines the performance of graphite CANLUB and
siloxane CANLUB fuel. Tolerance to power ramping
defects depends on CANLUB coating parameters such as
thickness and wear resistance and also on environ-
mental and thermal conditions during curing of the
coatings.
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PCI-OGRAMS: APPLICATION OF CANDU FUELOGRAM METHODOLOGY
TO PCI DATA FROM LIGHT WATER REACTORS

J.C. Wood

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada

ABSTRACT

The FUELOGRAM model was derived to predict PCI defect prob-
abilities for CANDU fuel bundles that had experienced power
increases after being irradiated to burnups mostly in the range
100 ± 60 MW.h/kg U. It is inappropriate to extrapolate the
FUELOGRAM model to predict the performance of differently de-
signed fuels at burnups up to 600 MW.h/kg U. Therefore data
obtained from the operation of a Boiling Water Reactor were
analyzed using the FUELOGRAM methodology to assess fuel perform-
ance criteria at high burnups. The resultant PCI-OGRAMS
evaluate defect probabilities in terms of power increase (AP),
ramped power (P) , and the burnup (CJ) of the most highly rated
rod in a fuel assembly. Defect probability also depends on the
dwell time (t) of fuel at the ramped power. The predictions of
the PCI-OGRAM, FUELOGRAM and other models are compared in three
dimensional sketches of P, AP and U) with the dwell time t held
constant.

INTRODUCTION

It has been known for about fifteen years [1] that increasing the power
of U02-fuelled, Zircaloy-clad fuel pins with appreciable burnup can cause
fuel defects. The term PCI defects suggests that their origin is from
mechanical pellet-^lad interaction but the concensus of opinion is that
fission product-induced stress corrosion cracking (SCO is the principal
defect mechanism [2-4]. Iodine is an abundant fission product that, when
sufficiently concentrated, is capable of inducing SCC of Zircaloy on exceeding
a critical stress, sustained for sufficient time [5]. The fuel burnup (0
determines the iodine inventory and the ramped power P regulates the UO2
temperature and hence the release of iodine to the Zircaloy surface. We
have noted that fission gas release from UO2 increases sharply at P = 46 kW/m
which was also the threshold power for PCI defects in the Pickering CANDU
reactors [6]. Thus if iodine is released in the same proportion as the noble
gases, the. threshold power for PCI defects would appear to be closely related
to a threshold iodine concentration [3]. Conversely the power increase AP
would govern the threshold stress for SCC. Since either insufficient iodine
or insufficient stress will preclude SCC defects [5] we consider fuel defect
probabilities to be governed by P or AP whichever is the lower with respect
to the (burnup and time dependent) threshold values.
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BWR DATA AND ANALYSIS

The data" [7], compiled frojth normal reactor operation of a boiling water
reactor (BWR) , described the irradiation histories of 302 fuel assemblies,
65 of which contained at least one defective rod. (This is termed "Data
Set 2" to distinguish it from the CANDU Data Set 1.) The rod power increases,
powers and burnups judged to be the most severe, in the reactor cycle
immediately preceding testing of whether the assembly was intact or
defective, were extracted from data printouts. Power increases that
occurred at the very start of a reactor cycle were discounted because glow
startup rates may have prevented defects at that time. The data were
plotted (Figures 1 and 2) to show P and AP versus to and threshold curves
were drawn beneath the defects, except that two data points were ignored
because they were sufficiently below the rest that they possibly represented
defects other than PCI. At low burnups the BWR data were sparce so the
CANDU thresholds (for t à- 2.5 h) were drawn converging smoothly with the
P versus u> curve but effecting a sudden change of slope with the BWR AP
versus CO threshold. The discontinuity of slope of the AP threshold curve
occurred because the BWR fuel either did not suffer "ripple defects" [6] or,
more likely, "ripple defects" occurred in fuel that also experienced larger
recorded power increases therby masking their occurrence. ("Ripple defects"
occurred in CANDU fuel [6] during ostensibly steady high power operation and
are possibly due to unrecorded power fluctuations or "flux ripple".)

Above the threshold curves in Figures 1 and 2 dashed lines were drawn
at intervals of 2 kw/m. The numbers of data points representing defective
and intact fuel respectively in each 2 kW/m band above the threshold curves
were counted. Then histograms were plotted showing the percentages of
defective fuel assemblies as a function of the height above the threshold
power curve (P-Pc) in Figure 3 and above the threshold power increase curve
(AP-AP0) in Figure 4. The numbers of defecti*"* —>* int-act fuel assemblies
included in each interval are shown above each histogram. The defect prob-
ability does not begin to rise steeply until reaching about 14 kw/m above
Pc or about 20 kW/m above APC. Also there is an abrupt increase in defect
probability immediately above the defect threshold similar to the step
increase previously observed with CANDU fuel [6].

PCI-OGRAMS

Equations defining the defect threshold criteria described in Figures
1 and 2 were derived and generalized using the dwell time dependency pre-
viously determined for CANDU fuel:

232
30 < (D < 80, P = 44.6 + ££=- - 22 [0.5 - exp(-2.3 t) ]

c W

80 < 0) < 360, Pc = 51.7 - 5.3 x 10~
2 u - 22 [0.5 - exp(-2.3 t) ]

360 < w < 600, P = 35.9 - 8.2 x io"3 (0-22 [0.5 - exp(-2,3 t) ]
c

30 < 0) < 130, APc = 6 + - ^ p - 24 [0.5 - exp(-2.3 t) ]

130 < u < 600, APo = 19.1 - 4.2 x lo"
3 U) - 24 [0.5 - exp(-2.3 t) ]

The PCI-OGRAM obtained from these criteria representing t £ 2.5 h is
shown in Figure 5 and a defect probability grid was generated (Figure 6)
which when overlaid on the PCI-OGRAM allows direct reading of defect
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probabilities for the BWR fuel. A defect may occur if a point (P,AP) is
included in the "L" shape (Figure 5) that defines values of Apc and P c at
the burnup of the fuel rod concerned. Fuel defects can occur if both the
criteria in terms of P and AP are satisfied, i.e.

P - P > 0 and AP - AP > 0
c c

and the variable that controls defect probability is the one that gives the
lower probability. Defect probability predictions as a function of P, AP
and u) are given in Table 1.

The model is deficient in that no account was taken of ramp rate
(because ramp rates were not included in the data). The ramp rates
experienced during normal operation of a BWR would probably be fast compared
with the £perating management recommendations (PCI-OMR) of 0.2 kw/m.h for
safe reactor startup at the beginning of a BWR reactor cycle. Until reliable
ramp rate data become available it is possible to estimate rate effects by
multiplying defect probabilities obtained from the PCI-OGRAM model by a
factor varying between 0 and 1.0 in the range of ramp rates 0.2 kW/m.h to
2»»2O kW/m.h. This approach is based on laboratory studies simulating ramp
rate effects [3] as well as known safe ramping rates in boiling water
reactors.

PREDICTIVE COMPARISONS

We can gain a broader perspective on the predictions of the PCI-OGRAM
model by comparison with other models. Two other models are available for
such a comparison, namely the CANDU FUELOGRAM [6] and the POSHO model [8]
which when applied to CANDU fuel with collapsible cladding we will term
"Model P". Figure 7 compares defect probability predictions at a burnup
of 150 MW.h/kg U, for a dwell time at the ramped power of 2.5 h or more.
Salient characteristics are:

(a) Model P was based on the assumption that the PCI defect mechanism was
local mechanical overload. Therefore the power shock that causes
defects is closely related to AP (Figure 7a).

(b) Defect probabilities predicted by the FUELOGRAM model depend with
variable (sometimes equal) weighting on both P and AP. Predictions
(Figure 7b) are based entirely on CANDU fuel data allowing for
differences in dwell time at the ramped power.

(c) The PCI-OGRAM predictions (Figure 7c) are similar to those of the
FUELOGRAM model but also display the characteristic strong AP
dependence of Model P.

There are a few points of common agreement in the predictions of the
various models. For example if fuel is ramped from 30 to 60 kW/m at a
burnup of 150 MW.h/kg U and dwells for 2.5 h or more at the ramped power,
the defect probability is 80 ± 20% according to all models. Also fuel
ramped from 35 to 40 kW/m at the same burnup has 10% or less chance of
defecting judged by any model.



_ 4 -

CONCLUSIONS

A graphical method is now available for predicting defect probabilities
of BWR fuel in terms of power, power increase, burnup and dwell time for
fuel operating at very high burnups.

Fuel defect thresholds of Pc « 20 kW/m and Apc » 6 kw/m at a burnup of
550 MW.h/kg U show that highly irradiated fuel retains reasonable
resistance to PCI defects.
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TABLE 1

P

kW/m

50
50
50
50

40
40
40

30
30

20
20

AP

kW/Tti

40
30
20
10

30
20
10

20
10

10
5

PCI-OGRAM PREDICTIONS OF DEFECT PROBABILITIES
WHEN THE DWELL TIME AT HIGH POWER P

100 MW.

33
33
15
9

11
11
9

<!
<1

<!

Defect Probabilities

h/kg U 300 MW.h/kg TJ

100
72
17
11

38
17
11

12
11

<!

EXCEEDS 2.5 h

%

500 MW.h/kg U

100
83
18
12

75
18
12

15
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FIGURE 1 The distributions of ramped powers and burnups of
defective and intact assemblies. The threshold line
drawn beneath the defects is curved at the upper
left side to comply with the CANDTJ threshold.
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FIGURE 2 The dis t r ibut ion of defects and non-
defects as a function of the power
increase and burnup. The curved
par t of the threshold on the l e f t
complies with CflNDU data (not
shown here) .

FIGURE 4 <right). Histogram showing the
percentages of defective assemblies
as a function of the height above
the threshold power increase
curve (Figure 2).
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assemblies as a function of the height
above the threshold power curve (Figure 1).
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FIGURE 5 PCI-OGRAM defining the threshold
values of ramped power and power
increase as a function of fuel
burnup: dwell time >̂  2.5 h a t
the ramped power.

FIGURE 6 Defect Probabili ty Grid to be overlaid
on the PCI-OGRAM (Figure 5) to estimate
defect p robab i l i t i e s of ramped BWR
fuel. The axes of t h i s grid are la id
over the "L" shaped l ines representing
fuel burnup on the PCI-OGRAM.
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IMPROVED CANDU FUEL PERFORMANCE

(Summary of Previous AECL Publications)

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

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada

KOJ 1J0

ABSTRACT

The fuel defect rate in CANDU power reactors has been very
low (0.06%) since 1972. Most defects were caused by power
ramping. The two measures taken to reduce the defect rate, by
about an order of magnitude, were changes in the fuelling
schemes and the introduction of thin coatings of graphite on
the inside surface of the Zircaloy fuel cladding. Power
ramming tests have demonstrated that graphite layers, and also
baked poly-dimethyl-siloxane layers, between the UO2 pellets
and Zircaloy cladding, increase the tolerance of fuel to power
ramps. These designs are termed graphite CANLUB and siloxane
CANLUB; fuel performance depends on coating parameters such as
thickness, wear resistance and on environmental and thermal
conditions during the curing of coatings.

INTRODUCTION

This paper summarizes and updates previous AECL publications [1,2] and
also prefaces in-reactor test results with descriptions of important physical
characteristics of CANLUB coatings.

The fuel for CANDU-PHW* reactors comprises high density (10.6 Mg/m3)
natural UO2 pellets contained in thin-wall (0.4 mm) Zircaloy-4 tubes
(500 mm long, 13.08 mm outside diameter) sealed at each end with resistance
welded end plugs. The cladding collapses onto the UO2 pellets in the pres-
surized (~10 MPa) heavy water coolant. Elements are resistance welded to
Zircaloy end plates to form fuel bundles (e.g. 28 and 37 elements in
Pickering and Bruce bundles respectively). Zircaloy pads are brazed onto
the sheaths to space the elements and to provide a bearing surface in-
reactor where the bundles are irradiated in horizontal zirconium alloy
pressure tubes.

CANDU fuel has performed very well; of some 150,000 fuel bundles
irradiated in Canada's ten operating power reactors (net 5.25 GWe) only
0.18% have defected. The main incentive to eliminate defects is avoidance
of contamination of the primary heat transport circuit by fission products.

* CANDU-PHW stands for Canada Deuterium Uranium, Pressurized Heavy Water
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This paper therefore describes graphite and siloxane CANLUB coatings and
the in-reactor tests that demonstrated their ability to improve fuel per-
formance on power ramping.

FUEL PERFORMANCE

Defect rates in the fuel of CMJDU-PHW reactors during the years 1969-
1978 are shown in Figure 1. Most defects occurred before 1973 in the Douglas
Point and Pickering Unit 1 reactors; note that the ordinate of Figure 1 is
logarithmic. One hundred and sixty-nine bundles have been confirmed
defective and 82 more bundles were suspected of having been defective, on the
basis of fission product monitoring. Of the 169 bundles confirmed defective
134 defects resulted from power ramping. Power ramp defects have been
observed in nuclear fuel worldwide [3-5] and have been attributed to fission
product-induced stress corrosion cracking [6,7]. The incidence of defects
was greatly reduced as a result of the following measures:

- the introduction of graphite CANLUB fuel, and
- changing the fuelling sequence, thereby flattening the flux profile and
reducing the peak power. Also the adjuster rod insertion sequence was
changed to avoid power transients on starting up the reactors following a
short-term shutdown.

Twenty bundles have defected because of either porous end plugs or end
plug welds, handling damage, or flow-induced fretting. We have not ascer-
tained the causes of the remaining fifteen defective bundles; they were not
examined in detail.

CANLUB COATINGS
Graphite

Slurries of deflocculated graphite in either isopropyl alcohol or water
may be coated onto the inside surfaces of Zircaloy cladding. On drying, the
graphite platelets, typically 5 x 3 x 1 ym in dimensions, become aligned
such that basal platelets are parallel with the tube surface. Coating
thickness is determined by controlling the viscosity of the slurry and
uniformity depends on the drying rate. The coatings are then baked in either
vacuum or air, depending on the slurry type, to remove excess hydrogenous
material and leave an adherent coating of about 50% theoretical density.

in a laboratory test program, the thickness of graphite coatings was
measured by scanning electron microscopy and the wear resistance of the
coatings was evaluated by rotating coated cladding samples containing steel
balls. Periodically the balls were removed, loose graphite was shaken from
the tubes and the weight change gave a measure of coating wear. Adjacent
pieces of coated Zircaloy cladding were then deformed by the controlled
squashing of an aluminum slug in a hollow cylinder of alumina that fitted
concentrically in the Zircaloy tube. The alumina cracked and imposed local
stresses on the coated Zircaloy as it expanded radially. This test is
termed the simulated f_uel expansion (EIMFEX) test. Figure 2 shows a contour
map of the total circumferential elongations attained by the coated tubes,
before they cracked, as a function of coating thickness and propensity to
wear. The optimum lubrication was obtained from graphite coatings in the
range 5 to 10 pm thick that retained 80% or more of their coatings during
the wear test (wear <20%). Failure strains were generally reduced with
increasing wear or decreasing coating thickness below about 3 ym.



- 11 -

Siloxane

The siloxsnes are compounds whose molecules are silicon-oxygen chains
with two alkyl or aryl side-groups attached to each silicon atom. Siloxane
fluids can be made up into greases by adding finely divided silica of
typical particle size 0.01 ]im. Most of our experience has been with poly-
dimethyl siloxane containing 7 wt% SiO2. The grease can be applied to the
inside surfaces of tubes by drawing a plug-spreader through the tube;
alternatively the grease an be thinned with paraffins such as heptane for
flood-coating. When baked in air at 573 to 623 K some siloxane side groups
become scissioned from the siloxane chains and the siloxane molecular chains
cross-link to form a hard adherent siloxane lacquer. The most important
control parameters are coating thickness, baking time and temperature, and
the residual hydrogen in the cured coating. If a coating is too thick or
baked for too long or at too high a temperature the coating will crack and
flake off. This cracking of the siloxane coatings is beneficial from the
point of view of quality control - for example unacceptably thick patches,
which could contain excess hydrogen, will crack during baking and are easily
detected by visual inspection.

Although siloxane coatings have a lubricating action in the unirradiated
condition we have deduced that this is lost during irradiation [8]. Post-
irradiation SIMFEX tests of siloxane-coated cladding gave circumferential
failure strains as low as for uncoated cladding, whereas graphite coatings
retained a definite improvement in similar tests. However an important
action of siloxane coatings is to inhibit stress corrosion cracking and in
post-irradiation iodine SCC tests of stressed rings at 573 K, siloxane coated
cladding proved superior to uncoated- or graphite coated-cladding irradiated
to the same neutron fluence (5.5 x 1021* n/m2, E >1 MeV).

Siloxane coatings are strongly adherent to the ZrOî layer on a Zircaloy
surface and resist wear better than most graphite coatings.

POWER RAMP TESTING

The reactor loops at the Chalk River Nuclear Laboratories were used to
establish margins of improvement in power ramping behaviour due to CANLUB
coatings. Thresholds of ramped power Pmax a n d power increase AP, that are
variable with fuel burnup, had to be exceeded for defects to occur in non-
CANLUB fuel [9] so the changes in thresholds of P^x and AP for CANLUB fuel
are a measure of the beneficial effects of the coatings.

Graphite CANLUB

A total of 19 fuel bundles and 90 individual elements with graphite
CANLUB coatings have been power ramped in the NRU loops. Their power
increases are plotted in Figure 3 and ramped powers in Figure 4, both as
functions of fuel burnup. In these figures the open points represent intact
fuel, the solid points represent defects and arrows connecting points indicate
an extra ramp with a short period at steady power between the ramps. Super-
posed on Figures 3 and 4 are threshold lines representing 1% defect prob-
ability for non-CANLUB fuel established on the basis of 55 bundles and 120
individual elements [1]. All of the defects in the graphite CANLUB fuel are
above and to the right of the non-CANLUB threshold lines in Figures 3 and 4.
This indicates improved performance to the extent that the defect thresholds
now lie within the hatched bands shewn on Figures 3 and 4.
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The five points, representing defective graphite CANLUB fuel, closest
to the defect threshold band (Figure 3) were all from fuel elements with very
thin graphite coatings. Conversely the fuel that remained intact when ramped
to very high powers had the thickest graphite CANLUB coatings. The impor-
tant effect of graphite thickness was also demonstrated in the power ramping
of a bundle in which the outer elements had either thick or thin graphite
CANLUB coatings. Four out of six elements with thin coatings defected,
whereas none out of twelve elements with thick CANLUB graphite coatings
defected. Graphite coatings should be at least 3 ym thick for high resist-
ance to power ramping defects. (This result from in-reactor testing agreed
with the laboratory test results outlined earlier in Figure 2.)

Siloxane CANLUB

Eight siloxane CANLUB bundles and twenty-one individual elements have
been power ramped. None has defected at powers relevant to CANDU power
reactors but two elements did defect when they were inadvertently over-
powered such that central melting of the UO2 occurred. The Zircaloy
cladding of these two elements suffered ductile shear rupture with fracture
faces inclined at about 45 degrees to the radial direction as opposed to the
usual radially aligned SCC-type cracks in the cladding of defective power-
ramped fuel.

Figures 5 and 6 show the power increases and ramped powers exparienced
by siloxane CANLUB fuel as a function of burnup. In these figures the square
data points represent fuel with Zircaloy-4 cladding and the circular points
indicate Zr-1 wt% Nb cladding (used in two experiments only). Again the
arrows indicate two-stage power ramping. The hatched bands superposed on
Figures 5 and 6 represent the defect thresholds for thin graphite CANLUB
type fuel. Although the data are sparce the absence of siloxane CANLUB
defects above the graphite CANLUB defect thresholds indicates that siloxane
CANLUB fuel is more tolerant of power ramping than graphite CANLUB. 'The
performance of siloxane CANLUB fuel in the NRU loops was sufficient to
accommodate any proposed fuelling schemes in CANDU power reactors. The
results form the basis for introducing siloxane CANLUB fuel bundles into
power reactors in statistically significant numbers for a definitive com-
parison with graphite CANLUB at high ramped powers.

Post irradiation examination of siloxane CANLUB fuel having coatings
within specifications has shown that the hydrogen from the siloxane was
distributed uniformly in the Zircaloy cladding. One irradiation was per-
formed with siloxane coatings more than ten times thicker than our specifi-
cation and also the baking cycle was sub-specification to the extent that
our normal hydrogen concentration limit was exceeded by a factor of about 15.
Even so, the four elements in this experiment did not fail after being
ramped from 34 to 60 kW/m at a burnup of 50 MW.hAg U.

Comparitive Test in Douglas Point

Four bundles of graphite CANLUB fuel and four bundles of siloxane
CANLUB fuel have been power ramped in the horizontal loops of the Douglas
Point Nuclear Generating Station. Enriched fuel was employed to reach powers
greater than normally ejqserienced by the natural UO2 Douglas Point fuel. The
ramped powers, power increases and burnups of outer elements are given in
Table 1 together with the test results and calculated defect probabilities
based on the performance of non-CANLUB fuel in power reactors [9]. If the
failure probability of an individual bundle is p then the chance that one

n
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bundle or more would defect is 1 - [ (1-pi) (I-P2) (1-pa) (l-pO ]• Therefore
using the defect probabilities (for non-CANLUB fuel) from Table 1 we see
that there was a 98.2% chance of a graphite CANLUB bundle defecting (and one
did defect) and a 78% chance of a siloxane bundle defecting (and all 4
remained intact). The chance that two or more bundles would defect was
about the same for graphite CANLUB (54%) and siloxane CANLUB (55%). Thus
the results from this experiment are encouraging but inconclusive.

CONCLUSIONS

- The performance of CANDU fuel in power reactors has been outstandingly
good; since 1972 the defect rate has been 0.06% of bundles irradiated.
Power ramp defects were countered by lowering the peak powers experienced
by outer elements of fuel bundles from about 60 kW/m to about 53 kW/m and
also the introduction of graphite CANLUB fuel.

- Severe power ramping in test reactor loops suggested that siloxane CANLUB
fuel was even more tolerant of power ramping than graphite CANLUB fuel.
Both CANLUB fuel types easily outperformed fuel with bare Zircaloy
cladding.
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TABLE 1

POWER RAMPING TEST RESULTS ON GRAPHITE AND
SILOXANE CANLUB BUNDLES IN DOUGLAS POINT NGS

CANLUB

Coating
Type

Graphite

Siloxane

Ramped
Power
pmax
kW/m

63
67
54
44

60
55
68
57

Power
Increase

AP
kW/m

29
29
21
16

25
24
25
24

Fuel

Burnup to
MW.h/kg u

142
73
121
114

120
126
80
79

Test
Result

Defect
Intact
Intact
Intact

Intact
Intact
Intact
Intact

Calculated
Defect

Probability(a)
%

96
27
23
5

49
45
15
4

(a) Defect Probabilities were calculated on the basis of non-
CANLUB fuel performance in power reactors.



FIGURE 2 Dependence of failure strains in SIMFEX tests on graphite
coating thickness and its propensity to wear. This
contour map shows ranges of total circumferential elonga-
tion (TCE) attained in 26 tests. Control specimens which
would belong in the bottom right corner (coating
thickness = 0, wear = 100%) reached strains of 6.7 and
7.7%.
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FIGURE 3 Power increase versus burnup for graphite CANLUB
fuel ramped in the NRU loops. The dashed line is
the defect threshold for non-CANLUB fuel and the
hatched band contains the defect threshold for
graphite CANLUB fuel.
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FIGURE 4 Ramped powers, corresponding to the power increase
in Figure 3, as a function of burnup for graphite
CANLUB fueJ ramped in the NRU loops.
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FIGURE 5 Power increase versus burnup for siloxane CANLUR
fuel ramped in the NRU loops compared with the
threshold band (Figure 3) for graphite CANLUB
defects.
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FIGURE 6 Ramped powers, corresponding to the power increases
in Figure 5, as a function of burnup. The hatched
band indicates the graphite CANLUB defect
threshold.



ISSN 0067 • 0367

To identify individual documents in the series
we have assigned an AECL- number to each.

Please refer to the AECL- number when re-
questing additional copies of this document

from

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
K0J1J0

ISSN 0067 • 0367

Pour identifier les rapports individuels faisant
partie do cette série nous avons assigné
un numiiro AECL- è chacun.

Veuillez faire mention du numéro AECL- si
vous demandez d'autres exemplaires de ce
rapport

au

Service de Distribution des Documents Officiels
L'Energie Atomique du Canada Limitée

Chalk River, Ontario, Canada
KOJ 1J0

Price $2.00 per copy Prix $2.00 par exemplaire

1935-79


