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Abstract

The definitive shutdown date for the Bugey-1 reactor was May 27th, 1994, after 12.18 full power equivalent
years and this document briefly describes some of the feedback of experience from operation of this reactor.

The radiolytic corrosion of graphite stack is the major problem for BUGEY-1 reactor, despite the inhibition of the
reaction by small quantities of CH4 added to the coolant gas.

The mechanical behaviour of the pile is predicted using the "INCA" code (stress calculation), which uses the
results of graphite weight loss variation determined using the "USURE" code.

The weight loss of graphite is determined by annually taking core samples from the channel walls.

The results of the last test programme undertaken after the definitive shutdown of BUGEY-1 have enabled an
experimental graph to be established showing the evolution of the compression resistance (perpendicular and
parallel direction to the extrusion axis) as a function of the weight loss.

The numerous analyses, made on the samples carried out in the most sensitive regions, have allowed to verify
that no brutal degradation of the mechanical properties of graphite happens for the high value of weight loss up
to 40% (maximum weight loss reached locally).

I. INTRODUCTION

The BUGEY-1 reactor is of the UNGG type (Natural Uranium, CO2 Coolant Gas, Graphite Moderator).
It started commercial operation in 1972 and was shut down permanently on May 27, 1994, after 12.18
full power equivalent years (f.p.e.y).

The methods used to predict and monitor BUGEY-1's graphite stack, subjected to strong radiolytic
corrosion by CO , and the results obtained after 11.11 f.p.e.ys have been covered in a presentation at
the last Specialists Meeting held in Japan in 1991 [1].

In view of the existence of strongly corroded zones in the graphite stack, it was felt that an additional
sampling program following final plant shutdown would make a worthwhile contribution to our
knowledge of the mechanical behaviour of highly oxidized graphite.

II. SUMMARY DESCRIPTION OF THE BUGEY-1 PLANT

11.1. Main features

The BUGEY-1 reactor is a 540 MWe unit. Major reactor features are the following :

• The design is of the "integrated" type. The cooling gas is blown downwards through the graphite
moderator stack by four turbine-driven circulators. The moderator stack is located above the main
heat exchanger, inside a prestressed concrete pressure vessel.

• The fuel elements, annular in shape, are cooled internally and externally. Elements are encased in
graphite sleeves to facilitate handling. Maximum specific power is 13 w/g.
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• Individual fuel channels, containing 15 fuel elements, are directly accessible by the fuel handling
machine (direct view), and the reactor is refuelled on load.

• Coolant gas pressure is 43 bar; average core inlet and outlet temperatures are 220°C and 400°C
respectively.

11.2. Graphite stack structure

The graphite moderator stack is 15 m. in diameter. It consists of 1315 graphite columns in a side-by-
side arrangement with total height of 10.20 m. Columns are built of prismatic bars assembled by three
tongue-and-slot joints. This built-in keying arrangement is designed to allow graphite bricks to expand
freely.

The graphite stack rests on a steel bedplate. It is encased in a side structure consisting of 132 steel
posts which support hexagonal steel blocks forming a thermal shield.

Graphite beds are held together by the "master" columns, which have been offset downwards by
making their bottom bricks 50 mm. shorter.

11.3. Fuel channels

Individual nominal channels contain 15 fuel slugs. A channel consists of 12 bricks with height from 540
mm. to 890 mm. Bricks feature an axial hole with 224 mm. dia., making their wall thickness 55 mm. to
94 mm. according to brick azimuthal position.

The active core comprises 852 identical columns. The reactor is controlled through 75 control rod
channels with 88 mm. bore, arranged in 7 independent zones (one central and six peripheral zones).
The emergency shutdown absorber rods are accommodated in 9 identical columns.

11.4. Main graphite properties

The graphite used in stack construction is of P3AN grade, made of LIMA petroleum coke, calcined and
ground to a particle size not exceeding 1.6 mm. The coke is then impregnated with coalpitch and
subjected to a densification treatment at 2800°C. Main physical properties are the following [2]:

-bulk density : 1.685 g/cm"3

- capture cross section : 3.73 mbam
- modulus of elasticity : in the axial direction, i.e., parallel to the extrusion axis :

E//= 11000 Mpa.
in the transverse direction : E = 7500 MPa

- anisotropy coefficient : 1.47
- average mechanical strength, Mpa :

Direction // i
Tensile 14 9.2
Compression 42 38

III. MAIN PHENOMENA AFFECTING THE STACK

111.1. Brick distortion

Stack brick distortion is mainly of the following types :

• Transverse shrinkage (perpendicular to extrusion axis) and overall longitudinal shrinkage; the latter
are the cause of large relative displacements of the columns.

• Differential longitudinal shrinkage : due to cell geometry, fibres in opposite faces of one graphite bar
may be subjected to a significant fast flux gradient.

• The existence of such distortion has thus made it necessary on several occasions since 1989 to
use a bore gauge. The free passage of fuel elements has been restored through light reaming of
the graphite bed junctions.
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111.2. Graphite radiolytic corrosion

Compared with other UNGG reactors, the graphite in the BUGEY-1 moderator stack is affected by
radiolytic corrosion to a higher degree, due to the high specific power which may be generated in the
most powerful core channels, and to high coolant gas pressure.

A number of steps have been taken to reduce this phenomenon.

• A slight CO2 flow has been allowed between the brick inner and outer sides by creating a pressure
difference between the sides. To achieve this, CO2 was circulated through the 2 mm. radial
clearance between the graphite beds and the fuel elements sleeves. The last sleeve, located at the
bottom of the channel, has ports which allow CO2 to flow through the internal passage provided by
the train of fuel elements.

• Injection of small quantities of methane into the coolant gas, to inhibit oxidization.

• Although methane addition actually slows down corrosion, the radiolysis of CO2-CH4 mixtures
produces carboxyhydrogenated compounds which are deposited in the stack graphite and on the
fuel elements. These deposits have the following effects :

• An increase in the moderator capture cross-section (deposit hydrogen content is approximately 1 %
by weight)

• Degradation of the heat transfer coefficient through fuel element cladding. Deposit build-up at
cladding surface is detected and monitored by instrumentation located in a number of fuel channels.
Deposits are eliminated at regular intervals through oxidization, by injecting an approximate 2
tonnes of oxygen into the CO2. During this operation, which takes about 40 hours, the CO2 is kept
CH4-free. [1]

• Cooling gas composition represents a compromise between corrosion inhibition and the reduction
of deposits on fuel element cladding, while controlling steel corrosion caused by water vapour. The
combination of the injection and CO2 purification systems has been effective in keeping the
concentration of impurities at the following levels, which are monitored daily by chromatographic
analysis :

[CO] = 13000 vpm, [CH4] = 420 vpm, [H2] = 100 vpm, [H2O] = 60 vpm.

IV. PREDICTION OF GRAPHITE STACK BEHAVIOUR

. The "USURE" computer code

A computer code, known as "USURE", was written to predict the development of radiolytic corrosion in
the most affected part of the graphite stack. The purpose of "USURE", the principle of which is
described in [1], is to determine the changes in weight loss profile through the brick as a function of
time, with special emphasis on the area close to the channel wall.

The data obtained in 1988 (after 10.00 f.p.e.y.) show good agreement between the computed weight
loss profiles and those determined experimentally by gamma absorption measurements on the
samples taken from the fuel channels.

. The "INCA" computer code

The "INCA" code, a stress computation code, was used to predict time changes in the mechanical
behaviour of the graphite stack brick most affected by weight loss. The principle of the code, the basic
assumptions and the major parameters taken into consideration, including the weight loss profile
computed using the "USURE" code have been described earlier [1].

Since 1990, code utilization has been superseded by a statistical analysis of compression strength
data as determined on samples taken from the higher power channels during each unit shutdown.
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V. GRAPHITE STACK MONITORING DATA [3]

V.1. Measurement of stack axiat displacement

At the time of building, end pieces were screwed onto the lower ends of the loading wells. Eighteen
wells, located in three radial directions with 120° spacing, were used for axial displacememnt
measurements. Forty-six 5 mm. dia. holes, plus two locating holes, were drilled through the end pieces
of those wells over a 450 mm. length.

The guide tubes attached to the stacks blank off a number of the holes in the end pieces. Using a T.V.
camera for observation, and counting the number of visible holes, the stack axial position can be
determined. Accuracy of the displacement measurement is estimated at ± 1 mm.

Figure 1 shows changes in axial displacement as measured in each radial direction (O, South, West)
since 1971 (the starting date prior to going critical). Shrinkage can be observed, increasing toward the
stack centeriine, and becoming larger with time.

Figure 1 • Measurement of stack axial displacement
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Table 1. Time changes in graphite bed offsets

Year

1989

1992

1989

1992

1992

Chanel

Offset (mm.) min.

B3I5

Offset (mm.) max.

Offset (mm.) min.

B3I5

Offset (mm.) max.

Offset (mm.) min.

C5K5

Offset (mm.) max.

Offset (mm.) min.

C5K5

Offset (mm.) max.

Offset (mm.) min.

C6K8

Offset (mm.) max.

Graphite bed numbers

X
0

0.5

0

1

0

0

0

0.5

0

0.5

X
1

1.5

0.5

2

1

1.5

1

2

0.5

2

X
1.5

3

1.5

3.7

1

3

1

2.5

1

2.5

X
1.5

3

1.7

3

1.5

3

1.5

2.5

1

2.5

X
2

2.5

2.5

3.5

1.5

3

1.5

3

1

3

X
1.5

3.5

1.5

4

2

4

1.5

4

2

4.5

X
2

3

2

3.5

2

4

2

5

2.5

6

8 /'9

1

2.5

1

2.7
1

3

1.7

4

2

3.5

9 /'10

1

2

1

2.7

1.5

2.5

1.5

3

1.5

3

10.
'11

1

1.5

1

2

0

1.5

1

2

0.7

1.5

11/
'12

0

0.5

0

1

0

0

0

1

0.2

1.5



V.2. Measurement of stack radial displacement

A tube, fitted with a welded axis and a marker screw, is mounted on the reflector at a 7.03 m. distance
from the reactor vertical centerline. A ruler drilled with holes, linked to the reactor vessel liner, slides
through two openings in the tube. Using a T.V. camera, the displacement of the marker screw with
respect to the ruler can be observed.

Measurements made on the 3 wells fitted with this device show the displacements (of the stack toward
the reactor vessel) to be very slight (from 2 to 10 mm.), with no apparent change in time.

V.3. Monitoring the channels

During every unit shutdown, a number of channels were inspected, running a T.V. camera through the
full height of the stack to evaluate the relative shifts of the graphite beds, and also to detect possible
cracks and monitor their future developments.

V.3.1. Graphite bed shifts

The 74 higher-power channels were inspected from 1989 to 1992 and, in all the channels, offsets were
observed between all the graphite beds, as numbered from 1 to 12 starting at the bottom of the stack.

Table 1 summarizes the data on three typical channels, two of which were inspected in 1989 and 1992.
Graphite brick interfaces were subjected to 360° inspection using a T.V. camera. The table shows the
minimum and maximum shifts observed.

In all channels, maximum offset is seen to occur at beds 7 and 8, and the values grow with time.

V.3.2. Crack examination

From 1983 to 1992, inspections for cracks show the following results :

• Number of channels inspected over their entire length : 106
• Number of channels showing cracks : 42
• Data on channels with cracks are summarized in Table 2.

It should be observed that, out of the 74 higher-power channels, which were included in the 106
channels inspected, only 28 showed fine cracks.

The table shows that, in most of the channels, cracks occur at bed 6, the zone most affected by
radiolytic corrosion.

Table 3 summarizes the features of cracks in three typical channels among the 106 examined. These channels
are representative of the observations made. In general, crack dimensions (length, width) vary very little with
time.

V.4. Graphite core samples

To monitor graphite weight loss and mechanical properties, core samples were taken, in a direction
perpendicular to channel center-line, during every unit shutdown since 1979. Cores were of two types :
17 mm. dia., length 20 to 30 mm. and 30 mm. dia., length 30 mm. From the latter core types, taken
since 1990, two samples can be cut at right angles to the core centerline; they are used to determine
compressive strength in a direction parallel to the graphite extrusion axis.

Samples were machined to size and the following measurements were made :

• Weight loss, dereived from bulk density as obtained by dimensional examination (using a laser
micrometer) and weighing. It should be noted that initial bulk density was found to be 1.70 g/cm^.

• Measurement of compressive breaking strength, in directions perpendicular and parallel to the
extrusion axis.

• Determination of weight loss profile along sample centerline, through gamma absorption
measurements on the most affected specimens.

• Hydrogen content measurements on a limited number of samples.
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Table 2. List of channels with cracks

Bedn°

2

4

5

6

7

8

9

11

Channels showing fine cracks

B7K9*, C6K4, D2J4**

B1I3, B1J5", B3I5*. B3K3*

B9H1, B9k9, C1I9*, C4k6"
D1J9, D2J8*", D3J7

B0I8*, B1J5", B3I1,B3J9,
D1I1,D1J7**, D1k3*, D2j4*

B0I8*, B1J3, B1J5", B3I3,

B4I0, COJO, C2J2, D2J4"

B5J9, C8K6

B0J2, B3I5*, D1J7"

* channel with fine cracks over 2 beds
** channel with fine cracks over 3 beds
*** channel with fine cracks over 4 beds

, C0H6, C4K6**, D2J8***

, C5K9, C7H3*, C9H7*, D0J6, D0J8, D1H9, D1J7",

B3K3*, B7K9*. C1H3, C1I9*, C4K6**, C6H2, C9H7*.
*, D2j8"*, D3I7*, D3J3

B5K1, C5K5, C7H3*, D1K3*. D2J8***, D3I7*, D3I9

Table 3. Time changes in crack features

Channel

C1H3

D2J4

C5K9

Year

1987

1988

1989

1991

1992

1986

1988

1989

1991

1992

1989

1990

1991

1992

Remarks

Circular crack (0.5 mm.). Two vertical (2.5 and 0.2 mm.) in middle of
bed.

Same as 1987

Same as 1987 + one vertical crack at bed bottom

Same as 1987,1989

Same as 1987,1989

Circular crack (0.5 mm.) in middle of bed

Same as 1986 + one vertical crack in middle of bed (0.5 mm.)

Same as 1986,1988 + one fine crack reaching bed bottom

Same as 1986,1988,1989

No significant changes

Small, fine vertical crack at bed bottom (length : 10 cm.), turning
into circular crack (1/4 turn)

Same as 1989

Same as 1989

Same as 1989

Bed

6

1

6

8

2

5
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During the 1979-1994 period, a total of 938 samples were taken, on which 425 compressive strength
measurements were made (Table 4).

Table 4. Sampling schedule

Year

f.p.e.y.

no of samples

no of Re

measurements

1979

-

3

-

1981

-

9

-

1983

7.45

32

32

1984

8.03

63

44

1985

8.50

42

32

1986

9.04

56

21

1987

9.39

59

20

1988

10.00

94

17

1989

10.39

56

28

1990

10.79

191

62

1991

11.11

223

59

1992

11.45

61

61

1994

12.18

49

49

Total

938

425

V.5. Weight loss measurement data

Figure 2 shows weight loss vs. time, the latter being expressed in terms of f.p.e.y. The curve is a plot of
336 measurements made on samples taken at 17.2 m. elevation (5.6 m. from stack top) from a number
of channels, among which the 74 higher-powered ones. It should be noted, however, that the 1994
samples were taken between 16.5 m. and 18.2 m.

As early as 1989, weight loss determinations, at several points in time, on samples closely spaced in
one channel had led to the calculation of the initial oxidation rate for graphite [1].

9o =

+ 0.30

-0.36

</5
CO

o
£2

q(o)=1.11%/f.p.e

q(o)=0.76%/f.p.e20

1 0

0
0 2 4 6 8 10 12 14

Full power equivalent year
Figure 2 - Experimental and calculated weight loss
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Curves plotted from the modified STANDRING relationship [4] (considering reactive pore volume
instead of open porosity) represent the cumulative weight loss of the stack as a function of reactor
lifetime; they include most of the measured values.

ioonR

l-n loon

where

r ip = reactive pore volume in graphite, i.e. 0.10 cm3/cm3 [5] [6]
g 0 = initial oxidization rate
t = time expressed in full power equivalent years.

While data scattering is accounted for by a number of non-uniformities (in CH4 flowrate, graphite
porosity, neutron flux, etc.), no explanation has been found for the fact the average weight loss
recorded for the 1994 samples (12.18 f.p.e.y.) is clearly above the STANDRING curve.

The maximum corrosion rate recorded was 42.5% in one of the core samples taken at 17.30 m
elevation. However, some uncertainty remains as to representative character of this figure, since the
sample had to be machined, which eliminated a section less affected by corrosion; further, the
presence of a cavity made it necessary to apply an estimated volume correction.

The second highest corrosion rate figure was found to be 40.1%, in a core sample taken at 18.2 m.

V.6. Compressive strength data

For the last batch of samples, it was decided that core diameter would be 30 mm. to broaden the
scope of compressive strength in the direction parallel to the extrusion axis, in the zone showing a
weight loss of 25% or more.

The lowest values of compressive break strength recorded during the yearly sample-taking periods are
the following (Figure 3) :

R c l = 5.7 MPa with U = 36.3% (1992 sampling),
i.e., 15% of initial strength

Re// = 10.0 MPa with U = 38.9% (1994 sampling),
i.e., 24% of initial strength

V.7. Statistical analysis of compressive strength data

The purpose of this analysis is to detect a possible worsening of the drop in compressive strength,
which would indicate an increasing, non-linear degradation of graphite mechanical properties [7].

V.7.1. Compressive strength in the direction perpendicular to the extrusion axis

The 27 samples taken after 12.18 f.p.e.y. yielded 21 measurements which supplement the existing
data for corrosion rates in excess of 30%.

The two statistical time change relationships derived by linear regression in the [25%, 30%] and [30%,
40%] ranges were updated and are now written as follows :

R c l 25(U) = 43.34-1.018 U

hence

Rc i25 (30%) = 12.8 MPa,

a practically unchanged figure (it was 12.9 MPa in 1992).

Rc l30 (U) = 25.29 - 0.441 U
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hence

R c 130 (30%) = 12.1 MPa (12.5 MPa in 1992)

R c 130 (35%) = 9.9 Mpa (7.8 MPa in 1992)

This last result is quite representative of a marked reduction in the downward trend of compressive
strength as a function of weight loss. The recording of 10 additional points (exclusive of the sample
with 42.5% weight loss), with abscissae in excess of 35% led to the detection of this change in trend
and to a refinement of the analysis by providing an explanation for the process involved.

The number of points available on the [35%, 40%] weight loss segment (12), small as it is, is sufficient
to outline an average statistical relationship for predicting changes in that interval. Let us consider the
straight line segments obtained by linear regression in ranges [25%, 30%], [30%, 35%] and [35%,
40%]; their equations are the following :

RC_L 25-30(11) = 43.34-1.018 U

RCJ_ 30-35(11) = 28.74-0.549 U

R c l 35-40(11) = 10.9 - 0.059 U

Hence

R c l 35-40(35%) = 8.8 MPa

and

RC_L 35-40(40%) = 8.5 MPa

The above relationship and data indicate that compressive strength in the range considered has
become practically stable.

V.7.6.2 Compressive strength in the direction parallel to the extrusion axis

The 22 measurements made during the last sample-taking period have led to the final validation of the
average statistical relationships derived by linear regression over segments [25%, 30%] and [30%,
39%].

The relationships are based on 31 and 34 experimental points respectively; they are now written as
follows :

25 (U) = 27.94-0.25 U

hence

R<JI 25(30%) = 20.4 MPa (20.7 MPa in 1992)

In this case, compressive strength shows only a minor change as compared with 1992, which could be
expected in view of the very small number of additional points recorded (3).

RJ! 30 (U) = 45.3-0.905 U

hence

RJI 30(30%) = 18.1 MPa (17.7 MPa in 1992)

and

RJI 30(39%) = 10 MPa

The above relationship shows a definite increase in its downward trend, mainly as a result of the
additional experimental points recorded at the higher weight loss levels :

RfJI 30(35%) = 13.6 MPa as compared with 14.6 MPa in 1992.

This observation has naturally prompted us to draw a parallel with the behaviour of compressive
strength in the direction perpendicular to the extrusion axis, to that end, we have used linear regression
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to derive the average statistical relationships over the [30%, 35%] and [35%, 39%] segments, the latter
being based on 11 samples only.

Re// 30-35(U) = 31.13 - 0.457 U (23 experimental points)

hence

Re// 30-35(30%) = 17.4 MPa

Re// 30 - 35 (35 %) = 15.1 MPa

Re// 35-39(U) = 50.9 U-1.069 U

hence

Rc// 35-39(35%) = 13.5 MPa

35-39(39%) = 9.2 MPa

The above shows a significant increase in the downward trend of the compressive strength as a
function of weight loss. This is noteworthy, as the situation is the opposite of that observed, in the
range considered, when the direction is perpendicular to the extrusion axis.

The experimental anisotropy factor, as defined on the basis of relationships R c l 30 - 35 (U) and ^
30-35 (U), was found to be 1.59 for U = 35%. It is lower than in 1992, when it was 1.86, while
remaining an ascending function of weight loss up to a rate of 35%. The decrease in compressive
strength in the parallel direction, and its quasi-stabilization in the perpendicular direction, account for its
subsequent reduction.

V.8. Interpretation of experimental data

To investigate the change in compressive strength as a result of radiolytic corrosion and neutron
irradiation, the two effects were first studied as a combination, then separately. It has been shown [8]
that if:

Rc(ox)

— is the change in compressive strength due to radiolytic oxidization alone, the

initial compressive strength value being Rc(o),

and

— is the change in compressive strength due to neutron irradiation in an inert

gas atmosphere, compressive strength value being Rc(o),

the combined change — -— is given by :

RcQr,ox) _ Rc(ir) ^ Rc(ox)

Rt(o) RM ^(o)

Irradiation of LIMA coke-based graphite at 300°C and 400°C [9] shows that compressive strength rises
very rapidly at low doses (up to 6000 MWJ/TA), then more slowly at higher doses.

At a first approximation, the change can be represented by equation [9] :

Rc (ir) ~ Ro (1.4 + 1.25.10"6 D) (2)

where D is the dose in MWJ/TA.
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Assuming that in the case of BUGEY-1,

1 f.p.e.d. ~ 12 MVWTA

After 12.18 f.p.e.y., the dose has become 5.33 104 MWJ/TA.

Neglecting the last term of relationship [2], which only accounts for a 6.6% increase in Ro, and taking

Rc(ox)

Rc(o)
= exp (- a U)

The relationship [1] becomes after fitting with experimental data

Rc (ir, ox) = 1.4 Ro exp (- 0.043 U)

where U is the weight loss in %.

This relationship for Rc 1 the graph of which is shown in figure 3, is in full agreement with that obtained
by KELLY [10];

= exp (- 0.04 U)

The fit of the Rc // measurement points is not satisfactory, first because the initial value Ro // = 42 MPa
is too small and, second, because strength begins to drop when weight loss exceeds 35%.

Rc -<- =52.8'exp(-0.047*U)
Rc//=67.6*exp(-0.045'U)
• Rcxa12.18 f.p.e.y.
A Rc// a12.18 f.p.e.y.

0 10 20 30

Weight loss (%)

Figure 3 - Compressive strength - BUGEY.1

4 0 5 0
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VI. CONCLUSION

Based on the observations made on the 74 higher-powered channels during each unit shutdown, we
conclude that there is no risk of channel wall crumbling, considering the slight growth of the cracks,
most of which are located in the maximum flux zone.

The BUGEY-1 stack monitoring program, based on the taking of core samples, has enabled us to
locate the zone most affected by radiolytic corrosion, in which weight loss was found to be as high as
40% in some areas after 12.18 f.p.e.y.

A statistical investigation of the many (425) compressive strength data also shows a halt in the
degradation of graphite mechanical properties in the direction perpendicular to the extrusion axis, and
the existence of an ample margin as regards the compressive strength along the extrusion axis.
However, the fact that a sharp drop in mechanical properties cannot be ruled out in certain high-
corrosion zones appears to justify the energy level on which the final shutdown date was based as
early as 1989, i.e., 12 f.p.e.y.
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