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Resume

Ce rapport decrit une nouvelle installation d1irradiation des
materiaux ayant ete recemment installee dans le reacteur de recherche
WR-1 dont le caloporteur est organique. Cette installation qui comprend
deux pieces inserees en serie est installee dans des positions du
reacteur pouvant fournir une densite de flux de 3.2 x 1 0 ^ neutrons
cm~2.s~l aux specimens irradies. Cette haute densite de flux est
particulierement utile pour le developpement de materiaux structurels
devant servir dans i.e coeur des reacteurs.
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ABSTRACT

This report describes a new Material Irradiation Facility which has
recently been installed in the WR-1 organic-cooled research reactor. The
irradiation facility, which consists of two inserts in series, is installed
in reactor sites which can deliver a neutron flux density of 3.2 x 1 0 ^ neutrons
ctn~2.s-l to the specimens under irradiation. The high flux density is parti-
cularly useful in the development of structural materials for in-core service.
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1. INTRODUCTION

Development of an In-core structural material for a nuclear reactor

requires extensive testing under irradiation conditions. The properties that

require examination under neutron irradiation include mechanical, growth, creep

and fracture properties, order-disorder phenomena and corrosion. It is important

to conduct these tests at the operating temperatures of both existing and planned

nuclear reactors. In the case of Canadian, water-cooled reactors, this range

is from 300°C to 325°C.

This report describes a new, versatile, in-core facility, which consists

of two inserts in series, in the Whiteshell Nuclear Research Establishment's

research reactor, WR-1. The facility allows examination of the effects of

irradiation on the mechanical properties, growth, creep, fracture and order-

disorder phenomena of materials at a temperature of about 325°C. An irradiation

facility that allows the study of corrosion at temperatures up to 325°C in high

temperature water has also been built, and will be the subject of a subsequent

report.

2. THE WR-1 REACTOR

The WR-1 reactor is a 54 MW (th) organic-cooled, heavy water moderated,

vertical pressure tube research reactor. It consists of a 2.7 m diameter reactor

vessel with penetrations for 55 aluminum calandria tubes. Fifty-four calandria

tubes are installed, each containing a zirconium alloy pressure tube. The pressure

tubes surround the fuel. During reactor operation, heavy water moderator partially

fills the reactor vessel and surrounds all 54 calandria tubes.

A mixture of partially hydrogenated terphenyls is the coolant

for all but two of the reactor sites. The exceptions are a special loop
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facility for experiments cooled with light water and a pneumatic capsule facility

for irradiating small material specimens. The primary heat transport system (PHT)

is divided into three main circuits, 'A1, 'B1 and 'C1, and four experinental

loops, WR1-1L2, WR1-1L4, WR1-1L5 and WR1-1L6. Each circuit is independent of the

others and has its own circulating pumps, heat exchangers and necessary auxilliary

systems. This allows operating and experimental flexibility.

A schematic of the WR-1 reactor lattice is shown in Figure 1. The

small circles are positions that can accommodate 89.3 mm diameter pressure tubes,

while the large circles show positions that can accommodate 103 mm diameter pres-

sure tubes. A cross section of a fuelled pressure tube with a hollow central

support tube (CST) is shown in Figure 2. The fuel is supported on a central

support tube which seals to the top of the pressure tube. Two types of fuel are

currently in use in WR-1. All channels can accommodate driver fuel (UC or UO2),

but only the larger diameter channels can accommodate fast neutron (FN) fuel.

The dimensions and power ratings of these fuels with hollow CSTs are given in

Table 1.

In the core of a nuclear reactor, fast neutrons (energy £ 1.0 MeV)

are the greatest source of irradiation damage to reactor structural materials.

The FN fuel was developed to allow the study of reactor materials under a fast

neutron flux greater than that delivered by either of the driver fuels . For
18

example, the maximum fast neutron flux density in the centre of a CST is 10 n-
-2 -1* 17 -? -1

cm 's for the FN fuel as opposed to 4.8 x 10 n-cm " s for a standard UOj

driver fuel. Specimens to be irradiated are placed inside the CST. The larger

diameter of the FN CST permits irradiation of larger specimens than is possible

with the standard driver fuel CSTs. Currently, four channels in WR-1 contain FN

fuel. Two of these sites were available for the in-reactor irradiation facility

described in this report.

* For convenience, the notation n is used for neutrons in this report.



- 3 -

TABLE 1

Comparison of WR-1 Driver Fuel and FN Fuel

Length of element, mm

Sheath C D . , mm

Length of fuel bundle, mm

Fuel bundle O.D., mm

Elements per bundle

Rings of elements per bundle

Bundles per fuel string

Fuel rating per element
Q / (4 IT (W/ cm) ) max imum

O.D. of CST, mm

I.D. of CST, mm

Maximum linear bundle
power rating, kW/m

Total maximum power output,
MW

UC

493

138

495

81

14

1

5

55

49

45

968

1

DRIVER

|

.3 :

.3

j

.8

4

FUEL

uo2

493

134.5

495.3

81.3

18

2

5

35.8

15.2

12.7

810

1.12

FN

414

100

419

101

25

1

4

50

76

71.

1571

2.

FUEL

.8

.1

.6

8

0

27
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3. IRRADIATION FACILITIES IN HR-1

The large diameter CST of the FN fuel (Table 1) provides a relatively

large free volume that can be used to contain in-core experimental facilities.

Prior to the installation of the Material Irradiation Facility described in

this report, two other facilities had been designed to operate within the CSTs

of FN fuel, the static irradiation rig (SIR) and the biaxial creep rig (BCR).

The SIR was designed to study the effects of fast neutron irradiation

on the physical properties of reactor structural materials (e.g. irradiation-

induced growth, thermal expansion, thermal conductivity, etc. ), and the BCR

was designed to monitor the effects of fast neutron irradiation on the creep
(2)

properties of internally pressurized tubular capsules

Both these facilities (SIR and BCR) were very similar in both concept

and design. Essentially they consisted of a number of graphite blocks mounted

on a central zirconium alloy or stainless steel tube. The tube served the dual

purpose of a hanger rod and an exhaust tube for gases supplied to the assembly.

In both rigs the graphite blocks were machined so that they contained receptacle

holes for irradiation specimens and penetrations for thermocouples and gas lines.

The only internal heat source in both rigs was the garama heating of

the graphite blocks, specimens, gas lines, etc. The temperature was controlled

by conduction across the gap between the graphite block and the CST and by ad-

justing the composition of the gas to the rigs. Specimens could be irradiated at

tempe

BCR.

temperatures between 500 and 1000°C in the SIR and between 300 and 500°C in the

Both rigs were complicated by the gas lines and thermocouples and were

difficult to construct. The SIR was, also, heavily instrumented with fluidic

sensors to control both the composition and flow rate of the gases. Nevertheless,

temperature control was poor in both rigs.



- 5 -

Both rigs also suffered other disadvantages. In the SIR, when graphite

blocks with their irradiated specimens were removed from the rig, freshly machined

graphite blocks had to be added. This replacement was accomplished in the universal

hot cells. The operation involved placing the blocks on the central hanger and

threading the thermocouples and gas lines through the appropriate penetrations in

the fresh graphite blocks with remote manipulators. This proved to be a very

difficult and tedious task. In the case of the BCR, once a rig was removed from

the reactor for creep gauging, it could not be returned to the reactor, and a new

rig and fresh specimens had to be assembled.

The Material Irradiation Facility described in this report was designed

to minimise the difficulties experienced with both the SIR and BCR. This was

accomplished by using one of the primary pumps of the reactor to pump organic

coolant at the circuit inlet temperature through the facility to remove the gamma

heat generated. In this way, there was no requirement for temperature, flow or

pressure control,and the design of the facility was greatly simplified. Also,

the facility was designed so that specimens could be removed, gauged, tested and

replaced without difficulty.

4. THE MATERIAL IRRADIATION FACILITY

4.1 GENERAL

The Material Irradiation Facility was designed to allow irradiation

of several types of specimens at T«325OC. The number and type of specimens to be

irradiated required the construction of two inserts. The types of specimens

initially specified were pressurized capsules for creep studies, compact tension

specimens for fracture determinations, and subsized tensile specimens for mechanical

property data.

Preliminary calculations showed that the heat generated in the in-core

portion of one materials irradiation insert due to gamma heating should be between

35 and 44 kW at full reactor power. The two inserts would require a flow of

1.52 kg-s of 325 C reactor coolant to remove the gamma heat load and maintain
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the total differential temperature across the two inserts, when placed in

series, to less than 20°C.

The coolant sources in the WK-1 reactor which could provide the

required flow are the PHT coolant circuits. The gross inlet and outlet temper-

atures of the three WR-1 PHT circuits are:

CIRCUIT

Gross Inlet Temperature (°C)

Gross Outlet Temperature (°C)

The inlet coolant to the fC' PHT circuit was chosen for cooling the

Material Irradiation Facility, since it was felt the higher temperature of the

'C' circuit coolant relative to that of 'B1 circuit would yield data more

relevant to the development of structural materials for future CANDU reactors.

A simplified schematic of the coolant flow diagram for the Material

Irradiation Facility is shown in Figure 3. The coolant flows from the 'C' circuit

primary pump through the two inserts in series, and returns to the suction side

of the pump. If an electrical power failure shuts down the pump, emergency

coolant flow is obtained from the 'C' circuit degassing pumps through the motor-

ized valves, CV. Check valves, NV, close to isolate the Material Irradiation

Facility from the 'C' PHT circuit. The inlet and outlet coolant temperatures of

the inserts are monitored by thermocouples, T, and the coolant flov is monitored

by the flow meter, F.

The Material Irradiation Facility is designed to allow the inserts to

be installed in any of the central support tubes of WR-1 FN fuel. In practice,

the first insert (designated FNI-31-1) is in the CST of the fuel in site H-ll

('Bf circuit), and the second insert (FNI-31-2) is in the CST of the fuel in

site D-9 (WR-1L4 loop).

4.2 DETAILS OF THE MATERIAL IRRADIATION FACILITY

A simplified schematic of one of the inserts of the Material Irrad-

iation Facility is shown in Figure 4. Each insert consists of two components;
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the insert body (CST liner) and the sample support assembly. The insert body

is the basic coolant containment which prevents reactor coolant from contacting

the fuel CST. The top of the insert body is the lower insert sealing flange.

The insert body mounts in the fuel CST and is supported by the insert support

and CST sealing flange. The sample support assembly is the upper insert sealing

flange and the sample holder support. The upper sealing flange mates to the

lower insert sealing flange with a sandwich seal gasket.

Two, more detailed, schematics of the sample support assembly are

shown in Figure 5. The sample holder connects to the top insert sealing flange

and extends to within 5.1 mm of the bottom of the insert body. The top insert

sealing flange contains the coolant inlet and outlet ports. Coolant flows down

through the hollow sainple holder and up inside the insert body. The core region

of the sample holder is a flattened 25 mm diameter tube. The sample mounts are

studs and pins welded to the sides of the flattened tube. No samples are

mounted above the core. Cotter pins and spacers are used to retain the samples.

4.3 SPECIMEN DESCRIPTION

The specimens to be irradiated consisted of compact tension, tensile

and pressurized creep specimens of the dimensions given in Figures 6 and 7. The

compact tension specimens conform to ASTM Standard Number E399-74 . Insert

FNI-31-1 can accommodate 10 creep specimens and 36 tensile specimens, while

insert FNI-31-2 can accommodate 8 creep specimens, 8 compact tension specimens

and 36 tensile specimens. Figure 8 shows a partly assembled core section with

compact tension and tensile specimens.

The creep specimens are pressurized capsules prepared (and with the

dimensions) as shown in Figure 7. This figure also gives the maximum outside

diameter for installation in the facility. Currently, the capsules in the

facility consist of a thin-walled Zr-8.6 wt.% Al alloy tube with Zircaloy-2 end

caps copper brazed in place. The procedure for pressurizing the capsules is

straightforward. A thin Zircaloy-2 wire is inserted into the open end of the

filling tube and the tube is connected to an argon gas bottle via a valve.
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The capsule is pressurized with argon to give the desired stress level at the

operating temperature of the facility and the vanve is closed. The argon is

subsequently liquified in liquid nitrogen and the filling tube is crimped and

seal welded.

Three variants of the creep specimen have already been irradiated

in the Material Irradiation Facility. The first, used to irradiate specimens

for four point bend fatigue tests, is shown in Figure 9. The assembled capsule

has the same dimensions as the creep specimen of Figure 7. The end plugs hold

the fatigue specimens securely in place in the assembled capsule. Holes are

drilled in the end plugs and in the side of the capsule to permit organic coolant

to flow through the capsule during irradiation. The end plugs are held in plar^

with cotter pins to facilitate removal of the specimens after irradiation. These

capsules can be reused for further irradiations.

Figure 10 shows the second variant, a capsule used to study the effect

of irradiation on the corrosion of zirconium-based alloys in water. In this case,

the capsule, its associated end caps and the specimen holder are made of stainless

steel. Initially, the lower end cap is welded in place. The specimen holder,

which holds five specimens, is placed in the capsule and the top end welded in

place. "TCTiypodermic syringe was used to put the required amount of degassed

water into the capsule through the tube in the top end plug. Finally the water

was frozen in liquid nitrogen, the capsule evacuated and finally seal welded.

All welds were then ground flush with the respective surfaces. The final dimen-

sions of this capsule are the same as those of the creep specimens of Figure 7.

Figure 11 is a schematic of the third variant, a capsule which has been

used to irradiate metal discs for subsequent study by electron microscopy. The

dimensions of these capsules are such that they can be accommodated in the inserts

in the positions designed to hold the creep specimens. These capsules usually

contain lengths of iron wire as flux monitors.
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5. FAST NEUTRON FLUX

Figure 12 shows the typical vertical variation in fast flux (in
(4)

arbitrary units) in the centre of a standard WR-1 channel fuelled with UO2 .

The relative length of an FN assembly is shown in dashed lines and the shape

of the fast flux variation curve is the same for FN fuel . Also shown in

Figure 12 are the positions occupied by the irradiation specimens relative to

the FN fuel.

The fast neutron flux densities at several vertical positions in

the facility were calculated using the LATREP computer code . These values

were compared with those obtained from irradiating iron wire flux monitors

situated at equivalent locations in the facility. Agreement between the two

sets of values was within 10%. During a typical, three-month reactor cycle, the

average values of the fast neutron flux densities in the facility at the vertical

locations corresponding to the centres of the FN bundles 1, 2, 3 and 4 were
13 -2 -1

computed to be 2.34, 3.09, 3.2 and 2.66 x 10 n-cm -s respectively.

6. OPERATING EXPERIENCE

Both material irradiation inserts have been operating continuously

for almost two years. The AT across the two inserts is typically 12-15°C. At

each scheduled reactor shutdown (every three months), the sample support assembly

(Figure 5) is removed from the insert body and taken to the universal hot cells,

where the irradiated specimens can be gauged (creep) , removed (compact tension

and tensile specimens), and new specimens can be added to the inserts. This has

proved to be a simple and fast operation.

The sole disadvantage of this type of insert is the presence of an

organic fouling film on those irradiated specimens where growth measurements have

to be made, i.e. on creep specimens and on those tensile specimens which are

monitored for irradiation-induced growth . The organic fouling film is extremely

tenacious and can be removed satisfactorily only by mechanical means. However,
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since the dimensional changes due to creep and irradiation-induced growth are

small, mechanical removal of the fouling film casts some doubt on the accuracy

of creep and growth measurements because of its possible effect on the surface

finish of the irradiated specimens.

7. CONCLUSIONS

(1) The material irradiation inserts are of simple design, easy

to fabricate, and cheap, and they operate satisfactorily. Removing and replacing

specimens is a relatively easy and fast operation.

(2) The inserts are versatile in that they can accommodate creep,

tensile, compact tension and corrosion specimens and discs for electron micro-

scopy studies.

(3) The only disadvantage is the presence of an organic fouling film

on irradiated specimens. It is difficult to remove and therefore casts some

doubt on the accuracy of dimensional changes measured for creep and irradiation-

induced growth specimens*.
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FIGURE 1: Schematic cross sect ion of WR-1 core .
T-5-49
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FIGURE 2: Cross section of fuelled reactor site (schematic).
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FIGURE 3: Schematic of coolant flow.
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FIGURE 4: Schematic of Materials Irradiation Insert.
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FIGURE 5: Schematic of the sample support assembly.
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FIGURE 9: Capsule for irradiating fatigue specimens.
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FIGURE 10: Capsule for corrosion experiments.
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FIGURE 1 1 : Schematic of capsu le for i r r a d i a t i n g e l e c t r o n
microscopy specimens. i-5-51
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