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Le programme des cartouches en béton

par

M.M. Ohta

Résume

Durant le printemps de 1974, 1'litablissement de Recherches Nucléaires
de Whitcshell, ont commence le développement et la démonstration d'un
concept de stockage à sec appelé "la cartouche en béton" comme solution
de rechange par rapport aux bassins remplis d'eau pour le stockage du
combustible CANDU irradie. La cartouche est une enceinte monolitique en
béton à paroi épaisse contenant des paniers de combustible à l'état sec.
La chaleur duc a la décroissance des cléments radioactifs se trouvant
dans le combustiblc est dissipée dans l'environnement par un transfert
thennique naturel.

Quatre cartouches ont été conçues et réalisées. Deux d'entre elles
contenant des chaufferettes électriques ont été assujeties à des charges
thermiques 2.5 fois celle calculée, à un cyclagc de charges thermiques et
à des essais de désagrégation simulée. Les deux autres cartouches ont été
chargées de combustible irradié, l'une ayant des grappes de combustible
dont la chaleur de décroissance était uniforme et l'autre contenant des
grappes dont la chaleur de décroissance n'était pas uniforme dans un
arrangement axial et radial dissymétrique. Les données obtenues ont
servi à vérifier les instruments analytiques employés pour prédire
l'efficacité du transfert thermique et du blindage contre les rayonnements
et de vérifier le concept du panier et des cartouches.

Les cartouches de démonstration ont montré que ce concept est une
solution de rechange valable par rapport aux bassins remplis d'eau pour
le stockage du combustible CANDU irradié.

L'Energie Atomique du Canada, Limitée
Etablissement de Recherches Nucléaires de Whitcshell

Pinawa, Manitoba, ROB ILO

Février 1978
AI-CL-5965



THE CONCRETE CANISTER PROGRAM

by

M. M. Ohta

ABSTRACT

In the spring of 1974, WNRE began development and demonstration
of a dry storage concept, called the concrete canister, as a possible alterna-
tive to storage of irradiated CANDU fuel in water pools. The canister is a
thick-walled concrete monolith containing baskets of fuel in the dry state.
The decay heat from the fuel is dissipated to the environment by natural heat
transfer.

Four canisters were designed and constructed. Two canisters con-
taining electric heaters have been subjected to heat loads of 2.5 times the
design, ramp heat-load cycling, and simulated weathering tests. The other
two canisters were loaded with irradiated fuel, one containing fuel bundles
of uniform decay heat and the other containing bundles of non-uniform decay
heat in a non-symmetrical radial and axial array. The collected data were
used to verify the analytical tools for prediction of effectiveness of heat
transfer and radiation shielding and to verify the design of the basket and
canisters.

The demonstration canisters have shown that this concept is a
viable alternative to water pools for the storage of irradiated CANDU fuel.

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0
February, 1978

AECL-5965
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1. INTRODUCTION

In the spring of 1974, on the recommendation of the Committee

Assessing Fuel Storage (CAFS), Whiteshell Nuclear Research Establishment

(WNRE) undertook the development and demonstration of concrete canisters as

a possible alternative to water pools for interim storage of spent fuel. At

the request of Ontario Hydro, the program schedule was accelerated to have

the canister concept developed by 1976 so that it could be considered seriously

as a fuel-storage scheme for the interim storage facility Ontario Hydro pro-

poses to place in operation by 1985.

To meet this target date, the program as described in Figure 1.1

was focused on four facets: (1) structural design and demonstration, (2) heat

transfer, (3) shielding, (4) fuel handling components.

Two cylindrical and two square prismatical canisters were built.

The ability of canisters of these geometries to withstand heat loads without

significant cracking and spalling of the concrete was demonstrated by use of

electric heaters as the source of heat. A cylindrical canister was filled

with irradiated fuel from the WNRE reactor (WR-1), and a square prismatical

canister with irradiated fuel from the Douglas Point reactor to verify the

shielding programs and internal heat transfer calculations.

The designs have not been optimized, that is, the generated designs
(2)

will demonstrate only the basic concrete canister concept. However, Tabe

has prepared a conceptual design for a large concrete canister spent-fuel

storage facility and Prowse has reviewed existing heat transfer codes and

is attempting to correlate them with experimental data. Their work, along with

this program, will enable optimization of the concrete canister concept.

The work described in this report has helped to resolve the tech-

nical feasibility of the program. It is also important to introduce to the

public waste management techniques and options. As a step towards this goal,

two fuelled prototype canisters have been placed on the WNRE site where the

public can scrutinize them readily.
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For ease of identification in this report, the canisters are

coded as follows:

Canister //I: Cylindrical canister containing an electric heater

Canister ill: Cylindrical canister containing 138 bundles of
spent fuel from the WR-1 Reactor. '.

Canister #3: Square prisraatical canister containing an electric
heater. •

Canister #4: Square prismatic canister containing 360 bundled
of spent fuel from the Douglas Point Reactor. '

2. DESIGN

2.1 CANISTERS

Two geometries for the concrete canister have been considered

for storage of natural uranium fuel with burnups of 190 to 290 MW.h/kg and a

cooling period of three to five years. The optimum shape appears to be the

cylinder (Figure 2.1); however, since the fuel-handling equipment in all

CANDU*stations is presently based on a rectangular configuration, a square

pristnatical design (Figure 2.2) was also examined; a full assessment

of the advantages and disadvantages of each of these geometries is beyond
(?)

the scope of this program but comparative costs have been reviewed by Tabe .

Since the National Building Code does not give guidelines for the

design of concrete structures with high thermal gradients and high bulk tempera-

tures, and this information was not contained in any other Codes available at

the time of design, the following steps were taken to assure a safe and

economical design.

a) A literature survey was made of concrete properties at high
temperature ^ ^ .

Based on information from this survey, the upper temperature
limit for concrete was defined as the temperature at which de-
hydration of the cement paste causes failure of the structure.

*CANada Deuterium Uranium
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Althougn many structures have operated for extended periods at
greater than 400°C, a limit of 150°C was chosen as the reference
maximum temperature. It should be noted that with our designs,
the external walls of the canisters are not exposed to high
temperature, so the limit applies only to the internal walls.

b) A literature survey of analytical methods was made.

c) The required wall thickness was estimated using simple shielding
calculations.

Containment for fuel in the canister is provided by the sealed
basket and liner can and the concrete shell provides an adequate
shield to ensure that the man-rem expenditure is kept to the
lowest practical limit. Several computer codes are available
and were used for shielding calculations(°-ll). however, these
codes have not been compared to measured fields in this particu-
lar geometry. To get good correlation, Douglas Point Fuel which
had been cooled three years, and WR-1 fuel with relatively short
decay time (6-12 months) were placed in the canisters and surface
doses measured.

d) A preliminary structural design of the canister was made.

The basic canister dimensions, wnether cylindrical or square
prismatical in geometry, are a function of required wall thickness,
the quantity of fuel which can be stored without exceeding the allow-
able temperature limits of the concrete, canister transportability,
and height to diameter ratio for a stable free standing monolith.
For the particular geometry selected, the design decay heat is taken
as 2.0 kW (4.4 Mg of fuel cooled five years with a burnup of 190
MU.h/kg of HE).

The design of the concrete wall was based on the cracked-concrete
principle, that is, thermal tensile stresses of the outer concrete
surface are relieved by controlled cracking. Size and spacing of
the reinforcing steel have been specified to yield cracks less than
0.2 mm, i.e. that specified by the Canadian Building Code for good
freeze-thaw resistance. Also, although this was not a design re-
quirement, cracks are prevented from propagating through the entire
wall so that it may be considered a containment barrier. The
stresses inside the neutral axis are compressive and below the
design strength of the particular concrete mix.

(12)
e) The ANSYS code was adapted for analysis of reinforced concrete

in the elastic and cracked concrete range.

f) The final design was constituted as described below:

Figures 2.1 and 2.2 show the final design ot the demonstration
canisters, which have not, as previously noted, been optimized.
The design is not the most weather resistant. The canister has
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many penetrations and appendages for instrumentation, power,
sampling, lifting, etc. Although the concrete mix was not
optimized to yield concrete of the lowest coefficient of
thermal expansion and highest thermal conductivity, the cement
content was increased for greater durability. The design speci-
fications for the concrete and reinforcing steel are given below:

CONCRETE

1. Design strength: Compressive strength shall be 27.6 MPa(gauge)
at 28 days as shown by moist cured concrete cylinder tests in
the laboratory. The mix shall be:

kg/m ËL'lêF Properties

38 mm stone (dry) 667
19 mm stone (dry) 568
concrete sand 724
cement type 1 291) „ j .. / n i c + n m

, 3V ,. ,,_: Expected water/cement ratio 0.45 ± 0.02
water (total) 163)
WRDA Standard dosage

TOTAL 2413

2. Cement: Normal Portland cement in accordance with CSA Standard
A5 - 1971 shall be used for the mix.

3. • Air entrainment: All concrete shall have 5% by volume entrained
air produced by additions of a suitable aerating agent (DAREX).

4. Aggregate: Coarse and fine aggregate shall be in accordance with
CSA Standard A23.1. Maximum size of coarse aggregate shall be
38 mm except for canister plug, which shall be 19 mm maximum.

5. Slump: Concrete slump shall be 100 ± 25 mm maximum.

6. Consolidation: Concrete shall be consolidated by high frequency
internal vibrators or a combination of high frequency internal
vibrators and form vibrators. The top surface shall be floated
and trowelled to provide a smooth dense surface.

7. Construction joints: The concrete canister shall be cast mono-
lithically in a continuous pour operation with no construction
joints.

REINFORCING STEEL

1. Reinforcing steel shall be new, high-strength billet-steel in
accordance with CSA Standard G30.10 (min. yield point 414 MPa(gauge)).

2. Detailing, fabrication and placing of reinforcing steel shall be
in accordance with ACT Standard 315-65.
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2.2 FUEL CONTAINMENT (basket and liner)

Practical experience over a long term in the behaviour of spent

fuel in a hot, dry environment is limited. The main concern is defected fuel,

since small openings in the sheath may permit the oxidation of U0_ to Û C)

swelling of the fuel, ensuing rupture of the sheath and release of the oxidized

fuel. If air were left in the baskets, a maximum of seven elements could be

oxidized in each cubical basket. To ensure that this will not become a problem,

or until methods of dealing with it have been proven, an inert gas atmosphere

is being used in the welded inner basket and the baskets encased in a welded

outer steel vessel to provide two containment boundaries. Also, the maximum

temperature on the hottest bundle is limited to 250°C.

No credit for containment of fuel was attributed to the sheath or

the concrete wall of the canister in this demonstration program because the

condition of the cladding was unknown and the canister concept was unproven.

Figures 2.3 and 2.4 show the designs of baskets for the WR-1 and

Douglas Point fuels respectively. The baskets and liner are carbon steel

pressure vessels with a factor of safety of four on the yield strength. The

basket must withstand internal gas pressure, the mass of the fuel, and lifting

forces. The welds around the top lid are designed to be welded remotely in

the existing hot cell and to be leak tight to helium.

The liner is a vessel approximately six times the length of one

basket.

2.3 FLASK AND ASSOCIATED HARDWARE

WNRE has also provided a flask (Figure 2.5) to transport three

distinct types of baskets (one for each type of canister and one for a shipping-

flask) in which fuel was transported from the Douglas Point Reactor, Ontario,

Canada, between the Building 100 water bays, Building 300 hot cells, and the

canister site. The flask is a lead cube with a lid, two hinged bottom-opening

doors, door closures, and a manually operated hoist with a remotely operated

grapple.
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2.4 ELECTRIC HEATERS

Electric heaters (Figure 2.6) were used to simulate the hot

external surface of the basket. The heaters, which were manufactured by

Chromolox of Canada Ltd., consist of an annular vessel with heating elements

packed in compacted aluminum fillings. The heater can simulate the decay

heat of a canister containing fuel which has been cooled one to five years

(20 kW to 2.0 kW, respectively). The heater power is varied and controlled

by a solid-state SCR*controller.

Due to the thermal lag of the concrete structure and because

observations were taken daily, it was not felt necessary to install a high

temperature interlock.

2.5 INSTRUMENTATION

To verify calculated values of thermal gradients, concrete strain

etc., temperatures and strains are measured at various locations in the can-

isters. In addition, the radiation field around the fuelled canisters is

measured and an alarm is activated when the radiation exceeds normal levels.

2.5.1 Temperature Measurements

Type K thermocouples are used to measure the canister temperatures.

There are 37 thermocouples in Canister #1, 22 in Canister #3, 12 in Canister #2,

and 16 in Canister //4. Two thermocouples take the outside air temperature. In

the fuelled canisters, thermocouples are placed in the fuel bundles and on the

fuel baskets. The leads from all the thermocouples are routed to an instrument

building for connection to a data-logger.

2.5.2 Strain Measurements

Strain gauges are used to measure strain in the reinforcing steel

and in the concrete of the electrically heated canisters. There are 17 strain

gauges in Canister #1 and 29 in Canister #3.

* S il iron-Controlled Rectifier
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any dependence on temperature, and the strain measured by the data-ie-^ger is

the actual movement in the reinforcing steel. Tests done at WNKR on these

gauges indicate drift and creep can be as high as 0.055 micro-H I r<- :;i/h, for

example, one week after a strain-gauge bridge has been installed, the uncertainty

in the reading will be 10 micro-strain duo to drift and creep, and 32 of reading

due to other measurement errors.

Three types of strain gauges were used to increase the reliability

of the measurements. The Carlson strain gauge, which uses an elastic-wire

principle, is the most stable, has a temperature compensation of 12 micro-

strains/°C, but is useful only when the temperature is below 70°C. The Ailtech

strain gauge lias a nickel—chrome wire in a small—diameter, 150—mm long housing

and has a temperature compensation of 12 micro-strains/°C from 5°C to 260°C

(± 80 micro-strains). If we assume the concrete has a coefficient of expansion

of 12 micro-strains/°C, the strain measured by the data-logger is the movement

due. to external forces, and the movement due to temperature is not measured.

The BLH strain gauge has a foil gauge inside a plastic covering and can be

used up to 175°C, but appears to have a very unstable temperature dependence.

The BLH gauges were used only in Canister //I.

Tests on the BLH gauges indicate that drift and creep will be as

high as 1.3 micro-strains/h. No tests were done on the Carlson or Ailtech

gauges, but the literature indicates that their drift and creep is less than

is the case for the BLH gauges. The leads from all the strain gauges are

connected to a data-logger.

2.5.3 Radiation Monitoring

Radiation levels are measured at the WNRE fuelled canister site

to provide a warning in the unlikely event of shield failure with resulting

high levels of radiation.



Two radiation detectors arc mounted on the fence surrounding

the fuelled canisters (at opposite corners), and their leads jre connected

to the radiation monitor in the instrument building. The radiation monitor

is an AECL type AEP 2178 set to alarm when the radiation at the fence ex-

ceeds 4 mR/h. If a large crsck develops in a direction not in line with

one of the monitors, the radiation reflected from the air will be larger

than 4 mR/h. If the radiation field should exceed 4 mR/h, the radiation

monitor will activate two red lights and i horn outside the instrument

building and an alarm in a continually supervised building.

2.5.4 Data-Logger

The data-logger consists of 4 main parts: a slave scanner, a

digital voltmeter, a minicomputer, and a teletype. At present, the computer

is programmed so that once every hour the scanner connects the inputs (one

input at a time) to the digital voltmeter. The computer converts the voltage

measured by the digital voltmeter to the corresponding temperature or micro-

strain, and types the input point and measured value on the teletype.

In long-term tests the data-logger computer program can be changed

to provide measurements once a week instead of hourly.

The data-logger was programmed to accept up to 95 strain-gauge and

thermocouple inputs. Although less than the number of instruments in service,

this handles the measurements required for a particular test adequately.

Strain-gauge bridge compensation resistors are supplied so either full-bridge,

one-half bridge, or one-quarter bridge strain gauges can be used.

3. CONSTRUCTION OF CANISTER

A primary concern in the program was to develop the ability to

construct a high quality monolithic canister with relative ease. The four

canisters were built in the Following sequence of operations:
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1. The compacted gravel base was prepared and the concrete pad
poured.

2. A work platform was erected (and hoarding if ambient temperature
was less than 10°C).

3. The liner was shop-fabricated and positioned on the pad.

4. Preformed reinforcing steel was erected.

5. The liner was hung from the work platform and the female form for
the lid installed, complete with IAEA*safeguards seal.

6. The male form for the lid was prepared.

7. The outside form of the canister was erected.

8. The lid and canister were poured in one continuous pour. Quality
control was exercised prior to and during the pour.

9. The outside form was removed after ̂  7 days of curing.

10. Curing compound was applied to the concrete surfaces.

11. Ultrasonic and Co source checks were performed.

The two cylindrical canisters were built first, followed by the

two square prismatical canisters. Figure 3.1 shows some of the details of

construction of Canister #1.

4. FUEL HANDLING

The fuel handling equipment at WNRE was designed, where possible,

to enable the demonstration of the designs, techniques and procedures which

would be used at a large facility for storage of spent fuel in canisters.

However, financial constraints on the program made it necessary to employ some

existing WNRE facilities, e.g., WR-1 fuel storage bays and hot-cells.

The main demonstration at WNRE therefore consists of the design

of the cylindrical and square prismatical canister baskets and the loading

and seal-welding of the lids in the hot-cells in Building 300.

* International Atomic Energy Agency
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To obtain an easy, reliable welding technique which could be used

in a hot-cell environment was a difficult matter. Welders were trained to

weld remotely, i.e., using manipulators and with equipment and materials to

be welded behind shielding windows. After some practice and experimentation

with the joints, a satisfactory weld design was established. The quality of

tlie x̂ eld was proven by pressurizing the basket with helium and spraying the

joint with a soap solution.

Fuel handling involved the transfer of fuel from the storage bay

to the hot-cell facility, the loading and sealing of baskets and the transfer

of the baskets to the canister site (Figure 4.1).

The actual loading operation at the canister site is illustrated

in Figure 4.2. Two cranes were required, the smaller lifted the canister lid

and the larger handled the transfer flask. Strong radiation beams from fue.l

already in the canister were expected to give increased radiation fields due

to back-scatter from the air (skyshine), and reflections from equipment moved

across the open canister. By using reflection attenuating skirts and moving

the lid and flask as a unit these components of the radiation field were re-

duced to negligible magnitude.

It is of great importance to the handling of fuel at a central

site, that nc failures of the sheaths were experienced in transporting 360

bundles from the Douglas Point Power Station to WNRE (over 2000 km) and in

etnplacing the fuel into the baskets of Canister #4. The details are avail-

able elsewhere

5. TEST RESULTS

The results of the tests performed on the four canisters from

inception to the Spring of 1977 are outlined in this section. The tests to

be performed as funds become available are described in section 7, "Future

Test Program".
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The ability of the canisters to remain intact, providing a nuclear

radiation shield over a range of decay heats, bulk temperatures and thermal

gradients, was assessed using electric heaters as the source of heat.

Actual structural characteristics were compared with those measured

by strain gauges and thermocouples embedded in the concrete and attached to the

reinforcing bars, and by non-destructive tests (photographic, radiographie,

visual, dye-penetrant, ultrasonic, fuel and cobalt-60 source check).

5.1.1.1 ^Lail!>_Distribution, Depth and Width

The distribution of cracks in the four canisters and their width

and depth at the maximum installed heat load are tabulated in Table 5.1.

The distribution of the cracks is somewhat difficult to describe

because of the difference in spacing ol: the cracks. Before appiicaLiun of

internal heat, the concrete walls were inspected by an ultrasonic technique

and found to have no shrinkage cracks. The first cracks were perceived at

approximately 1.5 to 2.0 kW on all canisters, that is, at these power levels,

the tensile stresses on the outside surfaces exceeded tile maximum tensile

strength o\~ the concrete. The cracks generally formed in the hoop and longi-

tudinal directions, and eventually formed joined network or crazed patterns

as the power was raised to 3.0 to 3.5 kW which is as predicted. After this,

no further cracks formed; instead, the crack width increased.

The crack-width measurements are used for a quantitative comparison

of the canister to structures which have good weathering characteristics. The

widths are measured by GO-NO-GO gauges over the range of 1.25 to 5.0 kW heat
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generation. Figure 5.1 is a close-up of a crack on Canister //I after com-

pletion of the steady-state and power-cycling tests. Figure 5.2 is the same

area of this canister after freeze-thaw cycles. Figure 5.3 is a view of

Canister #3 after the steady-state and power-cycling tests. Figures 5.4 and

5.5 are views of the canisters filled with WR-1 and Douglas Point fuel, re-

spectively. To accentuate the cracks, water was sprayed on the external

surfaces and allowed to air-dry for a few minutes prior to photography of

the overall crack pattern.

Crack depth was measured by low-frequency ultrasonic techniques.

The intent was to prove that the cracks do not penetrate through the concrete

wall. Measurements were made until the cracks were too numerous to give good

readings.

5.1.1.2 Effects of Ramp Temperature Cycling

(2)
In the large canister facility envisaged by Tabe et al , the

fuel baskets, which are placed in a cylindrical steel liner, are lowered

quickly into the canister and the canister is sealed immediately. To deter-

mine the effects of ramp changes, power-cycling tests were performed on

Canisters HI and #3.

The thermal response of Canister //I when it was subjected to a

total of five 2.0 kW and five 5.0 kW cvcles is shown in Figure 5.6.

With Canister #3, five 2.0 kW and five 11.0 kW power-cycling tests

were performed. Initially, five 5.0 kW tests were planned but the power

controller failed and failure was undetected until the five 11.0 kW tests were

performed. The level of "* 1.1.0 kW was estimated from the measured thermal

gradient across the concrete canister wall. Figure 5.3 shows the exterior

surface of the canister during these tests. Water was sprayed onto the sur-

face to accentuate the cracks. Figure 5.7 shows the thermal response at 11.0 kW

(estimated) power cycling.
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The cycling tests have had no deleterious effects on the shielding

effectiveness of the canister. The cracks, in fact, tend to close as the

thermal gradient across the wall decreases.

5.1.1.3 SjrSe•!££? in the Reinforcing J5teel

Since strain gauges drift with time and since embedded gauges

cannot be re-zeroed at no-load conditions, true strain readings are difficult

to obtain. The primary function of the strain gauges is to check that the

stresses in the reinforcing steel do not exceed the yield strength at the

design decay heat load of 2.0 kW and the maximum test load of 5.0 kW. The

data-logger readings are corrected for area (flat areas are machined on "he

reinforcing steel to enable mounting of the gauges) and for gauge creep. Aftc

approximately six months, gauge creep is equal to the data-logger reading for

the outside loop of 5.0 kW; therefore, after the initial tests, the gauges were

disconnected or used for differential micro-strain measurements. The strain

readings, however, were approximately two orders of magnitude below the yield

strain for the reinforcing steel.

The results of these tests were as expected, i.e., (1) the tensile

stresses in the outside reinforcing steel were well below the yield strength,

and (2) strain gauges were found to be unreliable for this long-term applica-

tion.

5.1.1.4 Ac_celerated Weathering Tests

To acquire an appreciation of the ability of the canister to pro-

vide an effective radiation shield for a minimum design life of 50 years,

accelerated weathering tests (Figure 5.8) were performed on Canister #1 at

2.0 kW after completion of other tests. These tests took place during two

Manitoba winters. The cylindrical canister containing the electric heater

was housed in a hoar .ling equipped with an oil heater and large doors. By

alternately heating the inside air to get the wetted concrete surface above

freezing and opening the doors to freeze the water in the cracks, freeze-thaw

cycles were simulated. These tests show (1) the top and side surfaces shed



water weli, (2) it is diflieult to get water to Ireeze in the cracks in tin

heatid centre section, because the ice and water sub Lime nuickiv aL outside

air températures lower than -15 to -20°C, and (3) there are no detectable

différences between the weathered ;iri-.. and the reference area which van lelt

dry during the simulated weathering tests. Figures 5.1 and 5.2 are ptu :.. -

'I the wetted outside surface before and after freeze-thnw

5.1.

The best and perhaps the only method to determine the longevity

of the canisters is to expose the fuelled cani.sters to the environment for

the expected design life and longer. The effectiveness of the shield over

the design life will be checked routinely by use of radiographie plates and

hand-held radiation detectors. After exposure ot 5 to 10 years in the environ-

ment, a re-evaluation of the design life will he made.

The ability of the canisters to stay upright on a simple gravel

surface will also be ascertained by checking the vertical inclination period-

ically. The primary reasons for the upright design were ease of transport

and ease of fuel loading. Calculations indicated that for an above-ground

installation, there is little difference in heat transfer whether the canister

is in a horizontal or vertical position.

MAX

These tests have been divided into two parts, (1) beat transtei

through the canister wall, and (2) heat transfer vithin the fuel baskets and

between the basket and inner wall of the canister.

The radial heat transfer through the centre plane of the canister

wall was predicted by applying the conduction equation for an infinite hollow

cylinder. The main variables are the thermal conductivity of the concrete



and the ever-changing outside film coefficient. The majority of the tempera-

ture measurements were at the centre plane. The end-effects were not meas-

ured, but were photographed during hoar frost conditions. Figure 5.9 shows

the hourly fluctuations in temperature of the outside one-third layer of the

concrete wall of Canister /'I. This is typical of all the canisters. To

minimize the effects of the sun and wind for thermal conductivity measure-

ments, the readings at 0400 h were used. The conductivity, k, is given by:

Q/L

k =
2TTAT

In r+Ar
r

Where Q/L = heat load per unit of heated length (W/m) and is constant for each

heater setting,AT = thermal gradient across the concrete wall (°C) and is meas-

ured with thermocouples, r = inside radius (m) and is constant and Ar = wall

thickness (m) and is constant.

Therefore, by comparing AT's at fixed power settings on the electric

heaters of Canisters #1 and #3, the k values can be compared directly.

The measured thermal gradients were approximately 50% lower than

calculated; hence, the thermal conductivity of the concrete is actually 2.25

to 2.35 W/(m.°C), as compared to an assumed 1.6 W/(m.°C). The k values were

fairly uniform for the four canisters because the concrete mix was controlled.

The outside film temperature gradient cannot be meaningfully com-

pared to calculated gradients because of the ever-changing atmospheric condi-

tions. Also, the surface temperature varied circumferentially and axially.

Once again, readings at 0400 h were used to minimize sun and wind effects.

Figure 5.10 shows the daily fluctuations in the outside film temperature grad-

ient for Canister #2. This is typical of all the canisters.

5.2.2 Canister Contents

Dry storage of spent fuel is a new concept. Heat transfer from

the fuel to the atmosphere by radiation, conduction, and convection must be

carefully calculated. The geometry of the canister (Figures 2.1, 2.2, 2.3
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and 2.4) makes this a very difficult problem. Analysis must include th<_-

f'.iol bundles, basket, can and canister under various decay heat loads and

outside atmospheric conditions. Known computer codes were inadequate so
( 14)

that combination of HTRAN and ANSYS was initially used. After the method-

ology of analysis was developed, ANSYS was expanded to provide a well documented

analytical tool for the analysis of concrete canisters and components such as

fuel-transfer flasks.

There are still two shortcomings. The program has no convoctive

heat-transfer term. The outside film coefficients were hand-calculated and

convection inside the canister neglected. Also, the bundle decay heat was

assumed to bo generated internally, i.e., gamma radiation heat deposition was

assumed to be zero.

Heat-transfer tests were performed to demonstrate that temperature

distribution in a basket containing bundles of approximately equal decay heat

could be predicted with some confidence.

To ascertain the effects of non-symmetrical decay heat loading,

the north quadrant of baskets #3 and #4 of Canister #2 were loaded with fuel

bundles generating 30 to 35 W/bundle. The remaining bundles in these baskets

generated approximately 10 U each. Unfortunately, the thermocouple leads of

basket. #3 had to be cut off because of a gas leak at the weld during leak

testing of the loaded basket. The tests on basket /*4 showed that, as pre-

dicted, the steel basket and steel/lead liner obscure the asymmetry of the

system so that the inner concrete wall shows a fairly uniform heat flux

(Figure 5.10).

To evaluate the accuracy of the thermal modelling of the baskets

and thoir fuel contents, baskets #3 and #4 of Canister #4 were instrumented

with thermocouples. An initial total decay heat of 5.0 kW was specified to

allow comparison over a range of decay heats during a period of 2 - 3 years.

As the fuel decays, the fuel temperature decreases thereby changing the ratio

of the contributions to heat transfer from radiation and conduction. After
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p o v . v r , t h e g r a d i e n t s w e r e c c j u a l .

Based on a total beat load of 1.75 kW, the thermal analysis of the

contents of Canister /-4 was repeated using the measured internal wall tempera-

ture as the boundary temperature. The results o!" this analysis are discussed

by Kedward, Kawa and Associates " '

The measured and predicted thermal gradient through the basket

and outer air gap is shown in Figure 5.12. An attempt was made to match the

gradient through the outer air gap. The two major variables in the outer air

gap are the emissivity of steel and width of gap. Depending upon installation

tolerances, the gap width can vary from 6 mm to 12 mm. The emissivity is

strongly dependent upon the surface oxidation and may vary between 0.25 for

bare surfaces and 0.85 for fully oxidized surfaces.

Run i used the properties from the earlier study with a heat

generation level of 1.75 kW and a boundary temperature of 57°C at the outer

surface of the outer air gap. The measured gradient -icross the outer gap

was 28°C. The computer gradient was 17.8°C. This result implied that either

the assumed gap dimension of 6.0 mm should have been greater, or the assumed

surface emissivity for steel (Ç = 0.57) should have been lower.

An estimate of the outer basket wall emissivity necessary to

produce a 28°C gradient for the maximum gap width of 12 mm was made, and

Run 2 was generated (Ç = 0.57). The computed gradient across the gap was

27.8°C. The internal temperature distribution was obtained for an emissivity

of the inner basket of 0.7. The results are plotted in Figure 5.12.
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Run 3 used all data from Run 2 and an emissivity of 0.57 for

the inner wall of the basket. No noticeable difference was obtained between

Runs 2 and 3.

The close agreement between the internal temperature gradients

obtained from Runs 2 and 3 indicated that a relatively large variation in

emissivity of the inside steel surfaces has negligible effect. As a conse-

quence, it was decided to run with a lower limit of F, steel = 0.25 and de-

crease the outer gap to 6.0 mm. The outer gap gradient was computed as

25.9°C compared to 28°C for Run 4. To correlate results, the difference of

2.1°C (28.0 - 25.9) was added to each internal temperature. This revised

distribution is plotted in Figure 5.12.

An assessment of the significance of internal thermal radiation

in the canister was made by a repeat of Run 4 in which all internal radiation

elements were deleted. However, radiation and conduction effects were re-

tained in the external air gap. The results of Run 5 are plotted in Figure

5.12 (the factor of 2.1°C was added to the temperature as in Run 4).

Based on the preceding discussion, the following was concluded:

1. The accuracy of the theoretical model cannot be appraised for
the following reasons:

a) The power generation level is low, thereby producing correspond-
ingly low thermal gradients. This situation makes it difficult
to differentiate between conduction and radiation modes of heat
transfer.

b) The emissivity of steel and the size of gap cannot be pre-
cisely determined. The gradients are strongly dependent
upon both factors at the low power level. The commissioning
with the flask and basket indicated that the basket was sym-
metrically positioned in the liner. However, no measurement
of the actual gap for the fuelled baskets was available.
Runs 4 and 5 are assumed to be representative of field cases.

c) The modelling of the macroscopic bundle uses a conductivity
value which is excessively high for the heterogeneous region
occupied by the actual bundle.

(N.B. ̂ i. = 17).



As a consequence, the ronduc t i on only solution (curve ; of

i-'iguro is. 12) predicts low Icr\ ;u-ra Lure ;.;r..id ii.-iits re i .'i L i vi1 to

• ho value expected from a in 1 crusivi;1 !-•' modei .•:" ! at- actual

1'ui'l bundle. A r:ore accurate mode 1 1 i ne of the T.ae rosoon ic

bundle would yield a îinrr representative conduction •ally

solution, which v.'fMild be apprei: Lab 1 v modi: ied hv inclusion

of thermal radiation.

d) Camma radiation heat deposition into the concrete, which -,.

was neglected for computing ec.onomv, nay represent ;:5-2O:'N

or the heat transfer to t'ae com:re-Le.

2. The "equivalent conductivity" ol the lifting post as modelled by

Kedward, Kawa Associates'- • appears to have a strong et feet on

depressing the internal temperatures.

3. The maximum fuel bundle temperature at the design heat load oi

2.0 kW will be well he.low the 230"C i irait.

The basic assumptions indicate that a properlv modelled thermal

solution over-predicts the measured LemperaLure. since convection eitects are

not included. Modelling in jeeurae ie>; arose iron an original issui'ipt ion that

heat transfer bv radiation is dominant. A simpl ii ied conduction nodel was

used for CompuLink economy, with a more realistic, emphasis placed on the

radiation model.

3.3

Shielding measurements on the iuelled canister are among the. most

crucial tests of the canister demonstration program. Data are presented con-

cerning the study of radiation fields which have been encountered at WNKK,

These- data have been collected and presented as part of the support given to

thi.s program

5.3.1 Cobalt-60 Shielding Studies

Two cobalt-60 sources were used in testing the uniformity of the

canister shielding. An 80-curie (2.96 TBcj) source was employed for the two

cylindrical canisters (#1 and #2), while a 300-curie (10.1-T15q) source was used

for the square prismatical canisters (#3 and //A). Data from the square canisters

are shown in Figure 5.13. In the plan view sketch, the concrete and lead sections

of the canister are shown. The vertically directed arrow indicates the path of
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nuiiir interest in these checks, although the exposure rate on the outside

o! the canister was measured on a grid pattern approximately 500 mm square.

Figure 5.13 tabulates the anticipated path lengths and the calculated trans-

mission factor for lead and con rote. In addition to these components, Lhere

is a steel path of approximately 10 mm in thickness.

The results of a classical calculation of the shielding efleet-

iveness are also noted in Figure 5.13. A total of approximately 3.6 x 10

of the emission was expected on the external canister surface. For this

t.iickness of concrete, a build-up factor of .19 derived from tables for con-
(19)

crete was expected due to the multiple scattering events in the concrete.

Based on this derivation, an exposure rate of less than 10 m'Vh was expected

on the external canister surface. The actual measurements are also shown at the

bottom of Figure 5.13. Each represents the average of four or five measure-

ments at 500 mm intervals along vertical lines at the mid-point of the large

faces. To obtain these measurements, the source was allowed to oscillate

slowly on its support cable and maximum exposure rates were recorded at each

position on the canister surface.

These measurements indicated that there were no voids in the

concrete. While the actual rate varied, as the data illustrate, the pouring

of the concrete was uniform in all cases.

Sheets of x-ray film placed on the outside surface of Canister

•!2 were used in week-long exposures to investigate the variation of dose

rate over the canister surface. The autoradiography was of special interest

in regions where external micro-cracks were observed. The sensitivity of

this technique was sufficient to distinguish the steel reinforcing bars from

the concrete. No variation was observed which was attributable to the pres-

ence of voids or micro-cracking.

5.3.2 Gamma Fields from the Loaded Canister

tn Figure 5.14, the data obtained from the survey on 17 May, 1977

of the gamma radiation around Canisters #2 and /'4 are illustrated. These
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measurements were made at a height of 2400 mm above grade. This height was

the approximate mid-position of the canister and represented the plane in

which maximum fields were observed. The distribution of exposure rates is

skewed because of the variation in age and burn-up of the fuel.

For our demonstration situation, an exclusion fence was designed

for a position at which the exposure rate would be less than 2 mR/h at 1000 mm

above grade. In April of 1976, the fence-line field varied from 0.8 to 1.5 mR/h.

Background in this area was about 10 uR/h. Data for ?tay, 1977 are shown in

Figure 5.15.

Neutron rem-meter measurements were made around the cylindrical

canister but no neutron dose rate was detected.

Direct radiation is only part of our concern when assessing occupa-

tional and public doses from a large-scale canister facility. Back-scattering

from the sky (skyshine) must also be considered. Skyshine would be part of the

background radiation contributed by such a site and, to a greater extent during

the short periods of field loading.

The magnitude of the skyshine components during the field-loading

stages was measured after the top of the canister had been removed. Baskets

of fuel in the canister generated a skyward-directed beam, the magnitude of

which increased as the loading progressed.

Experimental measurements of the skyshine irradiation from the

loaded fuel in the square canister are shown in Figure 5.16 as a function of

distance from the surface of the canister. These data were obtained 1 m above

grade. The family of curves in this figure relates to the observations made

as the loading progressed from baskets two through six. The exposure rate of

the skyward beam at the top of the canister is shown in each case.

These data have assisted in our appreciation of the radiation

field which can be expected at some distance from the canisters.



5.3.3 Gamma_ Spent rum Studies

Finally, we are also concerned with the energy of the gamma

components at the external surface of the canister. Three test spectra

are shown in Figure 5.17. The first two are of unshielded cesium-137 and

cobalt-60, respectively. The bottom spectrum is that of the 300-curie (10.1 TBq)

cobalt source as observed on the external surface of Canister //3.

The dominant energy in the attenuated source is approximately

80 keV. There is only slight evidence of the 1.33 MeV peak and no indica-

tion of the original 1.17 MeV emission from the cobalt. The spectrum of

cobalt-60 was severely degraded by the eleven mean free path lengths of

concrete in the canister wall.

In Figure 5.18 the upper spectrum wss obtained from a small

particle of irradiated CANDU fuel. This fuel had cooled for four years

and had a burn-up of approximately 120 MW.h/kg. The characteristic high

energy peak is that of cesium-137 at 662 keV. There is a small peak of

700 keV arising from zirconium—niobium-95. The lower spectrum was obtained

from basket #1 through the wall of the cylindrical canister. Again, the

spectral details have been degraded and the dominant feature is the peak at

80 keV. These spectral data have implications for the canister program.

The shuffling of energy to the low end of the spectrum means

that a unit thickness of shielding material will be more effective on the

external than on the internal surface. For example, 150 mm of concrete has

approximately the same shielding characteristics for irradiated fuel as 25 mm

of lead on the inner canister surface. However, if the lead were removed

from the interior and replaced with an additional 150 mm of concrete on the

exterior, the extra concrete on the exterior would transmit 0.09 per cent

of the degraded fuel spectrum, based on point source considerations.
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6. CONCLUSIONS

The main conclusions from the demonstration program are as

follows:

1) The concrete canister is a viable mode of interim storage of
irradiated CAMDU fuel.

2) Monolithic concrete canisters without shielding flaws can be
readily constructed.

3) Cylindrical canisters are considerably easier to construct
than square prismatical canisters. Future canisters to store-
spent fuel from the WR-1 experimental reactor will therefore
be of the cylindrical design, with some optimization.

A) Based on radiography and gamma radiation surveys in this program,
cracks do not change the attenuating characteristics of the con-
crete.

5) Even if high initial canister heat loads (tested at 11.0 kW
maximum) are installed, as the power decays, the cracks close
to a size less than t_ht maximum recommended by the National
Building Code for weather-resistant structures.

6) No gross cracks or rapid spalling of the outside surface will
occur during the design life of the canisters.

7) The cracks do not propagate through the concrete wall; hence,
the concrete constitutes one containment barrier for solid fuel
particles.

8) The design of the basketM both cylindrical and square prismatical,
as tested under actual conditions, is satisfactory. They were
loaded with fuel, sealed, and handled with no detectable distortion
or leaks. The integrity of the basket is being monitored at the
canister site and remains satisfactory, i.e., no leaks have devel-
oped. The basket handling grapple is simple and reliable.

9) At the design load of 2.0 kW (4.4 Mg of five-year cooled fuel), a
shield life of > 20 years is readily obtainable.

10) Thermal transients experienced during loading have no deleterious
effect on the shielding effectiveness of the canister.

11) The fuel sheath temperatures within the canister are well below
the 250°C limit at the design decay heat load; future baskets need
not have a helium internal atmosphere.
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12) The analytical tools used require some refinement. The two main
areas for future work are: (1) better estimates of fuel decay
heat and (2) correlation of heat transfer at heat loads of approx-
imately 5.0 kW.

13) Data from the fuelled canisters give adequate appreciation of the
field distribution and permit verification of calculations appro-
priate to a large site of canisters.

14) The severe spectral degradation due to multiple scattering in the
canister offers an advantage for the shielding designer. The 25 mm
of lead on the inner surface can be replaced with < 150 mm of con-
crete on the outside wall, thereby reducing cost.

7. FUTURE TEST PROGRAM

The following tests will be performed on Canister #1. The commence-

ment of each phase will be subject to availability of funds and the condition

of the canister after the previous test.

1. Maximum Power Test

The heater power will be raised incrementally to a maximum of
20 kW until failure occurs. Failure will be defined as loss of
shielding. This test is being done during the summer of 1977.

2. Toppled-Canister, Heat-Transfer Test

Calculations indicate that there should be little difference in
heat transfer whether the canister is vertical or horizontal,
provided the area for heat transfer to the air is not changed.
The test will duplicate the heat-transfer test for a vertical
canister at 5.0 kW.

3. Lifting and Transportability Test

(2)
In the conceptual design described by Tabe , the canisters will
be loaded in a hot cell and transported to the canister site.
Also, if the canister should fail, it will be taken back to the
hot cell for unloading. Several methods of lifting the canister
by mobile crane will bo tried.

4. Drop Test

During handling of a large number of canisters at the canister
facility described by Tabe^ ', we expect several will be dropped.
Therefore, drop tests onto various surfaces, namely, compacted
gravel, concrete road, and a granite pluton are planned to de-
termine the vulnerability of the canister.
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Missile Tests

The Hazards Analysis describes the effect of missiles or
vehicular impact on canister integrity. After all other tests
are complete, the canister will be taken to a remote area and
missile tests performed. The logistics of such tests have yet
to be detailed.
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TABLE 5.1

CRACK DISTRIBUTION, WIDTH AND DEPTH AT MAXIMUM INSTALLED HEAT LOAD

CANISTER CODE

POWER (kW)

WALL THERMAL
GRADIENT (°C)

1

5.0

: 95-100

1
(PREDICTED)

3.0a

67

2

2.1b

37-40

3

5.0

90-100

4

=1.75C

-30

VISIBLE CRACK
DISTRIBUTION (mm)
(AVERAGE)

VISIBLE CRACK
WIDTH (Jjm)

CRACK DEPTH (mm)

300-1000

10-300

0-400

120

25

0-305

1000-2000

10-20

200-1000

10-300

1000-2000

10-20

to
OS

a Corrected from 2 to 3 kW to account for better conductivity (see heat-Transfer Section).
b Calculated decay heat load.
c Corrected from 4.22 to 1.75 kW based on fuel history (see Heat-Transfer Section).



DESCRIPTION

CANISTER #1 CYLINDRICAL ELECTRICALLY HEATED
CONSTRUCT CANISTER
WEATHERING TESTS
STEADY STATE POWER AT 1.25. 2,3. 3.5,4.4.5.5 kW

CYCLING POWER AT 0 2, 0 5 kW
SOURCE CHECK (60C0l

CANISTER «2 CYLINDRICAL FUELLED
CONSTRUCT CANISTER
WEATHERING TESTS
SOURCE CHECK {*°C0)

LOAD CANISTER
SOURCE CHECK {fuel)
HEAT TRANSFER CHECKS

CANISTER HZ SQUARE PRISMATICAL ELECTRICALLY HEATED
CONSTRUCT CANISTER
WEATHERING TESTS
STEADY STATE POWER AT 1.25.2.3.4.5 kW
CYCLING POWER AT 0 3 . 0-5 kW

SOURCE CHECK (6oC0)

CANISTER #4 SQUARE PRISMATICAL FUELLED
CONSTRUCT CANISTER
WEATHERING TESTS
SOURCE CHECK (60C0)
LOAD CANISTER

SOURCE CHECK IFUELl
HEAT TRANSFER CHECKS

•

1975

r

1976

• • • •

• • • 1

""I
1

•

1977

—

1978 1979

FIGURE 1.1: THE TEST PROGRAM
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LIFTING LUGS

LEAD

CONCRETE

SAFEGUARD SEAL

CONCRETE LID

SEAL WELD

REINFORCING STEEL

LEAD

WR-1 FUEL

6 STEEL BASKETS

HEIGHT 5260 mm
OUTSIDE DIAMETER

2300 mm

CONCRETE BASE

FIGURE 2.1: CYLINDRICAL CANISTER #2 CONTAINING WR-1 FUEL.
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SAFEGUARD SEAL

LIFTING LUGS

STEEL

LEAD

CONCRETE LID

CONCRETE

- SEAL WELD

REINFORCING STEEL

DOUGLAS POINT FUEL

6 STEEL BASKETS

STEEL LINER

CONCRETE BASE HEIGHT 5260 mm

OUTSIDE DIMENSION 2360 mm

FIGURE 2.2: SQUARE PRISMATICAL CANISTER #4 CONTAINING DOUGLAS POINT FUEL
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COVER

BASKET

FUEL BUNDLES
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COVER

BASKET

FUEL BUNDLES

ELEVATION

FIGURE 2.3: CYLINDRICAL BASKET FOR WR-1 FUEL
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FIGURE 2.A: SQUARE BASKET FOR DOUGLAS POINT FUEL
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FIGURE 2.5: FUEL HANDLING FLASK
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FIGURE 2.6: ELECTRICAL HEATER FOR CANISTER //I

A) Attaching crane hook B) Lowering, the hc.-itor

C) Close-up of I?



- 36 -

FIGURE 3.1: CONSTRUCTION OF CANISTER #1
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FIGURE 4.1: FUEL LOADING SEQUENCE
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KICURK 5.1: CANISTER <M WATER SPRAYED - 21 OCT., 1975
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FIGURE 5.2: CANISTER #1 AFTER ACCELERATED WEATHERING TESTS
(SPRING 1977)
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FIGURE 5.3: CANISTER #3 WATER SPRAYED ( SPRING 1977)
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FIGURE 5.4: CANISTER #2 CONTAINING 138 WR-1 FUEL BUNDLES
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FIGURE 5.5: CANISTER #4 CONTAINING 360 DOUGLAS POINT FUEL BUNDLES
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FIGURE 5.6: RAMP THERMAL CYCLING TESTS ON CANISTER 1H
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FIGURE 5.7: RAMP THERMAL CYCLING TEST ON CANISTER #3
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FIGURE 5.8: CANISTER il DURING FREEZE THAW TESTS
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CANISTER #1
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FIGURE 5.10: DAILY FLUCTUATIONS IN OUTSIDE FILM TEMPERATURE GRADIENT FOR CANISTER #2
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FIGURE 5.11: TEMPERATURE GRADIENT ON CANISTER #4
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FIGURE 5.13: SOURCE CHECK OF CANISTERS #3 AND 4 (10.1 TBq = 300 Ci)
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YLINDRiCAl
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FIGURE 5.14: GAMMA RADIATION FIELDS IN mR/h AT 2400 mm ABOVE
GRADE AROUND THE CONCRETE CANISTERS MAY 17, 1977
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FIGURE 5.15: FENCE-LINE EXPOSURE RATE IN mR/h 1000 ram ABOVE GRADE
MAY 16, 1977
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FIGURE 5.16: SKYSHINE FROM CANISTER #4
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FIGURE 5.17: GAftMA SPECTRUM STUDIES FOR CESIUM 137, COBALT 60
Atfo 10.1 TBq Co THROUGH CANISTER WALL.

(10.1 TBq = 300 Ci)
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FIGURE 5.18: GAMMA SPECTRUM STUDIES FOR PICKERING AND WR-1 FUEL.
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