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'ÉVOLUTION DES RÉACTEURS DE RECHERCHES CANADIENS: 1942 À 1992

par

R.F. Lidstone

RÉSUMÉ

On examine dans ce rapport l'évolution de la conception des réacteurs de

recherches canadiens depuis ces cinquante dernières années. Les réacteurs

de recherches canadiens ont joué un rôle de premier plan dans la mise au

point des réacteurs CANDU (CANada Deuterium Uranium) et la création d'un

marché international basé sur la fabrication ù'isotopes à des fins médi-

cales et industrielles. En prenant comme point central le rendement

neutronique, découlant des raisons de l'utilisation directe des ressources

abondantes d'uranium du Canada, on a réalisé plusieurs générations de réac-

teurs polyvalents dont l'héritage commun est le rendement neutronique. On

a conçu chaque système nucléaire successif avec les meilleures ressources

disponibles pour extrapoler légèrement à partir de la base technologique

actuelle de sorte à satisfaire aux exigences particulières des programmes

et à incorporer la souplesse nécessaire pour tenir compte des priorités en

évolution.

EACL Recherche
Laboratoires de Uhiteshell
Pinava (Manitoba) ROE 1L0

1993
AECL-10760
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ABSTRACT

This report reviews the evolution of Canadian research-reactor design over

the past fifty years. Canadian research reactors have played a central

role in the development of CANDU (CANada Deuterium Uranium) power reactors

and the creation of an international business based on the production of

medical and industrial radioisotopes. A focus on neutronic efficiency,

which stemmed from the incentive for direct use of Canada's abundant

uranium resources, has resulted in several generations of multipurpose

reactors with a common heritage of neutronic efficiency. Each successive

nuclear design has been engineered with the best available resources to

extrapolate slightly from the current technology base to ireet specific

program requirements and to incorporate the flexibility needed to accommo-

date evolving priorities.
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1. INTRODUCTION

Research reactors have played a central role in the development of the
Canadian nuclear program. Beginning with ZEEP (Zero Energy Experimental
Pile) [1-3], the utilization of each major facility has resulted in a
substantial body of new technology and scientific information. Major
benefits arising from the operation of Canada's research reactors include
the development and demonstration of CANDU* power reactors, and the
creation of an international business based on the production of msdical
and industrial radioisotopes.

Insofar as practicable, nuclear engineers have based each design on the
evolutionary development of appropriate technology for Canada. At the same
time, they have attempted to incorporate in each facility the flexibility
to anticipate evolving priorities as well as to effectively meet a range of
identified program requirements. This approach has resulted in several
generations of multipurpose reactors with a common heritage of neutronic
efficiency. The focus on neutronic efficiency stemmed from the incentive
for direct use of Canada's abundant uranium resources. The preference to
rely on natural-uranium fuels promoted interest in efficient moderators,
especially heavy water, and structural materials with a low affinity for
absorbing neutrons, such as aluminum and subsequently zirconium alloys.

2. EARLY SUBCRITICAL EXPERIMENTS

In 1940 March, the Canadian nuclear pioneer G.C. Laurence performed the
first Canadian subcritical experiments [1] using half a ton of natural
uranium oxide powder and a similar mass of relatively pure calcined coke.
Placing the uranium in paper coffee bags (each with about 3 kg U 3O 8), he
formed a primitive heterogeneous lattice by surrounding each bag uniformly
with coke. He then placed the fuel and moderator in a bin lined with par-
affin, which acted as a reflector. He used a mixture of metallic beryllium
and radium as a neutron source and built a set of Geiger counters to mea-
sure the neutron flux at selected locations within the lattice. Although
the pile was highly subcritical and the results inconclusive, the experi-
ence spurred on Canadian efforts to establish the feasibility of a chain
reaction with natural uranium moderated by graphite.

Collaborating with B.W. Sargent on subsequent experiments in 1941-1942,
Dr. Laurence eventually built a much larger spherical pile, 2.8 m in
diameter. In a series of experiments conducted with approximately 9 Mg of
graphite (density -1.2 Mg.nr3) and 0.9 Mg of uranium oxide (density
3.4 Mg.nr3), they achieved a multiplication factor of about 0.90 with the
oxide packaged in lumps of 3 kg. Although they were working with the best
available materials, it became clear that higher density uranium and a more
efficient moderator (either purer graphite or heavy water) would be re-
quired for a successful chain reaction. Accordingly, the main benefit of
this pioneering work was the creation of a small cadre of experienced
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Canadian physicists who would play key roles in building research reactors
at the Chalk. River Laboratories. However, the data obtained by Laurence
and Sargent was directly useful to the international team established in
1943 at a new laboratory in Montreal.

Scientific interest at the Montreal laboratory centred on natural-uranium
heavy-water lattices, because Canada did not expect to develop enrichment
facilities and therefore preferred a moderator with a very low neutron-
absorption cross section combined with good thermalization properties
[1,2]. Between 1943 and 1945, many exponential experiments were performed
to characterize the nuclear properties of heavy water, e.g., the transport
mean free path and the diffusion length, and to measure the buckling for
lattices containing proposed ZEEP uranium-metal fuel rods with different
cladding specifications, and at various lattice spacings [2].

The exponential facility [2] comprised a cylindrical steel tank, 1.6 m in
diameter by 1.65 m high, filled with about 3.1 m3 of heavy water and
mounted on a large block of graphite. Neutrons were generated by impinging
X-rays from a 1.4-mA, 2-MeV generator upwards towards a beryllium target
located on the vertical axis of the tank 0.86 m below the tank bottom.
Cadmium sheets on the exposed surfaces of the graphite and the heavy-water
tank avoided distortions of the neutron distribution within the tank due to
reflected neutrons. The main result of the experimental program was the
optimization of core dimensions for ZEEP and for the first Canadian high-
power reactor, NRX (National Reactor X-perimental) [4,5].

3. CANADIAN LOW-POWER FACILITIES

3.1 ZEEP

Design of the ZEEP critical facility began in 1944 [1]. The principal
purpose of ZEEP was to perform measurements of lattice design, fuel-rod
dimensions and sheathing alternatives to resolve the design of NRX. ZEEP's
technical specifications are summarized in Table 1; its main features were
a large (9 m3) cylindrical aluminum tank with graphite radial and lower
reflectors into which heavy-water moderator could be pumped from a storage
tank below. Experimental lattices were formed by hanging fuel assemblies
from steel beams that bridged the top of the tank. Reactivity control was
provided by four cable-driven cadmium-plated steel control plates located
between the tank and the radial reflector. The reactor was shut down by
means of two sets of four cadmium-plated steel rods suspended on stainless
steel cables.

On 1945 September 5, ZEEP became the first reactor to operate outside the
United States. Following a period of comprehensive studies of the reactor
itself, ZEEP was operated over the next 20 years to provide valuable infor-
mation on the characteristics of heavy-water-moderated fuel lattices [3]
for the NRX and NRU (National Research Universal) [5,6] research reactors,
the NPD (Nuclear Power Demonstration) prototype nuclear-electric station,
and early CANDU power reactors [1]. For example, immediately after the
initial commissioning program, instruments developed for NRX were tested in
ZEEP. Procedures for irradiating and processing radioactive isotopes in
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To support the design of the first British graphite pile at Harwell, mea-
surements of neutron cross sections for graphite blocks were performed in
ZEEP. Other early ZEEP uses included the production of trace radioiso-
topes, for example sodium for biochemical research at the University of
Toronto, and "pulsing" of the reactor from 1 W to 50 W to facilitate cloud-
chamber experiments. Later ZEEP measurements on heavy-water lattices
included studies of the benefits derived from clustering fuel rods and the
relative merits of uranium metal and uranium oxide for NPD fuel meat.

3.2 PTR AND ZED-2

The successful operation of ZEEP eventually led to the building of two
other zero-power facilities at the Chalk River Laboratories (CRL). The
Pool Test Reactor (PTR) [1] is a 10-kW swimming-pool reactor based on 93%
enriched uranium-aluminum plate-type fuel. It incorporates an oscillating
shuttle that can swing fuel assemblies or specimens of irradiated fuel
rods. Ion-chamber measurements of the neutron flux enable the corres-
ponding dynamic reactivity changes to be deduced. Other specifications are
summarized in Table 1.

Because of ZEEP's relatively modest dimensions, a larger version, ZED-2
(Zero Energy Deuterium - 2) [7], was built to facilitate measurements on
larger, more representative CANDU lattices. As indicated in Table 1, the
ZED-2 heavy-water tank accommodates cores up to 3.3 m in diameter and
roughly 3 m in height. Reactivity control involves controlling the heavy-
water level by pumping heavy-water moderator (inventory 30 Mg) from a dump
tank below the reactor. Fast moderator dump and an independent system of
12 cadmium-aluminum shutoff rods provide reactor shutdown. The remote
adjustment of lattice spacing is possible using a lattice-change mechanism
that hangs fuel assemblies into the reactor vessel. Zî D-2 serves all
current Canadian needs for heavy-water lattice measurements. The facility
has been used for definitive studies of the effects of heavy-water and
alternative light-water and organic coolants, coolant void measurements,
and studies of fuel lattices of advanced CANDU bundles containing
plutonium-uranium oxide and 233U oxide fuel meat.

3.3 SLOWPOKE

From 1968 to 1970, the PTR pool provided a convenient home for testing the
prototype (SLOWPOKE 1) of a new type of reactor [8-10] for neutron activa-
tion analysis, trace radioisotope production, and teaching in nuclear
science and engineering. SLOWPOKE (Safe LOW POwer Kritical Experiment) is
a 20-kW tank-in-pool reactor with an unusually high degree of inherent
safety. The reactor assembly, which comprises a small (-9 L) light-water-
moderated core with a close-fitting beryllium reflector, is housed within a
containment tank that can be installed in a 2.5-m-diameter, 6-m-deep pool.
A central cadmium control rod (worth 5.5 mk, i.e., 0.55% Ak/k) that
responds to a self-powered neutron flux detector in the radial beryllium
annulus provides both regulation and normal shutdown. Table 1 provides a
summary of SLOWPOKE specifications. The thermal flux per unit power,
5 x 1017 n.m-^.s-i-HW-1, is very high.
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The core is undermoderated to provide appropriately negative reactivity
coefficients for temperature and void. Furthermore, the number of fuel
rods loaded into each core unit is adjusted to limit the maximum excess
reactivity to 3.4 mk with a minimal number of beryllium shim plates loaded
in the top reflector. Tests involving the rapid insertion of up to 6.8 mk
of excess reactivity have demonstrated that this strategy limits the poten-
tial for power excursions so that credible reactivity-addition accidents
vill not damage the reactor or pose a radiation hazard to persons in or
near the reactor room. Accordingly, SL0WP0KE-2 reactors (commercial
versions of SL0WP0KE-1) have been licensed for unattended operation by the
Atomic Energy Control Board of Canada. Reactivity compensation for fuel
burnup is provided periodically by a small increment to the thickness of
the top reflector.

Between 1971 and 1983, a total of six SLCWPOKE-2 units were built with 93%
enriched uranium-alluminum-alloy fuel, five at various universities and
laboratories in Canada, and one in Jamaica. A seventh SLOWPOKE-2 unit with
a 19.92 enriched U02 core [10] began operation at the Royal Military
College in Kingston in 1985.

4. CANADA'S MEDIUM-POWER FACILITY

The McMaster Nuclear Reactor (MNR) [5,11] is a swimming-pool reactor built
at McMaster University in the late 1950s. Licensed to operate at up to
5-MW thermal power, the MNR is a multipurpose facility used for research
with extracted neutron beams, neutron activation analysis, teaching, and
short-lived radioisotope production. The movable reactor assembly provides
a core grid of 54 sites, 34 of which typically contain 93% enriched
uranium-aluminum plate-type fuel elements (28 standard, 6 control).
Reactivity control is provided by five Ag-In-Cd shim safety rods and one
stainless steel regulating rod; full insertion of the three lowest worth
safety rods is sufficient to ensure reactor shutdown. The reactor is
housed within a reinforced-concrete containment building. Table 1 provides
a summary of MNR technical specifications.

The MNR provides six radial beam ports and one tangential tube. These
facilities terminate in the light water adjacent to one of two core posi-
tions. At 5 MW, the perturbed thermal flux at the beam-tube noses is
approximately 5 x 1016 n-m^-s"1. Irradiation facilities include two in-
core positions with thermal fluxes of 2 x 1017 to 4 x 1017 n-m^.s'1, six
reflector positions with thermal fluxes of 1 x 1017 to 2 x 1017 n-m^-s"1,
and low-flux (3 x 1016 to 9 x 1016 n-ra^.s-1) positions for seven
pneumatic-transfer systems and three large-sample sites.

5. CANADIAN HIGH-PCtfER FACILITIES

5.1 NRX

NRX [4] is a heavy-water-moderated high-flux multipurpose reactor with
once-through light-water cooling. The large (17 m3) reactor core provides
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a central irradiation thimble (140-mm diameter) plus 198 smaller (57-mra
diameter) vertical sites for fuel assemblies, test loops, irradiation
targets, and shut-off rods. The lattice is hexagonal with a spacing of
173 mm. Reactor regulation is achieved by controlling the level of heavy
water flowing over a weir. A 0.9-ra-thick graphite reflector plus a
0.3-m-thick Iron thermal shield and a 2.4-m-thick ordinary-concrete biolog-
ical shield surround the core radially; the axial thermal shields are com-
posed of steel and water. Other technical specifications are given in
Table 2.

When NRX first started up in 1947 July, it was fueled [5] with one
aluminum-clad uranium-metal rod (35-mm diameter) per core site. With a
fresh fuel loading of 10.5 Mg uranium (-75 kg fissile), a ke£f of 1.042 was
obtained. The approach to the original design-maximum power of 20 MW was
gradual: ! MU was achieved by the end of 1947, 8 MW in 1948 May, and 20 MW
in 1949 J<_:iuary. At this time NRX produced the highest peak neutron flux
of any existing reactor, about 3 x 1017 n-nr^s"1 in the moderator [1].
Shielding improvements permitted uprating to 30 MW in 1950. Following the
major accident in 1952 December, the restoration program (which included
core and vessel replacement, instrumentation improvements, and modifica-
tions to the thermal shields) enabled further power uprating to 42 MW [3],
at which power it produced a peak thermal flux of 7 x 1017 n-m^-s"1. In
the late 1950s, the peak flux was improved by 50% by changing the fuel to
natural U02 fuel rods in the outer core regions and 93Z enriched uranium-
aluminum-alloy fuel in the central regions. Tha new enriched-uranium fuel
rods, which consisted of a 6.35-mm uranium-aluminum fuel meat coextrusion
clad with finned aluminum fuel sheaths, were employed in a seven-rod
cluster that fit into a 35-mm NRX flow channel. The U02 rods were of
similar dimensions to the original uranium-metal rods; some of these rods
were fitted with a central irradiation hole for radioisotope-production
targets. The available thermal flux was further increased to
1.2 x 1018 n-m^-s"1 in 1962 by the complete conversion to 93% enriched
uranium-aluminum fuel [5].

The experimental facilities in NRX initially included a so-called J-rod
annulus for producing 60Co in the graphite reflector, 15 user-operated
"self-serve" irradiation facilities in the reflector, 15 radial horizontal
beam holes, two graphite thermal columns and the central vertical thimble.
In response to American interest in testing proposed fuel for nuclear
submarines and to Canadian and international interest in developing fuels
for nuclear generation of electricity, fuel test loops were introduced to
NRX. By the mid-1960s, NRX contained six H20-cooled fuel test loops and
one organic-cooled test loop, which permitted power-reactor fuel pins to be
realistically irradiated under a wide range of physical and chemical
conditions of interest.

More recently, as part of a rationalization of the operation of Canadian
research reactors, the loop facilities have been removed and 1*RX new serves
to back up NRU radioisotope production. It is expected that decommission-
ing of NRX will begin within the next few years.
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5.2 NRU

NRU [1,5,6], which began operation in 1957 November, is a heavy-water-
cooled and -moderated multipurpose reactor that was designed to provide a
relatively high thermal neutron flux over a large volume (23-m3 reactor
vessel). Its intended utilization included fuel and materials testing in
support of power reactors, large-scale production of plutoniura, 2 3 3U, 60Co
and other medical and industrial radioisotopes, and the provision of
intense neutron beams for basic and applied research. Its main design
features include a 227-position triangular lattice of 197-mm spacing;
reactivity control and shutdown by a system of 16 (later 22) cadmium and
cobalt absorbers; a light-water axial reflector 0.3 m thick, with a
0.15-m-thick, irradiation space (J-rod annulus) between the core and the
reflector; a 0.3-m-thick steel axial thermal shield; and a 3.0-m-thick
biological shield of heavy concrete. Table 2 gives additional technical
specifications. Heavy water is pumped into the reactor through a lower
header block (-1.8 Mg-s'1 total flow) where about 7% directly enters the
moderator and the remainder flows upwards past the fuel assemblies and then
into the moderator through slots in the flow channels. Experimental
facilities include three (later five) vertical through tubes for fuel and
materials test loops, a thermal column and an arra> of 27 horizontal
neutron-beam holes, of which two are elliptical through tubes.

Originally designed for plate-type natural-uranium metal fuel [6], NRU
generated a peak thermal neutron flux of 3 x 1018 n-nr^-S"1 at 200 MU.
With a fresh fuel loading of 199 assemblies (10.75 Mg U, 76.4 kg fissile),
the maximum kef£ obtained was 1.09. The use of on-power refueling, first
demonstrated in NRU and later applied in CANDU power reactors, permitted
the facility to operate for relatively long periods of time without the
nejd to allocate a major portion of the available excess reactivity to
bu-nup compensation during the operating cycle. Although fuel failures
were frequent in the early history of NRU, the problem was eliminated by
using extrusion-clad fuel with an intermediate nickel bond. Like NRX, NRU
was converted to 93% enriched uranium-aluminum fuel rods. In 1960, some
enriched-uranium fuel rods [5] were introduced to facilitate the efficient
production of increasing levels of neutron-absorbing radioisotopes, such as
60Co. With the expiration of the plutonium production contract in late
1963, NRU was f-lly converted to 93% enriched uranium-aluminum fuel rods
similar to those of NRX (12 rods per assembly in a 50-mm-diameter flow
channel). Although a flux increase to 2 x 1019 n-m^.s"1 was feasible, the
peak flux was maintained at the earlier level and the operating power WE.S
reduced to 115-135 MW. Experience with this fuel has been favourable, with
high exit burnups (above 80% average 235U depletion) routinely achieved
without swelling or defects. During the past decade, a low-enrichment
(19.7%) version of the NRU fuel rod has been developed using U-jS^Al as the
fuel meat.

NRU was shut down from 1972 to 1974 to provide heavy water for the Canadian
nuclear power program and to replace the corroded reactor vessel. The new
vessel provided more (five instead of three) in-core sections for loops,
and longer reentrant cans to increase the neutron fluxes available to
various horizontal beam tubes. The central loop position was eliminated
and the configuration of control and adjuster rods was modified.
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NRU's large irradiation space has been an important factor in the testing
of fuel bundles and fuel-channel components for CANDU reactors. A high-
temperature H20 loop began operation in 1959, and an organic loop and a
boiling-water loop followed in 1963-1964. With an extrapolated flux length
of 3 m and a peak unperturbed thermal flux of 3 x 1018 n.nr^s"1 at the
loop positions, NRU has been able to irradiate sections of CANDU pressure
tubes with up to six full-size fuel bundles operating under representative
axial irradiation conditions. For the 19- and 28-element bundle designs
used by early CANDU power stations, such as Douglas Point and Pickering,
NRU could achieve fuel ratings of interest (up to 45 kW/ra) with natural
enrichment fuel. For later 37- and 43-element fuel bundles, some enrich-
ment (typically 1.2 to 2.0% 2 3 5U in total uranium) has been employed to
produce ratings up to 65 kW/m). NRU operates with up to 10 fast-neutron
rods that provide 74-mm-diameter central irradiation holes with enhanced
fast (>1 MeV) fluxes up to 6 x 1017 n-nr^s"1 for studying irradiation
damage in small zirconium-alloy specimens. Although this flux level
implies annual fast fluences in NBU comparable to current reference CANDU
pressure tube conditions, fast fluxes of 1.5 x 1018 to 2 x 101B n.nr2.s-1

are desirable for timely irradiations to end-of-life fast fluences; accor-
dingly, such accelerated aging studies must currently be performed in
foreign research-reactor facilities.

NRU is also used for research in support of the safety of power-reactor
fuels. In particular, since the Chernobyl accident, a new fuel loop, the
Blowdown Test Facility (BTF) [12], was installed in one of the existing
loop positions to resolve concerns about fuel behaviour under high-
temperature and severe-accident conditions. Thus, NRU continues to be
adapted to meet the main irradiation requirements of the CANDU program.

Since NRU's inception, extracted neutron beams have been utilized for basic
and applied research that exploits the neutron's unique ability to deter-
mine the bulk properties of matter without causing significant material
damage. Eight beams are currently used, one for neutron radiography and
seven for neutron scattering. One of the spectrometers is dedicated to the
determination of residual strain deep inside engineering components.

Additionally, NRU has been used to produce commercial radioisotopes on a
large scale [1]. During the early years of NRU operation, the production
of 60Co for cancer therapy was of major importance; however, as CANDU power
reactors began to produce large quantities using (by-product) neutrons that
had to be absorbed in cobalt flux-adjuster rods, 60Co production in NRU
shifted to small quantities of very high specific-activity material. J-rod
irradiations shifted to the production of 1 4C, and other isotopes, e.g.,
131I from tellurium and 192Ir, became important. The radioisotope that has
come to dominate NRU production, however, has been "Mo produced as a
fission product [13]. As the development and wide distribution of techne-
tium generators and radiopharmaceuticals combined to make " mTc the most
widely used radioisotope for nuclear medicine, the conversion of NRU to 93%
enriched uranium-alumin'im fuel rods provided a unique opportunity for
efficient "Mo production in targets based on the CRL metal-fuel tech-
nology. At the present time, NRU, with backup from NRX, generates most of
the world supply of "Mo.
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5.3 VR-1

In the late 1950s, when CRL had grown to the maximum size considered
optimal for nuclear research and development, the Vhiteshell Laboratories
(WL) were established in eastern Manitoba. The central experimental
facility at the new establishment was a unique reactor called UR-1
(Vhiteshell Reactor-I) [14], which used a mixture of terphenyls as a high-
temperature (300-400°C) low-pressure (1.1-2.2 MPa) coolant. Beginning in
1965 November, VR-1 operated for nearly 20 years to demonstrate the feasi-
bility of an organic-cooled version of the CANDU power realtor. The
facility is currently being decommissioned as part of AECL's rationaliza-
tion of research-reactor operations. The technical specifications of VR-1
are summarized in Table 2.

Although VR-1 is no longer operational, it represents an important stage in
the evolution of Canadian research-reactor design beyond NRX and NRU. To
avoid the need for vessel replacement, the VR-1 calandria was fabricated
from stainless steel instead of aluminum. The hexagonal core lattice
(spacing 235 mm) provided for 53 fuellable sites of which 24 were fitted
with 99-mm-diameter (Douglas Point size) calandria tubes and 29 with
121-mm-diameter (Pickering or Bruce size) calandria tubes. Each site
accommodated a 2.5-m-long pressure tube of stainless steel or zirconium
alloy and five CANDU-length fuel bundles. Any fuel channel could be
connected to one of the four test loops whose cooling circuits were located
in close proximity to the reactor assembly. Reactivity control was pro-
vided entirely by adjustment of the heavy-water level in the core region:
the moderator was sprayed into the top of the calandria and flowed downward
over a doughnut-shaped weir into a dump space below the core; regulating
the differential helium pressure between the dump space and the top of the
core provided moderator height control in the core region; and fast shut-
down was achieved by safety-system actuation (using 2-out-of-3 voting
logic) of helium dump lines to rapidly equalize the helium pressure.

The reactor was cooled by three independent organic cooling circuits, each
with about 20-MV capacity. Initially, 18-element, zirconium-alloy-clad,
2.A% enriched U02 fuel was employed in the central 37 sites. Subsequently,
when the core was expanded to 53 sites, all of which were converted to use
zirconium-alloy pressure tubes, fuel of lower fissile content was used, and
uranium monocarbide eventually displaced uranium dioxide as the fuel meat.
Three of the loops were cooled with organic coolant and fueled with 5.0%
enriched UC fast-neutron fuel assemblies that contained 76-mm-diameter
irradiation holes. Materials test studies involving the irradiation of
creep and growth specimens were conducted in the fast-neutron sites
(>1 HeV) at fluxes of up to 1 x 1018 n-nr^s-1. A 400-kV light-water-
cooled loop enabled the testing of bundles of up to six CANDU-size fuel
elements. VR-1 also contained a three-position pneumatic-capsule facility
with available thermal fluxes up to 6 x 1017 n-m^-s"1.

5.4 HAPLE-X10

The MAPLE reactor concept [15] is being developed to meet Canadian and
international requirements for multipurpose neutron sources. The MAPLE-X10
prototype [16,17] employs low-enrichment uranium fuel and a compact (63 L),
light-water-cooled and -moderated core within a heavy-water reflector to
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efficiently supply neutrons to a variety of irradiation facilities in the
core and reflector. The core grid accommodates a hexagonal arrangement of
19 fuellable sites. Standard assemblies of 36 fuel rods latch into hexa-
gonal zirconium-alloy flow tubes. Reactivity-control assemblies of 18 fuel
rods latch into circular flow tubes in the six middle-outer lattice posi-
tions. Reactivity compensation and reactor shutdown are provided by haf-
nium cylinders that insert into the water annuli outside the circular flow
tubes. The fuel is 19.7Z enriched U3Si-Al extruded as 6.35-mm-diameter
rods within a coextruded finned aluminum cladding; this fuel has been deve-
loped as a proliferation-resistant replacement for NRU and as the reference
fuel for MAPLE reactors. Radially surrounding the core region is an
annular cylindrical zirconium-alloy heavy-water reflector vessel. Table 2
presents other technical specifications.

Dynamically pressurized light water enters the reactor assembly via a
stainless steel inlet plenum and flows upward past the fuel assemblies into
an open chimney. A pump draws the heated water from two nozzles in the
chimney through outlet piping to a plate-type heat exchanger and returns
cooled water to the inlet plenum. Flow diodes on the inlet plenum direct
about 10Z of the inlet water to the bottom of the pool, thereby creating
downflow in the chimney; the diodes also provide a low-resistance flow path
for establishing natural convection cooling to the pool during shutdown and
loss-of-flow conditions. An accumulator tank connected to the inlet plenum
provides surge flow through the core to ease the transition from forced- to
natural-convection cooling. The chimney also houses the reactivity-control
devices and provides access to the core for fuel and irradiation-target
handling.

A digital computer system [18] provides power regulation, process control,
and data collection. It controls the reactor by vertically positioning a
set of three hafnium absorbers and by manipulating other process control
devices. The operator employs a dual keyboard/display console to interact
with the control system, which is designed to prevent operator action that
might drive the reactor to an unsafe state.

One reactor shutdown system inserts a set of three hafnium absorbers that
are normally held poised above the core by hydraulic cylinders. A second
independent system initiates a partial dump of the heavy-water reflector
and overrides control-system action to insert the other set of three
hafnium control-system absorbers.

The MAPLE-X10 prototype facility (Figure 1) is being constructed at CRL
where it will produce key short-lived commercial radioisotopes (such as
"Mo, 1 2 5I and 192Ir) and provide neutron-transmutation doping of silicon.
In support of its construction and licensing, an AECL development program
is under way to verify the performance of reactor components and character-
istics unique to the MAPLE concept during both normal operating and upset
conditions. At its design power of 10 MW, MAPLE-X10 will produce a peak
thermal flux of 2 x 1018 n-nr 2^ 1 in the reflector and a peak thermal flux
of 4 x 1018 n-m^.s"1 in a central flux trap.
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5.5 CURRENT IRRADIATION-RESEARCH FACILITY STUDIES

It has become clear that, after more than 30 years of operation, NRU needs
extremely costly refurbishing to significantly extend its operating life-
time and to modernize its safety-related systems if it is to continue as
Canada's major nuclear-irradiation facility, Even with refurbishment, NRU
cannot meet key program requirements for accelerated aging of CANDU compo-
nents. Furthermore, NRU is very costly to operate. Accordingly, AECL
Research is currently considering its options for maintaining Canada's
irradiation-research capability.

Because Canada's major irradiation facility must cater to the testing of
the unique elements of CANDU technology, a nev Canadian irradiation-
research facility must be able to irradiate several full-diameter fuel-
channel sections containing full-scale fuel bundles. As wr L as providing
irradiation conditions that match those of CANDU power reactors, it must
provide test facilities with significantly higher fast-neutron fluxes than
those of CANDU power reactors in order to perform accelerated component-
aging studies. To fully verify CANDU behaviour under severe accident con-
ditions where gravitational forces can influence heat transfer and fluid
flow, a new facility must be capable of testing an array of instrumented
fuel elements in a horizontal fuel channel under loss-of-coolant condi-
tions. It is also important that a new facility integrate the research
activities of the multidisciplinary team that must provide an immediate
response to any problems that might arise in existing or future CANDU power
stations.

A new Canadian neutron source is needed to ensure the continuation of the
national program in condensed-matter science. This program, which utilizes
extracted neutron beams for a wide range of scientific and commercial
studies of the structure of biological and industrial materials, requires
six to nine thermal-beam tubes with provision for a cold-neutron source and
a neutron-guide hall with thermal- and cold-neutron guides serving 20 to 30
instruments.

Various options for ensuring continuing access to suitable irradiation-
research facilities are under consideration, including renting space in
existing research reactors, performing some irradiations in CANDU power
reactors, adapting an existing high-power facility design to meet Canadian
program and licensing requirements, and developing a new materials-testing
facility based on MAPLE technology.

While the future Canadian irradiation-research program will undoubtedly
place some reliance on irradiations performed in CANDU power reactors and
available foreign research reactors, it will be difficult to meet certain
requirements with existing facilities and proven commercially available
designs. For example, although various high-power (>25 HW) materials-
testing reactors are acceptable for irradiating materials specimens and
multielement fuel assemblies, none can irradiate several full-diameter
CANDU fuel bundles and pressure tubes in a realistic neutron spectrum
without significant flux gradients. No facilities for irradiating
instrumented fuel elements in a horizontal fuel channel exist at present.
Furthermore, existing designs will require significant modifications to be
licensable in Canada. Therefore, serious consideration is being given to
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developing the MAPLE-MTR (MAPLE Materials Test Reactor) concept, which is
based on the evolution of current Canadian research-reactor technology.

The MAPLE-MTR concept [19] adapts the MAPLE-X10 facility design to produce
a realistic CANDU irradiation environment for multielement assemblies and
full-size CANDU bundles, and an accelerated-aging environment for materials
specimens. The central core of the MAPLE-MTR is the light-water-cooled
and -moderated, 19-site MAPLE-X10 core with power uprating to match the
fast-neutron flux conditions of MTR-type reactors, such as the OSIRIS
reactor at Saclay in France and the high-flux reactor at Petten in the
Netherlands. The heavy-water reflector tank of MAPLE-X10 is adapted by
adding various fuel assemblies to provide a coupled heavy-water lattice
with test loops and fast-neutron sites similar to those of NRU and WR-1.
The MAPLE-MTR regulating system and one shutdown system are based on the
MAPLE-X10 system of mechanically and hydraulically actuated hafnium
absorbers. The VR-1 calandria design with its fast heavy-water dump system
is adapted to accommodate the central core, the heavy-water lattice, and
neutron-beam facilities. Overall, the MAPLE-MTR concept represents the
continued evolution of Canadian experience with research reactors over the
past 50 years. It is intended to facilitate a future irradiation-research
program similar in scale to the present program of CANDU support and
neutron-science applications. Table 2 presents a summary of MAPLE-MTR
technical specifications.

Preconceptual studies of alternative MAPLE-MTR reactor configurations, such
as that shown in Figure 2, indicate that perturbed fast-neutron fluxes of
about 2 x 101B to 2.5 x 1018 n.m^s"1 can be generated in zirconium-alloy
specimens in three central irradiation facilities if the central core
operates at thermal powers of 20-25 MW. Because the corresponding peak
power density will be of the order of 1 MW-L'1, the reference fuel design
is plate-type, with 23 plates of varying widths in a hexagon-shaped assem-
bly that is compatible with MAPLE-X10. The four fast-neutron sites in the
heavy-water lattice will each operate at roughly 1.5 MW and produce fast
fluxes of about 1 x 1018 n-m^-s'1 in their irradiation rigs. Under these
operating conditions, fresh 37-element natural-U02 CANDU bundles are
expected to run in each of the four test loops at powers up to 900-1000 kW
and peak ratings in excess of 70 kW-nr1. Assemblies of up to seven CANDU
elements will run at similar peak ratings in two vertical and one horizon-
tal test loops in the heavy-water tank outboard of the fast-neutron sites
and CANDU bundle loops. To ensure realistic operating conditions for
irradiating CANDU pressure tube sections, the full-diameter CANDU in-
reactor sections will be configured as through tubes rather than reentrant
thimbles. An array of neutron-beam tubes is planned for the outer region
of the heavy-water tank.

6. ANALYSIS OF EVOLUTIONARY TRENDS IN CANADIAN RESEARCH REACTORS

Over the first 50 years of the nuclear era, the evolution of Canadian
research reactors has been guided by the pragmatic development and exploi-
tation of appropriate technology for Canada. Each new facility has been
engineered with the best available resources to extrapolate slightly from
the current technology base to meet specific program requirements. In view
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of uncertainties in the technology base, each design has incorporated con-
siderable flexibility to accommodate evolving priorities as well as to meet
the initial objectives. This approach has resulted in several generations
of multipurpose reactors with a common heritage of neutronic efficiency.

The focus on neutronic efficiency stemmed from the incentive for direct use
of Canada's abundant uranium resources and the improbability of Canadian
investment in uranium-enrichment facilities. Dr. Laurence's lack of early
success with natural uranium and the available impure graphite promoted
interest in more efficient moderators, especially heavy water. The first
nuclear engineering group in Montreal, which included French and British
experts on heavy-water systems, conducted exponential experiments primarily
oriented toward optimizing the core configuration for ZEEP, the first
Canadian critical facility. The experiments on alternative fuel-cladding
materials established a preference for aluminum because of its low affinity
for absorbing neutrons, relative to stainless steel.

Choosing natural-uranium fuel and a heavy-water moderator as the basis of
Canadian reactor technology resulted in large cores for the first three
Canadian reactors: 9 m3 for ZEEP, 17 m3 for NRX, and 23 m3 for NRU. As a
consequence, the flux per unit power was low, 2 x 1016 n-nr2-s"1•MU-1.
Ordinary-water cooling was chosen for NRX because of the unavailability of
large quantities of heavy water and the need to ensure efficient fuel
cooling at surface heat fluxes of 1-2 MW-nr2 with the large (36-mm
diameter) uranium-metal rods. With heavy water being more plentiful when
NRU was built, a single heavy-water system was chosen to provide both
cooling and moderation, which maximized the neutronic sfficiency without
the cost and complexity of two separate systems. To provide more heat-
transfer area to limit NRU's surface heat flux to 2 MW.nr2 without greatly
enlarging the core relative to NRX, plate-type fuel was specified. Largely
because of concerns about the potential for downgrading the heavy water
through leakage, both NRX and NRU were tank-type reactors with relatively
complex thermal and biological shields. It is noteworthy that NRX provides
some diversity in shutdown because of the partial heavy-water dump as well
as the shutdown rods.

Both NRX and NRU evolved as their patterns of utilization changed. The
most significant evolution occurred in the early 1960s with the shift away
from natural uranium fuel after plutonium production ceased. With the new
fully-enriched fuel, the flux-to-power ratio became 3 x 1016 n-nr2-s"1-MW-1

for both reactors. With fewer sites fueled, NRU's available in-core
irradiation space also greatly increased. The main benefits of the know-
ledge gained from building and operating NRX and NRU and their experimental
facilities were the building of prototype CANDU reactors during the 1960s,
the building of commercial CANDU stations during the next two decades, and
significant development of the technology for advanced fuel cycles.

The building of the PTR and MNR reactors in the late 1950s represented
the broadening of Canadian interest from strict reliance on heavy-water
reactors. In both cases, the simplicity of the swimming-pool concept
enabled the facility purpose to be achieved at modest cost. The ratio of
thermal flux to power for the MNR core is 8 x 1016 n-nr2-s"l-HW"1.
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UR-1 represents the evolution of Canadian research reactors beyond NRX and
NRU with regard to the provision of a full lattice of standard-sized CANDU
fuel channels (24 Douglas Point size and 29 Pickering or Bruce size) and
the use of a durable vessel of stainless steel instead of aluminum. Any
fuel channel could be connected to one of the test loops, whose cooling
circuits were located in close proximity to the reactor. WR-1 demonstrated
the feasibility of reactivity control entirely by regulation of the heavy-
water level in the core region combined with a fast dump capability. The
facility also successfully demonstrated the utilization of organic coolants
for nuclear generation of electricity and combined high-grade heat produc-
tion with multipurpose research-reactor applications.

The development of the SLOWPOK.E-2 reactor is particularly significant with
regard to the exceptional neutronic efficiency, the high level of inherent
safety, and the minimal requirement for nuclear infrastructure to support
the safe operation of a low-flux (2 x 1016 n-m^-s-1 thermal peak) research
reactor. The thermal flux-to-power ratio (5 x 1017 n-nr 2-s"*•-MW*1) is the
highest practical level for any reactor based on the fission of 2 3 5U.
Although the strong measures to limit the excess reactivity to half of
prompt critical are not feasible in higher flux reactors, they avoid the
need for engineered safety systems and full-time operator attendance
because the worst case transients do not pose a hazard to people or the
integrity of the facility.

The MAPLE concept combines the low-enrichment uranium fuel technology
developed for NRU with Canadian expertise in heavy-water systems to provide
an efficient neutron source (thermal flux in the reflector per unit power
of 2 x 1017 n-m'2-s"x-MW"1) for pool-type reactor facilities based on the
MAPLE-X10 facility. The high efficiency of neutron generation will enable
the 10-MU MAPLE-X10 reactor to take over the short-lived isotope-production
role of the much higher powered NRU.

As of the fiftieth anniversary of the first reactor, NRX and NRU have been
in operation for 45 and 35 years respectively. NRU continues to act as the
major national irradiation facility, performing fuel and materials testing
in support of CANDU development, producing radioisotopes, and acting as a
source of neutrons for research using extracted neutron beams. In view of
its extreme age, NRX now serves in a limited role as a backup isotope
producer. Its mandate complete, UR-1 is being decommissioned. NRX will be
decommissioned when the MAPLE-X10 facility begins radioisotope production
in about two years. As NRU will require costly refurbishing if it is to
continue to operate into the next century, AECL Research is currently
considering its options for maintaining Canada's irradiation-research
capability.

The evolution of Canadian research reactors continues with the definition
of a new Materials-Test-Reactor concept based on MAPLE technology as a
possible successor to NRU. The MAPLE-MTR reactor concept employs a hybrid
light- and heavy-water-moderated lattice to provide both a realistic
irradiation environment for CANDU test loops and a region of high fast
fluxes for accelerated aging studies of CANDU components. It is capable of
uniformly irradiating four full-diameter fuel-channel sections fueled with
full-size prototype bundles under conditions that match those of CANDU
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power reactors. It will provide test facilities in the central MAPLE-X10-
type core with significantly higher fast-neutron fluxes than those of CANDU
pover reactors for performing accelerated component-aging studies. It will
be able to test arrays of instrumented fuel elements in either a vertical
or a horizontal fuel channel under loss-of-coolant conditions. As a new
high-flux neutron source, it will facilitate the continuation of the
Canadian program in condensed-matter science. Accordingly, building the
MAPLE-MTR can ensure the long-term access to an irradiation facility for
supporting CANDU reactor development and maintaining Canada's role in
underlying nuclear research.
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TECHNICAL SPECIFICATIONS FOR HIGH-POVER CANADIAN RESEARCH REACTORS
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600 mm x .5 mm x 35-74 mm

Aluminum

0.4 mm

23 Plates
0.4
1.7

2.5-3.5

StainlosB Stool

2-m Dia. x -1 m High

-D.O-IJ Din. X 0.6 m Hioh

63.2 Contral, 300 Totnl

26

Zr Alloy

Various

Up to 6

29

00 mm Inner, -.25 n outer

H,0

7-10

4-6

2-3

Hf Platen

Around Central Corn

-120 nk

-0.2

override ltng I HI Plates
DjO Dump

continued...



TABLE 2 (concluded)

DEFLECTOR
m t u U l (Axial)
Thickn.it (Axial |
Hitartil (Radial)
Thlckneaa (Radial)
Number of Vertical sitai
Number of Qeaa Tuba*

THERMAL SHISLDINa
Material (Axial)

Material (Radial)
Thicknel* (Radial)

BIOLOGICAL SHIELDING
Notarial
Thickness

CONTAINMENT
Typa

Dimensions

NRX

Graphita
151 •>

92 (J cods)

') 0.2

5taal/H2O b A1/112°
0.9 n (T), 1.3 n (B)

Iron
0.15 •

Concrete
2.44 B

Conventional Building
Vented Confinement

34 D x 44 m
x 27-m Height

NRU

D2O, H2O
0.3 D D2Ot 0.3 B K2O

D20, BjO
0.2 m D2O, 0.3m K,0

107
24
3

Steal t (T) 3 • H^o
0.6 m (T), 1.1 n (B)

Steel
D.3 a

1 m

Conventional Building
Vented Confinement

-40 m X -80 «i
K 50-ra Height

WR-1

D2O
0.45 D
None
None

Steel/H2O
1.1 »

Steel/H2o
0.3 m

Ilntenita Concrete
2.1 n

Conventional Building

£3 n x 54 tn
X 36-n Height

HAPLE-X10

H2O
Thick
D2O
0.6 »

22
Hone
2.0

H2O
a.5 o tn. 0.9 is (oi

0.7-1 a

Ilraenite Concrete/H20
-0.3 n / -B a

Reinf.-Concrete Hall

X 19-n Height

MAPLE-HTR

HjO
Thick
D2O
0.6 »
-20
6-9
3-4

H2O
11.5 » (T), 2.9 m (B)

K2O
-1-1.5 B

Ilmenite Concreta/H20
-2 a / -B •

Containraent



MAPLE -XIO Reactor

FIGURE 1: MAPLE-X10 Reactor Facility
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Cooling System
Outiet Axis

Cold Source
Cold Guide Fan

FIGURE 2: MAPLE-HTR Horizontal Layout
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