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Alternatively, pellets of boron-silicate glass encapsulated in hollow stainless-steel tubes may be
used.

2.10 HTS Design Requirements and Engineering Considerations
[GAR96]

2.11 Power Reactor Types

[GAR96]

Table 2.11-1 shows typical characteristics of the fuel for six reference power reactor types
[Source TODKAZ90]. The table provides general information about fuel particles, pins,
assembly, moderator, and manufacturer.
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Table 2.11-1: Typical characteristics of the fuel for six reference power reactor types
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2111 “‘Magnox” Reactors
[GAR96]

2.11.2 AGR

[GAR96]

2.11.3 HTGR

[GAR96]

2114 PWR

[GAR96]
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Fig. 1.1(a). Pressurized water reactor system — vessel concept.

Figure 2.11-1: PWR reactor system [WIES77]
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Figure 2.11-2: BWR reactor system
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2115 BWR

The water enters the BWR core at near saturation temperature so that nearly all the heat added
in the reactor is used for generating steam. The exiting steam-water mixture flows through a set
of steam separators located above the core. The wet steam from the separators is dried and
then proceeds directly to the turbine. The unevaporated water discharged by the steam
separators is recirculated to the core inlet through the annular region around the core by means
of a set of jet pumps. Water is pumped from the lower end of the annulus by an external pump
and returned to the reactor vessel as a high-velocity stream at the jet pump throat. In this
system, the external pumps circulate only a fraction of the water circulated through the core.

The external recirculating pumps are provided with variable-speed drives and thus the coolant
flow may be increased when more power is required. By varying the flow, the steam volume in
the core can be decreased slightly as power increases. This leads to a reactivity increase
which compensates for the decrease in reactivity due to increased fuel temperature with
increased power (Doppler Effect). Using this mechanism, power variation between ~70% and
100% of full load can be handled without control rod movement. The control rods are inserted
from the bottom of the core. The bottom insertion of the control helps flatten the power profile
axially. In the absence of the control rods, power would be higher in the lower portion of the
core because of the lower steam content.

A containment structure is provided, but it is usually much smaller compared to the PWR’s. The
reactor is surrounded by a light-bulb-shaped container which is connected to a torus containing
a water pool. Large pipes, placed circumferentially around the container, would conduct any
steam released to the vapor suppression pool.

2.11.6 LMFBR
[GAR96]

2.11.7 CANDU
[GAR96]

2.11.8 CANDU-PHW
[GAR96]

Figure 2.11-4 shows a typical CANDU-6 plant design. Figure 2.10 in Reference [GAR96] shows
the CANDU design used in the Pickering A station with the typical moderator dump system.
This system was not included in any of the later CANDU designs.
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211.9 CANDU-BLW [AECL97]

Figure 2.11-5 shows the CANDU-BLW (Boiling-Light-Water) reactor system, whereas Figure
2.11-6 shows a cross section of the reactor building for the CANDU-BLW. This reactor was
designed to use natural uranium.

In the CANDU-BLW design the pressure tubes were oriented vertically in the core and the fuel
bundles, which were strung on a central support tube, could be inserted and removed from the
bottom only. As the light water coolant passed upward through the core it boiled and exited the
core at about 290°C, 7.7 MPa and 20% quality. The coolant was then directed to a steam
separator from which the steam passed directly to the turbine generator. The water from the
separator was mixed with the steam condensate from the turbine generator and then
recirculated.

The potential advantages of the CANDU-BLW reactor design is the lower capital cost because
of less usage of heavy water., no steam generators, and a slightly higher thermal efficiency.
Also, it would have lower operating cost because of eliminating the problem of heavy water
leakage. One of the difficulties with this design was worse neutron economy (light water),
resulting in lower fuel burnup in natural uranium fuel.

The main difficulty with this design was reactor control, resulting from a highly positive power
coefficient. Even at a constant reactor power, it was impossible to always keep at constant
steam quality in each channel; when the local quality increased, the local neutron flux increased
and the local fuel power increased, driving the local steam quality even higher. These local
reactivity excursions would not necessarily lead to a loss of overall reactor control, as the
changes in spatial flux shape would increase overall neutron leakage. Nevertheless, the
resulting spatial power oscillations were expected to be intolerable. Thus it was deemed
essential to have a spatial flux system to limit them to acceptable levels.

In 1965 AECL and Hydro-Quebec started a project Gentilly-1 that was supposed to use a
prototype CANDU-BLW design with 250 MW power output. The first power from this plant was
produced in April 1971, and full power reached in May 1972. But the station did not perform as
designed and expected, resulting in station shutdown. However, other stations around the
world with a similar design operated successfully for many years, such as the British Steam-
Generating Heavy-Water Reactor (operating until 1990), and the Japanese equivalent FUGEN,
which is still operating.

The engineers and designers of the CANDU-BLW design have recognized that the enriched
235 or plutonium-enriched fuel, rather then natural uranium, would have been a better choice.
With enriched fuel, the neutron economy would have been better, allowing thinner fuel pins, and
hence higher channel power, tighter lattice pitch, resulting in considerably lower inventory of
heavy water. With enrichment, the fuel burnup could have been up to 580 MWh/kgU, rather
then only 180 MWh/kgU. Most importantly, the enriched fuel, the positive power coefficient
would have been significantly reduced, making it much easier for the control rods to correct any
reactivity excursions resulting from boiling imbalance.
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Figure 2.11-6: Schematic illustration of a CANDU-BLW power station
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2.11.10 CANDU-OCR [AECL97]

Figure 2.11-7 shows the CANDU-OCR (Organic-Liquid-Coolant) reactor system, whereas
Figure 2.11-8 shows a cross section of the reactor building for the CANDU-OCR. This reactor
was designed to use natural uranium. A research reactor WR-1 was built at Whiteshell
Laboratories to support the research and design.

The conceptual natural-uranium-fueled CANDU-OCR was similar to the CANDU-BLW design, in
that the pressure tubes were oriented vertically in the calandria and the fuel bundles were
strung on a central support tube. The fueling was from the top rather than from the bottom. The
steam generating system was very similar to the current CANDU-PHW design. The potential
advantages of the CANDU-OCR were lower capital cost, resulting from lower heavy water
inventory, a lower coolant pressure and a higher coolant temperature (higher thermal

efficiency), and its lower operating cost resulting from the elimination of the heavy-water
leakage problem. These advantages were offset by the higher fueling costs, that were believed
to be resolved by usage of carbide fuel.

The main difficulty with the CANDU-OCR design was gradual decomposition of the coolant
under heat and radiation. This was expected to be capable of foul fuel surfaces and reduce
heat transfer rate. Therefore, a lot of research was devoted to identify organic coolants that had
lower rate of decomposition, and thus lower rate of fouling. This research was carried out at
WR-1 reactor.

The final design of the CANDU-OCR that was authorized by the AECL board was using Zr-
2.5Nb-clad natural uranium carbide fuel, with pressure tubes from Zr-2.5Nb and coolant was
HB-40. The coolant outlet temperature was 400°C, which led to plant thermal efficiency of
about 34%. The station had some attractive safety features compared to the water-cooled
reactors, including low radiation fields, low stored energy, low coolant pressure, no fuel
ballooning and no dryout. However, the coolant was flammable, thus leading to increased fire
hazard. Based on this design study, the CANDU-OCR would have a 10% advantage over the
CANDU-PHW on both capital and unit energy costs.

AECL decided to cancel the CANDU-OCR project in 1973, based on the good marketing
potential from the CANDU-PHW design.



Page 2-21

Design Elements and Engineering Considerations

SY3T100D HOLVYYIAOW Z

siivmanyy - B8
ILVSNIGNOD - RN S430334 291}

"‘luuunulmmuml

)
u

SH¥30334 291

Wv3is - m
doLveacon - = : =
{3dAL TVINOZIHOH) d W. =

iINvI000 - [T SdWNd ¥ { 1

!

i

4 Jo OOY

SH3IQVIH

SY3ILVIH 4

// dH Jo €7 N

N

N

N

N ‘M1 39VHOLS %
N % YOLlvH3v3ia 3

N s

N

,”’

YLD

ANAANNNN

N

///ll/ll///llllll. l
: -— i
//////I//Il/////./////I///////M/////I////N//I////j
N N\
ANV WOH4 % N N

H31VM ONITO0D :

LLIIIIIIIIILI PP LY
Wv3ls g3318

I

_—
- .INVEILS. 0.33‘18

INIgYNL "d1

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIII/IIIIIIIIIIIIIIIII/III

— LIRS
HOLVHINID

s¥anoe v SH3N08 ¢

I7IIIIIIIIIITEIIOIIE LTI FIIEI IV IFIITIIIIFFELFLELEEILE S

N g
| 2 N
] 3 0 8LE V//’/’///////////////////////////’///I/I/////I/I/////////I//////‘///I//////////////I/I////I///I//////I?//Il/////’
, p——— 5 —
®diW 601  s/B%5E9 §
D R B AR T AN R 0 O B A AT K ST N BALOR A IO SRR Y
e —

< SIAIVYA 431134 ANV
AN 3OHVHISIA WY3ILS

OCR power station

——

Figure 2.11-7: Schematic diagram of a CANDU



Design Elements and Engineering Considerations

Page 2-22

1. Boilers (8) 9.
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Figure 2.11-8: Cutaway of a CANDU-OCR reactor building
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2.11.11 CANDU Future Designs

While continuous evolutionary improvements are being made to the CANDU-PHW through the

CANDU-6 and CANDU-9 designs that are currently being offered at the market, work is in

progress to develop more revolutionary designs. The three main objectives are being

considered in making these design changes:

a) to demonstrate innovation of the design through product development

b) to provide assurance of environmental acceptability that meets increasingly demanding
regulations, and

c) to establish competitive economics through reduced capital and operating costs.

To satisfy above objectives, currently the following design changes are being considered:

e eliminate complexity and components (reduce heavy water inventory, etc.),

reduce the number of components (valves, etc.)

simplify and upgrade systems to make them more efficient (fueling machines, chemistry
systems, etc.),

increase overall thermal efficiency of the station (increase pressure and temperature of the
HTS), and

demonstrate safety enhancements (reduce positive void reactivity, passive heat transfer
improvements, etc.)

The most important characteristics being considered for future CANDU designs are:

e using light water in the HTS.

slight fuel enrichment in *°U.

reduction of the channel lattice pitch

the positive void reactivity coefficient is reduced.

the calandria vessel size is significantly reduced:
= CANDU 6 with 380 channels has inner diameter of 760 cm
= CANDU 3 with 232 channels has inner diameters of 636 cm
= CANDU future designs will tend to reduce inner diameter below 500 cm

e the channel maximum power is increased to about 8 MW.
turbine outlet temperature increased, thus providing thermal efficiency.

¢ simplified HTS and ECC design (more reliable ECC injection with simplified interface; no risk
of mixing light and heavy water).

e reduced risk of tritium leakage (usage of light water).

o simplified single-ended refueling machine.

e passive reactor regulating system by usage of moderator as reactor control system (allowing
moderator boiling to reduce moderation efficiency).

e passive reactor shutdown system by using moderator.

¢ enhanced thermosyphoning capability of the HTS and moderator.

2.11.12 A Comparison Between CANDU Reactors and Other Types
[GAR96]
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