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SEAFPM8 - COOLING SYSTEM DESIGN
Water Coolant Option

Abstract

This report contains the ex-vessel portions of the outline designs for first wall, blanket and
divertor cooling using water as the heat transport fluid. Equipment layout, key components and
main system parameters are also described.

The design features low coolant inventory (<50 nMoop) to reduce the quantity of coolant at risk
from a single event. Low leakage to plant atmosphere is emphasized to minimize tritium exposure
of workers and chronic emissions to the environment. Passive shutdown cooling is also facilitated,
but will require further analysis to demonstrate. The design is based on proven CANDU
pressurized water reactor (PWR) technology. The preferred first wall and blanket cooling
configuration consists of 8 independent loops, each cooling two sectors and consisting of a single
steam generator and double-discharge centrifugal pump. Total pumping power is 66 MW.
Maximum pressure and temperature are 13 MPa and 310°C respectively. Blanket and first wall
cooling are integrated in order to minimize then number of external connections. Divertor cooling
is achieved by two additional loops, and is used as preheat for the blanket+FW steam generators.
The maximum pipe diameter is 600 mm (between the pump and steam generator). The main
cooling loop has no valves, maintenance isolation being provided by the proven "ice plug"
technique. Water purification using filters and ion exchange is provided, and can be sized to
maintain circulating corrosion product concentrations to typical PWR levels, presuming similar
materials of construction are used.
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1. INTRODUCTION

1.1 Background

The European fusion community is performing a Safety and Environmental
Assessment of Fusion Power (SEAFP) to identify the safety and environmental
benefits of this promissing future technology. To perform this assessment, it is
essential that a design concept for a future power reactor be developed and
documented. This design concept development activity is being performed as
eleven separate tasks. The development of the reactor heat transport system is
designated as task M8.

Task M8 will generate two heat transport system design concepts: one based on
water and the other based on helium as the heat transport medium. This report
describes the water-based heat transport system (Task M8W).

1.2 Objective

The objective of task M8W is to develop a heat transport system design concept for
the SEAFP reactor in accordance with the machine specifications contained in the
Task M2 document, "Reactor Technical Concepts".

The design concept will demonstrate the feasibility of cooling the reactor
components and converting the heat to steam energy for power generation. To the
greatest extent possible, the design concept will be based on proven fission power
reactor technology.

1.3 Scope

As the objective of the SEAFP study is to assess the safety and environmental aspects
of fusion power, it is the safety assessment requirements that determine the level of
detail required for the heat transport system. The heat transport system contains a
large quantity of energy, which if suddenly released into the reactor building could
cause a rapid pressurization of the building. The total energy and, particularly the
rate at which it is discharge from the heat transport system, therefore, become key
safety considerations for the system design. Accordingly, the SEAFP heat transport
system design concept will contain sufficient detail to ensure that a blowdown
analysis of the system can be performed.

Auxiliary systems such as purification and pressure and inventory control are not
directly involved in the safety analysis of the cooling system, hence, only a brief
description is provided in this report. The vacuum vessel cooling system is much
smaller, relative to the main cooling system, and operates at low temperature and
pressure. Details of this system are not required for the subsequent safety analysis
and are not provided in this report. Given the very low power generated in the
vacuum vessel, there may not even be a requirement for active cooling.
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The study has considered several conceptual designs that are described in the report
as options, but only one concept is described in detail. This design concept is
referred to as the "reference design".

2. DESIGN REQUIREMENTS AND PHILOSOPHY

2.1 Machine Design Parameters

The heat transport system parameters for the SEAFP reactor have been under
consideration and development for some time and there is a possibility that even the
latest set obtained from the SEAFP team (See Table 2-1) will undergo further
revision. For this reason, the heat transport system design is based on the blanket
and first wall thermal power of 20% greater than what is specified in Table 2-1. The
thermal powers used in this study are given in Table 2-2. Note that shield and
vacuum vessel powers (Table 2-1) are substantially less than the blanket and first
wall power. To simplify the thermalhydraulic models that will be used to perform
the safety analysis, these components were excluded from Table 2-2 and from
further consideration. It may be possible, depending on the design of these
components, that they may not require active cooling.

The following additional design parameters/conditions have been specified by the
SEAFP team or developed in cooperation with the team:

a) First wall and blanket segments will be connected to the same cooling loop,
and flow through the first wall will be in parallel with flow through the
blanket;

b) As the shield segments generate less than 0.5% of the first wall and blanket
power (<lMW/sector),it may be possible to demonstrate that active cooling is
not be required, hence, the shield segments are not included in the heat
transport system design.

Because of the low power, these could be added later if shown to require
active cooling, without changing the equipment sizes of the cooling system;

c) Each loop will have its own pressurizer - loop interconnections were dis-
couraged,

d) To simplify the thermalhydraulic modelling for the safety analysis, it was
agreed to define, as a typical sector, the one without the port plugs - this
means that a typical sector has only five segments: two inboard and three
outboard;

e) Divertor cooling system equipment to be located on the bottom level of the
torus building; and
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f) Blanket parameters such as cooling tube diameter, length of tube, number of
tubes, and effective segment mass are as specified in Table 2-3. Segment
powers were prorated on the basis of mass. First wall parameters were
determined on the basis of the cooling tube diameter and velocity, which were
specified as 10 mm and 8 m/s, respectively.

2.2 Design Philosophy

The philosophy applied in developing the heat transport system design concept is to
reduce, to the greatest extent practicable, the safety hazards associated with the
operation of the system. These hazards are:

a) the large release of thermal energy and mass that would occur from a
postulated catastrophic failure of a heat transport pipe - such a release would

• contain radioactive material (tritium and activation products), and

b) the heat-up of the reactor components that would occur if a total loss of
pumping power is postulated - such heat-up could lead to further damage and
a subsequent release of radioactive material from inside the torus.

The application of this design philosophy leads to five safety design objectives:

a) reduction of total coolant inventory,

b) reduction of coolant inventory that could be at risk from a single event,

c) reduced reliance on electrical power for cooling of major core components
(first wall, blanket and divertor) under reactor shutdown conditions,

d) avoidance of power/coolant mismatch, and

e) use of proven components to reduce the probability of failure.

2.2.1 Reduction of Total Coolant Inventory

Reduction of total coolant inventory is important for both safety and economic
reasons. A reduction in total inventory means smaller equipment and lower
equipment costs.

Total coolant inventory can be reduced by increasing the temperature difference
across the core, by increasing coolant velocity, and by locating the heat transport
equipment as close to the reactor as practicable - that is reduce the length of piping.
The latter may be constrained by the building layout and the need for access to the
reactor core. Nevertheless, it is possible to make significant inventory reductions by
judicious placement of major equipment.

Coolant velocity is a parameter that is within the control of the heat transport system
designer, and therefore, can be optimized to achieve a balance between low
inventory and pumping power requirements. CANDU reactors are cooled with
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heavy water. Because heavy water is expensive, these reactors have been designed
to operate with coolant velocities of up to 20 m/s out-of-core and greater than
10 m/s in-core. Header velocities are lower than 20 m/s to ensure good flow
distribution to the feeders, and range between 5 and 10 m/s. Velocities similar to
those used in CANDU reactor heat transport systems are used for the SEAFP reactor.

The temperature difference across the core is constrained by thermal conversion
efficiency. The higher the core delta T, for a fixed core outlet temperature (310 °C),
the lower will be the steam generator average temperature, and hence the steam
temperature, which determines steam quality. The poorer the steam quality, the
poorer the thermal efficiency. Given the economic importance of thermal efficiency
to power reactors, core delta T does not offer any further possibility for coolant
inventory reduction.

2.2.2 Reduction of Inventory at Risk

From a safety viewpoint, what is important is the coolant inventory that could be at
risk from a single event, and even more important the rate at which it can be
discharged into the containment envelope. This parameter is also under the control
of the heat transport system designer. Low inventory at risk, is achieved by
subdividing the total heat transport system into a number of independent coolant
loops. There is a practical limit to inventory reduction by subdivision in that the
quantity of components increases rapidly with increased subdivision. And, along
with increased number of components goes an increased maintenance load and a
corresponding increase in occupational doses. Another safety concern associated
with increased number of components is the potential for a decrease in reliability
and performance.

2.2.3 Reduced Reliance on Electrical Power for Core Cooling

A sustained failure of electrical power would eventually lead to water boiling in the
core due to the heat generated by the steel activation products present in the core
components. The increased pressure from steam production will cause the liquid
relief valves (part of the overpressure protection system) to open and the water
inventory inside the reactor components will be depleted. When this occurs, the in-
core components could become overheated. This can be eliminated by ensuring that
cooling can be maintained, under shutdown conditions, by natural convection of the
coolant - thermosyphoning. This phenomenon relies only on gravity and a heat sink
to the environment. The heat sink to the environment can be provided by opening of
the safety valves on the steam lines.

2.2.4 Avoidance of Power Coolant Mismatch

On a loss of electrical power the reactor will shutdown and the reactor cooling
pumps will trip. In fission reactors, this is a critical period Tor a potential
power/cooling mismatch. To avoid overheating of core components, the power
must drop faster than the cooling. This has been assured by installing large
flywheels in the pump motors, which extend the period of pump flow rundown over
one minute. The same phenomena will likely exist in a fusion power reactor, but, as
explained below, not to the same extent as in a fission reactor.
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The extended cooling requirement comes from two heat sources: the power
generated after the reactor trip (decay heat), and the stored energy in core
components prior to reactor trip, which could operate one to two hundred degrees
above coolant temperature. It is expected that reactor power falls very quickly to
about 1% after reactor shutdown, hence, the decay heat will be small compared to
the stored heat in the core components. Both the decay heat and the stored heat in
fusion reactors is small relative to fission reactors, which operate with a fuel
centreline temperature about one thousand degrees above the coolant temperature.
Hence, it would appear that the use of pumps with flywheels that were suitable for
fission reactor duty would be more than adequate for fusion power reactors. The
SEAFP main coolant pumps would be expected to rundown from 2.1 Mg/s to
0.2 Mg/s in about one minute.

2.2.5 Use of Proven Technology

The safety design objectives discussed above assist in reducing the hazard, or
reducing the consequences that might arise from failures of systems or components.
The use of proven technology assists in reducing the frequency, or probability, of
component failures. This is consistent with internationally accepted safety design
principles.

2.3 Conversion Efficiency

For a commercial power reactor thermal conversion efficiency is extremely
important. For SEAFP, which produces 4000 MWt, a one percent difference in
conversion efficiency is a difference of 40 MWe. Assuming a cost of electricity of
about $50/MWh, one percent on thermal conversion efficiency is worth $14M per
year. This calculation assumes a capacity factor of 80%.

For a water cooling system, the tradeoff for high thermal efficiency is high coolant
pressure. At high temperatures the coolant saturation pressure increases rapidly.
For example, at 300°C the saturation pressure is 8.6 MPa, but at 350°C it is 16.5 MPa
and at 370°C it is 21 MPa. For a large, complex reactor structure, such as SEAFP, it is
important to mainntain the coolant pressure reasonably low. The pressure and
temperature parameters specified in Table 1 (310°C and 13 MPa) offer a reasonable
compromise between high conversion efficiency and low coolant system pressure.

Whereas pressurized water reactors typically operate with a coolant pressure of
15 MPa and 330°C, CANDU PWRs operate at 10 MPa and 310°C. CANDU PWRs
operate with little subcooling in the inlet header and about 4% quality in the outlet
headers. With an outlet temperature of 310°C, the SEAFP thermal conversion
efficiency is expected to be similar to that of a CANDU PWR, which is about 33%
gross and 32% net (includes house loads). The house loads for SEAFP are expected
to be significantly higher, due to the additional plasma heating and control loads.
However, without the electrical loads associated with the tokamak, the house loads
are expected be larger due to the requirement for more pumping power. For
example, power to the main coolant pumps in a CANDU 6 is about 24 MW, in
SEAFP it is 62 MW (the SEAFP thermal power is about twice that of a CANDU 6). It
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is expected that the net thermal conversion efficiency for SEAFP would be about 31
to 32%. Assuming a thermal conversion efficiency of 32%, the net thermal efficiency
is expected to be about 23%, a shown below:

Thermal Power
Reactor Thermal Power
Pump Power to Coolant (including
divertor pumps)
Other Pumping Power
Heat Losses

Total Thermal Power

Electrical Power
Turbine Gross Efficiency
Turbine Gross Output
Pumping Power (primary)
Pumping Power (secondary)
Magnets (including cryo system)
RH - heating and current drive

Net Electrical Power

Net Plant Thermal Efficiency

3700
50

30
20

3760

32%
1200

62.5
38

100
150

850

23%

3. DESIGN DESCRIPTION

3.1 System Flowsheet

The flowsheet for the reference design heat transport system is shown in Figure 3-1.

As shown in Figure 3-1, the heat transport system is separated into two subsystems:
the first wall and blanket cooling system, and the divertor cooling system. The first
wall and blanket cooling system is the main system (rated at 3700 MW). It transports
the heat generated in the first wall and blanket to steam generators. The divertor
cooling system is a much smaller system (rated at 500 MW). It transports the heat
generated in the divertor to a feedwater preheater.

3.1.1 First Wall and Blanket Cooling System

The operating parameters of this system are given in Table 2. This system transports
almost 90% of the reactor power. The size of the system is comparable to that of a
large (1000 MWC) pressurized water reactor (PWR). Such reactors normally have
four cooling loops. However, because of the strong safety design objective for
reducing the coolant inventory at risk, the SEAFP first wall and blanket cooling
system will have eight loops.

Figure 3-1 shows one of eight primary system loops,
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Each primary loop will cool two core sectors. The core segments that comprise one
sector are shown in Figure 3-2. There are five first wall and blanket segments that
require active cooling. The shield segments are assumed to not require cooling
unless demonstrated otherwise. Each cooling loop will have one main cooling
pump, one steam generator, one pressurizer and connecting piping. The pump has a
double discharge and can feed two core sectors directly. The steam generator has
two inlet nozzles and can receive flow from two core sectors directly.

The secondary side of the heat transport system is no as important to the safety
assesment work as the primary side, hence, the level of detail provided is
commensurate with the safety analysis needs.

On the steam side there is a steam balance header, which collects steam from the
eight main steam lines. The header also balances the steam pressure prior to the
steam entering the turbine. The turbine will have a single high pressure stage and
three low pressure stages, typical for nuclear steam plants. Two steam relief valves
per steam line are shown in Figure 3-1 These valves provide two safety functions.
One is a pressure relief function required by the pressure vessel code. The other is a
safety function associated with heat removal after reactor shutdown. These valves
can be instrumented to open after a loss of a.c. power event to provide a pathway for
the release of "clean" steam to the environment. This will keep the steam generators
cool and will provide one of the necessary conditions for establishing natural
circulation flow in the primary coolant loop.

The feedwater side of the heat transport system is describe below in conjuction with
the divertor cooling system.

The loop coolant inventory is estimated at 45 m3. The total for all eight loops is
about 360 m3. The distribution of inventory, on a component basis, is given in
Table 3-1. About 22% of the inventory is inside the core. The component with the
largest coolant inventory is the steam generator (36%). Piping accounts for about one
third of the inventory.

3.1.2 Divertor Cooling System

The divertor cooling system is separated from the main cooling system because the
pressure drop across divertor segments is high (~2 MPa) and the temperature is low
(180 to 223°C), relative to the first wall and blanket cooling system (265 to 310°C).
The low temperature of the divertor cooling water makes it unsuitable for producing
steam directly, but it is suitable for preheating the feedwater, in the last stage of
preheating. Hence, in this manner, the divertor heat can also be utilized for
electrical power production.

The divertor cooling system is subdivided into two cooling loops. Each divertor
cooling loop services eight divertor sectors and comprises one pump, one
pressurizer, four feedwater preheaters, and connecting piping as shown in
Figure 3-1. The pump suction line is connected to a pump suction header, which is
fed from four preheaters. The pump then discharges into a header that feeds eight
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sectors. The pump has a double discharge, hence, each pump discharge line will
feed four sectors. As shown in Figure 3-2, each sector is assumed to have three
divertor segments (Details of the divertor design were not available for this study).
As there are only four preheaters, each preheater is fed from two sectors.

On the feedwater side, there will a condenser with condensate extraction pumps (3
operating + 1 stand-by), a condensate storage tank, and a deareator (not shown in
Figure 3-1 for simplicity). There will be three operating feedwater pumps and one
stand-by pump. These are sized to handle the entire feedwater flow. The feedwater
pumps discharge into a feedwater distribution header. The distribution header has
eight feedwater lines, one to each of the steam generators.

The loop coolant inventory is estimated at about 24 m3. The total for the system is
48 m3 (13% of the first wall and blanket cooling system inventory). The coolant
inventory distribution, on a component basis, is given in Table 3-1. The preheaters
have the biggest single inventory at 42%.

3.1.3 Auxiliary Systems

There are three auxiliary systems required for the proper operation of the main
cooling systems. These are the pressure and inventory control system, the
overpressure protection system, and the purification system.

Pressure and Inventory Control

The primary function of the pressure and inventory control system is to maintain
constant coolant pressure during normal reactor operation. In addition, it provides a
degassing function for the water coolant and accommodates the coolant swell and
shrinkage associated with warmup, cooldown, and power manoeuvering. The
system comprises a pressurizer, a degasser condenser, a degasser cooler, a
demineralized water storage tank, feed pumps and bleed valves. The pressurizer
steam bleed valves discharge into the degasser condenser. The steam is condensed
by cold water taken from the discharge nozzle of the feed pump. The condensed
water is cooled in the degasser cooler. Such a system is typical for pressurized water
reactors.

The reference design will have ten pressure and inventory control systems - eight for
the first wall and blanket cooling system and two for the divertor cooling system. In
a nuclear power plant there is only one.

Overpressure Protection System

The overpressure protection system is a safety system and is required by the
pressure vessel and piping code. It comprises of two pressure relief valves per loop,
sized to prevent overstressing of the heat transport system, for a range of abnormal
operating conditions. The pressure relief (liquid relief) valves discharge directly into
the degasser condenser.

ww div/seafpcan ea



13

The reference design will have ten overpressure protection systems - eight for the
first wall and blanket cooling system and two for the divertor cooling system. In a
nuclear power plant there is only one.

Purification System

The primary function of the purification system to remove raioactive corrosion
products from the cooling system. In addition it assists in maintaining proper pH
control of the coolant and in controlling the oxygen level in the coolant, which can
build up due to radiolysis of H2O. Oxygen control is accomplished by the addition
of hydrogen in the purification circuit.

The purification system operates at low temperature and pressure. As shown in
Figure 3-3, a stream of water is taken from the cooling system and passed through an
interchanger and a bleed cooler to reduce its temperature. The bleed cooler can be
sized to perform the function of a shutdown cooler and therefore avoid the need for
additional equipment and piping. From the bleed cooler the water is passed
through a filter to remove particulates and then through an ion exchange column to
remove radioactive ions. From the ion exchange column the coolant is returned to
the cooling system via the feed pump, which is part of the pressure and inventory
control system.

In a typical 1000 MWe nuclear power plant the purification flow would be of the
order of 40 to 50 kg/s. The maximum flowrate is based on a purification half-life of
one hour. That is, in one hour the purification system will reduce the concentration
of dissolved solids by one half. Because in a fusion reactor the quantity of activated
corrosion products may be significantly greater than in a fission reactor, the size of
the purification system could be two or three times larger. As a result of this larger
capacity, and the fact that the shutdown heat load is significantly smaller than in a
fission plant, the purification system can also be used as the shutdown cooling
system.

The coolant purification system in a fission reactor is sized for fission product
removal (particularly iodine). The system is sized to quickly reduce the iodine level
in the coolant following a fuel failure. The target is to maintain the iodine
concentration in the coolant below 0.0025 Ci/kg. There are no specific targets for
activation products. Good coolant chemistry control assists in preventing deposition
of activation products on the inside surface of cooling system equipment.

The estimated corrosion/erosion rate for carbon piping in a CANDU reactor is about
25 microns/year.

The estimated quantity of radioactive material removed by the purification filters
and ion exchange resins is about 200 and 600 Ci/year, respectively. The bulk of the
activity comes from Cr-51, Co-60 and Cs-134/137.

Cesium is a fission product and would not be expected to be found in a fusion
reactor cooling system. Note that xenon also decays to cesium.
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The reference design will have ten purification systems - eight for the first wall and
blanket cooling system and two for the divertor cooling system.

3.2 Equipment Layout

The physical configuration of the primary cooling system and the layout of major
equipment is shown in Figures 3-4, 3-5 and 3-6. As shown in Figure 3-4, the pumps
and steam generators are located above the reactor core to enhance the heat removal
capability by natural circulation. This arrangement is typical for nuclear power
plants. The feedwater preheaters are located on the bottom level of the torus
building. This ensures that, on loss of power, heat removal by natural circulation
will not occur. However, due to space congestion at the higher levels, it is not
possible to locate this equipment at a high enough elevation that would be
satisfactory for natural circulation. This means that an emergency heat removal
system may be required for the divertor cooling system.

Support for the pump and steam generator will be rigid structural support at the
floor elevation. This allows easy atmospheric separation between the areas within
the building which could contain primary coolant and those areas which only
contain secondary coolant.

The Main Steam Line should exit the reactor building at the same elevation as the
bottom of the steam generator, as shown in Figure 3-4. This piping layout allows the
steam line to be anchored to the containment building wall at the floor location, thus
making a leak-tight seal with the containment wall easier to achieve.

Figures 3-5 and 3-65 show the plan view of the major equipment for the first wall
and blanket cooling system and the divertor cooling system, respectively. As shown
in Figure 3-5, the minimum inventory layout is to align the pump and steam
generator along a radial line passing between two core sectors. However, this means
that the equipment is spread out around the entire floor and it is not an optimum
layout from the point of view of floor space utilization. For the divertor cooling
system, inventory reduction is not as critical, hence, it was possible to locate the
equipment closer together and to obtain better floor space utilization.

3.3 Design Options

The conceptual design described above satisfies the inventory reduction objective,
which is very important to SEAFP, but it is not an optimal design when other factors
such as operability and maintainability are considered. For this reason, other design
options were considered. These options tend to provide a better balance between
inventory reduction and operating and maintenance considerations. These are
discussed under the following headings of space utilization, loop interconnections
and system configuration.

3.3.1 Space Utilization

Figure 3-7 shows an equipment layout that only slightly increases the total coolant
inventory, but gives much better utilization of the floor space.
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3.3.2 Loop Interconnections

Loop interconnections make it possible to reduce the number of pressurizers in the
heat transport system, without increasing total coolant inventory. However, these
schemes will increase the amount of inventory at risk. Reducing the number of
pressurizers in the heat transport system is important from the operational and
maintenance viewpoints. Pressurizer heater failures and pressurizer relief valve
leakage are continual sources of annoyance to power plant operators. A power plant
that has ten pressurizers will thus have more frequent maintenance requirements
and plant unavailabilities.

Figure 3-8 shows a simple modification to the reference design described above.
This design option connects two loops together with a single pressurizer. The
connecting lines have normally open isolation valves that can be closed in case of a
LOCA in one of the two loops. It is only if these valves fail to close that the amount
of inventory at risk would increase, relative to the reference design. The tradeoff
would be the elimination of four pressurizers against a reliable loop isolation
system.

Figure 3-9 shows a more fundamental change to the reference design. This design
option has two loops in a figure-of-eight configuration. Two equipment layouts, for
this option, are shown in Figures 3-10 and 3-11. Neither of the two layouts
significantly increase the total coolant inventory, but they increase the amount of
inventory at risk. The operational advantage of the figure-of-eight loop
interconnection is offered by having two pumps in series. Hence, if a single pump
fails it will not cause a reactor shutdown. The reactor could continue to operate at
about 70% of full power. That assumes that the SEAFP reactor will be capable of
power maneuvering in the range of 70 to 100% of full power. If power maneuvering
is possible, then this loop configuration provides a significant advantage from a
plant availability viewpoint.

3.3.3 System Configuration

The heat transport system configuration described thus far has the first wall and
blanket cooling tubes connected to the same loop.

An optional configuration is to have a cooling loop for the first wall and another for
the blanket. The divertor loop would remain separate as in the above reference
design. The first wall produces about 1000 MW of heat and could thus be cooled by
a single loop comprising one steam generator and one pump. However, this places a
large coolant inventory at risk and would thus be prudent to have two loops.

The blanket produces about 2700 MW of heat and could thus be cooled by four
loops.

By separating the cooling of the first wall components from that of the blanket and
shield components, it is possible to reduce the number of loops from eight to six.
This will also reduce the number of components proportionately.
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From a safety viewpoint, it may also be attractive to separate the first wall and
blanket cooling loops. Failure of one loop means that the other loop will have
sufficient flow to cool both components (first wall and blanket). The transfer of heat
will be through conduction between the first wall and the blanket.

3.3.4 Acceptability of Optional Designs

The acceptability of any of the above options depends on what is acceptable from the
point of view of containment pressurization. The total inventory at risk is one
parameter that affects the containment pressurization transient. An even more
important parameter is the inventory discharge rate into containment, which is
determined by the size of the largest pipe and the system pressure and resistance.
Therefore, even though design options that have interconnected loops may have
twice the inventory at risk, the impact on containment peak pressure may be
considerably less than a factor of two.

3.4 In-Core Flow Distribution

As shown in Figure 3-12, a typical blanket/first wall segment has one inlet and
outlet feeder. Inside the blanket, the inlet feeder subdivides into two smaller
feeders: one supplies the first wall and the other supplies the blanket. Because the
flow resistance is much higher in the first wall, the resistance of the blanket flow
path must be increased with an orifice plate, otherwise most of the coolant would go
to the blanket at the expense of the first wall. The two smaller feeders supply
coolant to the distribution headers that feed all of the cooling tubes in the segment.
The flow is returned to two accumulators and out through two small feeders that
combine into one outlet feeder.

The pressure drop through the first wall segments defines the heat transport system
pressure drop. The cooling tubes in the first wall are specified to be 10 mm in
diameter. Those in the blanket are specified to be 14 mm in diameter, and there
twice as many tubes in the blanket as there are in the first wall. Therefore the flow
area in the blanket is about four times that in the first wall. However, the flow in the
blanket is only about three times that in the first wall, hence, the flow velocity in the
blanket is about three quarters that in the first wall. This means that the pressure
drop in the blanket, in the absence of flow orifices, would be about one half that in
the first wall.

Careful design and sizing of flow orifices in the blanket feeders is required to
achieve a uniform temperature rise across all segments, which is needed to prevent
distortions due to temperature differences.

3.5 Equipment Sizing Considerations

As shown in Table 3-2, the total power that can be removed from the core is about
4200 MW. 3700 MW may come from the blanket and first wall. This is
approximately 230 MW per core sector (16 core sectors). The largest pressurized
water reactors (PWRs) currently in operation produce about 4000 MW of thermal
power. Some
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such reactors are designed with four cooling loops (four steam generators and four
reactor coolant pumps). Hence, these units havp the largest nuclear components in
operation today -1000 MW per steam generator.

On the basis of this experience, it would have been entirely possible to have four
loops. Each loop would have one steam generator and one reactor cooling pump,
and would supply coolant to four core sectors.

CANDU reactors (heavy water PWRs) are smaller in size. The largest CANDU
PWRs (Darlington nuclear power plant) produce about 2700 MW of thermal power.
These large units also have four pumps and four steam generators, hence, each
steam generator is sized for about 670 MW. The CANDU 6 PWRs, which have been
in operation since 1982, produce about 2000 MW of thermal power. These reactors
also have four pumps and four steam generators, hence, each steam generators is
sized for about 500 MW.

On the basis of the CANDU 6 experience, it is possible to have eight coolant loops.
Each loop would have one pump and one steam generator, and would supply
coolant to two core sectors. As eight cooling loops will have only one half of the
coolant inventory at risk, relative to a four loop system, an eight loop system was
selected as the reference design.

A comparison of major heat transport system equipment with CANDU reactors is
given in Table 3-2.

3.6 First Wall and Blanket Cooling System Parameters

3.6.1 Steam Generators

The steam generators are typical fission reactor plant equipment consisting of an
inverted, vertical U-tube bundle installed in a shell. As shown in Figure 3-14,
primary flow enters through two nozzles, at the bottom of the steam generator, and
moves upward through one side of the tube bundle and down the other side. The
feedwater nozzle is located near the bottom of the shell and feedwater moves
upwards, on the outside of the tube bundle, through a baffled preheater section. The
section of the steam generator above the tube bundle contains the cyclone moisture
separators. Moisture that is removed from the steam flows downward through an
annulus between the tube bundle shroud and the steam generator shell.
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The design parameters for the steam generators are defined below:

Heat Rate
Primary side pressure
Temperature (inlet)
Temperature (outlet)
Flow Rate
Heat Transfer Area
Tube Diameter
Tube Length
Number of Tubes

Steam Temperature
Steam Pressure
Shell Diameter
Total Height

462
12
310
265
2.1
3000
13.6/15.9
26
3542

260
4.7
2.7
18

MW

MPa
°C
°C
MG/s
m2
mm
m

°c
MPa
m
m

3.6.2 Main Cooling Pumps

As shown in Figure 3-14, the heat transport system pumps are vertical, single-stage,
single-suction, double-discharge centrifugal pumps. Each pump is driven by a
vertical, totally enclosed, air/water-cooled squirrel cage induction motor. The motor
has a large flywheel to prolong the coastdown time, following a loss of electrical
power event, and prevent a power coolant mismatch. A removable shaft coupling
between the pump and the motor allows the pump seals to be removed without
moving the motor. Shielding is installed between the pump casing and the motor to
reduce radiation exposure to maintenance personnel.

The design parameters for the main cooling pumps are defined below:

Rated Power:
Flow Rate:
Head:

7MW
1.9 Mg/s
2.0 MPa

3.6.3 Pressurizer

There is a total of eight pressurizers. The design parameters for a single pressurizer
are defined below:

Volume Capacity 7 m3

Heater Capacity 100 kWe
Diameter 1.25 m
Height 6 m
Water Volume 4 m3

Steam Volume 3 m3
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3.6.4 Piping

The out-of-core piping can be made from carbon steel or stainless steel. CANDU
PWRs have been designed with carbon steel piping and other PWRs have been
designed with stainless steel piping. The performance has been good with both
types. Non-CANDU PWRs inject neutronic poisons such as boron (in the form of
boric acid) into the reactor coolant for long-term reactivity control. This makes the
coolant pH lower than normal and therefore, stainless steel is required for the heat
transport system piping and pressure vessel. In contrast, CANDU PWRs inject
poisons into the moderator, which is separated from the coolant, hence, the coolant
can be kept at a high pH level, which permits the use of carbon steel. Because the
SEAFP reactor does not use neutronic poisons in the coolant it can use either carbon
or stainless steel in the pou-of-core piping.

The piping requirements for the primary side of the heat transport system are
summarized in Table 3-3. The largest pipe size is the pump suction line at 600 mm
diameter. The inlet and outlet headers are each 400 mm in diameter. These would
be schedule 120 piping. Small diameter piping (feeders) ranges between 140 mm
(schedule 80) and 200 mm (schedule 100).

3.7 Divertor System Parameters

3.7.1 Feedwater Preheater

The feedwater preheater is a rube and shell heat exchanger with divertor water in
the tube side and feedwater in the shell side.

The design parameters for the feedwater preheater are defined below:

Heat Rate 62.5 MW

Pressure
Temperature (inlet)
Temperature (outlet)
Heat Transfer Area
Tube Diameter
Tube Length
Number of Tubes

Feedwater Temperature (inlet)
Feedwater Temperature (outlet)
Shell Diameter 1 m
Total Length 7 m

3.7.2 Cooling Pump

The divertor cooling pump is similar, and only slightly smaller, to the one specified
for the blanket and first wall cooling system. They are single-suction, double-
discharge centrifugal pumps. The design parameters for these pumps are defined
below:
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Rated Power
Row Rate
Head

5Mw
1.3 Mg/s
2.6 MPa

These pumps will also be equipped with flywheels in the motor to increase the
coastdown time after trip.

3.7.3 Piping

The piping requirements are summarized in Table 3-4. The largest pipe is the pump
suction line at 400 mm diameter (schedule 120) The smallest header is 150 diameter
(schedule 80).. The feeders are all 85 mm diameter (schedule 80).

3.8 Materials

The following materials have been used in fission reactor heat transport systems:

Piping and vessels

Both carbon steel and stainless steels have been used. A106 Gr B, low cobalt
content, has been used in CANDU PWRs. It provides corrosion resistance at
temperature following development of hard oxide layer during commissioning.

Steam generator tubing

Incoloy 800 has been used extensively.

Instrument tubing

Type 304 stainless steel has been used extensively.

Based on CANDU PWR experience it would be acceptable to use any of the above
OUT-OF-CORE materials in the SEAFP design. If carbon steel is used for all piping
and components outside the core, there will be an interface between in-core stainless
steel feeders and out-of-core carbon steel feeders. Dissimilar metal joints are
practical using mechanical detachable joints as are used in CANDU PWR feeder
connections to the stainless steel end fittings. Welding is also possible as
demonstrated in CANDU PWR connections between carbon steel piping and type
304 stainless steel tubing.

Low cobalt steel is mandatory to maintain low activation levels of long lived Co-60.
Corrosion products from out-of-core components will be carried by the coolant
inside the core. There they are exposed to large neutron fluxes and become
activated. Once produced, the activation products circulate in the cooling system,
giving rise to gamma fields in the rooms containing cooling system equipment.
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4. PERFORMANCE CONSIDERATIONS

Table 3-2 compares the SEAFP performance parameters, for the major reactor
components, with those CANDU PWR units (Bruce, Darlington and CANDU 6).
The Bruce data is shown because it uses a separate feedwater preheater, which is
similar to that proposed in the SEAFP divertor cooling loop. As shown in Table 3-2,
the proposed performance parameters for SEAFP are well within the envelope of
proven PWR technology. Key performance parameters for major reactor
components are discussed below.

4.1 Steam Generators

The SEAFP steam generator design is typical of PWR technology and essentially the
same as the CANDU 6 design, which has a good performance record. The CANDU
6 steam generator tube area is based on 6 m2/MW. The SEAFP design is based on
6.5 m2/MW. The difference is due to the 4% quality in the CANDU 6 inlet, which
enhances the heat transfer rate.

4.2 Primary Pumps

The propsed main cooling pump parameters for the SEAFP design are comparable to
the CANDU 6 parameters. This means that the same pumps could be used for the
SEAFP reactor.

4.3 Pressurizer

The pressurizer is sized to compensate for the shrinkage in coolant volume from full
power to zero power. The density change is about 10% on the hot coolant leg, which
accounts for half of the coolant volume. As shown in Table 3-2, the pressurizer
volume is smaller than that for the CANDU 6. The difference is due to the steam
quality in the CANDU PVVRs, which adds to the shrinkage by the collapse of the
void (4%) on loss of reactor power, even though the coolant inventory is higher for
the SEAFP design.

4.4 Feedwater Preheater

The feedwater preheater in the divertor cooling loop is comparable to the Bruce
preheater. The data from the Bruce A NGS are used in comparison, because the
Bruce plant utilizes a scheme similar to the divertor cooling system.

In the Bruce power plant, about 17% of the heat generated in the core utilized for
preheating feedwater temperature to saturation before it enters the steam generator.

For SEAFP, the amount of heat generated in the divertors is approximately 12% of
the total core power. The temperature at which this heat is available is lower than in
Bruce design, but it is still feasible.
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4.5 Cooling System Valves

High coolant velocities have been used to reduce the coolant inventory. They are
similar to those used in CANDU PWR cooling systems. Design effort is needed to
achieve uniform velocities to prevent flow disturbances and consequential pipe
vibrations. For this reason valves are not used in the main flow paths. Valves are
not needed as flow control is not necessary and proper flow distribution is achieved
by feeder sizing. Isolation for maintenance purposes can be achieved by other
means, such as partial drainage of the system and use of plugs for providing a
vapour seal. Ice plugs will also allow isolation of a single feeder, for example, for
repairs without draining the system.

5. MAINTENANCE CONSIDERATIONS

5.1. Shutdown Cooling

The function of the shutdown cooling system is:

(a) to keep reactor components cool, and

(b) to control coolant chemistry.

These functions can be performed by the purification system, thus eliminating the
need for a separate shutdown cooling system.

The purification system can remove significant quantities of heat and could be used
to also function as a shutdown cooling system. During normal operation, the
purification system must accept coolant at full system temperature, cool it down to
an acceptable temperature for process reasons, and reheat it before returning it to the
primary system. Typically an interchanger is used for the first stage of cooling and
for reheating. A heat exchanger is used for the second stage of cooling to achieve
temperatures low enough for the ion exchange columns to work properly. During
the shutdown mode, the interchanger is bypassed and cooling is achieved with the
heat exchanger only.

The decay heat immediately after reactor shutdown is assumed to be about 1%
(smaller than it is in a fission power reactor). Hence, the purification heat exchanger
may be used without significant upgrading in heat removal capability to perform the
shutdown cooling function,

5.2 Access for Maintenance

The major access requirements in the primary system will be for service of the pump
seal packages, (typically every two to four years) and for steam generator tube
inspection (typically five year intervals). Removal of first wall and blanket
structures must also be possible.
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Access to the steam generator internals can be made by removal of the manhole
cover, after the system has been drained to the header level. At this time there will
be significant tritium concentrations in the air due to trace quantities of water
remaining in the vessel, and due to the exposed water interface in the piping below
the vessel. This open interface can be eliminated by placing a temporary plug in the
nozzles of the steam generator.

Replacement of the pump seal package can be be achieved in a similar manner - ie.,
draining the system to the header level and using temporary plugs as vapour
barriers. This procedure is used in all CANDU PWRs.

5.3 Steam Generator Replacement

The steam generators are not likely to require tube replacement during their life. If
required, it is possible to obtain access through the building roof, essentially the
same route as during initial construction. This method has been demonstrated to be
practicable in fission reactor plants. Such a major plant disruption can be accepted
given the low probability of occurrence.

Experience with steam generators shows that it is possible to rehabilitate them in-
situ to a large degree. However access is required to them and should be considered
in the original design. This includes space within shielding around them, access for
inspection holes within the shell, and space for temporary structures required as
working environments.

6. SUPPORTING EXPERIENCE

6.1 Convection cooling

Extensive testing has been performed on a full-scale CANDU PWR test rig (RD-14)
to confirm natural convection cooling with parallel channels. As the SEAFP reactor
has many parallel channels the results of the Canadian work are relevant to the
SEAFP design.

Full size reactor tests using a fresh core (no residual heat) were undertaken during
initial commissioning of a Candu 6 unit. Power levels of 3 to 5% were used to
demonstrate convection cooling. On tripping and subsequent startup to 5%, a much
more stringent test, convection cooling restarted.

6.2 Parallel Channel Stability

The major difference between a CANDU PWR other pressurized water reactors is
the use of a large number of pressure tubes as opposed to a single pressure vessel.
The pressure tube design thus leads to a heat transport system with many feeders
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connected in parallel to the same header. The SEAFP heat transport system will also
have many feders connected in parallel to a single header.

Flow instability in parallel channels is a critical design consideration. However, a
significant amount of experience exists with the design and operation of CANDU
reactors and the design parameters to prevent parallel channel instability are now
well established.

This phenomenon can be controlled by ensuring a low resistance in the outlet
feeders and a large resistance in the inlet feeders. This means that the inlet feeders
to each of the blanket segments will be designed to have a higher resistance than the
outlet feeders. Note that the outlet feeders are larger than the inlet feeders. Also,
given that the blanket cooling tubes will need an orifice plate to increase the flow
resistance, the orifice plate clearly belongs on the inlet side of the tubes.

6.3 Component leak rates

6.3.1 Pump Seal Leakage

Pump seal technology has now been developed to the point that pump seals are not
a source of leakage.

6.3.2 Mechanical Joint Leakage

"Grayloc" connectors have been used in CANDU PWRs for connecting carbon steel
feeders to stainless steel end fittings. There are approximately 800 to 900 such
connectors in CANDU PWRs. No leakage has been experienced when the connectors
have been assembled according to procedure. Leakage has occured only during
initial installation due failure to follow procedures.

6.3.3 General Leakage

There should be no leakage from the main cooling loops as there are no valves in
them. A very small amount of leakage would be expected to come from the
auxiliary systems, such as pressure and inventory control and purification in
particular. The purification system must be opened on a regular basis for removal of
ion exchange resins. Such openings and closings of the system provide opportunity
for leakage.

6.4 Microcracktng

Douglas Point reactor experienced microcracking of type 347 stainless steel. AECL
has discontinued the use of this steel since then (late 1960's). No other such
experiences have been recorded.

6.5 Major component failure
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Steam generator tubing failures are monitored by checking the steam system for
heavy water isotopes from the primary system. Leaking tubes are found by
accessing the boilers through the heads and performing eddy current inspection of
the tube walls. Repair is effected by plugging failed tubes. No boilers have been
replaced as a result of too many failed tubes, but some boilers in service for 20 years
are nearing this situation. (Lack of chemistry control during their life will contribute
to rapid deterioration).

Retubing of steam generators in-situ has been accomplished in several Candu 6
units. This was necessitated by a manufacturing fault discovered before putting the
units into service. Since these units had not been placed in service and therefore
were not active, the work procedures were easier.

A main pump bearing crack occurred due to incorrect heat treatment of the material.
All pumps with similar bearing material were modified in-situ and there have been
no further occurrences.

7. SAFETY CONSIDERATIONS

7.1 Occupational Doses

Occupational exposure of personnel during normal operation of the reactor is a key
safety consideration. Radiation exposure occurs primarily during maintenance
operations, testing of system components, or periodic inspections. Radiation
exposure can occur by tritium concntration in the air or by gamma radiation from
activation products in the coolant. Therefore, by keeping the coolant relatively free
of both tritium and activation products, occupational doses to plant staff will be
reduced. This implies a requirement for a coolant detritiation system, which will
keep tritium coolant concentrations low, and for a robust purification system, which
will remove corrosion/erosion products that have become activated in the neutron
flux.

Occupational doses can be further reduced by ensuring that coolant leakage from the
system is extremely low. This implies the elimination of flanged connections, in
favour of welded connections, and the utilization of best available pump seal and
valve gland seal technologies. This does not preclude the need for confinement and
collection of leaked coolant in areas where leakage cannot be eliminated. Coolant
Leak Rates are expected to be negligibly small due to elimination of valves in the
main cooling piping. Typical leakage rates for heat transport system components,
based on CANDU experience, are given below:

Valves stem sealed gate valve 0.6 ml/day

Flanges
Pipe Fittings
I&C Components

stem sealed diaphragm valve
bellows sealed globe valve
stem sealed needle valve

0.05
0.01
0.06
0.2
0.01
0.05

ml/day
ml/day
ml/day
ml/day
ml/day
ml/day
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Total tritium effluent from a typical CANDU plant is estimated at about 10,000 and
20,000 Ci/year, for airborne and liquid releases, respectively.

Occupational doses for BWR, PWR and CANDU reactors are typically 14, 6 and
2 mSv-person/MWe/year, respectively.

7.2 Public Doses

Significant doses to the public will only occur under very unusual circumstances,
which involve a large breach of the heat transport system pressure boundary
coincident with a containment failure. A double-ended guillotine break in a large
header is used to bound the energy and radioactive releases into the containment
envelope. The energy release provides a driving force for environmental releases of
radioactivity. The proposed system design has considered this aspect. Public doses
for Nuclear power plants (including CANDU) are typically below 1% of the site
limit of 5 mSv/year (i.e. less than 0.05 mSv/year).

7.3 Plant Upsests

There are many abnormal plant events that could lead to some disruptions of the
heat removal function of the cooling system. The most severe is a total loss of
electrical power, at full reactor power. To protect the equipment, and ultimately the
public from consequential releases of radioactivity, passive means of heat removal
are preferred. The proposed design concept incorporates features that would allow
heat removal from the reactor by natural convection. By providing sufficient gravity
head for the steam generators assures a natural circulation capability in the first wall
and blanket cooling loop. However, the provision of sufficient gravity head is not
enough to assure heat removal. The other essential ingredient is a heat removal
pathway from the steam generators to the environment. Venting of the steam
generators to the atmosphere would introduce such a pathway.

7.4 Thermal Cycling

Thermal cycling due, to power maneuvering, could cause high stresses in piping and
other cooling system components, and could cause failure of that component. This is
a major concern for in-core components but not for out-of-core components.
Thermal cycling is not expected to subject the out-of-core components of the heat
transport system to significant thermal stresses. This is due to the large thermal
inertia of the in-core components and the relatively large heat transfer time constant
of the cooling system.

Features that make components susceptible to thermal cycling include: thick walls,
low conductivity material, high thermal coefficient of expansion, low ductility, low
strength, rapid temperature changes, and large temperature changes. The steam
generator and the pump bowl are the only two components that have thick walls.
However, these are thinner than what has already been built for large PWRs. Also,
the headers are smaller and thinner than those used in the large CANDU plants.
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8. SUMMARY AND CONCLUSION

A preliminary design concept of the SE AFP heat transport system has been
developed, which satisfies the safety design objectives and design parameters
defined for the project. Sufficient design information and design options are
presented to allow discussions and decisions to be made by the SEAPP team. The
information contained in this report should also be sufficient to allow the safety
analysis work to commence.
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Table 2-1
HEAT TRANSPORT SYSTEM PARAMETERS DEFINED BY SEAFP

Core element

Blanket
First wall
Shield
Divertor
Vacuum vessel
Total power

Temperature
(°C)

In

265
265
265
180
65

Out

310
310
310
223
85

Pressure
(bar)

In

130
130
130
130

2

Out

120
120
120
110

1.5

Power
(MW)

2300
860

15
500

0.03
3675

Table 2-2
HEAT TRANSPORT SYSTEM PARAMETERS USED IN THIS STUDY

Core element

Blanket
First wall

Total for first

Divertor

Total for both

Temperature
(°C)

In

265
265

Out

310
310

wall & blanket system

180

systems

223

Pressure
(bar)

In

130
130

130

Out

120
120

110

Power
(MW)

2700
1000

3700

500

4200

Note: The total power in the shield and vacuum vessel is small enough that it may
not require active cooling. However, even if the shield power is added to the
blanket and first wall cooling system, it does not have a significant effect on
the system.
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Table 2-3
IN-CORE COMPONENT DESIGN PARAMETERS DEFINED BY SEAFP

Inboard blanket
Segment 1
Segment 2

Outboard blanket
Central segment
Lateral segment 1
Lateral segment 2

First wall

Tubes per
segment

200
200

240
160
160

Tube vol per
segment

(m3)

0.67
0.67

0.74
0.54
0.54

Segment
mass

(Mg)

108
108

145
85
85

The following first wall parameters were estimated

Inboard first wall
Segment 1
Segment 2

Outboard blanket
Central segment
Lateral segment 1
Lateral segment 2

100
100

120
80
80

0.17
0.17

0.19
0.14
0.14

Tube
length

(m)

22
22

20
22
22

22
22

20
22
22

Tube
diameter

(mm)

14
14

14
14
14

10

10
10

10
10
10
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Table 3-1
COOLING SYSTEM INVENTORY DISTRIBUTION

Blanket and first wall system

Component

Large diameter piping
Small diameter piping
Steam generator
Pump
First wall & blanket
Pressurizer

Total

Loop

(m3)

10.2
4.3

16.2
0.5

10.0
4.0

45.2

Inventory

(%)

22
10
36

1
22

9

100

Divertor cooling system

Component

Large diameter piping
Small diameter piping
Feed water preheater
Pump
Divertor
Pressurizer

Total

Loop

(m3)

6.9
2.7

10.0
0.5
2.0
2.0

24.1

Inventory

(%)

29
11
42

2
8
8

100
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Table 3-2
COMPARISON OF PROPOSED SEAFP COMPONENTS WITH CANDU

COMPONENTS

Component

Main cooling pump
Number per reactor
Row (Mg/s)
Head (MPa)
Rated power (MW)

Pressurizer
Number per reactor
Loops/pressurizer
Unit swell vol (m3)
Total swell vol (m3)
Heater capacity (MW)
Diameter (m)
Height (m)
Water volume (m3)
Steam volume (m3)

Steam generator
Number per reactor
Heat rate (MW)
Tube flow (Mg/s)
Tube area (m2)
Tube diameter (mm)
No. of tubes
Shell diameter (m)
Shell height (m)
Tube inlet temp (°C)
Tube outlet temp (°C)
Inlet quality (%)
Feedwater temp (°C)
Steam temp (°C)

Preheater
Number of units
Unit power (MW)
Total power (MW)
% of total power
Feedwater Tin (°C)
Feedwater Tout (°C)
Divertor Tin (°C)
DivertorTout(°C)

Piping
Header vel. (m/s)*
Feeder vel. (m/s)*

SEAFP

8
1.9
2.0
7.0

8
1
3
24
0.1
1.25
6
4
3

8
462
2.07
3000
16
3542
2.7
18
310
265
0
187
260

8
62.5
500
12
131
187
223
180

10
12

CANDU6

4
1.9
1.7
6.0

1
2
45
45
1.0

4
516
1.90
3200
16
3500
2.7
19
309
265
4.4
187
260

6
17

DARLINGTON

4
2.7

1
2

4
664
2.65
3940
16
4663
3.5
23
309
266
4.3
187
265

5
17

BRUCE

1
2

8
280

4200

17
304
265
0
250
256

4
106
424
17
177
250

9
16

Single phase flow,
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Table 3-3
PIPING SIZES FOR HRST WALL AND BLANKET SEGMENTS

Pipe element No. of
(m3) per loop

Large diameter piping

Inlet headers 2
Outlet headers 2
Steam generator to pump 1
Small diameter piping

Inlet feeders to:
Central outboard segment 2
Lateral outboard segment 4
Inboard segment 4

Outlet feeders from:
Central outboard segment 2
Lateral outboard segment 4
Inboard segment 4

Steam generator
Pump bowl
Pressurizer

Total out-of-core coolant inventory (per

Core components:
Segment distribution header 10
First wall tubes

Central outboard segment 240
Lateral outboard segment 320
Inboard segment 400

Blanket tubes
Central outboard segment 480
Lateral outboard segment 640
Inboard segment 800

Segment collection header 10

Dia/schedule
(mm)

400/120
400/120
600/120

185/100
140/80
160/80

200/100
150/80
170/80

loop)

150

10
10
10

14
14
14
150

Length
(m)

10
17
12

7
7

12

9
9

14

6

20
22
22

20
22
22

6

Inventory
(m)

2.5
4.3
3.4

0.4
0.4
1.0

0.6
0.6
1.3

16.2
0.5
4.0

35.2

1.0

0.38
0.55
0.69

1.48
2.17
2.71
1.0

Total in-core coolant inventory (per loop) 10.0

TOTAL COOLING SYSTEM INVENTORY (PER LOOP) 45.2
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PIPING

Pipe element
(m3)

Large diameter piping

Inlet headers
Outlet headers
Preheater return line
Pump inlet header
Pump discharge line
Small diameter piping

Coolant inventory in large

Inlet feeders
Outlet feeders

Coolant inventory in small

Divertor cooling tubes

Pump bowl

Preheater

Pressurizer

Table 3-4
SIZES FOR DIVERTOR SEGMENTS

No. of
per loop

4
4
4
1
2

Dia/schedule
(mm)

150/80
150/80
150/80
400/120
300/120

diameter piping (per loop)

48
48

85/80
85/80

diameter piping (per loop)

TBD

1

4

1

Total coolant inventory (per loop)

TBD

2000

1000

1000

Length
(m)

13
20
15
5

14

10
10

TBD

7

4

Inventory
(m)

1.84
1.41
1.05
0.63
1.93

6.86

1.36
1.36

2.72

2.0*

0.5

10

2.0

24.1

Value shown is a best guess only. The divertor details were not available for
this study.
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STEAM
BALANCE HEADER

TURBINE/GENERATOR
SET (ONE ONLY)

FEEDWATER
DISTRIBUTION

HEADER

CONDENSER
(ONE ONLY)

FEEDWATER
PUMP
(3+1 )

FEEDWATER
PREHEATER

0150mm

0400mm

TWO CORE SECTORS
PER LOOP

DIVERTOR
COOLING

0300mm PUMP

Figure 3-1

REACTOR COOLING SYSTEM FLOW DIAGRAM (TYPICAL FOR 8 BLANKET & FIRST WALL LOOPS)
(NOTE: THERE ARE ONLY TWO DIVERTOR COOLING LOOPS - ONE PUMP PER LOOP)
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FROM PUMP

TO STEAM GENERATOR

NOTE: SEGMENTS 1 , 2, 3, 4 & 5 SUPPLY
>99 .5% OF THE POWER. SHIELD
SEGMENTS MAY NOT REQUIRE ACTIVE
COOLING AS POWER PRODUCED
IS <1MW/SECTOR.

FROM PUMP

TO FEEDWATER

PREHEATER

Figure 3-2 •

FLOW DISTRIBUTION FROM HEADERS TO IN-VESSEL COMPONENTS
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Filter

Reactor cooling
system pump
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valve
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interchanger
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From overpressure
protection system

Ion Exchange
column



Figure 3-4

GENERAL ARRANGEMENT OF MAJOR EQUIPMENT

(ELEVATION)



Figure 3-5

GENERAL ARRANGEMENT OF MAJOR EQUIPMENT (PLAN VIEW)



SYMMETRICAL

Figure 3-6

GENERAL ARRANGEMENT OF MAJOR EQUIPMENT

FOR DIVERTOR COOLING LOOP



Figure 3-7

GENERAL ARRANGEMENT OF MAJOR EQUIPMENT (PLAN VIEW)

OPTIONAL LAYOUT



Figure 3-8

GENERAL ARRANGEMENT OF MAJOR EQUIPMENT (PLAN VIEW)

OPTION B - LAYOUT 1



Figure 3-9

FIGURE-OF-EIGHT ARRANGEMENT



Figure 3-10

PRIMARY SYSTEM - FIGURE-OF-EIGHT

INTERCONNECTED LOOPS (TWO INDEPENDENT SYSTEMS)



Figure 3-11

PRIMARY SYSTEM - OPTIONAL LAYOUT FOR
FIGURE-OF-EIGHT INTERCONNECTED LOOPS



B

ILLUSTRATION OF COOLING FLOW
DISTRIBUTION IN FIRST

WALL/BLANKET SEGMENTS

Figure 3-12

SECTION " A - A " VIEW OF MAJOR EQUIPMENT ONLY AND IN-CORE FLOW DISTRIBUTION



STEAM OUTLET NOZZLE „

\CANDU 3

SECONDARY MOISTURE.
SEPARATORS

MANWAY

PRIMARY MOISTURE .
SEPARATORS

SHROUD CONE-

SHROUD-

TUBE BUNDLE COLD LEG-

PREHEATER SECTION.

FEEDWATER
INLET NOZZLE .

.U-BENO

GRID TUBE SUPPORT PLATE

TUBE BUNDLE

TUBE BUNDLE
HOT LEG

OUTLET

,TUBESHEET

INLET

Figure 3-13

TYPICAL STEAM GENERATOR



CANDU 3

1 UPPER OIL POT COVER
2 UPPER BEARING OIL POT
3 THRUST BEARING RUNNER
4 OOWN THRUST BEARING
5 UP THRUST BEARING
6 UPPER BEARING COOLING COILS
7 SHAFTCOVER
8 MOTOR SHAFT
9 OIL LEVEL CONTROL

10 BEARING COOLING WATER PIPES
11 AIR COOLER WATER PIPES
12 MAIN TERMINAL BOX
13 AIR OUCT
14 AIR OUCT
15 FAN RING
16 STATOR CORE ASSEMBLY

17 ROTOR ASSEMBLY
18 THRUST DISC
19 SPACER COUPLING
20 MOTOR STAND
21 MOTOR STAND ACCESS DOORS
22 PUMP SHAFT
23 VAPOUR CONTAINMENT SEAL
24 TERTIARY MECHANICAL SEAL
25 SECONDARY MECHANICAL SEAL
26 PRIMARY MECHANICAL SEAL
27 PUMP BEARING
28 PUMP CASE
29 CASE WEAR RING
30 PUMP DISCHARGE ELBOWS
31 PUMP SUCTION SPOOL PIECE
32 LOWER GUIDE BEARING ASSEMBLY

Figure 3-14

TYPICAL COOLING SYSTEM PUMP


