CHAPTER 8

Nuclear Plant Systems

prepared by
Dr. Robin Chaplin

Summary:

This chapter deals with the main components of a CANDU nuclear power plant. It follows the
general path of energy production from the nuclear reactor to the electrical generator with
descriptions of the systems and equipment essential for the purpose of generating thermal
energy, transferring heat and converting heat into mechanical and then electrical energy. Some
key auxiliary systems are included where these are an essential part of the energy processes as
are the basic control systems which maintain stable operational conditions and ensure safety of
the plant. This chapter leads into Chapter 9 which describes how a typical CANDU plant oper-
ates.
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1 Introduction

1.1 General Configuration

Specific units in a typical CANDU nuclear plant include a nuclear reactor in which heat is generated
by nuclear fission, a heat transport system to convey this heat from the reactor to the steam cycle,
a steam generator in which steam is generated, a steam system to convey steam from the steam
generator to the steam turbine, a steam turbine where available heat energy is converted into
mechanical energy, a condenser where unavailable heat energy is rejected to the cooling water
system, a steam reheating and feedwater heating system to improve cycle efficiency, an electrical
generator to convert mechanical energy into electrical energy, and an electrical system to generate
electrical energy for distribution to consumers. To balance the flow of energy through these
components and to regulate plant output, a control system is required. Each of these major
systems will be described in this chapter.

All thermal reactors have four important components: fuel, moderator, coolant, and control
elements. The moderator is that part of the nuclear reactor where neutrons are reduced in energy
to increase the probability of fission when they re-enter the fuel. Spacing of the fuel assemblies
within the moderator is therefore of key importance. Heat must be removed by the coolant from
the fuel assemblies at a high rate without making the fuel sustain excessive temperatures. This is
achieved by having multiple small diameter fuel rods (elements) in one fuel assembly. These two
requirements dictate the general reactor configuration. A unique aspect of the CANDU reactor is
the horizontal arrangement of fuel channels within the reactor calandria. These channels contain
the fuel bundles and are surrounded by the heavy water moderator, whereas heavy water coolant
flows through the channels.

Heat is generated in the nuclear reactor, and electricity is produced by the electrical generator. The
production and discharge of this energy must be perfectly balanced. The steam generator is the
key component for maintaining this balance, that is, the rate of steam generation must match the
rate of steam flow to the steam turbine, or vice versa. Any change in these two energy flows will
immediately be reflected as a change in steam pressure in the steam generator. Therefore, steam
pressure is a key control parameter for the entire plant under all operating conditions.

2 Nuclear Reactor

2.1 General Arrangement

For all CANDU reactors, the horizontal fuel channels are arranged in a square array across the
reactor face, as shown in Figure 1. The calandria, which contains the moderator at essentially
atmospheric pressure, contains axial tubes in a similar square array to accommodate the
pressurized fuel channels or pressure tubes, which in turn contain the fuel bundles and the
primary system coolant. Figure 2 shows a close-up view of the feeder pipes conveying coolant
to and from the pressure tubes at one end of the reactor.
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Figure 2 Feeder tube assembly on reactor face

2.2 Calandria Arrangement

The calandria contains the moderator for the reactor. It consists essentially of a horizontally
mounted cylindrical tank containing many horizontal tubes in a square array. Pressure tubes
containing fuel and coolant are fitted inside the calandria tubes, with a small annular gas filled
space to provide heat insulation. This annular space is maintained by garter springs which resist
sagging of the pressure tubes and thus minimize the risk of contact with the calandria tubes.
The gas used is carbon dioxide because it has low thermal conductivity, shows little tendency to
promote corrosion, and does not produce significant activation products. The carbon dioxide is
circulated in the annular space to cool it and to monitor it for any leakage from the calandria
and pressure tubes. The calandria contains heavy water as moderator, which fills the space
between the calandria tubes. The spacing of the calandria tubes and hence the fuel channels is
greater than optimum with respect to neutron moderation, with the result that the reactor is
over-moderated.

2.3 Moderator Temperature Control

Heat is generated in the heavy water moderator by the neutron moderating process, where the
kinetic energy of the neutrons is converted into heat energy, and by absorption of gamma
radiation. Both these processes intensify with a rise in reactor power. Heat is also transferred
to the moderator through the carbon dioxide in the annular space between the pressure tubes
and calandria tubes. This process is largely independent of reactor power because the fuel
channel temperature is fairly constant at all power levels. The total amount of heat generated
in and transferred to the moderator is approximately 5% of total reactor heat production. This
heat must be removed to maintain the desired temperature in the moderator.

The moderator temperature is maintained between 60°C and 65°C by an external cooling
system, as illustrated in Figure 3. This system includes circulating pumps and heat exchangers,
which reject heat to the service water system. Although the relatively large temperature
difference between the reactor coolant and the moderator induces some heat loss, the rela-
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tively cool moderator can provide some measure of cooling to the fuel in the event of a loss of
coolant accident and the coincident failure of the emergency coolant injection system. Because
the reactor’s configuration makes it over-moderated, any void formation within the moderator
would cause an increase in reactivity, leading to unstable reactivity conditions. Hence, it is
desirable to maintain an adequate margin below boiling conditions.
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) Addition Addition N
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* Delay
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Service Water
| l

o
Pump Heat Exchanger
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Figure 3 Moderator cooling and purification system

The moderator temperature has an effect on the reactivity of the reactor as its temperature
rises from ambient conditions to operating conditions during reactor warm-up. For equilibrium
fuel conditions, that is, a mix of used and new fuel that arises after several months of continu-
ous refuelling, the temperature coefficient of reactivity is positive, meaning that the reactivity
increases by about 4 mk as the temperature goes from 30°C to 70°C. This phenomenon is due
mainly to two factors. One is the lower density of the moderator at higher temperatures,
resulting in less neutron absorption. The other is the increased fission cross section of pluto-
nium as the increase in temperature takes the neutron energy into a resonance peak of Pu-239.

2.4 Moderator Reactivity Control

To control moderator reactivity, soluble poisons are added to the heavy water at appropriate
concentrations under certain operating conditions through a moderator liquid poison addition
system. This system consists of mixing tanks for boron and gadolinium, also shown in Figure 3,
where the solutions are formulated, as well as flow transmitters at the circulating pump inlet to
measure the amount entering the moderator system.
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Both gadolinium and boron have strong neutron absorbing isotopes, namely Gd-155, Gd-157,
and B-10. They gradually lose their ability to absorb neutrons as neutrons are absorbed to form
a heavier isotope. The burnout rate for boron is slower than that of gadolinium, making it more
suitable for longer term operations such as compensation for reactivity loss due to fuel burnup.
When a reactor is charged with new fuel, the excess reactivity from the fuel can be balanced by
a certain concentration of boron. As the fuel burns up and neutron absorbing fission products
are produced, the effectiveness of the boron decreases, making it possible to maintain reasona-
bly constant reactivity with naturally small adjustments. The burnout rate for gadolinium is
faster than that of boron, and therefore it is more suitable for short term reactivity adjustments
such as those necessary during xenon transients. The xenon concentration in the fuel is lower
during periods of low load and builds up following a large power increase. Gadolinium can
compensate for this and burns out at a rate roughly corresponding to xenon buildup. Gadolin-
ium can also be used to compensate for a lack of xenon in the reactor during an outage to
ensure that the reactor will remain subcritical.

The shutdown system, which will be described later, injects liquid poison directly into the
moderator in the event of certain reactor trips. Gadolinium is used at sufficient concentration
to ensure an immediate reduction in reactivity to well below critical conditions. Upon reactor
restart, it must be removed by the moderator purification system. Gadolinium is easily removed
by ion exchange resins, whereas boron, being a weaker ion, is not easily removed. This makes
gadolinium better suited for use in the shutdown system, but it still takes several hours to
remove it and almost as long as the ensuing outage due to xenon poisoning.

A moderator purification system, also shown in Figure 3, is connected to the moderator cooling
system to maintain heavy water purity and to remove or adjust the concentration of soluble
poisons such as gadolinium or boron which may have been introduced for shutdown purposes
or to assist in reactivity control. The non-active soluble poison (after neutron absorption) must
be removed to maintain the general purity of the moderator. The purification system has
strainers to remove particulate material such as resin fines from the system, followed by mixed
bed ion exchange columns to remove dissolved material in the form of positive and negative
ions.

2.5 Core Shielding

The reactor core is shielded at the ends by end shields and around the periphery by a thermal
shield to absorb neutron and gamma radiation which would otherwise create excessive radia-
tion fields at the reactor faces and high temperatures in the calandria structure. The shields
contain water which is circulated and cooled. The end shields contain steel balls as well to
ensure sufficiently low radiation fields during routine maintenance shutdowns. The combina-
tion of water and steel balls is very effective in attenuating both neutron and gamma radiation.

2.6 Reactor Control Systems and Devices

Heavy water is a very weak neutron absorber, which is advantageous with regard to fuel utiliza-
tion. To compensate for reactivity changes in the fuel, the absorption properties of the modera-
tor can be modified by adding a soluble neutron absorber in small concentrations. Gadolinium
and boron both have strong neutron absorbing isotopes, namely Gd-155, Gd-157, and B-10.
These can be added through the liquid poison system and removed through the moderator
purification system using ion exchangers. Light water is a stronger neutron absorber than heavy
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water, and therefore the concentration of light water in the heavy water moderator must be
limited to avoid excessive neutron absorption. The normal isotopic concentration of D,0 in the
moderator is 99.5%. Light water, however, can be conveniently used as a control device within
the reactor, where its volume in vertical tubes can be varied.

Reactor power is controlled and maintained at the required level by several devices which
absorb neutrons and thereby control the nuclear fission process. These systems and devices
are:

e Liquid poison in moderator

e Liquid zone control absorbers

e Mechanical rod control absorbers
e Mechanical rod adjusters.

In addition, a complete reactor shutdown can be achieved by operating one or both of the
following devices in addition to those listed above:

e Mechanical rod shut-off absorbers (Shutdown System 1)
e Liquid poison injection system (Shutdown System 2).

Appropriate signals to operate the control systems are obtained from neutron flux detectors
within the core and ion chambers alongside the core as well as from other sensors in the steam
system and turbine generator. The main control devices are shown as part of the reactor
assembly in Figure 4.

The control devices described below are generally applicable to CANDU 6 reactors. The same
design philosophy applies to other CANDU reactors, but the number of devices may be different
if the reactor core is of different size.

In a CANDU 6 reactor core, there are 26 in-core vertical flux detectors and 7 in-core horizontal
flux detectors. Twelve vertically installed detectors provide flux information to Shutdown
System 1, while three horizontal flux detectors supply flux data to Shutdown System 2. The
remaining vertical flux detectors send information to the liquid zone control absorbers and the
solid control rod absorbers. All these in-core flux detectors can provide data for three
dimensional flux mapping of the reactor core.

Figure 5, Figure 6, and Figure 7 show three orthogonal views of a CANDU 6 reactor. These show
the relative positions and arrangement of various components and devices.
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2.6.1 Moderator Poison Addition System

Liquid poison such as boron or gadolinium can be added to the moderator to adjust reactor
reactivity. Because these are both neutron absorbers, they reduce neutron efficiency and hence
adversely affect fuel utilization. However, as described earlier, their use is necessary under
certain transient conditions to maintain reactivity within regular control limits. Such conditions
arise when a reactor is started with a new charge of fresh fuel, when a significant amount of
fresh fuel is added, and during large increases in load when xenon transients need to be
accommodated.

2.6.2 Liquid zone control absorbers

Critical reactivity balance is mostly and predominantly maintained by the six liquid zone control
absorbers located vertically within the reactor core interspersed among the mechanical control
absorbers, adjuster rods, and shut-off rods. These liquid zone absorbers contain light water in
two or three separate sections, forming a total of fourteen compartments. These separate and
independent absorbers enable spatial control of neutron flux. Light water absorbs neutrons
more strongly than heavy water and acts like a control rod as light water is added or removed
through inlet and outlet pipes, where a difference in flow rate will vary the level. Helium gas is
maintained above the light water, and the difference in pressure between the inlet and outlet,
at the bottom and top of the water column respectively, indicates the level of light water. The
qguantity of water in each compartment is controlled by automated valves receiving signals from
the flux detectors through the control computers of the reactor regulating system.

2.6.3 Mechanical rod control absorbers

Besides the liquid zone control absorbers, there are also four mechanical control absorbers
made from a variety of alloys, predominantly cadmium encased in stainless steel. These
absorbers adjust the flux level when a greater reactivity rate or depth than can be provided with
the liquid zone control absorbers is required. They can bring about a fast reactor power
reduction such as a reactor stepback. They may be driven in or out of the core at variable speed
or dropped into the core by the release of a clutch. The design of these solid control absorbers
is virtually identical to that of the shut-off rods described below.

2.6.4 Mechanical rod adjusters

Adjuster rods are used in the reactor to optimize the neutron flux profile for reactor power,
compensate for fuel burnup, and provide excess reactivity to overcome Xenon-135 surges
following a power reduction. CANDU reactors are designed to develop full power when these
adjuster rods are fully inserted into the reactor core. There are 21 adjuster rods arranged in
three rows vertically between the other control devices. The adjuster elements are raised or
lowered individually by winching drives similar to those described for the shut-off rods, except
that these adjusters do not fall into the reactor in the event of a shutdown signal from the flux
detectors because they would normally be fully inserted during normal operation. When the
adjusters are fully withdrawn, the reactivity gain is about 16 mk, which is sufficient to overcome
minor xenon transients during power manoeuvering.
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2.6.5 Mechanical rod shut-off absorbers

The signals received from the flux detectors or other plant indicators, which are routed to
Shutdown System 1 (SDS1), control a system of 28 vertical shut-off rods. These shut-off rods are
composed of cadmium and stainless steel absorber elements and are used to shut the reactor
down under normal and emergency conditions. When these rods are inserted into the core,
they are aided by perforated guide tubes made of zirconium alloy that are open to the pressure
of the moderator. These shut-off rods are inserted into or withdrawn from the core by means
of a stainless steel cable which is wound on a drum in the rod drive mechanism. This drum is
driven by an electric motor with an electromagnetic friction clutch. When a shut-off signal is
received, the clutch de-energizes, and the shut-off rods fall into the reactor core inside the
zirconium alloy guide tubes under the influence of gravity. While the clutch is energized, the
shut-off rods can be driven into or out of the reactor core by the electric drive motor.

2.6.6 Liquid poison injection system

This system, unlike the Moderator Poison Addition System, is a safety system as opposed to a
control system. It injects a large quantity of soluble poison into the moderator to reduce
reactivity drastically rather than adding a controlled amount to maintain reactivity at the
required level.

Shutdown System 2 (SDS2), as illustrated diagrammatically in Figure 8, is activated based on
information received from the three horizontal in-core flux detectors or other plant indicators.
The poison that is injected into the core is gadolinium nitrate dissolved in heavy water. This
poison is contained in six tanks outside the reactor vault in an accessible area for routine
maintenance. Each of the six poison tanks is connected to a nozzle pipe in the calandria by
stainless steel pipes. These nozzle pipes are oriented horizontally in the reactor core, each with
several orifice holes situated to provide maximum negative reactivity changes when the poison
is injected. The nozzle pipes themselves are made of zirconium alloy.

The gadolinium nitrate poison is injected into the core by helium under pressure. Pressurized
helium in this tank is isolated from the poison tanks by triplicated quick-acting valves. When
these valves are opened, the pressure forces the poison into the moderator very quickly. A ball
in the poison tanks prevents blowthrough of helium gas and ensures that calandria pressure
does not exceed its design value.

SDS2 is typically capable of supplying at least 50 mk of negative reactivity worth, although a
negative reactivity of 30 mk is considered adequate to bring about complete and rapid
shutdown. This system acts as a backup to SDS1 and should be activated only in the event of a
failure of SDS1 or if the initiating event is so severe or so fast that SDS1 has not arrested the
transient. Because liquid poison is injected into the moderator, quick recovery from such a trip
is not possible.

In the original CANDU design concept, it was decided that there should be two independent and
different shutdown systems operated from different sources and configured differently. To
achieve this objective, the SDS1 and SDS2 systems inject negative reactivity in different ways
and even in different orientations within the reactor, that is, one vertically and one horizontally.
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Figure 8 Shutdown System 2 (SDS2)

2.7 Fuel Configuration

In most CANDU reactors, the individual fuel bundles have 37 fuel elements, each containing a
stack of natural uranium dioxide fuel pellets. Within each fuel element are approximately 30
fuel pellets, giving an effective stack length of 480 mm. The fuel elements are held in place by
end plates which are perforated to enable coolant to flow axially and are prevented from
contacting one another or the pressure tube by spacers. The element sheaths are made of
zircaloy to minimize neutron absorption. There are 12 fuel bundles in each fuel channel of the
CANDU 6 reactor. The configuration of the reactor with horizontal fuel channels enables the
reactor to be refuelled while on load and also facilitates partial refuelling of a single channel
because the fuel bundles do not have to be linked together as in a vertical channel. A 37-
element fuel bundle is shown in Figure 9, while Table 1 gives details of a 37-element fuel
bundle.
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Figure 9 37-element fuel bundle

Table 1 CANDU fuel characteristics

* Canlub Graphite Interlayer

Fuel Type

Pellets

Number in Elements
Elements per Bundle
Bundles per Fuel Channel
Pellet Diameter

Pellet Stack Length
Cladding

Cladding Outside Diameter
Bundle Outside Diameter

Bundle Overall Length

Sintered natural uranium dioxide
Cylindrical with concave dished ends
30

37

12

12.16 mm

480 mm

Zircaloy-4

13.08 mm

102.4 mm

495 mm

2.8 Fuel Channel Conditions

A temperature rise takes place along the fuel channel from the inlet to the outlet until satura-
tion conditions are reached, after which the temperature remains approximately constant. This
temperature rise is not linear because the rate of temperature rise depends upon the local rate
of heat release and hence on the neutron flux, which drops off towards both the inlet and
outlet of the channel. The most severe fuel conditions occur where both the heat flux and
coolant temperature are high. This occurs normally somewhat downstream of the channel
midpoint. Typical fuel channel conditions are given in Table 2.
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Table 2 Fuel channel parameters (CANDU 6)

Fuel Channel Material Zirconium-Niobium Alloy
Inside Diameter 103.38 mm

Wall Thickness 4.19 mm

Inlet Pressure 11.04 MPa (a)

Outlet Pressure 10.30 MPa (a)

Inlet Temperature 267°C

Outlet Temperature 312°C

Maximum Coolant Flow 24 kgls

Average Coolant Flow 20 kgl/s

2.9 Fuel Handling

Short term reactivity changes occur continuously during normal operation due to load changes
or to minor transient conditions. Short term reactivity control is maintained in the reactor core
by liquid zone control absorbers (for load changes) and adjuster rods (for transients). Long term
reactivity changes occur slowly as fuel is used up and fission products accumulate in the fuel.
Long term reactivity control is achieved through on-line refuelling to maintain constant reactiv-
ity while fuel is burned. By varying the frequency of refuelling in different areas of the reactor
core, the flux and hence the power distribution can be very effectively and accurately con-
trolled.

The CANDU reactor with its horizontal fuel channels has a reactor face at each end, onto which
two fuelling machines must attach while maintaining pressure and flow in the channel. Figure
10 shows a typical reactor face with a fuelling machine. This is a larger reactor with 480 fuel
channels (Darlington) with a later design of fuelling machine than the one illustrated in Figure
11 and Figure 12.

Fuel is inserted into and removed from the fuel channels by two remotely controlled fuelling
machines which attach to the ends of a selected fuel channel. A general view of a typical
fuelling machine (Pickering) as seen from the reactor side is shown in Figure 11. These fuelling
machines are fully automatic and remotely controlled. The equipment itself consists of a
fuelling machine mounted on a suspended carriage. The carriage travels on a track which can
be raised or lowered by a gantry so that the fuelling machines can reach any fuel channel.
Heavy water and electricity supplies are provided by a flexible catenary which connects the
machine to the stationary auxiliary systems.
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Figure 10 Reactor face with fuelling machine
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Figure 11 Typical fuelling machine and bridge

The arrangement with respect to the reactor face is shown in Figure 12. By raising or lowering
the gantry and traversing the carriage, the fuelling machine can reach any channel. When the
gantry is at its lowest point, the machine can turn 90° in the horizontal plane, as shown by the
dotted image, to receive new fuel or to discharge spent fuel in the service area. After
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attachment to the reactor, the fuelling machines open the fuel channel and remove the shield
plug. One fuelling machine carries the new fuel in its magazine, while the other machine at the
opposite end of the fuel channel receives and stores spent fuel in its own magazine. Each
magazine can revolve and has several slots, each of which can store two fuel bundles. Two new
fuel bundles from the fuelling machine are inserted at the coolant inlet end, while two used
bundles are removed at the coolant outlet end. Normally, depending on the particular CANDU
design, eight bundles are changed during one channel refuelling. In this way, the two bundles at
each end where the neutron flux is low spend twice as long in the reactor than those in the high
flux zone in the middle. Flow through the channel is maintained, and the pressure difference so
derived is used to move the bundles into the channel and to provide a driving force to facilitate
their removal. Spent fuel is later transferred to the irradiated fuel bay, where it is stored under
water. The average time taken to refuel one fuel channel is about two and one half hours,
meaning that the refuelling process is almost continuous during normal working hours.

00 ey

QOO
000000000000
000000000000C0

F/M
SERVICE AREA ’
|
|
|

Figure 12 Orientation of fuelling machine with respect to reactor

New fuel is loaded directly into the magazine of the fuelling machine, but irradiated fuel must
be remotely handled and transferred under shielded conditions to the irradiated fuel bay for
interim storage during its initial cooldown period.

3 Heat Transport System

3.1 General Arrangement

The fundamental function of the primary coolant circuit or heat transport system is to circulate the
heavy water coolant and transport heat from the fuel elements to the steam system. The entire
circuit consists of pumps, headers, feeder pipes, pressure tubes, and steam generators, as shown in
Figure 13. In addition, there is a single pressurizer in the circuit. The coolant used in CANDU
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reactors is heavy water to minimize neutron absorption. In the pressure tubes, the coolant flows
are in opposite directions in adjacent tubes. Thus the coolant passes from the steam generators at
one end of the reactor through half the tubes to the steam generators at the other end of the
reactor and back again through the adjacent tubes.

There are two steam generators and two heat transport pumps at each end of the reactor, and
therefore the entire system is divided into two independent loops, with each serving half the
reactor. They are linked by a balance pipe with restricting orifices so that the same pressure is
maintained in each loop and only one pressurizer is required. This arrangement is illustrated
diagrammatically in Figure 14. The advantage of this arrangement is that, in the event of a serious
loss of coolant accident, only half the reactor will be affected initially, with minimum subsequent
loss of coolant from the other half.
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Figure 13 Simplified heat transport and moderator circuits
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Figure 14 Diagrammatic arrangement of figure-of-eight heat transport system

As coolant leaves the reactor, it passes through the outlet feeder tubes on each reactor face and
then to the respective headers. From here, it enters the U-tube steam generators situated at
opposite ends of the reactor. In the steam generator, the pressurized heavy water exchanges
heat with the light water on the steam side of the steam generator. The now cooled heavy
water passes to the heat transport pumps, one for each steam generator, and returns to the
reactor core through headers and inlet feeder tubes at each end of the reactor.

The heat transport system serves to remove heat from the reactor under both power producing
and shutdown conditions. The flow is maintained by the heat transport pumps under most
conditions, but with the steam generators located above the reactor, natural circulation is
possible under shutdown conditions.

Pressure in the fuel channels is maintained at about 10 MPa at the outlet end, and the coolant
is generally subcooled, although above about 90% full load power, some boiling occurs in the
most highly rated fuel channels. At full power, the steam exit quality is typically 3% to 5%,
which gives a voidage of 26% to 37% at 10 MPa. This steam is subsequently mixed with sub-
cooled coolant from the lower rated channels to give conditions very close to saturation at the
steam generator inlet though the flow to the lower rated channels is somewhat reduced to
minimize the difference in exit quality.

The heat transport pumps are driven by electrical motors. Should power supply to the motors
fail, forcing a reactor trip, the pumps have sufficient built-in inertia to run down over a period of
two to three minutes. This allows sufficient time for natural circulation or thermosiphoning to
be established.

Pressure in the heat transport circuit is maintained by a pressurizer in most CANDU reactors.
This operates at saturation conditions and is approximately half filled with liquid, with the
remaining space containing vapour. It is connected to the heat transport system by a pipe
which is long enough to maintain its temperature independently of the heat transport system.
This enables the reactor outlet header pressure to be controlled regardless of the heat trans-
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port system temperature.

There is a feed-and-bleed system to inject or extract heavy water from the heat transport
system. This enables the correct inventory to be maintained under transient conditions such as
start-up and shutdown and to compensate for leakage. It also enables external clean-up and
chemical treatment of coolant under lower pressure and temperature conditions, as well as
recovery of leakage and upgrading of heavy water.

3.2 Heat Transport Pumps

Four heat transport pumps circulate heavy water coolant around the system. They are vertical
single stage centrifugal pumps driven by induction motors. Mechanical seals prevent leakage of
reactor coolant. These seals are supplied with cooled heavy water, some of which leaks out-
wards and some into the pump, thus maintaining the correct operating temperature at the
pump seals and preventing loss of reactor coolant. In the CANDU 6, the pumps each draw
approximately 5 MW of electrical power, giving a total of 17 MW of energy input to the heat
transport system. This input is used to raise the temperature and pressure of the reactor
coolant system during warm-up from cold shutdown conditions.

3.3 Pressurizer

The pressurizer maintains pressure in the heat transport system by maintaining a cushion of
vapour above the heavy water in the lower half. Pressure can be reduced by venting vapour at
the top or by spraying water into the vapour space and can be increased by heating the water
with electric heaters at the bottom. During normal operation, the heaters generally operate
periodically because the pressurizer loses heat naturally to its surroundings. Some plants rely
on venting vapour only to reduce pressure and do not have water sprays. Level in the pressur-
izer is ramped up as the temperature of the heat transport system increases to accommodate
partially the thermal expansion of the reactor coolant during power raising. Under cold shut-
down conditions, the pressurizer is normally isolated from the heat transport system to main-
tain an elevated temperature in it.

During warm-up, the pressurizer is isolated from the heat transport system, meaning that the
system is in the so-called solid mode of operation as opposed to the normal mode of operation
where the pressurizer is connected to the system. In this solid mode, pressure control is by feed
and bleed action where the flow rate of heavy water in and out of the system is adjusted to
maintain the correct pressure. In the normal mode, the feed and bleed action of the inventory
control system adjusts the coolant inventory by maintaining the pressurizer level at its set-point.

To avoid over-pressure conditions in the heat transport system, pressure relief valves on the
reactor outlet headers discharge excess coolant to the degasser condenser of the inventory
control system. If this action is insufficient to alleviate the over-pressure condition, the control
system will step back the reactor to a lower power level, and if this still does not reduce pres-
sure sufficiently, it will trip the reactor.

Note that the steam generators serve as a heat sink for the heat transport system, and therefore
reducing pressure and hence temperature in the steam generators will have the effect of
reducing temperature in the heat transport system, with a resulting reduction in pressure as
well.
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3.4 Inventory Control System

The inventory control system serves to maintain pressure in the heat transport system when the
pressurizer is isolated and to maintain level in the pressurizer under normal operating condi-
tions. It also serves as a reserve source of heavy water to compensate for minor leakage and to
maintain heavy water purity by means of the purification system. This requires continuous
bleeding and feeding of heavy water so that it can be treated appropriately. Figure 15 shows a
diagrammatic arrangement of a typical inventory control system for purification and feeding of
coolant to the heat transport system. The heavy water is at high temperature and pressure
upon leaving the system. Therefore, it must be treated under either high pressure or low
pressure conditions. Figure 15 shows a system with high pressure purification to minimize
pressure reduction and pumping back to pressure, but the feed and bleed operation and heavy
water storage are at lower pressure, with the coolant initially passing through a degasser before
being pumped back into the system. Furthermore, the ion exchange resins cannot withstand
high temperatures, and therefore cooling to about 50°C is required before purification. It is
advantageous to use the heat removed from the bleed flow to heat the feed flow before it is
returned to the heat transport system. Therefore, the system includes interchangers as well as
service water coolers.
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Figure 15 Heat transport purification and feed system

3.5 Shutdown Cooling System
When the reactor is shut down, decay heat is removed through the steam generators and the
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steam reject system. If the reactor must be cooled down, the steam reject system can function
well until the steam generator pressure drops so low that the volume flow rate through the
steam reject or condenser steam discharge valves is insufficient for effective cooling. This
occurs at about 150°C to 165°C. Operation of the shutdown cooling system is initiated before
this stage is reached and removes heat directly from the heat transport system. A typical
system is shown in Figure 16. It can handle about 10% to 15% of the main system flow and is
capable of removing 1% to 3% of reactor full power heat.
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Figure 16 Shutdown cooling system

3.6 Partial Boiling in CANDU Reactors

Although CANDU reactors have pressurized primary coolant systems where boiling is
suppressed, local boiling does occur in the highest rated fuel channels. The steam produced is
subsequently partially condensed when it mixes with coolant from lower rated fuel channels.
This has some definite advantages. Slight boiling enhances the heat transfer coefficient on the
fuel element surfaces, thus promoting heat transfer. It also increases the heat removal capacity
of the coolant because the enthalpy of the mixture leaving the fuel channel is increased.
Thirdly, after mixing with coolant from nonboiling fuel channels, the average coolant exit
temperature is at saturated conditions with some vapour present, or at least closer to saturated
conditions than it would be if there were no boiling. This means that the coolant entering the
steam generators is at as high a temperature as possible considering the prevailing pressure in
the system. The degree of boiling is limited to about 3% by weight to avoid flow instability
problems and to maintain a sufficient margin to avoid dryout of the fuel elements. This small
amount of steam is nevertheless about 25% by volume at prevailing pressures and is not
insignificant with regard to reactivity effects because it does provide slight positive feedback.
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This occurs because the fuel channel spacing is greater than optimum, resulting in over-
moderation of neutrons. Voidage reduces the moderating effect and reduces neutron
absorption, creating conditions closer to the optimum.

3.7 Pressure and Level Effects

Pressure in the heat transport system must be maintained within certain limits to avoid over-
pressure conditions if it is too high or excessive vapour production and pump cavitation if it is
too low. Although these problems can be easily controlled by venting some vapour (if the
pressure is too high) or heating the liquid (if the pressure is too low), the required liquid level in
the pressurizer must also be maintained, and therefore level and pressure are interdependent,
although independently controlled. Level changes occur during warm-up and shutdown and
also during power increases and decreases due to changes in average coolant temperature. As
the average coolant temperature rises and increases the coolant volume, the excess is pushed
into the pressurizer, causing an increase in level. During warm-up from the cold shutdown
condition to the hot standby condition, as much as 60 m*> may be displaced due to swelling. The
resulting rise in pressurizer level is accommodated by the feed and bleed system, which
temporarily increases the extraction rate. With an increase in power, there is additional
swelling due to a further increase in average temperature and the onset of limited vapour
generation. Note that the steam generator steam pressure and hence steam temperature are
kept constant, and therefore, to achieve an increased heat transfer rate, the temperature
difference between the primary side reactor coolant and the secondary side water and steam
must increase. Hence, the average reactor coolant temperature in the steam generator must
increase, which causes an increase in its specific volume. This last effect accounts for about 10
m?> to 20 m? displacement of reactor coolant. This is accommodated by ramping up the set-
point of the pressurizer level control system. Power transients therefore do not force a change
in inventory and have minimal impact on the feed and bleed system.

3.8 Temperature and Nuclear Considerations

Temperature and voidage both affect reactor reactivity. Generally, temperature causes a change
in reactivity as the coolant goes from cold shutdown conditions to hot shutdown conditions.
This leads to a negative coefficient of reactivity with new fuel and a slight positive coefficient
with equilibrium fuel. During normal operation, when some boiling occurs in the fuel channels,
the effect of voidage becomes significant. Because so little moderator is present between the
closest fuel rods, there is little initial moderating of neutrons, and the fast fission factor in-
creases. Moreover, with higher neutron energies, there is less probability of resonance absorp-
tion. Both these effects contribute to an increase in reactivity, giving a positive coefficient of
reactivity as voidage increases. In the overall design, these effects are compensated for by
other negative coefficients and by the reactor regulating system.

During operation of the primary system, the heavy water isotopic concentration is slowly
downgraded due to leakage and chemical treatment. The increase in light water increases
neutron absorption. This reduces neutron economy and results in an increase in fuel usage.
Moreover, with reduced heavy water isotopic concentration, additional reactivity worth must be
added to maintain criticality. In the event of a loss of coolant accident and channel void forma-
tion, the increase in positive reactivity will be greater. To ensure that this will be controllable,
there is a lower limit on heavy water isotopic concentration. This is generally in the range of
97.5% to 98.5%, while the normal value is around 99.5%.
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There is also an upper limit on fuel channel heavy water isotopic concentration. It should
always be less than the calandria heavy water isotopic concentration by a small margin. This is
necessary because, in the event of an in-core loss of coolant accident, the possible penetration
of channel coolant into the calandria may displace moderator containing neutron poison. The
concentration of light water must therefore be sufficient to absorb at least as many neutrons as
the poison and light water in the moderator would have absorbed before the accident.

4 Steam Generators

4.1 Steam Generator Function

The steam generator serves the primary function of supplying energy to the turbine for power
production. It also serves the secondary function, but one most important from the safety
point of view, of removing energy from the reactor. Immediately after a reactor trip, the decay
heat of the fission products amounts to some 7% of full power heat production. The most
practical method of removing this heat is through the steam generator. Hence, it is necessary to
maintain a certain minimum water inventory in the steam generator and to ensure that
adequate reserve supplies of feed water are available.

The steam generator also serves as the main controlling link between the nuclear reactor and
the turbine generator. The power flows of the primary coolant system and the secondary steam
system must be balanced under all conditions. Any imbalance will cause an accumulation or a
depletion of the total heat content of the steam generator inventory, which in turn will result in
a rise or fall of steam pressure. Steam pressure is therefore a key parameter in plant control.

The steam generator separates the primary coolant circuit from the secondary steam circuit and
hence prevents radioactive products in the reactor coolant from entering the steam turbine and
the feedwater heating system. This barrier is an additional safety feature and also minimizes
the area over which radiation monitoring is required.

As an example of the importance of the steam generator in performing an essential safety
function, consider a nuclear plant with an electrical output of 600 MW. The reactor produces
approximately 1800 MW of heat, and the decay heat amounts to about 120 MW immediately
after a reactor trip from full power. This is a substantial amount, the removal of which must be
guaranteed under all conditions, including for a certain period after shutdown, because it takes
almost 10 hours for this heat to fall to a tenth of the initial value, that is, about 12 MW for the
example given. Separate smaller capacity heat removal systems can handle these lesser heat
flows on their own after the reactor has been shut down for some time, although they are often
put into service while the steam generators are still handling the major portion of the heat flow.

4.2 Steam Generator Conditions

The primary coolant enters the steam generators at nearly saturated conditions or saturated
with some steam present. As shown in Figure 17, it passes through the inverted U-tubes at high
velocity, resulting in high heat transfer coefficients on the inside of the tubes. Water on the
outside of the tubes is at lower pressure and therefore boils under the prevailing conditions.
This boiling results in high heat transfer coefficients on the outside of the tubes and induces a
strong upward convection current which promotes recirculation of the water in the steam
generator, while the steam produced is separated for use in the steam system. A feature of the
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steam generator is the high heat transfer rate across the tubes compared with other types of
heat exchangers. This high heat transfer rate leads to a large temperature difference across the
tubes themselves, as well as in the boundary layer on each side of the tubes. Typically, the
temperature differences in the two boundary layers and across the tube itself are all
approximately the same. This means that the temperature drop across the tubes is about one
third of the total temperature difference and cannot be disregarded as in some other heat
exchangers such as the main condenser.

Ideally, heat exchangers should be counter-flow to minimize the temperature difference
between the hot and cold fluids. This is not possible with a phase change on one side of the
heat exchanger. Steam is therefore generated on the secondary side at a somewhat lower
temperature than the primary coolant inlet temperature. To maintain good thermodynamic
efficiency, a partial counter-flow arrangement is achieved by the subcooled feed water, which
enters the steam generator being passed through a preheater section before mixing with the
saturated recirculating water. The preheater receives heat from the primary coolant just before
its exit to minimize large temperature differences across which heat is transferred. The
temperature profile along the length of the tubes is shown in Figure 18. Table 3 gives typical
operating parameters of a CANDU 6 steam generator.
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Figure 17 Steam generator for CANDU system
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Table 3 Steam generator conditions (CANDU 6)

Type Vertical U-Tube with Preheater
Number of Steam Generators 4

Heat Transfer Area (each) 3127 m?
Heat Transferred (total) 2064 MW
Coolant Flow Rate (total) 7600 kg/s
Coolant Inlet Temperature 312°C
Coolant Outlet Temperature 266°C
Steam Flow Rate (total) 1047 kgls
Feedwater Flow Rate 959 kg/s
Reheater Return Flow Rate 89 kg/s
Blowdown Flow Rate 1 kgls
Steam Outlet Pressure 4.69 MPa (a)
Steam Outlet Temperature 260°C
Feedwater Inlet Temperature 187°C
Reheater Drain Inlet Temperature 258°C

4.3 Pressure Control

Any mismatch in the rate of heat flow to the steam generator on the primary side or from it on
the secondary side will result in a change in steam pressure. Control of steam generator pres-
sure is therefore achieved by reactor heat input or steam turbine output. It therefore becomes
part of overall plant control, which is covered in Chapter 10.
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A change in steam pressure in the steam generator affects steam generator water level. A
reduction in pressure causes the expansion of existing vapour bubbles in the water and addi-
tional evolution of vapour due to the lower saturation conditions. The result is a rise in water
level or swelling of the inventory. An increase in pressure has the opposite effect, shrinking of
the inventory. These are transient conditions, and the original conditions are restored when
steam pressure returns to normal.

A change in load also affects the level. A simultaneous increase in reactor output and turbine
generator load will not affect steam pressure, but will result in increased evolution of vapour
within the water space. This will in turn cause a rise in water level or swelling of the inventory.
The opposite will cause shrinking of the inventory. These are steady state effects, and hence
there is a relationship between load and level. The level control system takes this into account
by ramping up the level set-point as load increases.

4.4 Level Control

Considering the effects described above, it is evident that level control is a critical aspect of
steam generator performance. A change in pressure is usually induced by a change in load. An
increase in turbine load, for example, will cause a drop in steam pressure as more steam is
drawn from the system. This will cause transient swelling, and the rise in water level would
indicate that less feed water is required, when in fact more will be required to meet the in-
creased steam demand. Inventory control by level only will result in excessive level fluctuations.
To solve this problem, the control system compares steam flow and feedwater flow and com-
bines the result with the level indication. Such a three element level control system gives better
control in normal operation, while single element level control using level measurement only is
satisfactory for low power operation.

4.5 Comparison of CANDU and PWR Systems

A comparison of steam generators as used in the PWR and CANDU systems is instructive in
comparing their relative merits. Both are very similar in construction. Natural circulation drives
the flow upwards over the tube bundle and downwards through a peripheral annulus after
separation of the steam, which occurs in cyclonic separators. Above the cyclones are steam
dryers, so that the steam leaving the steam generator has a moisture content of only about
0.25%. The fundamental difference between the PWR and CANDU steam generators is shown
in Figure 19 and Figure 20 respectively. The feed water enters the PWR steam generator at the
top near the normal water level and mixes with the recirculating water before passing down the
annulus. The recirculating water is therefore somewhat subcooled when it re-enters the tube
bundle. In the CANDU steam generator, the feed water enters at the bottom and passes over
the outlet side of the tube bundle before mixing with the recirculating water. The feed water is
thus preheated by the exiting coolant in a counter-flow arrangement, while the recirculating
water within the steam generator is not subject to subcooling. This is an advantage from a
thermodynamic point of view because hot and cold fluids are not mixed, but limits must be
placed on the feedwater temperature range to avoid thermal shock to the steam generator
tubes, and a deaerator with hot storage capabilities is essential. In the PWR, this is not a
problem because thorough mixing occurs before the water enters the tube bundle. This means
that the PWR steam generator can receive feed water over a much wider temperature range
and that hot storage of feed water is not essential.
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5 Steam System

5.1 General Arrangement

From the steam generators, steam is piped to the high pressure turbine at a temperature of
about 260°C, as shown in Figure 21, where it expands partially in the high pressure turbine,
yielding some useful work. The steam is then put through a separator and reheater, where
moisture in the steam is removed in a cyclonic separator and the steam brought up to higher
temperature in a heat exchanger using steam directly from the steam generator. The super-
heated steam is then passed in parallel through two or three low pressure turbines where the
remaining energy is removed from the expanding steam. The steam is then passed to a con-
denser where it is condensed. This condensate is pumped through low pressure feedwater
heaters where it is preheated. It is then passed through a deaerator and pumped through high
pressure feedwater heaters for further preheating. It re-enters the steam generator at a tem-
perature of about 180°C. Table 4 gives typical technical and operating parameters for a CANDU
6 steam turbine.

Table 4 Turbine generator conditions (CANDU 6)

Number of HP Cylinders 1 (double flow)
Number of LP Cylinders 3 (double flow)
Number of Moisture Separators 4

Number of Reheaters 2

Steam Flow Rate (total) 1047 kgls
Steam Flow Rate (turbine) 957 kg/s

HP Steam Inlet Pressure 4.55 MPa (a)
HP Steam Inlet Temperature 258°C

LP Steam Inlet Pressure 0.588 MPa (a)
LP Steam Inlet Temperature 242°C

Steam Exhaust Pressure 0.0042 MPa (a) (typical)
Steam Exhaust Temperature 30°C (typical)
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Figure 21 Steam and feedwater system for a CANDU reactor

Control of steam flow is important to protect the steam generators as well as the steam turbine.
Provision is therefore made to release excess steam to avoid over-pressure in the steam genera-
tors and to stop steam flow to the turbine if electrical output is terminated or if a component or
system fails on the turbine generator.

5.2 Steam Bypass System

The main steam system is somewhat more complex than that shown diagrammatically in Figure
21 because provision must be made to discharge excess steam when it is not required or cannot
be used. It is advantageous to recover this steam, condense it, and return it to the feedwater
system, but if this is not possible, it must be discharged to the atmosphere. Figure 22 shows the

steam system for a CANDU 6 unit with the various valves to control steam flow under various
conditions.
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Figure 22 Main steam system (Point Lepreau) (courtesy of NB Power)

As mentioned above, the steam generator has the important secondary function of removing
heat from the reactor after a turbine trip. Under such circumstances, the excess steam must be
diverted elsewhere. Excess steam may be vented to the atmosphere through atmospheric
discharge valves. This, however, is wasteful, and it is better to recover the steam in the con-
denser and to reuse the condensate. All plants therefore have a steam bypass system to enable
excess steam to be dumped to the condenser through the condenser steam discharge valves
and recovered by the condensate system. The condenser bypass system is usually designed to
accept the maximum quantity of steam that can be handled by the condenser to enable excess
steam to be bypassed under a range of reactor operating conditions. In the event that the
atmospheric discharge valves and condenser steam discharge valves are both inoperable, there
are conventional boiler safety valves on the steam generators to enable discharge of excess
steam.

During plant start-up, the reactor load is increased progressively through a series of checks on
its operation. During this time, it might not be desirable to run the turbine, and hence excess
steam would be discharged to the condenser, bypassing the turbine.

Another situation is a turbine trip or grid system disruption requiring a temporary rejection of
load. Such a large load reduction would result in a buildup of neutron absorbing xenon in the
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reactor to the extent that it would force a reactor shutdown. To avoid this situation, the reactor
load must be maintained at about 60%. By dumping the equivalent quantity of steam into the
condenser, reactor load can be maintained at a sufficiently high level to avoid xenon poisoning
and a long term forced shutdown. Because the steam cycle has a thermal efficiency of about
30%, almost all the remaining 70% of heat input can be rejected to the environment through
the condenser. The maximum heat rejection capabilities of the condenser therefore roughly
match the minimum load required by the reactor to avoid excessive xenon buildup and reactor
poisoning.

5.3 Condenser Steam Discharge Valves

The condenser steam discharge valves open progressively to control steam generator pressure
by discharging an appropriate amount of surplus steam. Under certain circumstances, when the
turbine is unavailable and it is desirable to maintain load on a nuclear reactor to prevent poison-
ing out with xenon buildup, substantial quantities of steam may have to be discharged for an
extended period. This steam enters the condenser space at high velocity and in a hot super-
heated condition. To avoid thermal damage to the condenser structure and tubes and to the
condenser neck expansion joint, cool condensate is sprayed into the steam to cool it to normal
condenser temperatures. Provision must also be made to avoid flow induced vibration due to
the high velocities generated. A typical location of the steam discharge headers is shown in
Figure 35 and Figure 36 in the section on the condenser later in this chapter.

Certain limits are imposed on the operation of the condenser steam discharge valves. Under
particular circumstances, the condenser steam discharge valves are prevented from opening
and discharging steam. Circumstances leading to this are reduced condenser vacuum or high
turbine load when the ability of the condenser to absorb additional thermal load is limited.

5.4 Turbine Control Valves

The steam turbine has stop valves and governor valves on all high pressure turbine inlet pipes.
The governor valves control the steam flow to the turbine and hence the turbine output, while
the stop valves close in an emergency to stop all flow of steam to the turbine. In the event of a
turbine trip, they operate together as a back-up to one another, but during a load rejection, the
stop valves stay open. In addition, most turbines have stop valves and all have intercept valves
on all the low pressure turbine inlet pipes to serve the same purpose with regard to the steam
trapped in the moisture separator and reheater system. Expansion of this steam could acceler-
ate the turbine generator to overspeed conditions if it were allowed to enter the low pressure
turbine. Separate steam release valves enable this trapped steam to be released to the con-
denser.

6 Steam Turbine

6.1 General Arrangement

Steam turbines consist essentially of a casing to which stationary blades are fixed on the inside
and a rotor carrying moving blades on its periphery. The rotor is fitted inside the casing, with
the rows of moving blades penetrating between the rows of fixed blades. Therefore, steam
flowing through the turbine passes alternately through fixed and moving blades, with the fixed
blades directing the steam at the correct angle for entry into the moving blades. Both casings
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and rotors must be constructed to minimize damaging thermal stresses, and the moving blades
must be fitted securely to the rotor to withstand high centrifugal forces.

Where the rotor shaft passes through the ends of the casing, a seal is required to prevent steam
leakage and air ingress. In addition, within the casing, seals are required to prevent steam from
leaking around the blades rather than passing through them. Turbine seals are of the labyrinth
type where there is no mechanical contact between fixed and rotating parts. Leakage is there-
fore not really eliminated, but merely controlled to minimal amounts.

The rotor shafts are carried on bearings and are linked together and to the electrical generator.
Bearings must be properly aligned to accommodate the natural gravitational bending of the
shaft. Allowance must also be made for differential expansion between the rotors and the
casings during thermal transients. Both must be free to expand without upsetting the align-
ment, while allowing the rotors to expand more quickly and to a greater degree than the casing.
Lubrication is required for the bearings. Multiple pumps driven by alternative power sources
ensure adequate lubrication under all operating circumstances.

6.2 Turbine Cylinders

Typical units applicable to CANDU plants have a high pressure cylinder and three low pressure
cylinders. These are designed to accommodate the increasing specific volume of the steam as it
expands down to subatmospheric pressures. Provision is also made for steam quality improve-
ment by reheating and for the extraction of partially expanded steam for feedwater heating.

To withstand pressure, thick cylinder walls are required, but to minimize thermal stress, abrupt
changes in thickness and asymmetrical arrangements should be avoided. This leads inevitably
to smooth rounded profiles of the stress bearing components. In addition, uniform heating of
components is desirable to avoid differential expansion and undue thermal stress. This requires
sections of uniform thickness and provision for steam circulation within the casing, as shown in
Figure 23, to promote uniform temperature changes, particularly during unit start-up. Steam
access into and out of the cylinder must also be accommodated, which requires special nozzles
and casing reinforcement in these areas. Furthermore, overall expansion of the components
must be accommodated, and therefore the cylinders must be mounted on sliding pads with
keys to maintain alignment.

To assemble the turbine and to disassemble it for maintenance, the casing must be split in some
way. The joint is normally horizontal so that the upper half can be removed, leaving the lower
half in position along with the rotating parts.

The high pressure turbine is fairly compact due to the low specific volume of steam at this point
in the steam cycle. Provision is made to extract steam for feedwater heating and for steam
circulation within the casing to promote uniform heating and cooling. Figure 23 shows the high
pressure cylinder of a 900 MW turbine for a PWR, which has high pressure steam conditions
fairly close to those of a CANDU reactor.
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Figure 23 High pressure turbine cross section for nuclear unit (courtesy of Eskom)

Low pressure turbines are very much larger because they must accommodate the increase in
specific volume as the steam expands. Low pressure turbines are therefore of different con-
struction. An inner casing supports the fixed blading and has annular channels through which
steam is extracted for feedwater heating. Surrounding each entire low pressure turbine is an
exhaust hood into which the exhaust steam flows before passing into the condenser below the
turbine. Figure 24 shows the low pressure cylinder of a 900 MW turbine for a PWR which has
low pressure steam conditions fairly close to those of a CANDU reactor.

Figure 24 Low pressure turbine cross section for nuclear unit (courtesy of Eskom)

Diaphragms carrying the fixed blades are fixed inside the turbine cylinders. Like the cylinder
casings, they are split horizontally to enable assembly around the turbine rotor. Because there
is a pressure drop across the fixed blades in both impulse and reaction turbines, sealing must be
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provided between the diaphragms and the rotor to minimize steam leakage.

In turbines with reaction blading, significant axial thrust is developed by the steam flow. Double
flow turbines are normally used so that this axial thrust is balanced by opposing forces. Tur-
bines with impulse blading do not develop this large thrust, but the low pressure blading near
the turbine exhaust must have a reaction component due to the length of the blades. There-
fore, all large low pressure turbines are double flow.

6.3 Turbine Rotors

The moving blades are mounted on and transmit power to the turbine rotors. Their shafts are
coupled together and drive the generator rotor. Rotors must be able to transmit the applied
torque and to withstand the gravitational force due to their mass. As with casings, rotors are
subject to high temperatures and must be built to minimize thermal stress during temperature
transients. A certain degree of rigidity is important to minimize vibration during full speed
operation as well as during run-up and shutdown. Rotors of small turbines are usually ma-
chined from solid forgings, but large turbines and especially low pressure turbines are usually
built up from discs shrunk onto a stepped shaft.

The blades are attached to the turbine rotors in various ways and in such a pattern as to mini-
mize unbalanced forces. Even with close manufacturing tolerances, there is a slight mass
variation between blades. The moment of each blade with respect to the shaft centre is meas-
ured and the blades arranged around the circumference to minimize out of balance forces and
to ensure uniform stress on the turbine discs. Even so, some imbalance is inevitable, and the
turbine rotor must be dynamically balanced, usually at full speed, in a specially designed tunnel
or pit.

The generator rotor is invariably the longest of the rotors making up the entire turbine genera-
tor. A typical generator is illustrated in Figure 25, which shows the rotor. The rotor carries the
field coils which excite the stator coils to produce electric power. Because the field coils carry
heavy currents, they must be sufficiently robust and well cooled. The individual current carrying
bars must be well insulated and securely mounted to withstand centrifugal forces. Cooling is by
hydrogen under pressure circulating through the bars. The hydrogen is driven by fans mounted
on the rotor, which contribute to the full speed no-load frictional resistance felt by the machine.
More frictional resistance arises from the shaft bearings of all rotors. The stator is also cooled
by hydrogen and often by water passing through the windings as well. Electric power is pro-
duced at high voltage, and insulation must be designed accordingly.
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Figure 25 Electrical generator for a large turbine (courtesy of Siemens)

6.4 Turbine Blading

Turbine blades are either fixed or moving and are shaped so that energy transfer takes place by
the impulse or reaction principle. The blade design is governed by the steam conditions in the
turbine, the desired steam velocities and directions, and the steam forces on the blades. In
addition, consideration must be given to geometrical limitations and dynamic forces arising
from high speed turbine rotation. The moving blades in particular are subject to very high
centrifugal forces and are sensitive to vibration induced by turbine rotation and steam flow.

Figure 26 shows a large nuclear steam turbine under construction. This turbine receives satu-
rated steam at 5.5 MPa from a pressurized water reactor, operates at 1500 revolutions per
minute, and has a nominal rating of 900 MW. In the figure, the lower half of a diaphragm
containing one row of fixed blades for one low pressure cylinder is seen being lowered into
position. Also shown are the moving blades attached to the rotor of another low pressure
cylinder. In the background is one complete rotor for a low pressure turbine. It is evident from
this photograph that the fixed blades are securely fixed at both ends in a robust diaphragm. The
moving blades, however, are attached only to the rotor discs and may or may not have tip
shrouding or lacing wires to increase rigidity. Both tip shrouding and lacing wires are used in
this machine and can be seen in the picture.
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Figure 26 Construction of a 900 MW steam turbine for a nuclear unit (courtesy of Eskom)

The design philosophy for fixed and moving blades is naturally different. All large turbines have
pressure compounded impulse blading or reaction blading so that there is a pressure drop
across the fixed blading. The blades must withstand this pressure drop, and if the design
provides for a large diaphragm, as is usually the case in low pressure turbines, the blades must
also support the pressure difference across the diaphragm. The blades may therefore be quite
wide (as measured in the axial direction), especially towards the outer diameter. On the other
hand, moving blades are subject to high centrifugal forces and have a slender shape decreasing
in width towards the outer diameter.

When steam expands below the saturation line, some condensation takes place, and the steam
becomes wet. A very fine mist of droplets forms and passes over the blading, and some is
deposited on the blades to create a film of water. This film is swept off the blades and en-
trained by the steam. The size of these entrained drops is governed by surface tension rather
than by condensation phenomena. They are therefore somewhat larger than the original
condensation droplets and, when travelling at high velocity, can damage any material on which
they impinge. Being larger and heavier, they are also separated more easily from the main
steam flow during changes in direction. When these larger drops are swept off the fixed blades,
their velocity tends to be lower than that of the steam, and the moving blades tend to run into
them at high speed. The impact of the drops on the blades (more accurately the blades on the
drops) causes material erosion from the blades. Minute amounts of material are removed,
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leaving a rough etched like surface. If severe, this material removal can change the blade profile
and weaken the blade. After impact on the moving blades, the water film tends to be thrown
off towards the periphery by centrifugal action. Turbine blades must be designed to withstand
moisture erosion in the affected areas. This is done using inserts of hard erosion resistant
material such as tungsten or stellite or by specialized heat treatment to harden the blades in
selected areas.

6.5 Turbine Sealing Principles

Steam turbines receive steam at high pressure and discharge it at high vacuum conditions.
Provision must therefore be made to prevent steam from leaking out of the turbine where the
steam pressure is high and air from leaking into the turbine where the steam pressure is below
atmospheric. The turbine casing can be made steam tight with accurately machined flange
joints, but where the rotating shaft passes through the stationary casing, leak tight joints cannot
be made without direct contact between fixed and rotating parts. Similarly, within the turbine
itself, there is a stepwise steam pressure drop through the various stages. Each diaphragm
carrying the fixed blades must withstand a pressure differential and have seals around the hole
through which the rotating shaft passes. In a reaction turbine, where there is a pressure drop
across the moving blades as well, these must have seals around their periphery to reduce steam
leakage around the top of the blades.

Various types of glands have been devised, but large steam turbines all use the labyrinth type of
seal. The distinct advantage of this type of seal is the lack of direct mechanical contact. Under
normal circumstances, this eliminates mechanical friction and wear and heat buildup. The
objective is not to eliminate leakage, but to reduce it to manageable proportions. Labyrinth
seals are therefore designed to pass steam through the gap between the fixed and moving
parts. Abnormal shaft deflection, however, can cause contact between the shaft and seals. The
seals are therefore spring mounted so that they can be pushed back and are thin so that they
can deform or wear away quickly in the event of contact to avoid overheating and damage to
the turbine shaft.

Figure 27 Spring mounted labyrinth seal to accommodate shaft deflection
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6.6 Turbine Seals

Pressure in a turbine drops from the inlet to the exhaust, with the exhaust being under subat-
mospheric conditions. Moreover, as the turbine load changes, so does the steam pressure. The
steam flow through the turbine is proportional to the inlet steam pressure. Therefore, as the
turbine is throttled and steam flow reduced, the inlet steam pressure drops and, in the limit,
will drop to condenser vacuum conditions under no flow. In any case, the entire steam space of
the turbine is connected to the condenser, and at start-up, before steam is admitted to the
turbine, this space throughout the turbine will be at the same pressure as the condenser, that
is, very nearly a complete vacuum. Under these conditions, air will leak into the turbine
through the shaft seals, creating difficulty in maintaining the proper vacuum conditions.

To overcome this problem of air in-leakage, provision is made to supply low pressure steam to
the shaft seals when they are subjected to subatmospheric internal pressures. This steam is fed
into the seals in such a way that some leaks through the labyrinth rings into the turbine and
some leaks through the opposite rings to the outside atmosphere, as shown in Figure 28. As
long as steam flows outwards, air cannot enter the turbine against this flow, and the condenser
is protected against air ingress. The steam that leaks inwards into the turbine space is simply
condensed in the condenser and rejoins the steam-water circuit. The steam that leaks out of
the turbine to atmosphere is lost unless special provision is made to capture it. With the advent
of larger turbines, provision has been made to recover this leakage steam.

Casing Steam supply above
atmospheric pressure

Steam leakage
out of turbine
prevents air inflow

Steam leakage
into turbine

- -
o £

Figure 28 Principle of operation of LP turbine shaft seal (courtesy of NB Power)

6.7 Steam Sealing System

A typical steam sealing system must prevent inward air leakage at all turbine shaft seals during
start-up and very low load operation and prevent outward steam leakage at the high pressure
turbine and inward air leakage at the low pressure turbine during normal operation. Therefore,
auxiliary steam from outside the turbine must be supplied during start-up, but once a certain
load has been reached, the steam leaking through the high pressure turbine seals can be
directed to the low pressure turbine seals, and the whole system becomes self-sufficient.
Figure 29 shows a simplified steam sealing system for a large turbine.
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Figure 29 Turbine steam sealing system

6.8 Turbine Bearings

Large steam turbines are made up of several rotating sections, with each section coupled rigidly
with the adjacent one. Normally, each rotor is mounted on a pair of journal bearings, one at
each end, with the couplings between the bearings of adjacent rotors. The bearings are
mounted on foundations to secure the rotating elements in the proper vertical and transverse
positions. The bearings are supplied with lubricating oil, and the shaft rides on a hydrodynamic
oil film without metal to metal contact. When starting from rest with the oil film having been
squeezed out, there is metal to metal contact. To avoid rubbing and scoring of the bearings,
high pressure jacking oil is supplied to a point under the shaft to lift the shaft off the bearings
before commencing rotation.

To secure the shaft in the proper axial position, a single thrust bearing is provided, usually close
to the high pressure turbine, but always in a location that will minimize shaft movement in
other parts of the turbine due to thermal expansion. The shaft will naturally expand outwards
from the thrust bearing. The turbine casings are also fixed to the foundations in a way that
permits free thermal expansion. These fixing points must be positioned to minimize differential
movement between the casing and rotor and must maintain proper radial alignment of the
rotating parts within the fixed parts. Typical locations of fixing points for a large turbine are
shown in Figure 30.
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Figure 30 Fixing points for turbine rotors and casings (courtesy of NB Power)

All turbine rotors are slightly flexible due to the elastic nature of the material from which they
are made. They therefore bend slightly under the influence of gravity. As they rotate, this bend
remains always in the direction of the force of gravity. The couplings are consequently tilted
slightly upwards. To ensure proper alighnment at the couplings, the adjacent rotors must be
installed at a slight upward angle. They in turn deform slightly under gravity, and their outer
bearings must be elevated further to compensate for bending. The further a rotor is from the
centre, the greater the compensation required. The result is that the entire turbine shaft is
mounted along a catenary, as shown in Figure 31. The end points may be some 20 mm to 30
mm higher than the midpoint in a large steam turbine and generator.
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Figure 31 Turbine generator shaft catenary

6.9 Bearing Lubrication

Lubricating oil is supplied to all bearings to maintain hydrodynamic lubrication and to cool the
bearings. Heat is generated in the oil by friction in the hydrodynamic oil film and by turbulence
within the oil itself. Furthermore, a substantial amount of heat is conducted from the steam in
the turbine to the bearing through the shaft.
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To ensure continuity of oil supply, there are three or four oil pumps driven by different power
sources. The main oil pump is usually driven directly by the turbine through a hydraulic connec-
tion to an oil driven turbine and sometimes by an uninterruptable electrical connection from a
small separate generator on the turbine shaft. As the turbine runs up to speed, more power is
provided to run the pump, which increases its speed, and at some intermediate turbine speed,
the main oil pump output reaches the required value.

The auxiliary oil pump is electrically driven and is supplied with power from the station or unit
auxiliary electrical systems. It is used during turbine run-up and rundown when the main oil
pump does not provide adequate oil pressure. It can also be used as an emergency oil pump at
any time, should the main oil pump fail. At low turbine speeds, however, this pump itself could
fail, and therefore an emergency pump is required.

At least one electrically driven emergency pump is provided. Its power supply is usually from an
uninterruptable electrical source such as the station emergency electrical system, from a DC
battery system, or both if two emergency pumps are provided.

There are also jacking oil pumps to lift the shaft off the bearings before rolling the turbine after
a shutdown in which the turbine has been stopped. These are positive displacement pumps
with a separate pump supplying each bearing to ensure a definite flow to each bearing. Figure
32 shows a typical lubricating oil system for a large steam turbine.
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Figure 32 Turbine lubricating oil system
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7 Reheating and Feed Heating

7.1 Steam Separators and Reheaters

Reheating is required to ensure adequate steam quality at the turbine exhaust to minimize
moisture erosion and is done locally, as part of the steam system, in independent reheaters
using some high pressure steam. Reheating with high pressure steam limits the maximum
temperature of the reheated steam, but sufficient superheat is still present to ensure that the
low pressure turbine exhaust steam wetness is not more than about 10%. The reheater gener-
ally consists of finned tubes carrying high pressure steam, which condenses fully to water inside
the tubes while transferring its heat to the lower pressure steam flowing over the outside.
Reheating is preceded by removal of excess moisture from the steam leaving the high pressure
turbine in separators. The separators may be separate from or integral with the reheaters. If
separate, they usually operate using centrifugal principles, where the steam is given a strong
swirling motion to throw out the moisture. If integral, sudden changes in the direction of the
steam cause moisture to be trapped by chevron type plates.

The flow of reheating steam is governed by the flow of reheated steam. As the reheated steam
extracts heat from the reheating steam, the latter condenses. The greater the flow of reheated
steam and hence the rate of heat extraction, the greater is the condensation rate and hence the
required flow of heating steam to take its place. The system is therefore self-regulating pro-
vided that the heating steam is fully condensed in the tubes and that the condensate is released
in a controlled manner. It is either pumped back into the steam generator (CANDU) or cascaded
into the highest pressure feedwater heater (PWR).

7.2 Deaerator

The deaerator is part of the feedwater heating system and receives extraction steam from the
turbine. The condensate to be heated and the extraction steam are intimately mixed in the
deaerator by a system of spray nozzles and cascading trays between which the steam percolates
as shown in Figure 33. The condensate is heated to saturated conditions and the steam con-
densed in the process. Any dissolved gases in the condensate are released in this process and
removed from the deaerator by venting to the atmosphere or to the main condenser. This
ensures removal of oxygen from the system particularly during turbine start-up and minimizes
the risk of corrosion within the system. Venting to the atmosphere reduces the load on the
condenser vacuum pumps, but results in some steam loss unless provision is made to condense
it and return it to the condensate system. Venting to atmosphere is only possible if the deaera-
tor pressure is above atmospheric as it is at higher loads. In the CANDU system, auxiliary
(pegging) steam is supplied at low loads to maintain elevated temperatures in the deaerator
storage tank.
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Figure 33 Deaerator and deaerator storage tank (courtesy of NB Power)

Immediately below the deaerator is the deaerator storage tank, where a large quantity of feed
water is stored at near saturation conditions. In the event of a turbine trip, the steam generator
will require an assured supply of feed water to maintain the required water inventory during
subsequent stabilizing conditions, during which residual heat must be removed. During such
conditions, the loss of extraction steam to the high pressure feedwater heaters renders them
ineffective, and water from the deaerator storage tank is pumped into the boiler or steam
generator without further heating. If deaerator pressure is maintained between 0.5 MPa and
1.0 MPa, then the corresponding temperature of this stored feed water will be between 150°C
and 180°C. With an adequate supply of water at this temperature in the deaerator storage
tank, damaging thermal shock to the steam generator can be avoided.

The deaerator storage tank is usually located at a high elevation between the reactor contain-
ment and the turbine hall to ensure an adequate net positive suction head at the inlet to the
feedwater pumps, thus minimizing the risk of pump cavitation.

7.3 Feedwater Heaters

The low pressure feedwater heaters receive extraction steam from the low pressure turbine for
heating the feed water. Condensate extraction pumps pump condensate from the condenser
hotwell through the low pressure heaters to the deaerator.

The high pressure feedwater heaters receive extraction steam from the high pressure turbine.
Feedwater pumps pump feed water from the deaerator storage tank through the high pressure
heaters to the steam generator.

The conventional design for a feedwater heater is that of a horizontal cylindrical shell inside
which is a bank of U-tubes connected to a divided header at one end, as shown in Figure 34.
Feed water enters one side of the header, passes through the U-tubes, and leaves from the
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other side of the header. Extraction steam from the turbine enters the shell and passes over the
outside of the tubes, where it is condensed. The condensed steam collects in the bottom of the
shell and is drained away. Generally, the drains from the high pressure heaters are cascaded
through lower pressure heaters to the deaerator, and those from the low pressure heaters
likewise to the condenser.
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IMPINGEMENT  STEAM (ToCandansan * S
PLATES INLET ' C%“é%'ﬁ.'"gg‘"e TUBESHEET
AW 3# [ Z
fed e Z FEEDWATER
5 = »  OUTLET
fa o0 s {
7 T e FEEDWATER
7 === <4— INLET
DRAING TUBES NORMAL / DRAINS DRAINS
INLET DRAINS SUBCOOLING OUTLET
VENT LEVEL SECTION
HEADER SUBCOOLING
SECTION INLET

Figure 34 Feedwater heater with integral drain cooler (courtesy of NB Power)

Like the reheaters and deaerator, the feedwater heaters are self-regulating and draw only as
much extraction steam from the turbine as they require to heat the feed water. The greater the
feedwater flow, the greater is the rate of heat absorption from the steam, and the greater is the
flow of extraction steam.

In the event of a turbine trip, the steam supply to the turbine is cut off, and pressures through-
out the turbine drop to condenser pressure. Extraction steam pressures follow suit, inducing a
reverse flow from the feedwater heaters to the turbine. The low pressure in the feedwater
heater shell initiates vigorous flashing of any condensed steam. This may cause some water to
become entrained in the reverse steam flow to the turbine. Any water entering the turbine in
this way could cause severe damage to the turbine blading. As a precaution, therefore, non-
return valves are placed in the extraction steam lines between the feedwater heaters and the
turbine. These may be motor assisted to ensure sufficiently rapid closure at the onset of
reverse flow.

8 Condenser

8.1 General Arrangement

The purpose of the condenser is to condense the exhaust steam from the turbine so that it can
be returned to the system for reuse. In the Rankine cycle, the condenser is complementary to
the steam generator in that it condenses the steam while the steam generator evaporates the
water. Like the steam generator, it has a free water surface that interfaces with the steam, and
some form of level control is required. Steam leaving the turbine enters at the top of the
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condenser and circulates around the outside of the tubes, where it is condensed by cooling
water passing through the tubes. The resulting condensate rains down to collect in a hotwell at
the bottom of the condenser. Figure 35 and Figure 36 show a typical arrangement for a large
condenser.
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Figure 35 Condenser longitudinal section (courtesy of NB Power)
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Figure 36 Condenser cross section (courtesy of NB Power)

Cooling water from a lake or ocean is supplied to the condenser by circulating or cooling water
pumps and passes through the condenser tubes. The volume circulated is very large and the
supply pipes quite long, and therefore damaging inertial effects must be avoided when starting

OUNENE, all rights reserved. For educational use only, no assumed liability. Nuclear Plant Systems —July 2016



Nuclear Plant Systems 51

and stopping the pumps. In the event of a pump trip, vacuum breakers enable the water
column to separate at the condenser and provide an air cushion to avoid damaging reverse flow.

The condenser hotwell serves as the entry point for demineralized make-up water, which is
required to compensate for leakage losses. Level sensors indicate when there is a need for
additional water. Note that the level in the hotwell rises naturally as the system is heated and
loaded and water is displaced from other components.

An air extraction system removes air that is in the system before start-up and that may leak into
the system during normal operation. This system extracts air from the end of the steam path,
that is, at the centre of the condenser tube bundle, where it collects as steam is condensed.
Shrouded air cooling tubes in this region reduce the temperature locally to a few degrees below
saturation to increase the ratio of air to steam extracted. The air is extracted by vacuum pumps
which run continuously to maintain condenser vacuum.

In the CANDU system, water spray pipes and nozzles are located in the condenser shell outside
the tube bundle, so that during condenser steam bypass operation, cool condensate can be
sprayed into the steam entering the condenser from the bypass system. This steam is at a high
temperature and in a superheated condition and therefore must be cooled before it enters the
tube bundle.

9 Electrical Generator

9.1 Generator Rotor

The generator rotor is machined from a single long slender forging of high strength steel. Slots
are cut on two opposing sides for a two pole rotor and on four sides for a four pole rotor to take
the rotor windings. The latter are for large half speed turbine generators used in nuclear plants.
The poles between the slots produce the rotating magnetic field as the rotor turns. The copper
windings are laid in the slots in pairs so that the current flow in them produces opposite north
and south poles in a two pole rotor and alternating north and south poles in a four pole rotor.
When rotating, these magnetic poles induce an alternating current in the generator stator. The
rotor windings carry a large current at low voltage. Hence, they must be cooled and insulated
while being held securely in the slots against very high centrifugal forces.

The individual windings are separated from one another by insulating separators and from the
rotor itself by insulating slot liners. These are held in place by insulating blocks and aluminum
wedges that fit into tapered grooves at the top of the slots. The windings have spaces between
them to allow free flow of hydrogen coolant through the windings. A space is left at the bottom
of each slot to create a duct to enable coolant to flow into the rotor from the ends. The flow is
driven by centrifugal action, with the rate determined by holes in the wedges. This ensures
uniform distribution of coolant and consistent cooling of all rotor windings. Hydrogen under
moderate pressure (to increase its density) is a good coolant and very suitable for this applica-
tion.

The winding connections, which protrude at the ends of the slots, wrap around, and enter slots
further around the rotor, are held in place by end bells. These are ring shaped and are shrunk
onto the ends of the slotted part of the rotor. They cover the end windings and secure them
under the high centrifugal forces arising during operation. Centrifugal or axial flow fans are
fitted to the rotor shaft at each end to feed coolant to the ends of the rotor and to ensure
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proper circulation of hydrogen through the stator. Each fan serves one half of the generator.
Rotor current is provided by an exciter connected to and driven by the generator shaft. Current
is transferred to the rotor by fixed brushes and slip rings mounted on the shaft. This current is
on the order of 5000 A and the voltage around 500 V for a 660 MW generator.

9.2 Generator Stator

The generator stator, with its laminated iron core and heavy copper windings inside a robust
fabricated steel frame, is invariably the heaviest component of the turbine generator. The stator
core is made up of laminated steel sheets having low loss magnetic properties and with a
thickness of 0.5 mm or less. The sheets are coated with an insulating varnish to prevent circu-
lating currents. Slots are arranged in the core for the stator windings, and provision is made for
circulation of hydrogen coolant.

The stator current of a typical 660 MW generator operating at 24 kV and a power factor of 0.85
is on the order of 19,000 A, or about 950 A per bar. The current generates considerable heat,
and therefore additional cooling must be provided. Water is an ideal coolant but must be pure
enough to be effectively nonconducting. It flows to and from the stator windings through
nonconducting polytetrafluorethylene (PTFE) hoses so that the windings remain fully insulated
from the coolant pumps and heat exchangers. The water pressure is less than the hydrogen
pressure to prevent water ingress to the generator in the event of coolant system leakage.
Hydrogen, driven by the fans, circulates over the outside of the windings and then through
water coolers mounted longitudinally around the periphery of the stator core or vertically at the
corners of the stator core.

9.3 Excitation System

A separate exciter coupled directly to the generator rotor shaft provides excitation current to
the rotor through brushes and slip rings. The exciter is, in effect, a small generator, which itself
requires a small excitation current. This current in turn is provided by a pilot exciter and deliv-
ered to the main exciter rotor through its own brushes and slip rings. The pilot exciter has a
permanent magnet on its shaft to provide the necessary rotating magnetic field.

The development of compact rectifiers enabled them to be incorporated into the rotating
elements of the exciter. This means that the rotor and stator windings of the main exciter can
be interchanged. The resulting brushless excitation system with a rotating armature main
exciter is less complex and requires less maintenance than the conventional system.

The further development of thyristors enabled the conventional excitation system to be re-
placed by a current control system which feeds the required excitation current directly to the
generator from an external power source. Although a feed from the generator electrical output
circuit through an excitation transformer can be used as this source, it does not have the same
intrinsic electrical security as a shaft mounted excitation system.

9.4 Generator Systems

The most important auxiliary systems associated with the electrical generator are those for
cooling, sealing, and lubricating.

Virtually all generators of the size used in nuclear power plants are cooled by hydrogen at a
pressure of 0.4 MPa to 0.5 MPa. Hydrogen under this pressure, which increases its density, has
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good heat transfer properties. Compared with air under similar conditions, it has twice the heat
transfer capability and several times the thermal conductivity and specific heat. This makes it
ten times more effective at heat removal than air. The hydrogen atmosphere also prevents
degradation of insulation and other materials by oxidation processes.

Hydrogen, however, is flammable and explosive in concentrations from 4% to 76% of hydrogen
in air. Hence, it must be contained in the generator and maintained at a high purity of about
97%. Special seals are required where the rotor shaft penetrates the casing, and appropriate
provisions must be made to prevent any mixing with air during gassing or degassing of the
generator. Most seals have a very fine running clearance between the fixed and moving parts,
into which seal oil is injected. The seal oil is usually lubricating oil from the main turbine gen-
erator oil tank, but is purified and pressurized for this purpose. When gassing the generator
before operation, all air is displaced by admitting heavier carbon dioxide at the bottom of the
generator casing and allowing the air to escape at the top. Hydrogen is then admitted at the
top and, being lighter, displaces the carbon dioxide downwards. When all the carbon dioxide
has been expelled, the generator casing is sealed and more hydrogen admitted to pressurize it.
Degassing is done by following a reverse procedure, with hydrogen discharged to atmosphere
from the top of the generator while being displaced by carbon dioxide admitted at the bottom.

Like the turbine, the generator runs on bearings at each end, with the exciter having its own
bearings. These are lubricated by the main turbine oil system. The bearings, however, must be
removable because assembly of the generator is different from that of the turbine. Because the
generator stator cannot be split horizontally, the rotor must be threaded into the stator from
one end of the generator, as shown in Figure 37. Once in place, the bearings are mounted and
aligned to ensure that the rigidly bolted generator couplings maintain the required shaft cate-
nary under gravity. This means that the generator bearings must be slightly higher than those
of the turbine due to the natural bending of the turbine and generator rotors under the influ-
ence of gravity at all times, even at speed. Furthermore, the generator rotor must be able to
move axially in the bearings by about 25 mm or more to accommodate axial expansion of the
turbine rotors as their temperatures increase to those of normal operation.

Figure 37 Insertion of rotor into stator of generator (courtesy of NB Power)
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10 Power Transmission

10.1 Generator Main Connections

The neutral point of the generator star connection is grounded through a current limiting device
to minimize ground fault currents in the generator, should a flashover occur in the stator wind-
ings. A convenient manner of providing a low resistance, yet current limiting ground connection
is to use a transformer where the inductance limits the current. In the event of a ground fault,
the lower voltage secondary side reflects a high current. This signals the fault to the generator
protection system, which initiates a trip of the generator circuit breaker.

10.2 Generator Circuit Breakers

Generator circuit breakers are usually provided and located along the busbars between the
generator and the tee-off to the unit transformer. They provide the necessary protection to the
generator in the event of electrical faults. If not provided in the busbars, they are located on
the high voltage side of the generator transformer in the electrical switchyard. The generator
circuit breakers must interrupt heavy currents within a fraction of a second, and therefore
provision must be made to extinguish the arc which forms as the circuit breaker contacts
separate. Usually, this is done with a jet of air in air blast switchgear. A development of this
concept is the use of sulphur hexafluoride (SFg) instead of air. It is odourless, colourless, non-
toxic, and nonflammable and has a density five times that of air, a thermal transfer coefficient
greater than that of air, and a dielectric strength comparable to oil under moderate pressure. It
is therefore ideally suited for use in circuit breakers, particularly where high voltages are used
and limited space is available.

10.3 Generator Transformers

Generator transformers are required to increase the voltage before transmission of electrical
power through the grid system. By increasing the voltage, the current is correspondingly
reduced. Because electrical losses are proportional to the square of the current, there are
significant advantages in operating a grid system at high voltages.

10.4 Transformer Connections

Three phase transformers may have star connected or delta connected circuits on the primary
and secondary sides. This leads to four possible transformer arrangements between the power
source and the load: star-delta, delta-star, star-star, and delta-delta. Practical considerations
dictate the use of certain combinations in preference to others. All high voltage three phase
circuits require a ground connection. This ensures that the potential differences between lines
and grounded structures are maintained at design values. A star connected circuit provides
such a connection at the neutral point, whereas a delta connected circuit does not. Further-
more, third harmonic currents are generated by hysteresis in the core. The magnitude of these
can be reduced by a delta connected circuit. For this reason, star-star arrangements with star
connected circuits on both sides are not common. Hence, it follows that, because most electri-
cal generators have star connected circuits, the generator transformers and unit transformers
supplied by the generator have delta connected circuits on the primary side and star connected
circuits on the secondary side to provide a new grounded neutral point for the next circuit at a
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higher voltage in the case of the generator transformer and at a lower voltage in the case of the
unit transformer. In very large generating units, separate single phase transformers are pro-
vided for each phase. In such a case, a delta connected circuit may be provided on both primary
and secondary sides. The advantage of such a delta-delta arrangement is that one of the single
phase transformers can be isolated for maintenance or removed for replacement without
disrupting the continuity of the three phase system, as shown in Figure 38. The system can
therefore continue to operate, although at a reduced power level which is only about 58 per-
cent of rated power. This is not possible with a star connected secondary circuit.
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Figure 38 Arrangement of three single phase generator transformers

11 Problems

1.

w

List the reactivity control devices for a CANDU reactor and for each describe briefly its
purpose and how it operates.

Explain the difference between Shutdown System 1 (SDS1) and Shutdown System 2
(SDS2). Explain how each operates and under what conditions each would operate. Cla-
rify how each would be reset to the primed condition.

Explain how the inventory and pressure of the heat transport system are maintained.
Describe how heat is removed from the reactor under all operational conditions includ-
ing the shutdown state.

If the exit quality of the steam leaving a fuel channel is 4%, calculate the void fraction at
this point assuming no slip (vapour velocity equal to liquid velocity) in the channel. As-
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sume that the pressure in the channel at the exit is 10 MPa.

6. Consider heating of the heat transport system from the cold shutdown state at 30°C to
the hot zero load condition (assumed to be 260°C) and then power raising to the full
load condition.

a. If, during heating to zero load, the heat transport system inventory is 200 Mg, de-
termine how much heavy water is displaced into the pressurizer during this op-
eration. For a pressurizer 2 m in diameter and 10 m in height, determine the rise
in pressurizer level that would occur if heavy water were not bled from the sys-
tem.

b. If, during power raising, a further 10 m? is displaced into the pressurizer, give and
explain two different reasons for this expansion.

7. Determine the percentages of sensible heat and latent heat transferred to the secondary
circuit in the steam generator as well as the total rate of heat transfer given the follow-
ing parameters:

a. Steam flow rate 1 000 kg/s

b. Steam pressure 4 MPa

c. Feedwater temperature 175°C.

8. Suppose that the steam generator has an integral preheater and that during normal full
power operation the temperature of the feedwater entering the preheater is 170°C.

a. Calculate the difference between the temperature in the steam generator and
the feedwater inlet temperature (steam generator AT) during normal full power
operation if the steam generator pressure is 5 MPa.

b. Calculate the steam generator AT during poison prevent operation (turbine
tripped) if deaerator pressure is 360 kPa and steam generator pressure is 5 MPa.

9. Suppose that all feedwater flow to the boilers of a CANDU unit is suddenly lost when

10.

11.

operating at full power. Explain why this would result in an increase in heat transport
system temperature and pressure before the boiler levels would have dropped signifi-
cantly.

In the event of a turbine generator trip or load rejection from full load, the reactor pow-
er is decreased to a lower level to prevent xenon buildup in the reactor and the surplus
steam is dumped to the condenser.

a. Explain what limits the maximum amount of steam that can be rejected and state
the usual limit. At this limit, state the maximum load that the reactor can sus-
tain.

b. Explain why water is mixed with the steam before release into the condenser.
Give reasons why this must be done.

A labyrinth shaft seal is used to ensure proper sealing where the shaft passes through
the casing of a low pressure steam turbine.

a. Explain briefly the design philosophy of such a seal.

b. Sketch a cross section of the shaft and seal showing labyrinths and external pipe
connections. Show the flow of steam and air through the pipes and labyrinths in
normal operation.

c. Sketch the pressure profile across the seal showing clearly the conditions inside
and outside the turbine casing.

d. Explain what would happen to the pressure and flow in the seal if the external
steam supply to it should fail. How would this affect the operation of the tur-
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12.

13.

14.

15.

16.

17.

18.

bine?
Describe, with the aid of a sketch, the arrangement of a typical thrust bearing. Explain
the purpose of thrust bearings and state, with reasons, where they are located in a typi-
cal large multi-cylinder turbine.
Explain, with the aid of a sketch, how the shaft of a large multi-cylinder turbine genera-
tor is aligned. Clarify how the bearings are set and what effect would be experienced at
the couplings between the rotors if the shaft were not aligned properly.
Explain the general philosophy of providing lubrication to the turbine and generator
bearings. Explain what pumps are used and how they operate. Clarify how they are dri-
ven and what happens should their driving power fail.
Explain the purpose of a deaerator and the importance of maintaining its pressure in the
event of a turbine trip.
Explain the difference between feedwater heating in a deaerator (open heater) and a
feedwater heater (closed heater). Consider the temperature differences between the
heating and heated fluids and their respective pressures. On this basis, explain why
there is usually only one deaerator, but multiple feedwater heaters.
Describe the structure of the main condenser and explain the purpose of its key internal
components.
Explain why hydrogen is used for cooling in the electrical generator and what precau-
tions need to be taken during gassing and de-gassing. Clarify the operational procedure
for these processes.

Answer Guide for Chapter 8

10.

11.

See Section 2.6 Reactor Control Systems and Devices.

See Section 2.6.5 Mechanical rod shut-off absorbers and Section 2.6.6 Liquid poison in-
jection system.

See Section 3.3 Pressurizer as well as Section 3.4 Inventory Control System and Figure 15
Heat transport purification and feed system.

See Section 3.5 Shutdown Cooling System and Figure 15 Heat transport purification and
feed system as well as Section 3.5 Shutdown Cooling System and Figure 16 shutdown
cooling system. See also Section 4.1 Steam Generator Function.

Use steam tables. Void fraction o =0.34 (using light water steam tables).

Use steam tables. (a) Volume displaced AV =53 m®> (using light water steam tables).
Rise in level AH =17 m much greater than available height so some inventory must be
bled from the system. (b) Increase in AT in steam generator due to increased rate of
heat transfer and hence increased average temperature of reactor coolant. Generation
of some steam in the fuel channels which has a greater volume than the water from
which it was formed.

Use steam tables. Sensible heat 17%. Latent heat 83%. Total heat transfer rate Q =
2058 MJ/s.

Use steam tables. (a) Steam generator AT = 94°C. (b) Steam generator AT = 124°C.

See Figure 18 Temperature profiles in steam generator. Consider change and restoration
of average temperature difference between primary coolant and secondary steam.

See Section 5.2 Steam Bypass System and Section 5.3 Condenser Steam Discharge
Valves.

See Section 6.5 Turbine Sealing Principles and Figure 27 Spring mounted labyrinth seal to
accommodate shaft deflection as well as Section 6.6 Turbine Seals and Figure 28 Prin-
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ciples of operation of LP turbine shaft seal. Consider relative pressures and note that
flow is always down the pressure gradient.

12. See Section 6.8 Turbine Bearings and Figure 30 fixing points for turbine rotors and cas-
ings.

13. See Section 6.8 Turbine Bearings and Figure 31 Turbine generator shaft catenary.

14. See Section 6.9 Bearing Lubrication and Figure 32 Turbine lubrication oil system.

15. See Section 7.2 Deaerator.

16. See Section 7.2 Deaerator and Figure 33 Deaerator and deaerator storage tank as well as
Section 7.3 Feedwater Heaters and Figure 34 Feedwater heater with integral drain coo-
ler.

17. See Section 8.1 General Arrangement and Figure 35 Condenser longitudinal section and
Figure 36 Condenser cross section.

18. See Section 9.4 Generator Systems.
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