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CHAPTER 9

Nuclear Plant Operation
Prepared by

Dr. Robin A. Chaplin

Summary:

This chapter deals with the operating concepts of a CANDU nuclear power plant. It combines
some theoretical aspects with basic operating procedures to explain how the plant operates.
Key aspects related to plant control are addressed. Space allows only the primary energy
generation, transport and conversion components to be covered, but there are many other
components whose operation is vital for the efficient and safe operation of the plant. There is
approximately an equal division of detail between the nuclear reactor, the heat transport and
steam systems, and the steam turbine.
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1 Power Production

1.1 Power Output Regulation
Consider a very simple system with a nuclear reactor, steam generator, and turbine generator
supplying electrical power to an isolated electrical grid, as shown in Figure 1. The power must
be generated at the moment it is required by the consumers connected to the grid. Power
production must follow demand exactly, and any mismatch will cause the grid frequency to fall
or rise as demand increases or decreases.

Figure 1 Lagging and leading plant operation

A basic control system works as follows to maintain appropriate power output from the plant.
In the event of an increase in demand for electrical power, the mismatch will cause the grid
frequency to fall. Because the turbine generator is synchronized to the grid, its speed will drop
accordingly. This will be sensed by the turbine governor, which will open the governor valves to
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admit more steam to increase the power output of the turbine generator. The additional flow
of steam to the turbine will cause a reduction in steam pressure in the steam generator. This in
turn will be sensed by the reactor regulating system, which will lower the liquid zones or with-
draw control rods from the reactor core until the increased fission rate generates sufficient
additional heat to restore the steam generator pressure. In the event of a decrease in demand,
the reverse occurs. This is known as the reactor following or turbine leading mode of operation
(or normal mode in some plants because it is a natural way of maintaining stable conditions).

Such a system, however, cannot maintain the specified frequency (60 Hz in North America)
exactly without large unstable oscillations, and therefore a certain speed droop is incorporated
into the turbine governor. This enables a progressive increase in governor valve opening (steam
flow) as the turbine speed (grid frequency) falls. A typical droop setting is 4%, which means
that, if the turbine were initially at zero load and at full speed, its speed would have to drop to
96% before the governor valve would be fully open. Such a speed is not acceptable for the
turbine due to possible blade vibration, nor to the grid due to loss in speed of connected
motors. Therefore, the governor is adjusted to bring the speed back to 100% at full load. In the
event of a turbine trip or load reduction to zero under these conditions, the reverse would
occur, and the turbine speed would rise to 104% of full speed.

In the operating mode just described, the nuclear reactor output follows the electrical grid
demand, and therefore its power level oscillates continuously. This can have certain adverse
effects, depending upon the type and design of the reactor. Excessive oscillations impose
temperature transients on the fuel, which could cause premature failures of the fuel cladding.
Large oscillations near full power could cause power limits to be exceeded, thus tripping the
reactor and losing power production as well as imposing restart transients on it and the turbine.
Due to high capital cost and low fuel cost, it is desirable to run nuclear reactors at full power
most of the time. An alternative mode of operation is therefore often used at nuclear plants, in
which reactor power output is fixed. This is known as reactor leading or turbine lagging opera-
tion. To maintain stable operation, reactor power is controlled at a given value by measuring
the neutron flux and adjusting the control rods or liquid zones accordingly. Pressure in the
steam generator must be maintained at the proper value to ensure stable conditions in the
reactor coolant circuit. This is done by opening or closing the turbine governor valves to control
the steam flow from the generators. The turbine then delivers power according to the steam
flow, and the generator sends this power into the grid system, regardless of the grid frequency.
The grid frequency must then be controlled by other turbine generators which feed into the grid
system and operate in the turbine leading mode.

By referring to Figure 1 showing the two modes of operation, it can be seen that steam genera-
tor pressure is a key controlling parameter in both modes. This highlights the importance of the
steam generator, where a balance of heat input and heat output must be maintained to main-
tain its pressure. Furthermore, the difference in temperature between the primary coolant and
the secondary working fluid determines the rate of heat transfer. Hence, the reactor coolant
temperature is determined by the saturation temperature and thus by the pressure in the
steam generator.
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1.2 Operational Constraints
During operation, parts of the reactor, steam system, and turbine are subjected to high tem-
peratures. If these parts have thick walls or a substantial solid mass, they will likely suffer
thermal stress during the heating and cooling that arises during start-up and shutdown and also
during load transients. If a thick component is heated on one side, this side will tend to expand.
If constrained by the still cold base material so that it cannot expand, an internal stress will be
set up. The reverse happens during cooling. This means that large rigid components which are
subject to transient and uneven heating and cooling will suffer low cycle fatigue damage and
may ultimately fail. This effect can be minimized by slow heating and cooling to reduce tem-
perature differences in single components such as reactor pressure vessels, steam generators,
steam pipes, turbine casings, and turbine rotors. This means that all these components must be
preheated slowly before start-up and the unit loaded slowly. Similarly, load changes on the unit
should be done slowly. This imposes operating restrictions on reactors and turbines. Generally,
the larger the unit, the longer will be the time to start it up and load it. This makes large units
less flexible in operation than smaller units.

In the reactor, temperature transients on the fuel cause structural changes within the fuel and
stress on the cladding and therefore must be minimized to avoid premature fuel failures. In the
turbine, uneven heating and cooling of the rotor can cause bending, which in turn causes
excessive vibration and in the extreme case, contact with the casing. Therefore, heating and
cooling must be monitored very carefully.

A nuclear reactor is also subject to xenon transients which may inhibit operation for a period.
When the load on a reactor is suddenly reduced, xenon, a fission product that absorbs neutrons
very strongly, builds up in the fuel and may force a reactor shutdown. The xenon eventually
decays after about 40 hours, and the reactor can be restarted. During this time, there is a loss
in electrical power production, and the larger the unit, the more serious will be this loss in
revenue generating output.

2 Plant Control and Protection

2.1 CANDU Plant Control Systems
A CANDU nuclear plant can operate as a base load plant or as a load following plant. The latter
is the conventional mode because the plant responds naturally to demand changes on the grid
system, as explained above. Fossil fuel fired plants operate in this way. In nuclear plants, there
are special considerations, the main one being the high capital cost and the low fuel cost
compared with conventional plants. Nuclear plants should therefore operate continuously at
maximum load to ensure the lowest generation cost. A steady load also avoids thermal tran-
sients, prolongs the life of all high temperature components, and minimizes the possibility of
premature fuel failures. Hence, most nuclear plants operate as base load plants, and the
control system in a CANDU unit provides for this, as shown in Figure 2.
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Figure 2 Basic plant control system

The plant can operate as a load following plant where the turbine responds to grid conditions
and the reactor follows the turbine to produce the required output (turbine leading and reactor
following). In the alternate mode the reactor power is fixed, and the turbine follows to produce
the equivalent output (reactor leading and turbine following). This alternate mode with reactor
power fixed enables the reactor to operate close to its power limits without risk of tripping due
to control system oscillations from the turbine or other downstream component perturbations,
thus maximizing plant output. In some plants, this alternate mode is called normal mode
because the plant normally operates this way, and load following is the alternate mode.

The amount of steam produced in the steam generator depends upon the amount of heat
received from the reactor. If the water level and pressure in the steam generator are to remain
constant, the heat inflow and heat outflow must be perfectly balanced. Either one may be held
constant (leading) and the other varied (lagging) to maintain conditions in the steam generator.
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This determines the mode of operation of the plant (turbine leading and reactor lagging, or
reactor leading and turbine lagging). Steam generator pressure controls both modes of opera-
tion. In turbine leading or reactor following, the steam pressure determines the required
reactor output by signalling the reactor regulating system to increase or decrease fission heat
release. In reactor leading or turbine following, the steam pressure determines the power
output by signalling the turbine governing system to admit more or less steam to the turbine.

2.1.1 Steam generator pressure control

In the turbine leading mode, the steam generator or boiler pressure control (BPC) system
measures steam pressure and manipulates reactor power by altering the reactor regulator
setpoint. In the reactor leading mode, it measures steam pressure and manipulates steam flow
by adjusting the turbine governor speeder gear.

2.1.2 Steam generator level control

The steam generator or boiler level control (BLC) system measures water level, compares steam
and feedwater flows, and manipulates feedwater flow. In addition, reactor power or turbine
power is measured and the level setpoint ramped up or down accordingly.

2.1.3 Unit power regulator

The unit power regulator (UPR) measures the electrical output and controls this output by
manipulating steam flow, which is done by adjusting the turbine governor speeder gear. This is
only applicable in turbine leading mode.

2.1.4 Reactor regulating system

The reactor regulating system (RRS) measures reactor neutron flux and thermal power and
manipulates the liquid zone control absorbers and adjuster rod positions to control neutron
flux.

2.1.5 Heat transport system (not shown in Figure 2)

The heat transport system pressure and level (HTSP&L) control system measures the reactor
coolant pressure and pressurizer water level and manipulates the feed and bleed system as well
as the pressurizer heaters and water sprays and also the steam release if pressure rise is exces-
sive.

2.1.6 Turbine governing system

The turbine governor senses the turbine speed and adjusts the steam flow to maintain the
required speed. This action is applicable only when the turbine generator is not connected to
the grid system. Before synchronization, the speed is adjusted by the speeder gear to match the
frequency of the grid system exactly. Once synchronized, the turbine generator speed is fixed
by the grid frequency. If the speeder gear is then manipulated, it will open or close the gover-
nor valves to admit more or less steam and hence increase or decrease the turbine load. Once
the load has been set on the turbine, any change in frequency on the grid system will alter the
turbine speed, and the turbine governor will respond accordingly and change the governor
valve position to adapt to the change in grid demand. This will alter the turbine generator
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output according to the speed droop setting. Further manipulation of the speeder gear by the
unit power regulator (turbine leading) or the boiler pressure control (reactor leading) will
restore the desired power output.

2.2 Reactor Protection Systems
The reactor has protection systems that prevent excessive operating conditions which could
cause a reactor trip and that trip the reactor if certain operating conditions are exceeded. A
reactor trip is to be avoided if unnecessary because it causes a loss in electric power production
and imposes thermal transients on components. Therefore, provision is made for the reactor
power to be reduced by a setback or stepback to avoid potential trip conditions. Certain
conditions, however, require an immediate reactor trip because continued operation could put
the reactor into a dangerous condition. Such conditions require assurance that the reactor will
trip, and therefore dual shutdown systems are provided, where each system is completely
independent of the other, operates on different principles, and is activated by different inputs.

2.2.1 Reactor setback

A reactor setback reduces reactor power in a ramped manner to a predetermined level. The
rate of power reduction and the end point of the power level depend upon the initiating condi-
tions. For example, a high local neutron flux or flux tilts beyond a certain level will trigger a
setback to 60% or 20% of full load, depending upon severity, to avoid overrating the fuel locally.
A turbine trip or load rejection initiates a setback to 60% of full power because the condenser
can absorb this level of heat load. A high steam generator pressure requires a setback to 10%
because it indicates an inability of the turbine and condenser to absorb the steam flow ade-
quately. Failure to meet other conditions which are essential for safe reactor operation, but
which could be rectified with the reactor on load, requires a setback to 2%.

2.2.2 Reactor stepback

A reactor stepback reduces reactor power immediately to approximately 60% of full power by
initiating a drop of the mechanical control absorbers. It is therefore similar to a reactor trip, but
does not invoke the reactor shutdown systems, although it is a backup to the shutdown sys-
tems. For example, a trip of the heat transport pumps or low steam generator water level will
trigger a stepback because these indicate a loss of heat removal capability. A high rate of
neutron power increase will also initiate a stepback because it indicates a lack of safe reactor
control.

2.3 Reactor Shutdown Systems
The reactor must be protected from the worst type of failure or combinations of failures. A loss
of coolant accident is one such scenario. In the event of loss of coolant from one or more fuel
channels, the voidage will initially cause an increase in reactivity. This must be counteracted by
immediate insertion of a greater amount of negative reactivity to ensure subcritical conditions.
There are two independent shutdown systems, SDS1 and SDS2, which are capable of doing this.
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2.3.1 Shut-off rod insertion

Shut-off rods controlled by the SDS1 system drop by gravity into the reactor core to absorb
neutrons. They are made of hollow cadmium rods encased in stainless steel and are guided into
the reactor by vertical guide tubes. Cadmium is a strong neutron absorber and quickly takes the
reactor power to a very low level. Activation occurs by release of electrically energized clutches,
and the initial fall is accelerated by springs.

2.3.2 Liquid poison injection

Liquid poison controlled by the SDS2 system is injected by pressurized helium into the modera-
tor to absorb neutrons. The gadolinium nitrate solution absorbs neutrons strongly, thus effect-
ing a rapid drop in reactor power to a very low level. To ensure adequate distribution of the
liquid poison, it is injected through a pattern of horizontal tubes within the reactor core.
Activation occurs by the release of air pressure which holds the helium release valves in the
closed position.

Both systems are activated within one second of failure detection, and sufficient negative
reactivity is inserted within two seconds. The two systems are entirely independent of one
another, and their operation depends on different principles and mechanisms. Although a loss
of coolant accident is obviously very serious, there are several other scenarios which could put
the reactor at risk, some of which may be transient due to operating disturbances. Several
control parameters therefore feed into the SDS1 and SDS2 systems to shut down the reactor if
these parameters deviate too far from what is deemed to be a safe operating condition. A
dropping steam generator level, for example, will initiate first a stepback, then the SDS1 system,
and finally the SDS2 system, so that if the stepback does not arrest the loss in inventory, the first
shutdown system should, but if it fails, the second shutdown system will respond accordingly.

Quick recovery after an SDS1 trip is possible because the shut-off rod control mechanism can be
reset and the rods withdrawn without residual reactivity effects. However, this is not possible
after an SDS2 shutdown because the liquid poison will have thoroughly mixed with the modera-
tor, and it will take several hours for the moderator purification system to remove the gadolin-
ium. The SDS1 system is therefore the first to be actuated, and if this fails to arrest the fault
condition, the SDS2 system will follow. Therefore, transient conditions or minor problems which
initiate only an SDS1 trip and which can be corrected quickly can be recovered from before the
xenon transient causes the reactor to poison out. Major faults or excessive deviations from
required parameters would result in both systems tripping in quick succession.

2.4 Emergency Coolant Injection
In the event of a loss of coolant accident, an assured supply of coolant must be supplied to the
fuel channels to maintain cooling immediately after the resulting reactor shutdown. This is
effected by the emergency coolant injection system, which injects high pressure water into the
heat transport system. This water is maintained under pressure in tanks by pressurized nitro-
gen. After this has been exhausted and the heat transport system pressure has fallen to a lower
level, a pump-driven low pressure injection system takes over. Ultimately, lost coolant is recov-
ered, circulated through heat removal exchangers, and returned to the heat transport system to
stabilize the situation. Typically, the high pressure system is actuated at a heat transport system
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pressure of about 5 MPa to give sufficient margin from normal operating pressure to minimize
spurious injections during normal reactor cooldown.

2.5 Turbine Protection System
Like the reactor, the turbine has protection systems to prevent damage to components or
catastrophic failure. As with the reactor, avoidance of unnecessary tripping is achieved by a
runback to reduce turbine power sufficiently to regain safe operating conditions. In this way,
speed and temperature transients on the turbine can be avoided, as well as the risk of faulty
synchronization. Serious faults, however, require an immediate turbine trip.

2.5.1 Turbine runback

A turbine runback is the reduction of turbine load at a preset rate to zero load or until the
initiating condition has been cleared. The rate is typically in the range of 1% to 10% of full load
per second. The rate may be fast or slow depending upon the condition. A latched runback is
one in which the governor speeder gear returns the turbine to the no-load speed setpoint. An
unlatched runback terminates when the initiating condition has been cleared. As an example, a
turbine trip would cause a fast latched runback to ensure that the governor speeder gear was
reset to its no-load speed condition to avoid rapid reopening of the governor valves when
clearing and resetting the trip (after rectifying the fault). A fast unlatched runback would be
initiated by high condenser pressure (poor vacuum) because the condenser was unable to
handle the exhaust steam flow adequately. This runback would terminate when the pressure
had been restored to an acceptable value, and the turbine load would be maintained at this
level.

2.5.2 Turbine trip system

In the event of a serious problem on the turbine generator, the turbine is tripped. This action
causes a fast runback to the no-load set point on the governor and releases hydraulic pressure
from the governor and stop valve actuators. This enables the valves to close rapidly and shut
off steam flow to the turbine. Signals causing a trip come from various sources such as exces-
sive rotor vibration, high bearing temperature, a generator electrical fault, and other parame-
ters which have the potential to damage the turbine.

2.5.3 Overspeed governor

A major concern with regard to the turbine generator is the risk of overspeeding. This can
happen only when the turbine is disconnected from the electrical grid, which means that critical
times are before synchronization and after a turbine generator trip or load rejection. Some
degree of overspeeding occurs with a generator trip or a load rejection when the steam valves
are still closing after electrical output has been terminated. To provide protection against
excessive overspeed, an overspeed governor is mounted on the turbine shaft. This is activated
by increasing centrifugal force on overspeed bolts which independently trigger hydraulic pres-
sure release from the steam valve actuators to shut off the steam flow.
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Figure 6 Approach to critical - inverse count rate change

3.4 Approach Technique
The actual process of approach to criticality depends upon how long the reactor has been shut
down. After a period of several weeks, the source of neutrons from delayed neutrons and
photoneutrons will have fallen to a sufficiently low level so that, even with the subcritical
multiplication factor, the reactor regulating system instruments will have drifted off scale and
will not be able to measure the neutron flux. Supplementary start-up instrumentation is
therefore used as a temporary measure until the regular instrumentation can read the neutron
flux. During power raising under these conditions, manual manipulation of reactivity and hence
power is required. This requires careful monitoring and plotting of inverse count rate versus
reactivity. Once the power is within the range of the regular instruments, they can be relied
upon to hold the power at a particular level. The time for power to stabilize becomes longer as
the reactor moves closer to criticality, and therefore using the reactor regulating system to
maintain a particular power level minimizes the risk of adding more reactivity before the power
has stabilized. If the reactor is started up after a short shutdown period, the reactor regulating
system will be able to sense the neutron flux and react accordingly.

Assuming that the regular instruments can be used for reactor control, the general procedure is
as described below. If not, the same procedure applies, but must be done manually. The
reactor regulating system can be used with the reactor in reactor leading mode of operation.
With poison removal stopped, the operator requests a doubling of power and monitors the
liquid zone control absorber levels. When these have reached about the 20% level, power
raising is stopped and the power held at this level by the reactor regulating system. The poison
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removal process is then started or restarted with the RRS holding the power level. As the
reactivity tends to increase, the liquid zone levels rise to compensate, keeping reactivity and
hence power level constant. When the liquid level is high, the poison removal process is
stopped. Again the operator requests a doubling of power, and the process is repeated. Be-
cause smaller and smaller amounts of reactivity addition are required as criticality is ap-
proached, the drop in liquid level becomes smaller and smaller, and after a few iterations, the
liquid zone absorber levels can accommodate a full doubling of power. In a typical CANDU
reactor, a drop in liquid level from 65% to 20% represents a reactivity change of about 3 mk. If
the power were doubled with this change, the reactor would be about 6 mk below criticality.
Further iterations of the process can bring the reactor to within 1 mk of criticality. The final step
in the process is verification that the reactor is sufficiently close to criticality for the RRS to
maintain control of power. Power raising can then follow by the operator adjusting the power
setpoint to the required value.

The advantage of this method of approach to criticality is that the reactor does not actually go
critical and, when it is nearly critical, power is increased by adjusting power level and not by
direct manipulation of reactivity devices.

3.5 Reactor Start-up
A simplified procedure for a reactor start-up is shown in Figure 7. Besides the important proc-
ess of achieving criticality, all auxiliary systems must be available and in operation as required,
and the heat transport system must be pressurized and heated. Auxiliary systems such as the
feed and bleed system, moderator cooling system, shutdown cooling system, and emergency
core cooling system must be available as required. The emergency core cooling system is
disabled during a cold depressurized state to prevent inadvertent initiation in this plant state.
The cooling systems, however, will be in operation to remove decay heat under cold shutdown
conditions. There is naturally some overlap in these activities, as well as with those of the
steam turbine and the steam and feedwater heating systems (which are described later).

Warming up of the pressurizer and degasser can begin before the approach to criticality.
Initially, the pressurizer is isolated from the heat transport system and warmed until it reaches a
pressure of 4 Mpa while the degasser is warmed to a pressure of 1.1 MPa. At this point, ap-
proval is required to proceed with connecting the pressurizer to the heat transport system
because plant conditions will be changed during pressurization of the heat transport system.
The pressurizer and heat transport system are then pressurized separately to 6.7 MPa by the
pressurizer heaters and the feed and bleed system respectively. They are then connected
together by opening two motorized isolation valves. Once connected, the main heat transport
pumps can be started, and the heat transport system and pressurizer can be warmed together
as one system by controlling the shutdown cooling system to remove excess heat as required.
Warming of the heat transport system is done using pump heat from the main pumps because
their energy is dissipated in the system. Initially, a significant challenge exists for the operator
to maintain the heat transport system temperature below 100°C until the emergency core
cooling system has been enabled. Normal procedure is to maintain the heat transport system
temperature at less than 80°C. Regulations require that the emergency core cooling system be
enabled anytime that the heat transport system temperature rises above 100°C. With the heat
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transport system temperature at 80°C, the approach to critical would typically commence, along
with further warming of the heat transport system.

During the approach to criticality, initiation of reactor power increase by removing moderator
poison and continued warming of the heat transport system proceed as parallel activities. The
concern about warming the heat transport system during approach to criticality is the effect
that it has on core reactivity when reactor power is being increased and criticality has not been
achieved. During the approach to criticality, only one reactivity addition mechanism should be
in use at any one time. The primary method is moderator purification by removing poison.
However, by adding pump heat from the heat transport system pumps, the reactivity is being
adjusted due to the temperature coefficients, including those of the fuel, at play during warm-
up. This reactivity effect must be considered regardless of whether an equilibrium core or a
fresh core is in place. As the heat transport system is warmed, the temperature coefficients add
overall positive reactivity to an equilibrium core due to the buildup of Pu-239 which fissions
more readily as temperature rises within this range, whereas in a fresh core, this reactivity
effect is negative due to the lack of Pu-239. Therefore, warm-up of the heat transport system is
stopped when the core is 30 mk subcritical, which is approximately equivalent to the presence
of 1 ppm of moderator poison (gadolinium nitrate). This concentration can be confirmed by
monitoring the online moderator conductivity, which is proportional to the concentration. A
subcritical reactivity balance is conducted at 30 mk to verify the prediction for criticality and to
ensure that all reactivity factors have been accounted for. For the remaining approach to
criticality, no other actions which adjust reactivity other than that of the operator removing
moderator poison by moderator purification are permitted. This guarantees that the core
achieves criticality as predicted. In practice, criticality is defined as the point where the reactor
regulating system has sufficient positive and negative reactive addition available by means of
the liquid zone control absorbers to maintain reactor power at its setpoint. This occurs in an
equilibrium core when the reactor regulating system can double reactor power within a 10%
change in liquid zone level.
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Figure 7 Major activities during start-up and loading
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The effects of xenon-135 are not shown on this graph because the associated degree of reactiv-
ity change is due mainly to reactor load (neutron flux) and is greater in magnitude than the
effects shown here, being as much as -30 mk under full load conditions.

Figure 8 Effects of fuel burnup on reactivity

3.8 Refuelling Considerations
Except when a reactor is loaded with fresh fuel, reactor refuelling is a continuous process, with
about a dozen channels being refuelled each week. In selecting the channels to be refuelled, a
number of factors should be considered. Channels with the highest burnup should be refuelled
first, the reactor power distribution should be kept symmetrical, and the channels with the
largest reactivity gain should be selected if the overall core reactivity is low. However, channels
close to recently refuelled channels should be avoided, as well as those with known abnormal
conditions which could force an unplanned reactor shutdown if a refuelling failure should occur.
Any channels containing defective fuel should be refuelled as soon as possible.

The preferred state during refuelling is with the reactor critical, on load, and under control of
the reactor regulating system. Control absorbers must not be in the core because this is an
abnormal and transient operating condition. There should be no reactivity changes during
refuelling, meaning that adjuster positions should not be altered nor poison addition or removal
be in progress. This ensures that reactivity changes during refuelling are readily observable.
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4 Heat Transport System

4.1 Operational Considerations
When at full power, the reactor derives approximately 92% of its heat from the fission process,
7% from decay of fission products, and 1% from the heat transport system pumps. Immediately
after a reactor trip, the heat generated by fission products, even though it decreases rapidly
initially, and that generated by the pumps continues. The heat transport system must remove
heat at all times through the steam generators. This requires that a temperature difference
between the reactor coolant and the steam circuit be maintained. At full load, this temperature
difference is large, but at low load and under shutdown conditions, it must be small enough to
control the rate of heat discharge, because too high a rate would impose excessive cooling and
large thermal transients. Steam generator pressure is the main temperature control parameter.

During warm-up from the cold condition, pump heat input and residual decay heat, even after a
long cooldown, are sufficient to bring the system up to the hot standby condition. During
shutdown, with a higher decay heat load, steam is discharged from the steam generators under
controlled conditions to bring down the pressure and temperature slowly enough to avoid
excessive thermal stress on large components. This steam is usually discharged to the con-
denser through the condenser steam discharge valves. These valves open progressively, but
because the steam specific volume increases with decreasing pressure, they eventually reach
their fully open condition, and the rate of cooling decreases. Beyond this point, the shutdown
cooling system can control the cooling rate. During this cooldown period, one concern is
delayed hydride cracking of the zirconium alloy pressure tubes at an intermediate temperature
in the range of about 100°C to 200°C, and therefore the system must not be allowed to remain
within this temperature range for longer than necessary.

In the event that the condensers are unavailable, steam can be discharged to the atmosphere
through the steam reject valves, although this results in loss of treated water. If the steam
generators are unavailable or the pressure control system faulty, the heat transport system can
be cooled directly by the shutdown cooling system, which has sufficient capacity to handle the
decay heat. It can also maintain sufficient flow in the fuel channels under shutdown conditions
to remove the heat generated should the heat transport pumps not be available.

The inventory and flow of the heat transport system must naturally be maintained for effective
removal of heat from the fuel. Possible failures of various valves which admit or release fluid to
and from the system must be considered and allowance made for the system to accommodate
such failures without jeopardizing safety. One situation which initially gives a wrong indication
is a failed-open pressurizer steam vent valve. This represents a loss of inventory, but the de-
creased pressure causes boiling in the pressurizer and a consequent increase in level, which
indicates excessive inventory. All losses of inventory through valves and fittings can be accom-
modated by the normal control systems, which either compensate for the problem or reduce
reactor power.

An accidental loss of inventory or loss of coolant accident due to a system rupture requires
different actions depending upon its severity. A major rupture could result in loss of coolant
flow to one or more fuel channels. An emergency coolant injection system is provided to supply
water to the reactor under these circumstances. This system, however, operates at a lower
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These valves are a backup in the event that the CSDVs malfunction or are not available due to
condenser restrictions.

5.3 Swelling and Shrinking
It is important to maintain an adequate water level in the steam generators to ensure proper
heat transfer and heat removal capability. A further reason to maintain the water level within
certain limits is to maintain efficient separation of steam from water in the cyclonic separators.
Too high a level can cause flooding of the separation region, and too low a level can result in
surging within that region. The water level, however, is affected by the operational conditions
within the steam generator and can change markedly without any change in the total water
inventory due to the phenomena of swelling and shrinking.

When steam is generated in the steam generator, vapour bubbles are formed on the surfaces of
the tubes and rise with the circulating water. These vapour bubbles occupy more space than
the water from which they were formed, resulting in an apparent swelling of the total water
inventory in the steam generator. The effect of water displaced by the vapour bubbles is seen
as an increase in level in the system. This is commonly known as swelling, and the converse as
shrinking. There are steady state and transient effects with regard to swelling and shrinking.

5.3.1 Steady state swelling and shrinking

During steady state operation, the system is in a state of thermal equilibrium, that is, the rate of
heat removal from the system by the turbine is equal to the rate of heat input to the system by
the reactor. At zero load, no vapour bubbles are formed, and the water level is at a certain
point. As load increases, vapour bubbles are formed. These displace water and cause a rise in
level, as shown in Figure 10. For each load, there is an appropriate water level in the steam
generator corresponding to the number of vapour bubbles in the water. At full load, the water
has the highest concentration of vapour bubbles, and the water level is at its highest. This
analysis assumes that there has been no attempt to control the water level and that the feed-
water flow has matched the steam flow throughout the load change. On a reduction in load,
the water level would return to its original value. This increase and decrease in level are respec-
tively known as steady state swelling and steady state shrinking.

Up to this point in the analysis, it has been assumed that steam generator pressure remains
constant under all conditions. This is not necessarily the case. Certain load manoeuvres on the
turbine and operation of certain steam valves will cause pressure changes in the steam lines and
hence in the steam generator itself. Thus, transient conditions known as transient swelling and
transient shrinking arise.
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Figure 10 Steady state swelling due to different load conditions

5.3.2 Transient swelling and shrinking

At a particular turbine load there is to a certain rate of steam generation and a certain number
of vapour bubbles in suspension in the water. In the event of an increase in power demand, the
turbine will require more steam. The increased opening of the governor valves draws additional
steam from the steam line and steam generator, causing a temporary pressure drop in the
system. The drop in pressure in the steam generator allows the vapour bubbles to expand and
increase their volume. In addition, because the new saturation temperature is below that of
the water in the steam generator, some water flashes to steam, creating even more vapour
volume. The combined effect is reflected as a swelling of the steam generator contents and a
rise in water level, as shown in Figure 11. Once the reactor responds to this increased demand
for power and thermal equilibrium has been restored, the pressure in the steam generator will
return to its set value, and the transient swelling will subside.
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Figure 11 Transient swelling due to changing load conditions

In the event of a decrease in turbine power demand, the effect will be a temporary rise in steam
generator pressure. This will be followed by compression of the vapour bubbles and shrinking
of the steam generator contents until thermal equilibrium is restored.

A rapid increase in reactor power due to certain manoeuvres, such as recovering from a reactor
trip to prevent poisoning out, can also produce transient swelling. The increased power in-
creases the rate of steam generation and vapour production in the steam generator. This causes
a temporary swelling effect until the turbine load is matched and thermal equilibrium restored.

A rapid decrease in reactor power, for example following a reactor trip, will reduce vapour
production, causing a temporary shrinking effect until thermal equilibrium is restored.

Note that transient swelling and shrinking occur only during rapid load changes. During normal
load changes, only steady state effects will be evident, and these will be related to the particular
power level. Transient swelling and shrinking effects, when they occur, are superimposed on the
steady state swelling and shrinking.

5.4 Steam Generator Level Control
Whenever there is a free liquid surface in a system, the system inventory must be controlled to
ensure that the level remains within limits. In the steam generator, this is done by measuring
the level and controlling the feedwater flow rate. Any deviation of the actual level from the
desired or set level results in a correction to the flow rate.
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Swelling and shrinking have an influence on level control in that, for a given water inventory in
the steam generator, the level will rise and fall as the load increases or decreases. Alternatively,
for a given water level, the inventory will go down or go up as the load increases or decreases.
Both situations can lead to difficulties in maintaining desired conditions in the steam generator,
particularly during rapid changes in load when transient swelling and shrinking effects are
superimposed on the steady state effects.

Consider first the situation in which the water level is to be kept constant, as shown in Figure
12. For fixed level control, a certain margin is required to allow for transient swelling and
shrinking because, during rapid load changes, the level control system cannot respond quickly
enough to maintain the level. At low load, swelling will occur as load increases, and at high
load, shrinking will occur as load decreases. The steam generator must therefore be large
enough to accommodate these fluctuations in volume and hence in level. This is done by
increasing the diameter of the upper portion and making it tall enough so that there is a margin
above and below the desired water level.

Figure 12 Constant steam generator water level

If, however, the water inventory is maintained at a fixed value and the set level is allowed to rise
and fall with load, then this range of level can be used to accommodate transient swelling and
shrinking partially, as shown in Figure 13. Transient swelling will occur only from a low load, and
hence the required margin must be above this level. Transient shrinking likewise will occur only
from a high load and requires a margin below the level at high load. If the set level at high load



32 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Nuclear Plant Operation – July 2016

is already above the set level at zero load, the margins will overlap, as shown in Figure 13. This
enables the vessel to be made smaller while still providing appropriate margins for transient
conditions. To achieve this, the desired or set level must be increased with load, resulting in so-
called ramped level control. This is a more natural method of control because the total inven-
tory remains nearly constant and the control system does not have to drive towards a new
inventory every time the load changes.

Figure 13 Ramped steam generator water level

Transient swelling and shrinking have influenced the design of level control systems in all types
of steam generators and boiler drums. A sudden increase in turbine load will increase steam
flow and reduce pressure in the vessel. This will result in transient swelling and a high water
level. A controller that responds to water level only will reduce feedwater flow to bring down
the water level just at a time when in fact more water is required. After the transient, the
steam generator can be left with a severe shortage in inventory. Such a single element control-
ler tends to respond the wrong way during transients. The problem may be overcome by using
a three element controller which measures steam flow and feedwater flow as well as water
level, as shown in Figure 14. This figure is an expansion of the boiler level control (BLC) system
shown as part of the overall plant control system in Figure 14, which shows just the inputs and
outputs of the boiler level control system. For the case given above, it would sense high steam
flow, compare this with feedwater flow, and send a flow error signal to indicate a required
increase in feedwater flow. At the same time, the transient swelling would send a level error
signal to indicate that a decrease in feedwater flow was required. Initially, the two signals
would cancel one another until the transient swelling had subsided, and then the feedwater
regulating valve would open to balance the steam and feedwater flows to restore the water
level to the setpoint. The level setpoint would in the meantime have been raised by the level
control program to correspond to the new turbine load. The use of a three element level
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control system in conjunction with a ramped level setpoint results in relatively smooth control
of water level during all types of transients.

Figure 14 Three element steam generator level control system
(courtesy of NB Power)

Figure 15 shows how the level setpoint is ramped up with load. The initial steep slope roughly
matches the degree of steady state swelling. This is desirable because the low ratio of through-
put to inventory makes the control system take longer to adjust the inventory to correct level
errors. Inventory adjustment is faster at higher throughputs, and therefore the level ramp slope
can be less steep, as shown in Figure 15. This lesser slope indicates that in fact the steam
generator inventory is decreased as load increases in the higher load range. This is desirable
with regard to the efficiency of the cyclonic steam separators, which do not operate at optimum
efficiency at very high or very low water levels.

Figure 15 also shows how the low level alarm and reactor stepback as well as the SDS1 and
SDS2 trips are also ramped with reactor power. The latter slopes are steep to match the degree
of swelling or shrinking closely to ensure adequate inventory after a reactor trip from any power
level.
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Figure 15 Steam generator level alarms and set points (courtesy of NB Power)

6 Steam System

6.1 Characteristics and Function
The main purpose of the steam system is to convey steam from the steam generators to the
steam turbine. In a nuclear plant, the steam generators also serve as a heat sink for the reactor
under all operating conditions, and because steam is produced, the steam system becomes the
major part of the reactor heat rejection system. Provision must therefore be made to handle
steam in large quantities even when not required by the steam turbine.

Steam pressure control in the steam generators is important with regard to their function as a
heat sink. As steam pressure varies, so does the prevailing saturation temperature. Because
the rate of heat transfer depends upon the difference in temperature between the primary
coolant and secondary steam systems, a variation in steam temperature will affect the overall
capacity for heat removal. Assuming that the primary coolant pressure is fixed and controlled
by the pressurizer, thus limiting the maximum primary coolant temperature, an excessive steam
pressure will limit the heat rejection capabilities of the steam generator. However, excessive
steam pressures, which would likely arise from insufficient steam discharge, would be pre-
vented by steam discharge through the main steam safety valves. Conversely, an excessively
low steam pressure and corresponding temperature will produce excessive heat flow across the
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steam generator and pull down the temperature of the reactor coolant. This is done in a
controlled manner during a reactor cooldown.

For proper control of the reactor state, the steam system must therefore be able to handle the
amount of steam produced under all operating conditions and to control and maintain steam
generator pressure within prescribed limits. The steam system must be designed to handle
decay heat generation following a reactor shutdown, and it is also desirable that it be able to
maintain a high heat discharge rate to prevent xenon poisoning during a short-duration un-
planned turbine shutdown.

In the turbine steam cycle, approximately one third of reactor heat is converted into electricity,
with the remaining two thirds rejected to the environment through the turbine condenser. The
rejection path is a convenient way of disposing of heat when the turbine is unavailable. Thus, if
a turbine trip forces a short term shutdown of the turbine generator system, the reactor can be
maintained at approximately two thirds power, with the excess steam production dumped to
the condenser. Two thirds of full power on the reactor is sufficient to maintain the neutron flux
at a high enough level to prevent poisoning out of the reactor and thus permit a restart at any
time.

In the event that the turbine condenser is unavailable, an alternative steam discharge path is
required. This is directly to the atmosphere, but naturally results in an enormous loss of fluid
inventory from the system. For this reason, it is an undesirable mode of operation, but an
essential safety feature.

Figure 16 shows a typical steam system with various control, isolation, and relief valves.

6.2 Atmospheric and Condenser Steam Discharge Valves
The atmospheric steam discharge valves (ASDVs) and condenser steam discharge valves (CSDVs)
are used to control steam generator pressure rather than to protect against overpressure. For
this reason, under certain conditions, the setpoint at which they operate may be lowered to
avoid an excessive pressure transient when their operation is known to be inevitable. This
lowering of the pressure setpoint occurs upon a turbine trip or load rejection and possible
subsequent poison prevention operation. As stated earlier, the atmospheric steam discharge
valves and condenser steam discharge valves divert steam from the turbine and respectively
discharge excess steam to the atmosphere or dump it to the condenser to balance the heat flow
from the steam generators against the heat flow into the steam generators.

Operation of the atmospheric steam discharge valves and condenser steam discharge valves
may occur under operational conditions such as a controlled cooldown of the heat transport
system, a turbine trip or load rejection followed by poison prevent operation, during start-up
conditions when more steam is produced than is required by the turbine, or during any opera-
tion when an excess of steam is produced.
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Figure 16 Main steam system (Point Lepreau) (courtesy of NB Power)

Discharge of steam to the atmosphere is of course wasteful because the loss must be made up
with appropriately treated water. In any case, the total quantity of steam discharged is limited
by the available make-up water capacity. If the condenser is unavailable, this becomes the
major path for heat rejection on the steam side. Discharge of steam in this way should be
limited to emergency or unusual circumstances.

6.3 Steam System Operation
One important aspect of the steam pipework is valve operation. In the event of a fault on the
turbine, generator, or electrical system, the steam supply must be isolated very quickly, usually
in a fraction of a second, and therefore the stop valves must operate quickly and reliably.

Another aspect of steam system operation is the possibility of pipe vibration due to sudden
changes in steam flow or flow disturbances due to bends and fittings. Steam pipes must be
suspended on flexible supports to allow for small changes in length due to thermal expansion.
These would permit vibration in the absence of proper restraints and dampers, and therefore
their design is an important aspect of steam pipework. Thermal effects are not confined to
thermal expansion. To withstand high steam pressures, pipe walls must be thick enough to
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Figure 21 Typical condenser cooling water system

7.6 Flow Transients
The condenser cooling water system has very long and large pipes carrying water at high
velocities. Such a large mass of moving water has an enormous amount of kinetic energy.
Precautions must therefore be taken when starting and stopping this flow of water. It is impor-
tant that sufficient time be allowed for the water to accelerate or decelerate before initiating
another operation.

The condenser is usually the highest point in the system and operates like a syphon, as shown in
Figure 22. In the event of a pump trip, the water upstream of the condenser is retarded by
gravity, whereas that downstream of the condenser tends to continue flowing under the influ-
ence of gravity. This causes separation of the water column at the condenser due to elevation
and pressure drop in the condenser tubes. The resulting vacuum in this part of the system will
decelerate the flow downstream of the condenser and eventually suck it back towards the
condenser. This reverse flow, on striking the upstream water column near the condenser, will
cause severe shock and damage to the condenser or even destroy its tubes and tube plates.
Such disastrous consequences can be prevented by incorporating vacuum breakers at the
condenser outlet water boxes. These open under the vacuum conditions caused by water
column separation and allow air to enter the system and provide an air cushion to prevent or
minimize reverse flow of the downstream water column.



44 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Nuclear Plant Operation – July 2016

Figure 22 Simplified condenser cooling water system

During a complete system trip, priming may be lost due to admittance of air into sub-
atmospheric regions. To restore priming, a vacuum priming system is connected to the con-
denser water boxes. This draws air out of the system before start-up and ensures that all
condenser tubes are filled with water and that there are no air pockets in the water boxes which
could persist during normal operation.

7.7 Variation in Condenser Vacuum
An increase in condenser pressure has obvious effects. The enthalpy drop across the turbine is
reduced, and the steam flow through the last stage blades departs from the optimum, thus
reducing their efficiency. Both these phenomena cause a drop in turbine output and a loss in
plant efficiency.

A decrease in condenser pressure has opposite effects on turbine output. A lower pressure
causes an increase in the enthalpy drop across the turbine, thus increasing the turbine output.
It also causes the steam flow pattern to depart from design conditions, thus decreasing the
work done by the turbine. This latter effect is smaller, so that overall there is an increase in
turbine output. Other effects, however, become significant at very low pressures. Choking may
occur in the last stage turbine blades, thus limiting the increase in turbine output. Even if this
does not occur, the increased steam specific volume creates high steam velocities, which
increase the kinetic energy loss in the exhaust steam and increase the friction loss in the steam
passing through the blades. Both losses increase with the square of the velocity and rapidly
overtake the gain due to increased enthalpy drop across the turbine. Beyond a certain point,
therefore, the turbine suffers a net loss in output.

Increased steam moisture content at very low condenser pressures can damage the turbine,
and certain limits may be imposed on operation under such conditions to avoid excessive blade
erosion. Moisture in the steam also affects turbine output because the impact of the moisture
drops retards the blades and slightly reduces turbine output.

The net result of these effects is shown in Figure 23. With rising pressure, turbine output
decreases almost linearly, but with falling pressure, the increase in turbine output is less, and a
maximum is reached. Beyond the maximum, the turbine suffers a decrease in output with
falling pressure.
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Figure 23 Effect of change in condenser pressure (courtesy of NB Power)

The effects of increased or decreased condenser pressure on the turbine have been discussed.
Reference to a Mollier diagram will clarify these effects and enable them to be visualized in
conjunction with load changes on the turbine. A change in condenser pressure moves the
exhaust point along the turbine expansion line, whereas a change in turbine load moves the
exhaust point along a constant pressure line, as shown in Figure 24. Such changes affect the
temperature, density, wetness, and enthalpy of the exhaust steam and hence the turbine
output.

7.8 Causes of Poor Condenser Vacuum
Cooling water temperature and turbine load variations will drive the condenser pressure one
way or the other. Such changes are normal, but may cause the condenser pressure to deviate
beyond normal limits. Other causes of rising pressure usually require operator intervention to
restore the condition of the system. Condenser tube fouling, for example, will ultimately
require that the tubes be cleaned to restore conditions. Tube flooding on the steam side, tube
draining on the water side due to air accumulation at high points in the cooling water system,
and accumulation of incondensable gases blanketing the tubes in the steam space are further
causes of poor vacuum which require an analysis of conditions to determine the reason.


