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Dr. Nikola K. Popov

Summary

This chapter covers the thermal-hydraulic design of nuclear power plants with a focus on the
primary and secondary sides of the nuclear steam supply system. This chapter covers the
following topics: evolution of the reactor thermal-hydraulic system; key design requirements for
the heat transport system; thermal-hydraulic design principles and margins; design details of
the primary and secondary heat transport systems; fundamentals of two-phase flow;
fundamentals of heat transfer and fluid flow in the reactor heat transport system; other related
topics.
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1 Introduction
Section 1 provides an introduction to thermal-hydraulic design. It defines the expectations and
learning outcomes for this chapter and indicates the relationship of this chapter to other
chapters in this textbook.

The objective of this chapter is to describe the generic thermal-hydraulic design of nuclear
reactors under normal operating conditions, with a specific focus on design details of CANDU
reactors.

This chapter covers the thermal-hydraulic design of a CANDU nuclear power reactor, with
general comparisons to other reactor types and designs. Thermal-hydraulic design covers the
reactor primary and secondary heat transport systems. In fact, the primary heat transfer
design defines the maximum power levels (globally and locally) that can be safely generated in
the reactor core and thus defines the design characteristics of many systems and components,
such as the reactor core physics and the fuel design.

1.1 Overview
This section describes the objectives, principles, and methodologies of reactor thermal-
hydraulic design. The thermal-hydraulic design of the reactor process systems that are
required to transport heat energy away from the nuclear reactor source and transform this
heat energy into useful work (generally electrical energy) are the focus of nuclear engineering
and of this chapter.

Section 2 presents the principles of reactor design, with a focus on CANDU reactor design.
Designs of other reactor types are described in Appendix A, in which the focus is on providing a
historical perspective on reactor thermal-hydraulic and systems design and on pressurized
water reactors (PWRs) and boiling water reactors (BWRs).

Section 3 covers the design evolution of the CANDU reactor, including a general description of
the overall design of the CANDU heat transport system and the design and evolution of the
main components such as primary pumps, steam generators, and the reactor core.

Section 4 defines the thermal-hydraulic design requirements, including fuel cladding (fuel
sheath), coolant, fuel, moderator materials, and control materials. Reactor core component
materials are discussed and component requirements assessed. This section also discusses
various fuel-coolant-moderator arrangements, their optimization, and their performance
within the reactor design. Advantages and disadvantages of all the variations are discussed and
possible solutions suggested. Finally, the section provides general requirements for the
thermal-hydraulic design process.

Section 5 discusses reactor thermal-hydraulic design limits from the perspective of various
reactor designs. It explains the concepts of reactor thermal margins and their application to
reactor design assessment. Reactor thermal margins are an important parameter in reactor
thermal-hydraulic design because they provide assurance that the heat generated by the fuel is
removed from the reactor core under all possible operating conditions.

Section 6 covers thermal-hydraulic design fundamentals. The first part of this section presents
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the fundamentals of single- and two-phase flow and heat transfer. Two-phase flow and heat
transfer present a number of thermal-hydraulic design challenges, which are explained and
discussed in this section. In addition, this section covers the thermodynamics of the reactor
primary and secondary heat transport systems. The concepts of thermodynamic laws and their
application to reactor design are presented. The concept of reactor thermodynamic efficiency
is defined and its application to reactor performance assessment explained. Various secondary
system designs are discussed, and a description of the secondary side components, such as
steam turbines, steam condensers, feedwater systems and pre-heaters, and feedwater pumps,
is provided.

Section 7 is the key section in this chapter because it describes the design of reactor heat
transfer and fluid flow. This section outlines primary heat transport system behaviour,
describes the various mathematical models, and discusses the most important characteristics
of the primary heat transport system. The design and operation of the primary pumps is
described. The design and operation of the steam generators is covered in detail because this
component connects the primary and secondary heat transport systems, and therefore
understanding its behaviour is essential for understanding overall reactor thermal-hydraulic
behaviour. Flow stability in single-channel and parallel-channel instability situations is
explained and its relevance to reactor and pump operation presented.

Also presented in Section 7 are heat transfer in the fuel elements and their heat transfer
behaviour and operation in the reactor. Various topics are covered, such as fuel pellet cladding
gap heat conduction, variability of heat conductivity in the fuel with temperature, and the
influence of other important parameters. Fluid flow fundamentals are also covered, including
calculation of pressure drop in the primary heat transport system under single- and two-phase
operating conditions, calculation of flow resistance and its impact, and other important
aspects.

Heat transfer between fuel and coolant is also discussed in Section 7, including heat transfer
regimes in single-phase and two-phase operation, with a particular focus on boiling heat
transfer in a CANDU fuel channel. The concept of critical heat flux is defined and discussed,
along with various critical heat flux approaches, experimental data, and prediction methods.
The impact of critical heat flux on reactor thermal margins is discussed and methods for
improvement identified. An important part of the critical heat flux prediction model is the
look-up table, which is explained and its application described. Part of this section is devoted
to post-critical heat flux heat transfer, i.e., transition boiling and film boiling. Various heat
transfer modes are discussed, with particular attention to CANDU fuel bundles. Most of the
important heat transfer correlations are listed and explained and their application discussed.

Finally, the last few sub-sections of Section 7 are devoted to special topics in reactor thermal-
hydraulic design. One section explains the critical flow phenomenon and its relevance to safety
analysis, as well as the water hammer phenomenon. It provides insights on the risk from the
water hammer hazard and provides high-level information on preventing this phenomenon in
reactor design.

The last part of Section 7 covers natural circulation, which is an important phenomenon
because it provides assurance that reactor decay heat will be removed from the core if forced-
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Figure 2 Typical CANDU plant

Figure 2 provides a schematic diagram of a typical CANDU heat transport system.

Figure 3a provides a detailed diagram of the CANDU 6 primary heat transport system (blue
solid lines) and the shutdown system (green dashed lines) [AECL1981]. Figure 3b provides a 3D
view of the CANDU 6 cooling system layout in the reactor building (the nuclear island)
[AECL2005].

A CANDU nuclear steam supply system’s power production process starts like that of any other
nuclear steam supply system, with controlled fission in the reactor core.
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a) CANDU 6 primary and shutdown cooling loops

b) CANDU 6 cooling loops in containment – 3D view

Figure 3 CANDU 6 reactor cooling loops
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2.1.1 Reactor core and calandria vessel

The core in a CANDU reactor is horizontal (Figure 4), with reactor channels in the core
containing the reactor fuel and heavy water coolant, whereas the heavy water moderator is in
the calandria vessel surrounding the reactor core [AECL2009a, AECL2010]. The reactor is made
up of a stainless-steel horizontal cylinder, the calandria, closed at each end by end shields that
support the horizontal fuel channels spanning the calandria and provide personnel shielding. In
the CANDU 6 design, the calandria is housed in and supported by a light water-filled, steel-lined
concrete structure, the reactor vault, which provides thermal shielding (Figure 5). In the
Darlington/Bruce CANDU reactor design, the calandria vessel is housed in a steel shield tank
assembly, which performs a similar function to the CANDU 6 calandria vault. The calandria
contains heavy water (D2O) moderator at low temperature and pressure, reactivity control
mechanisms, and several hundred fuel channels.

Figure 4a) Typical CANDU reactor and heat transport system

Figure 4b) Typical CANDU fuel channel
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Figure 4c) Typical CANDU fuel bundle

Figure 4 CANDU reactor, fuel channel, and fuel bundle

Neutrons produced by nuclear fission are moderated (slowed) by the D2O in the calandria. The
moderator D2O is circulated through systems that cool and purify it and control the
concentrations of the soluble neutron absorbers used to adjust reactivity.

The fuel channels are also shown in Figure 4c. Each fuel channel supports 12 fuel bundles in
the reactor core (13 in the Darlington/Bruce CANDU design). The fuel channel assembly
includes a zirconium alloy pressure tube, a zirconium calandria tube, stainless steel end-fittings
at each end, and four spacers that maintain separation of the pressure and calandria tubes.
Each pressure tube is thermally insulated from the cool, low-pressure moderator by the CO2-
filled gas annulus between the pressure tube and the concentric calandria tube.

The CANDU fuel bundle typically consists of 37 elements (although advanced 43-element
designs have been qualified, and 28-element designs are still in service at Pickering station)
arranged in circular rings, as shown in Figure 4c.

Figure 5 CANDU calandria vessel and reactor vault
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Each fuel element consists of natural uranium in the form of cylindrical pellets of sintered
uranium dioxide contained in a zircaloy-4 sheath closed at each end by an end cap. The fuel
elements are held together by end plates at each end to form the fuel bundle. The required
fuel element separation is maintained by spacers brazed to the fuel elements at the transverse
mid-plane. The outer fuel elements have bearing pads brazed to the outer surface to support
the fuel bundle in the pressure tube.

The CANDU reactor assembly, shown in Figure 5, includes the fuel channels contained in and
supported by the calandria. Each end shield consists of an inner and an outer tube sheet joined
by lattice tubes at each fuel channel location and a peripheral shell. The inner spaces of the
end shields are filled with steel balls and are light water-cooled. The fuel channels, supported
by the end shields, are located on a square lattice pitch. The calandria is filled with heavy
water moderator at low temperature and pressure.

2.1.2 Primary heat transport system design

The CANDU primary heat transport system consists of primary, secondary, and tertiary loops,
as shown in Figure 2 [AECL2009a]. There are several variations of the CANDU heat transport
system design, the latest being the Pickering, Bruce/Darlington, and CANDU 6 designs. The
CANDU 6 heat transport system design is described in the following sections.

The heat transport system (HTS) circulates pressurized D2O coolant through the fuel channels
to remove the heat produced by fission in the nuclear fuel. The coolant transports the heat to
steam generators, where it is transferred to light water to produce steam to drive the turbine.
Two HTS coolant loops (one in the Bruce design) are provided in CANDU reactors (Figure 6).
Each loop has one inlet and one outlet header, as well as one primary pump and one steam
generator at each end of the reactor core. D2O is fed to each fuel channel through individual
inlet feeder pipes from the inlet headers and is returned from each channel through individual
outlet feeder pipes to the outlet headers. Each heat transport system loop is arranged in a
“figure-of-eight”, with the coolant making two passes in opposite directions through the core
during each complete circuit and the pumps in each loop operating in series. The coolant flow
in adjacent fuel channels is in opposite directions.
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Figure 6 CANDU primary heat transport system

In most CANDU reactors, the pressure in the heat transport system is controlled by a
pressurizer connected to the outlet headers at one end of the reactor. Valves provide isolation
between the two loops and the pressurizer in the event of a loss-of-coolant accident.

Figure 6 provides a view of the “figure-of-eight” design of the CANDU heat transport system.
On the right side, this figure shows the CANDU heat transport system to scale, with all feeders
connected to the reactor core. Coolant is transported from the outlet headers to the steam
generator by a large steam generator inlet pipe. Primary coolant from the steam generator
outlet is transferred to the primary pump by means of a large pump suction pipe and from the
pump to the inlet header by means of large pump discharge pipes.

The main components of the reactor primary heat transport system, in addition to the reactor,
are the steam generators, primary pumps, connecting piping to each channel, distribution
headers, large piping connecting these to the pumps and the steam generators, and the
pressurizer. These components are described in the next few sections.

2.1.3 Steam generators

The CANDU steam generators consist of an inverted U-tube bundle within a cylindrical shell.
Heavy water coolant passes through the U-tubes [AECL2009a, AECL2010]. The steam
generators include an integral pre-heater on the secondary side of the U-tube outlet section
and integral steam-separating equipment in the steam drum above the U-tube bundle. A
typical steam generator structure is shown in Figure 7.
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Figure 7 Typical steam generator design Figure 8 Typical pressurizer design

Operation and design details and calculations for the steam generator are provided in Section
7.3. The steam generator plays an important role in reactor heat transport system operation
because it connects the reactor operation with the turbine-generator operation.

2.1.4 Pressurizer

The pressure in the reactor primary coolant system is maintained at a controlled level by a
pressurizer. Figure 8 shows a view of a typical pressurizer [AECL2009a, AECL2010]. The
pressurizer contains steam in the upper section of its cylinder and water in the lower section.
The pressurizer is connected to the primary loop through a surge nozzle at the bottom.
Heaters are provided at the bottom of the pressurizer internals, and a spray nozzle, relief
nozzle, and safety nozzle are installed at the top of the pressurizer head.

A “positive surge” of water from the primary loop because of increasing loop pressure is
compensated for by injecting cold water from the top of the pressurizer, which condenses the
steam in the upper portion and thus reduces system pressure.

A “negative surge” of water empties the pressurizer, reducing steam pressure at the top of the
pressurizer and thus loop pressure. In this situation, the electrical heaters at the bottom of the
pressurizer are automatically activated, converting a portion of the water into steam and
resulting in a loop pressure increase. By performing these sequences (i.e., creating steam when
the loop pressure is too low or decreasing steam when the loop pressure is too high), the
pressurizer maintains loop pressure within a certain design range and also ensures smooth
pressure changes in the primary loop.



22 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Thermal-Hydraulic Design – December 2015

2.1.5 Primary pumps

The primary pumps used in the CANDU heat transport system are vertical, centrifugal motor-
driven pumps with a single suction and a double discharge [AECL2009a, AECL2010]. As shown
in Figure 9, the pump impeller is at the bottom of the pump, and the pump shaft extends
upward to the pump motor, passing through a number of pump seals and holding the pump
flywheel.

Figure 9 Typical primary pump design

Cooling of the reactor fuel in the event of electrical power supply interruption is maintained by
the rotational momentum of the heat transport pumps during reactor power rundown and by
natural convection flow after the pumps have stopped. More information on pump function,
design, and operation is provided in later sections of this chapter.

2.1.6 Primary heat transport piping

The CANDU reactor contains a relatively large number of pipes, called feeders, and manifolds,
called headers, in the primary heat transport system, which are used to distribute coolant to
the fuel channels in the core. Although these components have important functions and are
mentioned in this chapter, a detailed discussion is beyond the scope of this textbook. Note
that feeders are unique to reactor designs with fuel channels and provide a number of design
advantages, but are also vulnerable to certain types of accidents and aging effects, as
mentioned in other chapters.

2.1.7 Secondary heat transport system design

The NPP secondary heat transport system transfers the generated energy from the primary
closed circuit to the secondary, where the heat energy is transferred into mechanical energy of
rotation in the turbine and then into electrical energy by the electric generator. The main
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components of the secondary heat transport system are the steam turbine, condenser, heat
exchangers, feedwater pumps, valves, and piping; these are covered in the next few sections.

2.1.8 Turbine

The CANDU steam turbine is typically a tandem compound unit, directly coupled to an
electrical generator by a single shaft. It consists of one double-flow high-pressure cylinder
followed by external moisture separators, five steam reheaters, and three double-flow low-
pressure cylinders. The turbine is designed to operate with saturated inlet steam. The turbine
system includes main steam stop valves, governor valves, reheat intercept valves, and
emergency stop valves. All these valves close automatically in the event of a turbine protection
system trip.

In the following sections, more details are provided about turbine operation, efficiency, and
other relevant parameters.

2.1.9 Condenser

The turbine condenser consists of three separate shells. Each shell is connected to one of the
three low-pressure turbine exhausts. Steam from the turbine flows into the shell, where it is
condensed by flowing over a tube bundle assembly through which cooling water is pumped.
The condenser cooling water typically consists of a once-through circuit that uses water from
an ocean, lake, or river or is connected to cooling towers. The condensed steam collects in a
tank at the bottom of the condenser called the “hot well”. A vacuum system is provided to
remove air and other non-condensable gases from the condenser shell. The condenser is
designed to accept turbine bypass steam to permit reduction of reactor power from 100% to
70% if the turbine is unavailable.

2.1.10 Heat exchangers and pumps

On its return to the steam generators, condensate from the turbine condenser is pumped
through the feedwater heating system. Typically, it first passes through three low-pressure
feedwater heater units, each of which contains two heaters fed by independent regenerative
lines. (This arrangement permits maintenance work to be carried out on the heaters with only
a small effect on turbine generator output.) Two of the heater units incorporate drain cooling
sections and the third a separate drain cooling stage. Next, the feedwater enters a deaerator,
where dissolved oxygen is removed. From the deaerator, the feedwater is pumped to the
steam generators through two high-pressure feedwater heaters, each incorporating drain
cooling sections (see Figure 55).

Several stages of feedwater pumps are installed to raise the pressure from the condenser
pressure (vacuum) of 4–6 kPa to the steam generator pressure of 4.7 MPa. More information
on heat exchanger design and calculations is provided in later sections of this chapter.

2.2 Problems
1. Name and describe the function of the main components of the CANDU primary heat

transport system.
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2. Describe the main components of the pressurizer in a CANDU reactor, with a detailed
explanation of the method it uses to control the primary heat transport system
pressure.

3. Provide a detailed description of the steam generator function, with specific reference
to its role in the relationship between the primary and secondary heat transport
systems. Comment on the relationship of these systems with the overall size of the
steam generators.
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3 CANDU Thermal-Hydraulic Design Evolution
To obtain a better understanding of CANDU design concepts, one needs to understand how the
design has evolved over the past 50 years [AECL1978, AECL1997]. This section provides
information focussing on the reasons why certain evolutionary steps were taken and why
certain design solutions were abandoned, based on operating experience and on evolving
regulatory requirements. The design evolution is covered from two perspectives: general
evolution resulting from nuclear operating and regulatory experience around the world, and
CANDU-specific operating and regulatory experience in Canada.

3.1 CANDU reactor evolution
The evolution of the heat transport system is of primary importance in understanding the
evolution of power reactor technology. The primary heat transfer system contains the reactor
core and the fuel and is therefore an important link between the reactor thermal-hydraulics,
physics, and fuel.

The evolution of the heat transport system, which is described in this section, captures the
design evolution of the reactor core, the fuel and fuel channels in the CANDU reactor, the type
and number of primary heat transfer loops, and the primary pumps and steam generators.
Also covered are the evolution of the systems and components on the secondary side of the
heat transfer.

The CANDU design had its beginnings in the early 1950s, with preliminary engineering studies
on a 20 MWe and a 200 MWe plant [AECL1997]. The design concepts were based on
experimental confirmation at the ZEEP, NRX, and NRU experimental reactors at the AECL Chalk
River Laboratory facilities. These studies eventually culminated in commitments to the
construction of NPD and Douglas Point. NPD began operating in 1962 and Douglas Point in
1966. At the same time, commitments were made to construct Pickering in 1964 and Bruce in
1969. The 1970s witnessed the excellent operating performance of Pickering and Bruce and
further commitments to construct the Gentilly-2 (Quebec), Embalse (Cordoba, Argentina),
Point Lepreau (New Brunswick), Wolsong (Korea), Pickering B (Ontario), Bruce B (Ontario), and
Darlington (Ontario) plants.

In most cases, successive plants have meant an increase in reactor power output. Evolutionary
developments have been undertaken to fit the requirements of stricter safety goals, higher
ratings and sizes, new regulations, better reliability and maintainability, and lower costs. These
evolutionary changes have been introduced in the course of engineering parallel reactor
projects with overlapping construction schedules—circumstances which provide close contact
with the practical realities of economics, manufacturing, construction activities, and
performance in plant commissioning. Features for one project furnished alternative concepts
for other plants on the drawing board at that time, and the experience gained in first
application yielded a sound basis for re-use in succeeding projects. Thus, the experience
gained in NPD, Douglas Point, Gentilly-1, and KANUPP contributed to Pickering and Bruce. In
turn, all these plants contributed to the CANDU 6 design (i.e., Gentilly-2, Point Lepreau,
Wolsong, Cernavoda, Embalse, and Qinshan). The evolutionary changes that have taken place
are discussed in the following sections.
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Table 1 provides a general comparison of key design features of other reactor types with those
of CANDU [GAR1999, POP2014, POP2015]. Table 2 provides information on the evolution of
various key components in CANDU heat transport systems.

Table 1 Typical fuel characteristics for key reactor types

Characteristic BWR PWR AGR LMFBR CANDU

Moderator H2O H2O Graphite - D2O

Coolant H2O H2O CO2 Molten Salt D2O

Neutron Energy Thermal Thermal Thermal Fast Thermal

Fuel Enriched UO2 Enriched UO2 Enriched UO2 PuO2/UO2 Natural UO2

Fuel Geometry Cylindrical
pellet in clad

tube

Cylindrical pellet
in clad tube

Cylindrical pellet
in clad tube

Cylindrical pellet
in clad tube

Cylindrical pellet
in clad tube

Fuel Assembly Up to 10 x 10
rod array

Up to 17 x 17
rod array

Concentric
circles

Hexagonal rod
array

37-element fuel
bundles (typ.)

3.1.1 Primary heat transport system
The evolution of the CANDU design has involved a continuing quest for higher reliability, better
equipment maintainability, and reduced radiation doses to operating staff. This has been
manifested in a dramatic reduction in the number of components, as shown in Table 2. For
example, NPD had approximately 100 valves per MW in the nuclear steam supply system. This
was reduced to less than 1 valve per MW in the Bruce, Gentilly-2, and Darlington designs. In
addition, there are no valves in the large HTS main piping (past the Pickering design). The
number of steam generators has gone from 12 in Pickering, to 8 in Bruce, to 4 in the CANDU 6
and Darlington designs. Other evolutionary changes have included improvements in sub-
cooling margins, increased gross and channel flowrates, and increases in system pressure and
temperature. All materials in the heat transport circuit are now specified for very low levels of
cobalt to minimize radiation fields, thus improving CANDU radiation protection robustness.
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Table 2 CANDU main process parameters and features

Parameter Douglas Point Pickering Bruce/Darlington CANDU 6

Power Output MWe 210 515 750 / 850 700

Number of Channels 306 390 480 380

Number of Pumps 10 16 4 4

Pump Type Vertical
Centrifugal Single

Stage

Vertical
Centrifugal
Single Stage

Vertical Centrifugal
Single Stage

Vertical Centrifugal
Single Stage

Power per Pump kW 600 1170 > 8250 > 5250

Pump Code BPVC Sect. VIII BPVC Sect. VIII BPVC Sect. III Class 1 BPVC Sect. III Class
1

Pump Seismic
Classification

None None DBE Category ‘A’ DBE Category ‘A’

Number of Steam
Generators

80 12 4 or 8 4

SG Power MW/boiler 2.5 ~ 45 ~ 95 150

SG Material M-400 M-400 I-600 I-800

Number of SG Tubes 196 2600 > 4200 3550

3.1.2 Steam generators
Steam generator size has been generally limited by the industrial capability to produce the
generators. Figure 10 [GAR1999] shows the evolution of the steam generator in terms of its
size and power. The power of the Darlington steam generators is close to 800 MW. Current
CANDU 6 plant designs typically have four steam generators.

Monel was used as the tubing material for Douglas Point, RAPP, KANUPP, and Pickering. This
material has proven quite satisfactory for the non-boiling coolant conditions of those plants.
Inconel 600 was used in NPD and in Bruce. This is a more costly material than Monel; however,
its corrosion resistance in a boiling environment (as in Bruce) is much superior. Currently,
Incoloy 800 is used in all 600-MW class CANDU 6 operating reactors. This material is more or
less equal in most respects to Inconel 600, has greater resistance to intergranular attack, and is
somewhat lower in cost.
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Figure 10 CANDU steam generator design evolution

3.1.3 Heat transport pumps
Pump-motor sets have retained essentially the same configuration in all CANDU stations, i.e.,
vertical electric motor-driven, centrifugal, volute-type casing, one radial guide bearing in the
pump with pumped fluid as lubricant, a tilting pad-type guide and double-acting thrust bearing
in the motor, and mechanical shaft seals. Table 2 provides information on the evolution of the
primary pump [GAR1999].

Maintainability has been improved by providing interchangeable sub-assemblies. Appropriate
shielding placement has made it possible to change a pump motor on Bruce while the reactor
continues to operate at 60%–70% power.

There has been a trend away from solid rotor flywheels (Douglas Point to Gentilly-2) to
additional packages of rotor laminations located just outboard of the main rotor (Point
Lepreau, Bruce 'B'). This manner of fabrication eliminates the requirement for in-service
inspection because it is highly unlikely that a defect could grow from one lamination to
another.

Regulatory requirements for pumps have grown from minimal at the beginning to the present
time, at which the pump pressure boundary is considered in the same way as for nuclear
pressure vessels (ASME Section III, Class I). Consequently, non-destructive examination (NDE)
and quality assurance requirements have increased considerably.

3.1.4 Reactor core
In 1955, a detailed design of a demonstration natural uranium reactor was carried out. It was
called the Nuclear Power Demonstration (NPD) and was based on a vertical pressure vessel
concept [AECL1997]. In 1957, this was changed to a horizontal pressure tube configuration—a
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configuration which has remained in subsequent heavy water-cooled reactors. The horizontal
configuration aided the on-line fuelling scheme by making double-ended fuelling feasible. It
also permitted the use of vertical safety control rods, which did not interfere with the pressure
tubes and feeders.

Reactor core evolutionary changes have been intended to achieve:

a) large increases in core rating with the minimum increase in reactor size (higher power
density enabling reduction in capital cost);

b) reduction in shop fabrication costs through simplification and standardization;

c) reduction in field assembly and shortened construction schedules through more shop
fabrication and modularization.

Table 3 Evolution of D2O content in the core and of power in the fuel channel

Reactor Design D2O in Core per MW
Thermal [m3/MWth]

MW Thermal per Metre
Length of Fuel Channel

[MWth/m]
NPD 0.410 0.163
Douglas Point 0.169 0.453
KANUPP 0.182 0.443
Pickering A 0.157 0.752
Bruce A & B 0.112 0.881
Gentilly-2 0.105 0.931

The major impact of higher power densities on capital costs is to reduce the heavy water
inventory. The amount of heavy water in the reactor core per MW produced in the reactor is
listed in Table 3. Higher power densities required more MWs of power produced per metre
length of fuel channel.

3.1.5 Reduction in radiation exposure

Canada has accepted the recommendations made by the International Commission on
Radiological Protection (ICRP) on maximum permitted doses for occupationally exposed
persons.

Note that severe accident doses are different from these normal operating doses and that
discussion is ongoing about these doses, especially under the influence of the accident in
Fukushima, Japan in 2011.

The major factors affecting the radiation dose accumulated by a worker are:

a) Amount of equipment.
b) Frequency of failure.
c) Time required for repair, service, and inspection.
d) Radiation conditions (fields and airborne concentrations).
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Because radiation dose is proportional to the product of these four factors, a reduction in any
factor will reduce the dose received. The following general classification of some solutions in
the design stage has emerged:

1) Avoid adding equipment.
2) Eliminate equipment and remove unnecessary redundancy.
3) Simplify equipment.
4) Provide necessary equipment of high reliability.
5) Relocate equipment to lower radiation fields.
6) Eliminate materials such as cobalt, which could become highly radioactive.
7) Provide better chemical control and purification.
8) Arrange for quick removal for shop maintenance.
9) Extend interval between maintenance periods.
10) Reduce in-situ maintenance times.
11) Provide adequate space around equipment.
12) Provide adequate shielding so that maintenance can take place in low fields.

3.2 CANDU reactor types
Over the past 60 years, AECL in Canada has designed many types of CANDU reactors, some of
which were built and operated, and some of which were never built or were abandoned. This
section provides a brief overview of these past CANDU designs, with a view to understanding
the evolution of the CANDU heat transport system and its thermal-hydraulic design
[AECL1997].

3.2.1 Nuclear Power Demonstration station

Figure 11 shows the simplified HTS schematic for the Nuclear Power Demonstration (NPD)
CANDU design [GAR1999, POP2014]. This was the first reactor design prepared by AECL. The
HTS circuit contained in-line isolating valves for maintenance purposes. Pump reliability was
enhanced by using three 50%-capacity pumps with check valves to prevent reverse flow
through the non-operating pump. The check valves were placed at the pump discharge, of
course, rather than at the suction to meet net positive suction head (NPSH) requirements. The
66 inlet and 66 outlet feeders at each end of the core terminated in a reactor inlet and a
reactor outlet header respectively. Hence, bidirectional channel flow was used to limit spatial
reactivity feedback. Channel flow was trimmed to match the radial power distribution by
inserting an orifice plate into the inlet end fittings. All feeders were of the same diameter.
Pump flywheels were used to match the power rundown during a Class IV power failure to
ensure adequate fuel cooling, as in all CANDU stations. Boilers were placed above the core to
enhance thermo-siphoning. Feed and bleed provided pressure and inventory control.



Thermal-Hydraulic Design 31

©UNENE, all rights reserved. For educational use only, no assumed liability. Thermal-Hydraulic Design – December 2015

Figure 11 Nuclear Power Demonstration (NPD) heat transport system

The NPD nuclear station had some significant design features that were quite different from
other CANDU stations. There was only one set of inlet and outlet headers, with relatively long
connecting pipes running from one side to the other of the reactor vessel. The end fittings of
the reactor fuel channels did not have shield plugs, leading to a large holdup of heavy water in
this region. The core itself consisted of two fuel bundle types. The central region had 19-
element bundles, and the outer region had 7-element bundles.

Another difference from later CANDU reactors is that the steam generator was a horizontal U-
tube vessel with the steam drum situated above and connected to the steam generator by a
series of four-inch risers and downcomers.

3.2.2 Douglas Point

The Douglas Point power plant was the first station to incorporate features typical of later
CANDU designs [GAR1999, POP2014]. Figure 12 shows a simplified HTS schematic for the
Douglas Point design. This station used the “figure-of-eight” loop layout. This configuration
had the advantage of reducing D2O holdup and pressure drop by eliminating the long piping
runs to the far end of the core, which were inherent in the NPD design. This introduced the
possibility of east-west (loop end-to-end) imbalances. Redundancy in pumps was required to
achieve adequate reliability. As in NPD, bidirectional channel flow, check valves at pump
discharges, and isolation valves were used. Channel flow was trimmed to match the radial
power distribution using different feeder sizes or orifice plates in inlet feeders and shield plugs.
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Figure 12 Douglas Point heat transport system

3.2.3 Pickering A and B

The Pickering stations have a similar thermal-hydraulic design to Douglas Point. The Pickering
heat transport system is shown in Figure 13 [OPG2000]. Power output was increased to 540
MWe, and two loops were used to reduce the rate of blowdown in the event of a loss-of-
coolant accident (LOCA).

Figure 13 Pickering A heat transport system

A loop interconnect was provided to reduce loop-to-loop imbalance. Manufacturing limits on
steam generators and pumps led to the use of 12 operating steam generators and 12 operating
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pumps with four reserve pumps. Component isolation was still possible, but check valves were
eliminated because of the leakage and poor reliability experienced at the Douglas Point plant.
Trimmed channel flow was achieved by varying feeder sizes and inlet feeder orifice plates. The
Pickering fuel bundle has 28 fuel elements and is the only CANDU design currently operating
with 28-element fuel.

3.2.4 Bruce A and B

Figure 14 shows the simplified schematic of the Bruce HTS system [BPR2000]. It shows a
significant difference in layout compared to the Pickering station. For Bruce (and later stations,
such as CANDU 6 and Darlington), the reliability experience gained from previous plants
justified the elimination of stand-by pumps. For radiation protection and maintenance
reasons, valves were eliminated. Manufacturing now permitted larger components, and
therefore eight steam generators and four pumps were included. Channel flow was not
trimmed to meet power distribution capability as in all other CANDUs. A constant radial flow
distribution was maintained by changing feeder sizes to account for geometry and feeder
length differences. As in all CANDU designs, fuel channel flow velocity was limited to 10 m/s
due to concerns about fretting of the fuel bundle and pressure tubes. The Bruce channel
design had thirteen 37-element fuel bundles located in the fuel channel, but the core length
was kept the same. Therefore, at each end of the core, half a fuel bundle protruded out of the
reactor core region.

Figure 14 Bruce heat transport system
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3.2.5 CANDU 6

The CANDU 6 has been discussed in previous and following sections. The figure-of-eight loop
HTS design was adopted as of the Pickering design [AECL2009a, AECL2010]. However, also as in
the Bruce design, fewer components were used. Increased confidence in knowledge of two-
phase flow led to the use of boiling under normal conditions in the HTS. Erosion and corrosion
concerns at the steam generator inlet limited the quality to 4.5% at this position or nominally
4% at the reactor outlet header (ROH). Erosion/corrosion concerns also limited single- and
two-phase coolant flow velocities to a maximum value of 15.25 m/s to 16.75 m/s. The
presence of boiling required a surge tank or pressurizer to accommodate the larger shrink and
swell during transients. The pressurizer was used for pressure control (using heaters and steam
bleed valves), whereas inventory control remained as feed and bleed. This is the same
approach as in the Bruce design because the Bruce design is nominally single-phase. A heat
transport system schematic of the CANDU 6 design is shown in Figure 3.

3.2.6 Darlington

The HTS schematic for the Darlington design, shown in Figure 15, is similar to the CANDU 6
design. The Darlington reactor core design is similar to the Bruce reactor core design (480 fuel
channels with 13 bundles per channel) [OPG2002]. The Darlington HTS process conditions
were chosen to be very close to those of the CANDU 6 because that was the state of the art at
that time. An optimization program showed that higher tube pressures, higher qualities, and
higher velocities were economical. However, state-of-the-art engineering limits on pressure
tubes, qualities, and velocities forced the optimization to stop at these limits, which were the
same as for the CANDU 6 design.

Figure 15 Darlington heat transport system
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The HTS for Darlington was designed by Ontario Hydro with design support from AECL. AECL
retained responsibility for the primary HTS between the headers (RIH, feeders, end-fittings, fuel
channels, and ROH), whereas Ontario Hydro assumed design responsibility for the rest of the
system.

The Darlington HTS design has four inlet headers, two on each side of the calandria vessel, and
two outlet headers, one on each side of the calandria vessel. This configuration enables mixing
in the outlet headers between the two loops, a feature that is useful for balancing the coolant
parameters in both loops. However, it also exhibits some weaknesses in achieving isolation of
the intact loop when the other loop is exposed to a break and a large LOCA situation.

3.2.7 Advanced CANDU designs

The advanced CANDU designs responded to continuing emphasis on safety, reliability, and
maintainability (R&M), quality assurance (QA), reduction in radiation doses, standardization,
modularization, and capital cost reduction. The excellent performance record of Pickering and
Bruce was maintained through a vigorous R&D program and a common-sense approach to QA.
Along with maintaining the above features, some of the high-level design directions were:

a) Reduction of capital cost;
b) Minimization of all areas of cost, from engineering to fabrication, construction, and

commissioning; and
c) Shortening of the overall construction schedule.

Heat transport system and process designs also reflected the evolution in the state of the art,
notably in the following areas:

1) Critical heat flux;
2) Erosion/corrosion velocity limits;
3) Single- and two-phase pressure drop and heat transfer correlations;
4) Thermo-siphoning;
5) Safety guidelines and requirements;
6) Stability aspects of two-phase flows;
7) Two-phase pump performance requirements;
8) Pump seals;
9) Process modelling (e.g., pressurizer, headers, boilers);
10) Creep of fuel channels;
11) Fuel design (fretting, hydraulic characteristics);
12) Power output and other constraints as required by clients;
13) Feeder sizing criteria.

3.2.7.1 CANDU 3, CANDU 9, and ACR-700

The CANDU 3, CANDU 9, and ACR-700 conceptual and preliminary designs were completed in
the 1990s and 2000s to meet a market need for small low-cost power reactors, large natural
uranium-fuelled reactors, and customer-specific needs respectively. Each of these reactor
types had different heat transport designs; however, no stations were built using these reactor
designs, and they were abandoned by AECL.
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3.2.7.2 ACR-1000

The ACR-1000 conceptual and preliminary design was completed at the end of the 2000s;
however, no station was built using this reactor design. Figure 16 shows the key features of the
primary ACR-1000 heat transport system [AECL2009b]. The ACR-1000 reactor uses light water
as coolant with a low level of fuel enrichment (around 2.1%). This combination, along with
certain fuel design changes, resulted in negative void reactivity. The fuel design consisted of a
43-element bundle (CANFLEX) with low-enriched uranium fuel and with the central and
intermediate rings of larger diameter than the outer two rings. The central element did not
have fuel in it, and the outer two rings had pins with a certain percentage of neutron absorber
to achieve negative void reactivity. The fuel had target burn-up as high as 20,000 MWd/t.
Reactor power was about 3200 MWt with 520 fuel channels in the core.

Figure 16 ACR-1000 heat transport system

The heat transport system has two figure-of-eight loops with four steam generators, with four
pumps, two pumps, and two steam generators on each side of the loop. Although this reactor
design has a negative void reactivity and from this perspective does not need to have two
primary loops to reduce the power pulse in a large LOCA, it had two loops for a different
reason. Because the reactor power was high, in addition to other reasons, having one loop (as
in ACR-700) would require very large steam generators and primary pumps. Hence, splitting
the core into two loops brought the scale of the steam generators and primary pumps closer to
those readily available on the market.

The reactor pressure was high (about 13 MPa), along with high inlet and outlet temperatures,
resulting in better thermal efficiency than earlier models.
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3.2.7.3 Enhanced CANDU 6

The Enhanced CANDU 6 (EC6) design followed the CANDU 6 design, but included a number of
design changes to enhance safety, operability, maintainability, constructability, and economics
[AECL2009a, AECL2010]. Most of these changes were made in the reactor safety systems, with
few in the thermal-hydraulic design. The EC6 heat transport system basically followed the
CANDU 6 design, which has been covered in previous sections.

3.3 Non-PHWR CANDU designs
A number of CANDU-generic reactor designs were completed that either did not use heavy
water coolant or were horizontal. These designs were never used in any CANDU stations, but
they present a particular set of design directions that were considered in the past. These
designs were later abandoned for various reasons, eventually focussing AECL’s design effort on
the horizontal heavy water reactor, known as CANDU, which was fuelled, moderated, and
cooled in a horizontal direction. Some of these early designs are covered in the following
sections.

3.3.1 CANDU-BLW

This was the second version of the basic CANDU concept to reach the prototype reactor stage
(the 250 MWe Gentilly-1 plant) [AECL1997]. Its major difference from the others lay in the
choice of coolant: boiling light (ordinary) water, hence its name, BLW. Its reactor coolant and
turbine systems were fundamentally the same as those of the BWR described earlier, i.e., a
direct cycle was used.

Figure 17 CANDU BLW heat transport system

For this version, a vertical orientation was chosen. A number of detailed considerations
relating to the boiling coolant led to this choice.
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Figure 17 provides a schematic illustration of the design. Ordinary water is pumped to the
bottom of each fuel channel through an individual feeder pipe. As the water passes upwards
and absorbs heat from the fuel, a fraction (~18%) is evaporated to steam. The resulting
steam/water mixture then flows to a conventional steam drum where the steam and water are
separated. The steam then flows to the turbine, and the water, mixed with incoming
feedwater in the drum, flows down to the circulating pumps, completing the cycle.

The British developed a similar version, called the SGHWR (steam-generating heavy water
reactor). A 100 MWe prototype was built. It differed from the Gentilly-1 design in that it used
slightly enriched fuel. This enabled lower-purity heavy water moderator to be used, reducing
capital costs. The fuelling costs were, however, somewhat higher.

In Japan, another similar version, called the FUGEN reactor, was developed and operated for
about 20 years. The moderator cooling system was similar to the conventional CANDU version.

3.3.2 CANDU-OCR

A third version of the basic CANDU concept used an organic fluid as the coolant [AECL1997]. It
would have been similar to the PHWR concept, except that the boilers would likely be of the
“once-through” type, with some steam superheating provided. This was made possible
because the coolant temperature at the reactor outlet could be ~100°C higher than with heavy
water cooling.

Figure 18 CANDU OCR heat transport system

The Whiteshell Reactor-1 (WR-1) experimental reactor at the AECL Whiteshell establishment
used this concept, except that the heat was used only for building heating, i.e., no turbine was
provided. The reactor operated under coolant conditions which were the same as those used
in a commercial power plant.

Figure 18 shows a design drawing of the CANDU-OCR reactor with the key features explained
above. This reactor was never built because this concept was abandoned due to certain
weaknesses that were encountered, such as fire protection with coolant that is naturally
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flammable, aging of the coolant (which required constant replacement and hence had a
negative impact on reactor availability (associated outage frequency)), and radiation protection
of the removed aged coolant.

One of the benefits of using organic coolant is that it is a mixture of several components and
therefore does not boil completely at a certain temperature. This helps to avoid going through
a two-phase region at one pressure and temperature, thus avoiding problems with critical heat
flux. Organic coolant also helps to achieve much higher coolant temperatures in the core
without the need to elevate the core pressure (as would be necessary for water). This
improves thermal efficiency significantly and makes the mechanical design easier and “lighter”
because of lower core pressures.

3.4 Problems
1. Describe and contrast the main similarities and differences between a CANDU primary

heat transport system and a PWR primary heat transport system design.

2. List three different CANDU reactor designs and explain the differences between each of
their heat transport system designs.

3. Identify four impacts of radiation doses on workers and list the general solutions that
have emerged at the design stage to mitigate their impacts.

4. Explain the benefits of using organic coolant in the CANDU-OCR design.
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4 Thermal-Hydraulic Design Requirements
This section covers power reactor design requirements with a focus on the thermal-hydraulic
design of the reactor core [GAR1999, POP2014]. However, it should be kept in mind that the
thermal-hydraulic design is tightly linked to and interfaces with other aspects of reactor design,
particularly core physics and fuel design. Therefore, in various sections throughout this
chapter, these interfaces are mentioned and covered to the extent necessary to obtain a better
understanding of thermal-hydraulic design.

Relevant core configurations for various reactor types are covered, with a specific focus on the
CANDU design. Requirements for coolant, fuel, moderator, and key materials used for reactor
control and construction are covered, typical materials used for these components discussed,
options considered, and analysis provided.

When discussing fuel, coolant, and moderator requirements, note that neutron economy is
repeatedly mentioned as an important parameter [GLA1967]. This is true even for enriched
uranium reactors because the amount of fissile isotope enrichment, and hence the cost of the
fuel, is very sensitive to the neutron economy of the reactor. This is particularly so because
uranium enrichment is very costly because it involves an isotope separation rather than a
chemical separation process. In addition to cost, the fuel enrichment process involves a
number of safeguards, regulations, and rules, which make this process politically sensitive.

4.1 Fuel requirements
In all commercial power reactors, fuel is used in solid form and in various geometries such as
solid rods (cylindrical), plates, spheres, or annular configurations (see Figure 19). The key
parameter governing fuel design, with respect to thermal hydraulics, is the external surface
area-to-volume ratio. Good heat transfer to the coolant medium is promoted by high values of
this ratio, whereas low fuel manufacturing costs and good neutron economy generally are
promoted by low values of this ratio. This presents a “classical” optimization problem during
reactor design. Therefore, from this perspective, the annular fuel geometry best meets this
requirement; plate fuel is next, and cylindrical fuel is the worst. However, in most power
reactors in operation today, cylindrical fuel rods are used, primarily due to lower
manufacturing costs.
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Figure 19 Fuel rod design types

Fuel requirements include (but are not limited to):

a) Low cost – both material and fabrication.
b) Good neutron economy.
c) Good corrosion resistance to coolant.
d) Physical stability under effects of radiation, temperature, and pressure.

Typical uranium-based fuel materials that have been considered or used include:

1) Uranium metal.
2) Uranium / other material alloy.
3) Ceramic uranium dioxide.
4) Uranium carbide.
5) Uranium silicide.

A summary of uranium fuel characteristics is presented in Table 4 [POP2014].

Table 4 Summary of uranium fuel characteristics [POP2014]

U Fuel
Form

Cost Neutron
Economy

Corrosion Physical
Stability

U Metal Lowest OK Poor Poor (swelling)

U Alloy Higher Lower OK OK

UO2 Higher Lower Excellent Excellent. High
T.

UC Lower than
UO2

UO2<UC<U
Metal

Good, except
against water

Good. High T.

US ~UC ~UC Good even
with water

~UC

Among uranium-based fuels, uranium metal is generally lowest in manufacturing cost and
highest in neutron economy, the latter because of its high density and the absence of other
neutron-absorbing elements. However, it has poor corrosion resistance to most coolants,
which is important in the event of fuel cladding failure. Its geometric stability in reactor use is
poor, primarily because of the swelling effects of fission products with specific volume greater
than that of the parent uranium.

Large quantities of alloying agents, such as zirconium, can be used, which effectively solve the
geometric stability and coolant corrosion problems. Unfortunately, both cost and neutron
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economy suffer.

Uranium dioxide is the form in which uranium fuel is used in the vast majority of today’s power
reactors. It is somewhat more expensive to manufacture and less neutron-economical than
uranium metal because of its lower density, but possesses excellent corrosion resistance to
most coolants and a high degree of geometric stability. Being a ceramic, it can withstand high
operating temperatures, which has been the deciding factor.

Uranium carbide may be attractive as a fuel for future reactor designs. It is relatively
inexpensive to manufacture (comparable to UO2) and has somewhat better neutron economy
than UO2 (because of its higher density), but not as good as that of uranium metal. It has good
corrosion resistance against many coolants, but unfortunately not to water. Its dimensional
stability is good, and it can operate at high temperatures.

Uranium silicide is a more recent development with most of the advantages of uranium carbide
and in addition adequate resistance to corrosion by water coolants.

4.1.1 Metallic fuels

Unalloyed uranium metal is a very poor reactor fuel because it exhibits substantial growth
under irradiation. Highly irradiated specimens have been known to show axial growth equal to
more than 60% of the original sample length.

Uranium metal is highly chemically reactive and can be used at high temperatures with only a
few coolants, e.g., carbon dioxide and helium. Low-alloy uranium fuel (with a small amount of
alloying material) has been demonstrated to increase corrosion resistance to high-temperature
water and to improve irradiation stability. Good results have been obtained with U3Si (U-3.8
wt.% Si). Irradiation stability is somewhat improved, and corrosion resistance is about 500
times greater than that of unalloyed uranium. More satisfactory fuels can be obtained by
addition of alloying materials, for example, 10–20 wt.% Mo or Nb alloys containing 10%–13.5%
molybdenum; this option has appeared most promising.

Fuels that are highly satisfactory from both the irradiation-damage and water-corrosion
standpoints can be obtained with large additions of alloying material. The only high-alloy
uranium fuels in current power-reactor application are alloys of uranium and zirconium
because of the good neutron economy features of zirconium.

4.1.2 Ceramic fuels

Uranium dioxide is the most widely used of all reactor materials [POP2014]. It has an
irradiation stability far superior to that of metallic fuels and can withstand the high burn-up
required for economical power-reactor application. When properly prepared, it exhibits
excellent resistance to high-temperature water or sodium.

Uranium dioxide is obtained from the gaseous UF6 product of the diffusion plant. Hydrolysis of
UF6 produces UO2F2, which is reacted in a dilute ammonia solution to form a precipitate of
ammonium diuranate. This precipitate is calcined to UO3, which is then reduced to UO2 by
hydrogen at about 800°C. The oxide is produced as a fine powder, which needs to be pressed
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into a high-density compact form followed by sintering at high temperature into cylindrical
pellets.

The thermal conductivity of uranium dioxide is quite low. At the high power output required in
power-reactor service, this leads to very high temperature gradients across the fuel element.
The resulting thermal stresses generally lead to radial cracking of the pellets during operation.
However, this cracking does not appear to cause any deterioration in fuel performance,
provided that the pellets are suitably restrained by cladding. Fuel element centreline melting
does remain a concern and imposes an important safety margin criterion.

The chief limitation on UO2 fuel performance is the swelling caused by gaseous fission products.
At low and moderate burn-up, the swelling is slight and roughly linear with burn-up. Above a
critical burn-up, the swelling increases markedly, and continued exposure of the fuel leads to
unacceptable dimensional changes. The critical burn-up is primarily a function of fuel density, a
value of about 17x103 MWd/tHE (heavy elements) being obtained with fuel of 97% oxide
density and a value on the order of 42x103 MWd/tHE with 93% density fuel.

Thorium dioxide (ThO2) behaves similarly to UO2 under irradiation. Thermal stress-induced
cracking is also observed in ThO2 fuels.

Carbide fuels are intended primarily for use in fast-breeder reactors (where they provide better
breeding ratios). Because these reactors operate on the U-Pu cycle, the fuel consists of mixed
uranium and plutonium oxides. Thermal conductivity of UC is substantially better than that of
UO2. Hence, considerably higher specific powers are possible without risk of centreline
melting. However, at higher temperatures, the swelling rate becomes excessive. The higher
thermal conductivity of carbide fuel leads to a much lower Doppler coefficient than that
obtained with an oxide core (the Doppler effect is the change in frequency of a wave for an
observer moving relative to its source). Because the Doppler coefficient in the fuel is the main
component of negative reactivity feedback in most accident situations, designing a safe
carbide-fuelled core may be more difficult than designing an oxide core.

Nitride fuels have also been considered for use in fast reactor fuel.

4.1.3 Dispersion fuels

In a dispersion-type fuel, particles of fissile material are embedded in a metallic ceramic matrix
[POP2014]. Such fuels can generally withstand significantly higher burn-up than alloy fuels. If
the fuel particles are separated sufficiently, the areas damaged by fission fragments will not
overlap, and a continuous metal phase will remain.

UO2 and PuO2 can be dispersed in aluminum, stainless steel, and zirconium alloys. The low-
temperature limitation on the use of aluminum eliminates these dispersions from
consideration for use in power reactors. Although stainless steel suffers from no such
limitation, poor neutron economy eliminates it from consideration in commercial reactors.
Dispersion of UO2 in zirconium alloys forms highly satisfactory fuels if highly enriched uranium
is used. Fuel performance is still limited by fuel swelling.

The most important dispersion fuel in use today is the dispersion of mixed uranium-thorium
carbides or oxides in graphite. These dispersions are used in high-temperature gas-cooled
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reactors. Dispersion is achieved by multiple layers of pyrolytic carbon.

4.2 General fuel sheath (cladding) requirements
During fission, new isotopes of a wide variety of elements are produced. Many of these remain
radioactive for a significant time after they are generated and hence constitute a potential
radiation hazard to plant operators and the public at large. It is therefore clearly desirable to
keep these fission products “bottled up” within the fuel where they are generated. This is the
primary function of the fuel sheath (or cladding in light water reactor technology).

The fuel cladding takes the form of an impervious “skin” or “shell” which encloses the fuel
material. The most important requirements that cladding material should meet are [GAR1999,
POP2014]:

a) Corrosion resistance to coolant.
b) Mechanical durability.
c) High operating temperature capability (high melting temperature).
d) Good neutron economy.
e) Low cost, both material and fabrication.
f) Impermeability to fission products.

The following cladding materials have been considered or are currently used in operating
reactors:

1. Aluminum.
2. Magnesium (Magnox).
3. Stainless steel.
4. Ceramics.
5. Zirconium (used in CANDU reactors).

A summary of fuel cladding characteristics is presented in Table 5.

Table 5 Summary of fuel cladding characteristics [POP2014]
Cladding
Type

Corrosion
Resistance

Mechanical
Durability

High T
Capability

Neutron
Economy

Cost FP
Containment

Al Good,
except at
high T

Low Low Good Low Good

Mg ~Al, Ok for
CO2

~ Al > Al ~ Al > Al ~ Al

Stainless
Steel

Good Good Good Poor Good Good

Zr OK OK OK Excellent High Good
Ceramic Good Brittle Excellent OK OK OK

4.2.1 Aluminum, magnesium, stainless steel, and ceramic

Aluminum and its alloys possess many attractive properties such as low cost, easy fabrication,
high ductility (important in preventing cladding failures), good neutron economy, and
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impermeability to fission products. Their major disadvantages for power reactor use are poor
mechanical properties at high temperatures and poor high-temperature corrosion resistance
with most coolants. Because the latter are temperature-dependent, aluminum alloys are
widely used in research reactor fuels where cladding operating temperatures are low, but are
not currently used in power reactors.

Magnesium alloys are similar to aluminum alloys in most regards. An alloy called “Magnox”
has, however, better high-temperature properties and adequate corrosion resistance to permit
its use in some CO2-cooled power reactors (i.e., Magnox reactors, used in the past and
described in Appendix A).

Stainless steel is a very attractive material in all major regards except for its poor neutron
economy. It has been and still is used in a number of reactors where its poor neutron economy
is somewhat less important because enriched uranium fuel is used. Stainless steels are used as
cladding in reactors where high-temperature service is needed. This type of cladding was used
in the British high-temperature, CO2-cooled reactors. Both gas-cooled and sodium-cooled fast-
reactor designs use stainless-steel cladding.

Most cladding materials in current use are metals, although ceramic-type materials have seen
limited use in certain applications.

4.2.2 Zirconium

Zirconium, in its various low-alloy forms, is by far the most common cladding material in
current use. It is the primary material type used for CANDU reactor fuel cladding. Despite its
relatively high base material cost, it combines to a large degree all the desirable cladding
properties for use with most coolants.

The primary advantage of zirconium as a cladding material is its very low cross section for
thermal neutrons, which greatly improves neutron economy. Zirconium has very good water
corrosion resistance at high temperatures. Adding tin, iron, and chromium to zirconium greatly
improves its mechanical properties. The best-known zirconium alloys are Zircaloy 2, 3, and 4,
which have found wide application as cladding for power reactor fuel elements.

Zirconium alloys are unsuitable for use at very high temperatures, even though the melting
point of zirconium is 1852°C. At 862°C, zirconium transforms from a close-packed hexagonal
structure to one that is body-centred cubic, and it is necessary to stay below this phase change.
At these temperatures, a reaction with UO2 can occur at the cladding inner interface of the
zirconium.

Zirconium alloys exhibit significant creep at the temperatures and stresses typical of PWR
reactor design. Creep rates increase markedly with temperature and are accelerated by
reactor irradiation.

At high temperatures (beginning at above 800°C), zirconium chemically reacts with steam to
release hydrogen in an exothermic reaction. This reaction must be considered in evaluating
any LOCA event that could expose the fuel elements to steam. Reaction of an appreciable
fraction of the cladding could add significantly to the severity of the accident. Moreover, the
mechanical properties of ZrO2 are not as favourable as those of zirconium.
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The last point to be made about zirconium cladding is its cost. Zirconium tubes are more
expensive than stainless-steel tubes. Fabrication costs are also higher because all welding must
be done in an inert atmosphere. However, the decrease in fuel costs more than offsets the
increased material and fabrication costs.

Most power reactors in operation today use zirconium alloy as cladding material.

4.3 Reactor coolant requirements
The purpose of reactor coolant is to transport the heat generated in the reactor fuel either to
the turbine (direct-cycle reactor) or to intermediate heat exchangers (indirect-cycle reactor).
The coolants may be liquids, two-phase liquid/vapour mixtures, or gases.

Reactor coolant must meet the following general requirements [POP2014]:

a) High heat capacity
b) Good heat transfer properties
c) Low neutron absorption
d) Low neutron activation
e) Low operating pressure at high operating temperature
f) Non-corrosive to fuel cladding and coolant system
g) Low cost.

The following coolant materials have been considered or are currently used in operating
reactors:

1. CO2 gas
2. Helium
3. Ordinary water
4. Heavy water
5. Organic fluid
6. Molten salt
7. Liquid metal.

The main commercial power reactor coolant types are described briefly in the following
sections.

The CANDU reactor design is the only reactor design that uses heavy water as both a
moderator and a coolant and is fuelled by natural uranium fuel.

A summary of coolant characteristics is presented in Table 6.

4.3.1 Ordinary water and heavy water coolants

Of the candidate HTS liquid coolants, ordinary (light) water is by far the most commonly used.
It is inexpensive, has excellent heat transfer properties, and is adequately non-corrosive to the
zirconium alloys used for fuel cladding and reactor structural components and to ferritic or
austenitic steel coolant system materials. Its disadvantages include only moderate neutron
economy and relatively high vapour pressure under coolant temperatures at power reactor HTS
conditions. It is activated by neutrons in the reactor core, but this activity dies away rapidly,
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4.3.2 Gaseous coolants

Two common gaseous coolants are in use: CO2 and helium. CO2 has the advantages of low
cost, low neutron activation (important in minimizing radiation fields from the coolant system),
high allowable operating temperatures, good neutron economy, and for gases, relatively good
heat transfer properties at moderate coolant pressures. At very high temperatures, CO2 tends
to corrode neutron-economical fuel cladding materials and the graphite moderator used in
most gas-cooled reactors. Its chief drawback, as for all gases, is its poor heat transfer
properties relative to liquids. As a result, coolant pumping power requirements tend to be very
high, particularly if high reactor power densities are to be achieved (which is desirable to
minimize reactor capital costs).

A good gaseous coolant should have a low neutron-absorption cross section, high heat
capacity, and high thermal conductivity.

All gaseous coolants have the disadvantage that a significant fraction of the plant energy
output must be used to circulate the coolant. Furthermore, the low heat transfer coefficient
requires a large heat transfer area. This may require a larger core or the use of extended
surfaces (fins).

4.3.3 Liquid metal coolants

Certain liquid metals can be used as coolants. Of these, only sodium and a sodium-potassium
eutectic called NaK have achieved significant use. Their advantages include excellent heat
transfer properties and very low vapour pressures at high temperatures. Fuel cladding and
coolant system materials require careful selection to avoid “corrosion”. Their chief
disadvantages include incompatibility with water (the turbine working fluid), relatively high
neutron absorption, a relatively high melting point (leading to coolant system trace heating
requirements), and high coolant activation with sustained radiation fields after reactor
shutdown.

Liquid metal coolants are important only for fast reactors because these metals are poor
neutron moderators. Sodium is one of the most suitable liquid-metal coolants.

Sodium becomes radioactive when 24Na is formed by neutron capture. This radioisotope has a
15-h half-life and emits gamma rays of 1.37 and 2.75 MeV [GAR1999]. Hence, shielding of the
cooling system is necessary. Care must be taken to ensure a leak-tight system. Sodium is
chemically reactive and will burn on exposure to air, evolving the oxide as dense smoke.
Furthermore, it reacts violently with water, producing NaOH and hydrogen gas.

4.4 Moderator requirements
Most currently operating power reactors are of the thermal type, i.e., the energy of the
neutrons causing fission is in the thermal range. Because the neutrons produced by fission
have very high energies, they must be slowed down, or “thermalized”. The medium used for
this is called the moderator. It is deployed as a continuous medium surrounding the fuel
“cells”. The fuel cells form a geometric pattern, called the reactor “lattice”. The optimum
spacing between these fuel cells is a function of several variables, including the mass of fuel per
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Heavy water is almost as good as ordinary water in terms of neutron mean free path because
the deuterium atoms (which replace the hydrogen atoms in ordinary water) are relatively
“light”. Its outstanding advantage relative to ordinary water is that it has a very small
“appetite” for absorbing neutrons. Hence, it promotes a high level of neutron economy. Its
major disadvantages are its high cost and the possibility of its activation into tritium.

4.5 Control material requirements
Reactor control is most commonly accomplished by moving control rods or control mechanisms
in the reactor core or by injecting liquid containing material (poisons) with high neutron-
absorption cross section in the thermal and near-thermal range [POP2014] into the coolant
and/or moderator.

4.5.1 Hafnium

Hafnium is one of the best control-rod materials for water-cooled reactors. It is found together
with zirconium and is created as a by-product of the separation process for zirconium. Hafnium
is chemically similar to zirconium and shows the same high resistance to corrosion by high-
temperature water.

Hafnium consists of four isotopes, each of which has an appreciable neutron absorption cross
section. Note that the capture of neutrons in one isotope leads to the production of the next
higher isotope, which is also an effective absorber. Therefore, hafnium remains an effective
poison for a significant time.

4.5.2 Cadmium alloys

By alloying cadmium, which has a high thermal-absorption cross section, with silver and
indium, which have high resonance absorption, a highly effective absorber is produced. The
alloy is typically composed of 80% Ag, 15% In, and 5% Cd, can be readily fabricated, and has
adequate strength at water-reactor temperatures.

These alloys have exhibited moderate resistance to corrosion by hot water after plating with
nickel. Bonding of the base to the nickel was ensured by heating the control rod to an elevated
temperature before reactor exposure. Corrosion under reactor conditions was good, but in
subsequent use of the alloy, it was encapsulated in stainless-steel tubes so that direct contact
with the coolant was eliminated.

Cadmium is typically used in several types of CANDU reactivity mechanism designs. For
example, the shut-off rods in CANDU reactors are composed of a thin layer of tubular cadmium
sandwiched between stainless steel layers.

4.5.3 Rare-earth oxides

Several of the rare earths (e.g., samarium, europium, and gadolinium) have both high thermal-
neutron-absorption cross sections and significant resonances in the epithermal region. The
oxides, the only chemical form in which the rare earths have been considered, can be formed
into refractory ceramic pellets. Because the oxides hydrate rapidly in hot water with attendant
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reactivity increase that partially compensates for the reactivity decrease due to fuel burn-up
and accumulation of fission products. Stainless-steel-boron alloys and dispersions can be used
successfully for this purpose because the boron burn-up in such rods can be kept low.
Alternatively, pellets of boron-silicate glass encapsulated in hollow stainless-steel tubes may be
used.

4.6 HTS design requirements and engineering considerations
This section provides a discussion of design requirements and engineering considerations for
the heat transport system and associated systems, which transfer fission heat to the reactor
coolant to produce steam in the steam generators.

This sub-section will discuss some of the thermal-hydraulic features that characterize the
CANDU system.

The main objectives of the heat transport system are to provide heat transfer at high thermal
efficiency and to enable the maximum amount of energy to be extracted from the fuel without
surpassing safe operating limits.

The requirements for such a system can be summarized as follows:

a) Due to the decay heat produced by the fuel even when the reactor is shut down,
continuous coolant flow must be provided. This leads to requirements for pumps,
pump flywheels, stand-by cooling, thermo-siphoning, and various other system
functions.

b) Costs should be minimized with due regard for other requirements. This usually leads
to trade-offs between, for example, heavy water (D2O) costs, pumping power costs,
equipment and piping size and costs, and layout and engineering constraints.

c) Layout should minimize radiation exposure and maximize maintainability and
accessibility within other constraints.

d) Provision must be made for pressure and inventory control of the heat transfer system.
Excessively high pressure could damage fluid boundaries (pipes, etc.). Low pressure
could lead to high coolant voiding and possible fuel damage as well as pump damage
from cavitation. Low inventory jeopardizes coolant circulation and pressure control.

e) The system must be sufficiently reliable because downtime leads to high replacement
energy costs, high person-rem exposure, and high repair costs.

f) The design should provide high process efficiency.
g) The system should exhibit ease of constructability to reduce the initial cost and time of

construction and to enhance maintainability.
h) The system should meet, and preferably surpass, all safety and licensing requirements.

Various coolants can be used in the CANDU design to achieve these objectives and
requirements.

Any nuclear station design involves trade-offs in design features to achieve the lowest-cost
power within safety limits.
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Corrosion of heat transport system materials must be minimized because of possible
deterioration, flow restrictions, and contamination with active isotopes.

The CANDU-PHW heat transport system has water coolant, low-cobalt carbon steel piping,
stainless-steel end fittings, Zircaloy pressure tubes, and Monel or Incoloy steam generator
tubes. A pH of 10.2 to 10.8 is maintained by lithium hydroxide and hydrogen gas added to keep
the dissolved oxygen content low to help minimize corrosion. The intent is to produce and
maintain a continuous and adherent film of magnetite on all carbon steel surfaces. Corrosion
with organic coolant is a lesser problem and can be controlled by degassing, using N2 cover gas,
and using a dechlorinator system.

No flammability or thermal stability problems exist with water (except for the possible Zr-water
reaction producing H2 during a LOCA).

The cost of D2O is high, making it the more expensive coolant. This contributes to a high capital
cost for the CANDU-PHW, but a low operating cost due to the efficient use of natural U.

4.7 Problems
1. Identify and explain the primary reasons that natural uranium ceramic is used as the

traditional fuel in the CANDU reactor design.

2. Identify and explain the primary reasons that zirconium and zirconium alloys are used as
the fuel cladding material in the CANDU reactor design.

3. Identify and explain several advantages and drawbacks of using heavy water as a
moderator and coolant in the CANDU reactor design.

4. Summarize and explain the main heat transport system design requirements for the
CANDU reactor design, as related to the main objectives of the system.
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from the fuel elements to the coolant, fuel centreline maximum temperature in the core, fuel
cladding maximum temperature in the core, bundle maximum power, and channel maximum
power.

Figure 20 presents the important concept of reactor thermal limits with respect to the critical
heat flux (CHF). The definition, assessment, and calculation of the CHF are covered in the
following sections. Reactor thermal-hydraulic design must ensure that the CHF is not reached
in any fuel element or bundle in the reactor core. The CHF is the heat flux at the surface of the
fuel element that results in a sudden change in heat transfer regime from liquid in good contact
with the heated surfaces, to loss of local liquid contact with surfaces because of vapour
blanketing the fuel-element surface. This phenomenon leads to severe reduction of the heat
transfer coefficient, and for heat flux-controlled surfaces (like fuel rods in a reactor), in a
significant increase in fuel temperature as well as damage to or failure of fuel sheaths.

Figure 20 Critical heat flux ratio

Figure 20 shows a typical variation of the heat flux and the critical heat flux along a fuel
element. For simplicity, the reactor heat flux in the core is assumed to be represented by a
cosine function that peaks at the centre of the core. As will be seen later, the CHF follows a
decreasing curve from the fuel channel inlet to the fuel channel outlet. In Figure 20, the ratio
of CHF and local heat flux is also illustrated, which is one way to assess how close the reactor is
to the occurrence of CHF anywhere in the core.

The key objective of thermal-hydraulic reactor core design, for a desired core power, is to
ensure that the heat flux in all fuel elements in the core will remain below the CHF. The CHF is
among the important parameters in core thermal-hydraulic design. Note that local power in
the core will vary with position along the fuel channel, including the end flux peaking at bundle
ends, and from channel to channel in the radial direction of the calandria.

Fuel melting and cladding melting are other important factors and are dealt with in later
sections of this chapter.
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Figure 21 Thermal margins

The required core thermal margins are shown on the right side of Figure 21. Variations in
neutron flux and the resulting power generation rate in the core in the radial and axial
directions are represented by the corresponding peaking factors. These must be added to the
nominal value (the core average value) to obtain the nominal peak steady-state value of the
margin parameter. Then uncertainties in the calculated parameters and other engineering
uncertainties are “stacked” on top of the peaking factors to arrive at the maximum peak
steady-state condition.

During transients, the appropriate overpower factor must be stacked on top of the maximum
peak steady-state power to obtain the limit value for design transients. On top of this limit,
there should be a margin for all uncertainties in calculating the margin parameter values and
the uncertainties in monitoring global and local reactor parameters. This brings the margin
parameter to the failure limit.

The left side of Figure 21 indicates that if reactor operation drifts to the lower or upper alarm
point, the reactor control systems will provide corrections to certain reactor parameters to
bring the reactor operation back within the safe operating envelope. Beyond the safe
operating envelope is the safe design envelope. If any of the reactor key safety parameters
drifts into this buffer zone, a reactor trip may occur and shut down the reactor. The reactor
trip parameters have their own margins, which are required to manage reactor shutdown
adequately and to ensure safe reactor shutdown while preventing spurious trips.

5.4 Problems
1. Explain the relationship among the reactor core thermal parameters: reactor core

power, core volumetric generation rate, heat flux, critical heat flux, and linear power.

2. Draw a diagram of core thermal margins to explain the relationship among the various
elements that must be considered to ensure that appropriate margins are available.
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a) Single-phase liquid – single-phase forced convection to liquid;
b) Bubbly flow – nucleate boiling;
c) Inverted annular flow – inverted annular flow film boiling;
d) Dispersed droplet flow – dispersed flow film boiling; and
e) Single-phase vapour – single-phase forced convection to vapour.

Note that in Figure 26, the point where the wall loses contact with the liquid is shown at the
transition between bubbly flow and inverted annular flow.

Figure 26 Flow patterns and heat transfer regimes in vertical heated tubes

On the right side of Figure 26, a reactor channel is shown with the following parameters:
low liquid mass flow rate, medium heat flux from the walls, and saturated water; this is
typical of BWRs. To the right of the reactor channel on the first vertical line, corresponding
flow patterns are shown for this situation, whereas the rightmost line shows the heat
transfer regimes for these flow patterns. Starting from bottom to top, the following pairs of
flow pattern and heat transfer regime (note that “film” in this figure refers to steam film
next to the heated walls) can be observed:

a) Single-phase liquid – single-phase forced convection to liquid;
b) Bubbly flow and slug flow – nucleate boiling;
c) Annular flow – forced convective evaporation;
d) Dispersed droplet flow – dispersed flow film boiling;
e) Single-phase vapour – single-phase forced convection to vapour.
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Figure 27 Flow pattern map in vertical flow [HET1982]

Note that in Figure 26, the point where the wall loses contact with the liquid is shown at the
transition between annular flow and dispersed droplet flow. Figure 26 indicates that the flow
patterns at the entry and exit of the fuel channel are similar for the two cases. The difference
is how and where the wall and the liquid lose contact. In addition, the amount of water or the
void fraction percentage in the channel does not necessarily determine the contact of liquid
with the heated walls. Therefore, as long as the walls are in contact with liquid water, heat
transfer is good, and the amount of water in the channel is not important.

Two-phase flow parameters change significantly from one flow pattern to another, in particular
the interfacial area between the two phases, and this has a significant impact on the exchange
of mass, momentum, and heat between phases. In principle, the degree of thermal and
hydraulic disequilibrium between phases has a significant impact on the sustainability of
certain flow patterns. Therefore, certain flow patterns, like churn flow, exhibit instability and
fast transitions. Various two-phase flow parameters are affected differently by flow patterns,
and hence various correlations and models are needed to capture phenomena for each flow
pattern. This implies the need for well-defined and predictable flow patterns in two-phase
flow modelling.

Many scientists and researchers in recent decades have tried to correlate flow patterns using
selected parameters.

Figure 27 shows such an attempt for a vertical flow regime. In this figure, the flow patterns are
defined as a function of gas and liquid momentum fluxes. In this example, the flow patterns
are correlated by several dimensionless number groups.
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surface, the wall surface temperature significantly increases, as represented by the horizontal
dashed line on the diagram from CHF to the film boiling curve (sometimes referred to as the
heat flux-controlled region). This significant increase in wall surface temperature can lead to
surface damage and melting, which is very troubling in a nuclear reactor where the fuel rod
cladding is a major barrier to fission product release.

Figure 28 3-D representation of boiling surfaces

On the other hand, as the heat flux is reduced from the region of film boiling back to the CHF
point, moving along the bottom part of the curve, it reaches the minimum film boiling
temperature. From this point, the heat flux starts to increase in the transition boiling region,
during which the heated surface becomes intermittently wetted and dried while the wall
temperature is reduced. Once the CHF point is reached by moving from right to left in the
diagram, the wall surface is in continued and sustainable contact with the liquid coolant, and
heat flux is reduced below the CHF value. This path is sometimes referred to as the
temperature control part of the boiling curve.

Figure 29 Boiling curve
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Figure 29 shows a boiling curve with heat transfer regimes clearly marked. This figure
represents one cross section of Figure 28. It shows the heat flux below saturation (in the sub-
cooled region), where forced convection to liquid occurs. The transition point between forced
convection to liquid and nucleate boiling is called the onset of nucleate boiling and designates
the conditions under which the first bubbles start to grow on the wall surface.

Figure 30 shows the parametric trends on the boiling curve [LEU2004, POP2014]. As the mass
flux increases in an annular flow regime, the minimum wetting temperature increases, and the
boiling curve flattens out. As the mass flux increases in forced convective sub-cooled or low-
quality boiling, the CHF and the minimum wetting temperature increase, but the boiling curve
retains its shape.

Figure 30 Parametric trends of the boiling curve

A similar effect is seen when increasing the degree of liquid sub-cooling; the CHF point and the
minimum wetting temperature increase, but the boiling curve retains its shape. The effect of
quality is more complex and is shown in Figure 31.

Figure 31 [LEU2004, POP2013] shows the impact of thermodynamic quality on the boiling
curve. For quality equal to or greater than one, the boiling curve is transformed into a straight
line, and therefore the CHF concept is not relevant, but the wall temperature increases as the
quality increases above one. For saturated boiling (x = 0), the boiling curve has the usual S-
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shape. As quality increases above zero, the CHF significantly decreases. Moreover, if the
quality drops further below zero (i.e., the liquid becomes more sub-cooled), the CHF also
increases, and the boiling curve becomes steeper in the nucleate boiling region.

Figure 31 Quality effects on the boiling curve

Figure 32 shows the flow patterns and heat transfer regimes in a boiling channel. In the top
part of the figure, the temperature distributions along the heated channel in the coolant and at
the wall surface are shown. It is possible to recognize the flow patterns that are most likely to
occur given the temperature difference between the coolant and the wall. Note that nucleate
boiling starts after the wall surface temperature has risen above the water saturation
temperature by a certain amount. Nucleate boiling continues in areas C through F, and then at
the point of dryout, when the CHF has been reached, the wall surface temperature exhibits a
rapid increase as wall cooling decreases due to loss of contact between the wall and the liquid.

Figure 32 Heat transfer regimes in a boiling horizontal channel
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37 fuel pins, in addition to tube and annulus data. The experimental database includes a wide
range of flow conditions with uniformly heated fuel elements or fuel elements with certain
radial and axial heating profiles. Figure 34 illustrates that bundle geometries with 6 and 37 fuel
elements do not significantly affect the relationship between void fraction and quality
[LEU2004, POP2013].

Figure 35 also shows that the impact of the hydraulic diameter of a 7-element bundle does not
have a significant impact on the relationship between void fraction and thermodynamic quality,
except for very low quality values (representing highly sub-cooled conditions) [LEU2004,
POP2013].

Figure 34 Effect of tube diameter on quality and void fraction

Figure 35 Effect of bundle geometry on quality and void fraction
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6.1.7 Problems

1. Explain the relationship between the mass quality and the void fraction in two-
phase flow.

2. Explain the difference between the mass quality and the thermodynamic quality in
two-phase flow.

3. Explain the main characteristics of the boiling curve, the main parameters that are
important for two-phase flow calculations, and the main parameters that influence
its shape.

4. Explain the key flow patterns that can occur in vertical and horizontal two-phase
flow in heated channels. Explain how the flow regime maps are developed and used
in reactor thermal-hydraulic design.

5. Explain the possible models used in two-phase flow calculations, their range of
applicability and key features.

6. A BWR reactor operates at a thermal power of 1400 MWt. Water enters the bottom
of the reactor core at 275 °C, and passes through the core at a flow rate of 6050
kg/s. the reactor operates at pressure of 7 MPa. Calculate the steam flow rate
produced in the reactor.
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Figure 53 Real Rankine cycle with losses

6.2.6.9 Sample PWR and CANDU 6 cycle diagrams

Figure 54 shows a typical secondary side of an advanced PWR reactor [APR2011]. It is clear
that multiple feedwater heaters, one moisture separator, and double reheaters have been
designed into the system. The secondary system operates with two feedwater pumps at two
different pressures.

Figure 54 Typical advanced PWR secondary cooling system
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found that the system is a part of a larger system with lower entropy.

The third law of thermodynamics states that the entropy of a perfect crystal drops to zero
when the temperature of the crystal is at absolute zero. However, according to quantum
theory, because nothing can be considered to be truly at rest, every molecule, atom, or
subatomic particle will always have a minimum amount of energy even when cooled to
absolute zero (the zero point energy). Hence, one may take the third law as stating the
minimum entropy level at a temperature of absolute zero.

6.2.8 Problems
1. Calculate the Rankine cycle thermal efficiency which operates at saturated steam at

pressure of 7 MPa, and temperature in the condenser is 30oC. Calculate the steam
quality at the exit of an ideal turbine following an adiabatic expansion to condenser
pressure for the above conditions, and for the conditions if the turbine has 85%
efficiency. Compare the results with the Carnot cycle.

2. A steam generator in a PWR nuclear power plant produces 3200 t/h saturated steam at
pressure of 5 MPa. The temperature in the condenser is 35oC. Calculate the ideal
turbine power assuming that it operates in Rankine cycle, and the steam quality at the
turbine exit.

3. In a Rankine cycle the working fluid enters the turbine at 4.5 MPa with condenser
temperature of 35°C. Calculate the thermal efficiency of this cycle assuming that:

a. no preheaters are used;
b. one preheater is used to preheat the feed water to 60°C below the saturation

temperature; and
c. the feed water is preheated in 3 preheaters to the same temperature as above.

Given:
a. Turbine inlet pressure, Pi=4.5 MPa
b. Condenser temperature Tc=35 ºC or 308 ºK
c. Feedwater heater outlet temperature, TF=Tsat-60 ºC

Assumptions
a. The Rankine cycle described in the problem statement is for a CANDU 6 reactor
b. Steam entering the turbine is saturated
c. Losses in the turbine and pumping losses are the same in all cases, since it is the

difference in efficiency that is important here assume these losses are negligible.
4. Consider an emergency water tank that is supposed to deliver water to a reactor

following a loss of coolant event. The tank is pressurized by the presence of nitrogen at
1.0 MPa. The water is discharged through a 0.2 m ID pipe. The reservoir has a diameter
of 5 m, and the water level is 15 m above the reactor. Calculate the maximum flow rate
delivered to the reactor if the water is inviscid and reactor pressure is (a) 0.8 MPa, and
(b) 0.2 MPa.

5. Two alternative steam cycles are proposed for a nuclear power plant, as variation of the
Rankine ideal cycle, all three operating between the steam temperature of 293oC and
condensing temperature of 33oC. The first one operates with condensate in saturated
conditions, while the feedwater downstream of the condensate pumps is subcooled.
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The steam is saturated at the inlet of the expander. (a) Assuming ideal machinery,
calculate the cycle thermal efficiency and steam rate for each cycle.

6. Water at 100 kPa and 20 °C flows through a smooth, circular pipe of 2 cm ID, and length
of 3 m. If the flow velocity is 3 m/s, calculate the pressure drop along the pipe and the
pumping power necessary to maintain the flow in the pipe.

7. Explain the 1st and 2nd law of thermodynamics and the relationship between these laws.
Provide examples of their application in reactor thermal-hydraulics design. Explain the
role of entropy in reactor thermal-hydraulics.

8. Develop an expression for thermal efficiency for a secondary heat transport system
shown in Figure 55 (CANDU-typical). Show the thermal efficiency in a generic
expression by using generic values of key parameters and by making appropriate
assumptions.
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Figure 58 Primary pump operating quadrants

In postulated events with breaks at the pump suction or discharge side and different pump
operation control logic, a pump can operate in any of the first three quadrants. Therefore,
pump tests are performed to develop pump homologous relationships for all four possible
operating quadrants.

Pump characteristics under transient flow conditions have been investigated and tested. One
of the most important conditions that must be avoided in operation of reactor HTS pumps is
two-phase flow in the bubbly flow regime. Pump characteristics deteriorate significantly
following initiation of bubble formation in the pump suction. Moreover, prolonged operation
in two-phase flow (the bubbly flow regime) can damage the pump impeller blades.

One of the most important objectives of HTS flow design is to make sure that the pump suction
pressure does not fall below the net positive suction head required (NPSHR) [POP2014]. For a
pump to deliver its rated output, the absolute pressure (including the velocity head V2/2g) of
the fluid at the pump inlet must exceed the vapour pressure by an amount sufficient to
overcome any entrance or frictional losses between the point of entry into the pump and the
impeller. The NPSH is defined as the absolute pressure at the pump inlet expressed in metres
of liquid, plus the velocity head, minus the vapour pressure of the fluid at pumping
temperature, and corrected to the elevation of the pump centreline in the case of horizontal
pumps, or to the entrance of the first-stage impeller for vertical pumps.

NPSHR (required) is determined by the pump manufacturer and is defined as a function of
pump speed and pump capacity. NPSHA (available) represents the energy level of the fluid
over the vapour pressure at the pump inlet and is determined entirely by the system preceding
the pump. Unless NPSHA>NPSHR under any operating condition, some of the fluid will
vaporize in the pump inlet, and vapour bubbles will be carried onto the impeller. These
bubbles will collapse violently at some point downstream of the pump inlet (usually at some
point on the pump impeller blade surface) as the pressure is increased in the pump, producing
very sharp, crackling noises accompanied by physical damage to the pump impeller surface.
This phenomenon is known as cavitation and is highly undesirable (in fact, it represents a micro
water hammer effect on the impeller surface). The net mechanical effect of cavitation is pump
vibration and impeller damage, whereas the net effect on pump performance is loss of pump
efficiency and pump head.

The primary side flow is determined by a balance between the head generated by the primary
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Figure 60 Typical shutdown pump characteristics

The efficiency curve is usually bell-shaped, and it shows that the highest efficiency is achieved
in a relatively narrow range of volumetric flow rate. Pump efficiency is very important for the
HTS pump because it operates continually over 60 years of plant life, and therefore a small loss
of efficiency can result in a relatively large loss of plant earned value. Efficiency drops very
sharply if the pump volumetric flow rate moves outside a narrow range.

The NPSHR curve is relatively flat over a wide range of volumetric flow rates. In fact, well-
designed pumps should have NPSHR curves as flat as can possibly be obtained. However, when
the volumetric flow rate exceeds a certain value, the NPSHR curve starts to increase fast,
creating an area of pump cavitation risk.

7.3 Steam generator heat balance
The steam generator has a very important role in energy transport from the reactor core to the
turbine and the electrical generator because it connects the primary and secondary loops.
Hence, understanding steam generator behaviour is important in understanding plant
behaviour.

A simplified steam generator heat balance is shown in Figure 61. The feedwater flow WFW

enters the steam generator with enthalpy hFW and exits with enthalpy hSAT. The primary mass
flow rate in the reactor is Wp.
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Figure 62 Steam generator simplified heat duty diagram

From the above discussion, it is clear that sufficiently good heat transfer is required to achieve
acceptable steam pressure. The steam generator calculation of U-tube length, diameter, and
number (i.e., the area used in heat transfer) is carefully performed so that heat transfer from
the primary to the secondary side is achieved efficiently with as little heat loss as possible, and
so that the economic constraints of manufacturing the steam generator and the system can be
satisfied.

7.3.1 Steam generator without a pre-heater region

To achieve a better understanding of the behaviour and design of the steam generator and the
impact of its various parameters, it is useful to analyze first a simplified version of the steam
generator with no pre-heater, with saturated feedwater entering the steam generator, and
with sub-cooled primary coolant entering the steam generator. This simplified steam
generator is shown in Figure 63 [GAR1999].

Figure 63 Steam generator heat duty diagram without pre-heating

The primary-side heat balance in the steam generator can be obtained by integrating Eq. (105).
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The result is the temperature profiles for both the primary and secondary sides for the given
flow rates, area, heat transfer coefficient, and cold side temperatures. Equation (153) is used
to accumulate the total heat transferred by the heat exchanger. If the heat transferred is
above or below the desired heat transfer, then iteration is required. Typically, it is desirable to
know the primary-side temperature profile for a given set of secondary-side conditions, given
the primary-side flow and a given steam generator geometry and heat transfer coefficient. In
this case, the primary side inlet temperature is varied until the target Q is met; once again, the
primary side “floats” on the secondary side.

The effect of power is seen through Ws, which is proportional to Q. For low Q, Ts will rise
rapidly to the saturation temperature. This decreases the effective temperature difference
between the primary and secondary sides. Hence, Tp will not rise as quickly as in the high-
power case.

7.3.6 Problems

1. Explain the difference in the design of steam generators that have an area designed for
preheating of feed water and these that do not. Explain how feed water heating is
achieved in both types of design. Explain the role of the pinch point in both types of
design.

2. Using the values provided in Problem 7.3.4.1, draw a heat duty diagram of a
corresponding steam generator following the format provided in Figure 66.

3. Explain the process for calculating main parameters of the primary heat transport system.

4. Using the values provided in Problem 7.3.4.1, and using the steam generator heat
balance template equations, calculate analytically the steam generator parameters.
Determine the effect of steam generator fouling on the steam generator performance.
Determine the effect of power level on the steam generator performance.

5. Using the values provided in Problem 7.3.4.1, and using the steam generator heat balance
equations use numerical technique to calculate steam generator parameters. Determine
the effect of steam generator fouling on the steam generator performance. Determine the
effect of power level on the steam generator performance. Determine the impact of the
numerical calculation increments on the precision of the calculations.



























138 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Thermal-Hydraulic Design – December 2015

Figure 74 Thermal conductivity in a fuel pin

The oxide fuel is produced by sintering pressed powdered UO2 or mixed oxide at high
temperature. Under such conditions, for any material with a given density, usually only around
90% of the maximum possible (theoretical) density of the solid can be produced.

The thermal conductivity of a solid usually decreases with increasing presence of voids within
the structure. Therefore, to maximize thermal conductivity, fuel porosity must be minimized.
However, during fuel irradiation, fission gases are produced, resulting in increased internal
pressures that may swell and deform the fuel. Hence, a certain degree of porosity is desirable
to accommodate the fission gases and limit the possibility of swelling. This is very important
for reactor cores that have high power density and therefore produce more gases per unit
volume.

The oxygen-to-metal atomic ratio of UO2 and PuO2 can vary from the theoretical
(stoichiometric) value of 2 because of fuel irradiation and burn-up. A reduction or increase in
the oxygen-to-metal ratio results in a reduction of thermal conductivity, as can be clearly seen
in Figure 75 for UO2 and PuO2 mixtures [TOD2011].

Figure 75 Impact of oxygen-to-metal ratio on the heat conduction coefficient in fuel

The thermal conductivity of mixed fuel decreases as the plutonium oxide content increases.
Therefore, as fuel burns up and ages and plutonium content increases, thermal conductivity
decreases.

Figure 76 shows the impact of fuel temperature on fuel heat capacity for UO2 and PuO2 fuels
[TOF2011]. It is evident that heat capacity increases with temperature and decreases with an
increase in plutonium content.
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Figure 76 Heat capacity of a fuel pin

The properties of the pellet-to-cladding gap are very important. As shown in Figure 71, its
contribution to thermal resistance is substantial. The gap consists of an annular space occupied
by gas. Initially, its composition is fill gas, which is usually an inert gas such as helium. With
burn-up, the gas composition changes as the gap is penetrated by gaseous fission products
such as xenon and krypton, resulting in a gap pressure increase.

Moreover, the fuel pellet cracks with irradiation, leading to circumferential deformation of the
gap and fuel pellet swelling. All this causes a reduction of thermal resistance in the gap and
increases its thermal conductance with burn-up. Figure 77 shows the effect of burn-up on
thermal conductance [TOD2011].

Figure 77 Gap conductance in a fuel pin

The left side of Figure 78 shows the temperature profile in the gap at nominal geometry (fresh
fuel). Note that near the walls, there is a mild temperature rise towards the fuel pellet and a
reduction towards the cladding because of the smaller number of molecules moving near the
walls (the boundary layer effect). The right side of Figure 78 shows the effect of the
deformations that occur with fuel burn-up (aging) because of swelling and cracking of the fuel
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pellet and cladding. After a certain amount of irradiation, a number of peaks and valleys will
develop at the pellet and cladding surfaces. These may eventually produce contact between
fuel and cladding, improving thermal conductivity.

Figure 78 Fuel aging effect on temperature in a fuel pin

Figure 79 shows the typical impact of fuel aging on gap conductance for different linear heat
ratings as a function of initial gap thickness [TOD2011]. Note that better thermal conductance
is achieved for smaller gap thickness and for higher linear power rates, as could be expected
from the above explanation. Therefore, as gap thickness becomes smaller with fuel burn-up,
heat transfer is improved. In addition, this figure shows that using a smaller gap thickness for
fresh fuel improves heat transfer.

Figure 79 Impact of gap thickness and linear power on heat conductance

The temperature profiles described so far in this section were derived based on the assumption
of radial symmetry across the fuel rod. This assumption was a useful way to simplify the
derivation of temperature profiles across the fuel element. This assumption is acceptable for
vertical reactor cores, such as in LWRs.
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However, for horizontal reactor cores, such as CANDU, the assumption of radial symmetry
across the fuel rod is not applicable for certain flow regimes. This is relevant for situations in
which bubbly flow develops in the upper part of the fuel channel, or even more importantly,
when stratification develops (e.g., under accident conditions) in the fuel channel.

Figure 80 Asymmetric temperature profiles in a fuel pin

In these situations, the heat flux to the upper part of the fuel element could be smaller than to
the lower part. This results in a skewed (asymmetric) temperature profile, as shown in Figure
80. In such a case, the maximum fuel pellet centreline temperature will be skewed towards the
side with the smaller heat flux. This could also have an important impact on the cladding
temperature, and it is particularly relevant to some postulated accidents in which channel
stratification occurs.

7.4.6 Problems

1. A PWR reactor produces 2440 MWt with the following core information: UO2 pellet
diameter 0.96 cm; Zr clad inside diameter 0.98 cm; Zr clad outside diameter 1.12 cm;
active fuel length 3.7 m. The core contains 220 fuel bundles each with 14 x 14 fuel pins
(but 20 positions are used for control elements). The fission energy is distributed
uniformly across the fuel pin. and TB=300°C, kUO2=0.050 W/cm°C, hcool=1.8 W/cm2 °C,
hgap=0.57 W/cm2 °C], kclad=0.12 W/cm°C. Calculate core averaged fuel pin temperature
profile.

2. The core of a BWP reactor consists of 764 fuel assemblies, each containing a square
array of 49 fuel rods on a 1.9 cm pitch. The fuel rods are 4.4 m long, but fuelled only
along over 3.6 m of their length. The outside diameter of the fuel rods is 1.4 cm, the
cladding thickness is 0.8 mm, and the fuel pellets are 1.2 cm, thus leaving a gap of 0.2
mm. The UO2 has average density of 10.3 g/cm3. The radius of the core is 2.4 m, and the
reactor is designed to produce 3300 MWt. The peak to average power density is 2.6.
Calculate (a) the maximum heat flux in kW/m2; (b) the temperature distribution at the
location of maximum heat flux ignoring the gap between fuel pellet and cladding; and (c)
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the temperature distribution at the location of maximum heat flux taking into account the
gap.

3. For PWR cylindrical solid fuel pellet operating ta a heat flux of 1.7 MW/m2 and surface
temperature of 400ºC, calculate the maximum temperature in the pellet for two assumed
values of heat conduction: 3 W/mºC, and k = 1 + 3e-0.0005T where T is ºC. The UO2 pellet
diameter is 10 mm, and density is 95% of the theoretical density.

4. A CANDU channel has a typical geometry of 37 fuel elements per bundle, 12 bundles
per channel, with power, pressure and inlet and outlet temperature. Assume for this
channel linear power rating of 60 kW/m; burnup at the time of peak rating of 50
MWh/kgU; sheath-to-coolant heat transfer coefficient 40 kW/m2K; pellet-to-sheath heat
transfer coefficient of 60 kW/m2K; and pellet density of 10.6 Mg/m3. Calculate coolant,
cladding and fuel surface and centreline temperatures in radial direction for each bundle
in axial direction assuming typical power distribution along the channel with a typical
power peaking factor. Draw appropriate diagrams showing the results.

5. A fuel pin with pellet radius of 4.6 mm, clad inner radius of 4.89 mm, and outer radius of
5.46 mm, calculate the maximum liner power that can be obtained from the pellet such
that the mass average temperature in the fuel does not exceed 1200 ºC. Take the bulk
fluid temperature at 307.5 ºC, and the coolant heat transfer coefficient of 28.4 kW/m2 ºC.
In the gap consider only conduction heat transfer. Fuel conductivity is 3 W/m2 ºC; clad
conductivity is 18.69 W/m ºC; and helium gas conductivity is 0.277 W/m ºC.

6. Using analytical technique develop equations for calculating temperature distribution in
radial direction in the fuel element (fuel pellets, gap, cladding and coolant) calculate
temperature distribution in radial direction at heat loading of 40 kW/m. For the thermal
conductivity in the fuel pellets assume the distribution shown in the diagram below. To
solve the problem approximate the thermal conductivity by a suitably selected quadratic
relationship.

Compare the results with the case assuming constant average heat conductivity in the
fuel.
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7. Using a numerical technique calculate temperature distribution in radial direction in the
fuel element (fuel pellets, gap, cladding and coolant) calculate temperature distribution in
radial direction at heat loading of 40 kW/m. For the thermal conductivity in the fuel
pellets assume the distribution shown in the diagram above. Compare the results with the
case assuming constant average heat conductivity in the fuel (0.03 W/cmoC).

8. Calculate axial temperature distribution of fuel centreline, fuel surface, cladding and
coolant in axial direction for a typical CANDU fuel assuming maximum fuel heat load of
50 kW/m, and average fuel load of 25 kW/m. Develop relations for and calculate the
positions of maximum temperatures. As per figure below, as a base case assume (1)
cosine heat flux distribution, (2) constant heat flux distribution, and (3) asymmetrical
linear heat flux distribution (with maximum at bundle 9), and compare the maximum
temperatures and their locations in the core.

9. Calculate axial temperature distribution of fuel centreline, fuel surface, cladding and
coolant in axial direction for a typical CANDU fuel assuming maximum fuel heat load of
50 kW/m, and average fuel load of 25 kW/m. Develop relations for and calculate the
positions of maximum temperatures. As per figure below, as a base case assume (1)
cosine heat flux distribution, (2) linearly increasing heat flux distribution to the channel
exit, and (3) linearly decreasing heat flux distribution to the channel exit, and compare
the maximum temperatures and their locations in the core.
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10. Using parameters of a typical CANDU channel, calculate the axial temperature
distribution in a fuel channel. Identify the key parameters that affect the calculations,
and investigate the sensitivity of the results to these key parameters.
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7.5 Fluid flow fundamentals
The flow of coolant in the reactor primary heat transfer system is of key importance for cooling
the reactor core under all operational situations, during accidents, and during reactor
shutdown. This section provides information on pressure drop calculations and discusses the
special topic of flow instabilities.

Design of the primary pump is of critical importance to ensure a robust reactor thermal-
hydraulic design. The sources of various friction and local pressure losses around the primary
heat transport system are described and compared between PWR and CANDU reactors.
Calculation methods used to determine pressure losses around the loop are provided, along
with an explanation of the empirical correlations used to calculate pressure losses in single- and
two-phase flows in the CANDU primary heat transport system.

The reactor core has a complex geometry, particularly the CANDU fuel channels and the HTS
headers and feeders. Moreover, the CANDU reactor primary heat transport system operates
partially in two-phase flow. This section describes the type and nature of the experimental
tests that were performed to define a number of parameters in the pressure drop calculation.

7.5.1 Introduction to pressure losses

In the nuclear industry, pressure drop calculations are important to determine the appropriate
flow rate in the core and the fuel channels, thereby ensuring appropriate heat removal from
the core under all possible operating modes. Because almost all reactors under some
operating modes operate with two-phase flow, pressure drop calculations in this situation
become complex, directly affecting power output and requiring substantial R&D support.

Two-phase pressure drop depends on many parameters, including geometric configuration,
mass and volume fractions of the phases, pressure, fluid properties, mass flux, duct orientation,
flow direction, and particularly flow patterns. Furthermore, two-phase flow is usually
accompanied by heat transfer and changes of phase in multi-component flow. To take into
account these many parameters, various empirical correlations have been developed and are
used for pressure drop calculations. Mechanistic models also vary in complexity and fidelity,
and often they are based on many assumptions to make them workable in a given parameter
range.

It is necessary to consider the pressure loss associated with every component in the primary
heat transport system. This includes distributed pressure loss due to friction; local pressure
losses due to sudden variations in shape, flow area, direction, etc.; and fuel string-related
losses and pressure losses due to acceleration (because of flow area variation or fluid density
change) and elevation differences (gravity term).

Table 8 shows various components of pressure losses in the reactor heat transport systems in
terms of geometry, fluid status, flow nature, flow pattern, flow direction, operating conditions,
and driving force [IAEA2001]. Each of these situations introduces major differences in the type
and complexity of pressure loss calculations.

Pressure losses must be characterized for a number of components with different geometries.
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In addition to frictional pressure losses in the system, Table 9 shows the most important
pressure losses in the CANDU reactor core that are specific to CANDU reactors [IAEA2001].

Table 8 Factors affecting pressure drop

Geometry Basic shapes: Circular pipe, rectangular channel, annulus, etc.
Other shapes: rod bundle, spacer, valve, orifice, plenum, header, pump,
etc.

Fluid status Single-phase
Two-phase – one, two, and multiple components.

Flow nature Laminar
Turbulent

Flow
patterns

Bubbly, slug, annular, etc.

Flow
direction

Vertical up-flow
Inclined flow
Horizontal flow

Operating
Conditions

Steady-state
Transient

Driving force Forced convection
Natural convection

Table 9 CANDU distribution of pressure drop in the primary loop

Pressure Drop in Primary Loop
Entry loss from steam generator outlet pipes to header
Header to feeder entry loss
Inlet feeder bends
Inlet grayloc
Inlet grayloc to liner tube entry
Liner tube to channel entry
Fuel locator
Junction between two bundles
Channel to liner tube entry
Liner tube to outlet grayloc
Outlet grayloc
Outlet feeder bends
Feeder to header entry loss
Header to steam generator inlet pipe entry
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The objective of calculating pressure losses with adequate precision is to optimize pump
capacity and power requirements, as well as to determine coolant flow rate in the primary
circuit, local conditions in bundles and sub-channels, and flow rates across parallel
interconnected sub-channels in fuel bundles.

7.5.2 Pressure drop conservation equations

The pressure losses in the primary heat transport system are represented by direct or indirect
terms in the conservation equations:

• Mass-balance (continuity) equation;

• Momentum-balance equation; and

• Energy-balance equation.

For design calculations, usually steady-state flow in a channel of uniform flow area in the axial
direction is considered. Moreover, negligible variation of fluid properties over the calculation
domain is assumed.

The momentum conservation equation is essential to calculate pressure losses along flow
paths. The other conservation equations are covered in Chapter 7. The momentum equation
can be written for homogeneous or separated flow conditions. Figure 81 shows a calculation
domain (control volume) in an inclined flow situation. The forces acting on this control volume
are indicated in the figure. Momentum balance over this control volume in fact means a
balance of all forces acting on the control volume.

Figure 81 Force-momentum balance in a control volume

Homogeneous flow model

The momentum balance equation over the control volume using the homogeneous flow














