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1. INTRODUCTION4
,
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x
1.1 PL'RPOSE

The purpose of this Safety Guide is to identify certain reactor

safety requirements and to provide guidance on reactor core design for the

| implementation of these requirements. The Code of Practice on Design for ,

Safety of Nuclear Power Plants (IAEA Safety Series No. 50-C-D), hereinafter

referred to as the Code, establishes certain nuclear safety principles
which define the minimum safety requirements for a nuclear power plant.
Since these requirements are general in nature, more guidance is required

'

to establish specific design requiremeats. The present Safety Guide alum
to provide this additional guidance in implementing the Code. It should be,

noted that the reactor core safety is achieved by a combination of proper
design, manufacturing and operation. For the operational aspects reference

should be made to Safety Series 50-C-O " Safety in Nuclear Power Plant

Operation, including Commissioning and Decommissioning, A Code of Practice"
and the associated Guides of this series No. 50.

.

1.2 SCOPE

This Guide covers the neutronic, thermal, hydraulic,

mechanleal, chemical, and irradiation considerations important to the safe

design of a nuclear reactor core. The Guide applies to the types of

thermal neutron reactor power plants that are now in common use: Advanced

Gas-Cooled Reactor (AGR), Boiling Water Reactor (BWR), Pressure Tube Heavy

Water Reactor (PHWR) (pressure tube and pressure vessel type) Pressure

Water Reactor (PWR) fuelled with oxide fuels. It deals with the individual

components and systems that make up the core, with information and design

provisions for the operation of the core, and handling of the fuel and

other core components.

This Guide discusses the reactor vessel internals and the

reactivity control and shutdown devices * mounted to the vessel. Possible
'

feedback on requirements for the reactor coolant, the primary coollas

i .

In this guide the term " device" (shutdown d. or reactivity control d.)*

is used when mainly the physical part laserted in the core is meant, such
as control rods (of any shape, purpose and material), fluid containing

i tubes for reactivity control etc. The term may even embrace the drive

: mechanism for these parts. In contrast to this the term "means" (shutdown
j m. or reactivity control m.) is used to address the functional aspect in a
; more general way.
,

* - - - - -- - - - _ m- - . - - - n--._c--,,,--,-,7- w - _ ,._--.-,_..-__--y,-y - - - - - _ , . - , _ , , . - - - - .---.m
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systems and its pressure boundary including the pressure vessel is

addressed only as far as necessary to clarify the interface with safety
Series No. 50-8G-D13 " Reactor Cooling Systems in Nuclear Power Plants" and
other guides. For lastrumentation and control systems the guidance is

| mainly limited to functional requirements.

!

| 1.3 EETENT OF THE REACTOR CORE AND ASSOCIATED EQUIPMENT

j The following hardware is covered by this guide:
!

- The reactor core consisting of the fuel assemblies, and those
structures which hold the fuel assemblies in a predetermined
geometrical configuration. It comprises also the moderator,

, coolant and absorber in the vicinity of the fuel.
!

The reactivity control and shutdown means comprising the '-

neutron absorbers (solid or liquid), associated structure and
'

drive mechanism or relevant fluid system components.
t

|

supportina structures including those that physically support-

the core within the vessel, the flow guide structure such as a
core barrel or the pressure tubes of a pHWR (pressure rube
type), guide tubes for reactivity control devices, etc.

other internals such as instrumentation tubes, in-core instrumentation-

for core monitoring, steam separators, and neutron sources which are
! dealt wiS3 to a limited extent in this Guide.
;

1
|

l

i

e

1
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2. SAFETY DESIGN PRINCIPLES

2.1 GENERAL

Section 4 of the Code, entitled " Reactor Core", provides
general safety principles for core design which are the basis for the more
detailed design requirements in this Safety Guide.

.

As stated in the code, the safety goals for the design of
nuclear power plants are to contain and control. all sources of |

radioactivity on the plant site, to ensure the safety of site personnel and
the public, and to keep radiation exposure as low as reasonably achievable
and within limits specified by the regulatory bodies. To achieve these

.
goals a defence-in-depth approach is adopted whereby a series of barriers
is introduced to impede the escape of radioactivity. The barriers are the
following:

the fuel matrix-

the fuel cladding-

the reactor coolant system pressure boundary (see Safety-

Series 50-SG-D13 " Reactor Cooling Systems in Nuclear

Power Plants")

the reactor containment system (See Safety Series No.
50-SG-D12 " Design of the Reactor Containment System in
Nuclear Power Plants")

A more complete discussion of the defence-in-depth concept is given in
Safety Series 50-SG-D11 " General Design Safety Principles in Nuclear Power

| Plants".

Core design can help to achieve these goals by ensuring that

radioactive materials are confined within the fuel matrix and the fuel '
cladding itself to the maximum extent practical. This design process
requires an iterative consideration of neutronic, thermohydraulic,,

mechanical and chemical aspects. The size and number of fuel assemblies,

the fuel enrichment, the coolant flow rate, etc. are decided upon by this,

iterative design process to meet the required heat productio'n, reactivity
control and the fuel management scheme. From a safety point of view the
design shall be such that the reactor power can be safely controlled and
the core can be adeguately cooled to maintain the fuel performance
parameters within acceptable design limits.
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A list of postulated initiating events (PIE) with significant

potential consequences shall be established * as a basis for safety design
and accident analysis. The consequences shall be analysed with respect to
the reactivity variation of the core, core coolability and fuel element and
assembly integrity.

Acceptable design limits for the core are closely related to
limitation of the release of radioactive material from the fuel elements.
For operational states the goal of the design limits shall be to maintain

fuel element lategrity. For postulated accident conditions the goal of the
design limits shall be to ensure that the severity of fuel element damage
roastas within acceptable values. A basic safety design latent shall be to
achieve, as far as practicable, behaviour characteristics of the core which

are favourable to safety. Reactor core components and connected structures
shall be designed taking into account safety actions during accident
conditions,'e.g. shutdown and emergency core cooling.

Regardless of the details of the approach taken, there are
several basic design principles which are important to achievement of the
overall goals. These are discussed in the following subsections.

72 BASIC CONSIDERATIONS FOR NEUTRONIC AND THERNONYDRAULIC DESIGN

OF THE CORE

(1) The cambination of inherent reactor neutronic and
thermohydraulle characteristics and the control system
capability shall be sufficient to adequately regulate the
reactor power in a stable menner for all oper.ational states of

,

the plant. Further discussion relating to reactivity

coefficients is given in Annex 1.

(2) Appropriate instrumentation and control means shall be provided
so that core conditions including fuel element integrity can be

,

monitored and adjusted safely to ensure that safety design
limits are not exceeded during operational states.

,

(3) The reactor shall be capable of being shut down and held

sub-critical under operational states and accident conditions.

* See Annez 4 for a typical example.

- - . _ - - _ _. _ __ _ _ _ _ . - . _
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(4) Assessments of the core power distribution, especially peak

channel power and peak linear heat rating, shall be carried out
for representative operational states to provide bases for
operational limits and conditions and operating procedures for
compliance with fuel design limits throughout reactor core life.

(5) Adequate provision for cooling the core under operational
states and accident conditions shall be made and its
effectiveness proven by analysis and experiments to meet
specified fuel integrity criteria.

(6) The design of the core should sufficiently minimise the demand
made on the control system for maintaining flux shapes and
levels within stipulated limits in all operational states.

(7) Thermohydraulic design limits on such parameters as Minimum

Critical power Ratio. Minimum Departure from Nucleate Boiling
Ratio (see subsection 3.1.2.1), local cladding temperature and
fuel temperature shall be set such. that sufficient margins
exist during operational states to keep fuel failures to a
minimum.

(8) The heat transfer correlations and other data used in the
thernobydraulle design shall be based on adequate and reliable
data ~ app 11 cable to the conditions expected in actual operation.

|

I(9) Design provisions shall minimize the chance of any obstruction |

of the coolant' flow during operat16nal states which could lead
to core damage.

(10) Appropriate monitoring instrumentation shall be provided for
assessing the state of the core ~ducing accident conditions. !,

!
,

.

;

.- -_. _- - . . . .. . . - . - - . - - , -- - - . - -_ - - - - .. ._
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7.3 BASIC CONSIDERATIONS FOR MECMANICAL DESIGN OF CORE COMPONENTS

(1) The fuel shall be designed so as to achlese leak-tight
operatloa of fuel elements for all operational states, as far
as is practicable.

|

(2) Structural latogrity shall be ensured as far as necessary so
that the core can be safely controlled. shut dous sad cooled
under all operational states and accident conditions.

1

(3) All core and associated composeats shalt to designed to be
compatible with each other ander the environment of
irradiatloa, chemical and physleal process, static and dynamic
mechaalcal loads durlag operational states and accident

! conditions.

|
(4) means shall be provided for safe head 11ag of core components to

i

ensure their lategrity daring transport. storage, lasta11ation
and refuelling operations (see also IASE Safety Series No.
50-8G-D10. " Fuel Nead11ag and Storage Systems la Nuclear Power
Plaats")

(5) Means, preferably physical, shall be provided to lohibit the
lacorrect location la the core of any camposeats important to
safety, e.g. fuel assemblies and reactivity control or shutdown
devices.

(6) Uncontrolled movement of reactivity devlees should be prevented.
,

(7) High quality design and fabrication shall be ensured by
establishment and implementation of satisfactory quality
assurance procedures (see also IAEA Safety Series No. 50-C-4)&
" Quality Assurance for Safety la Nuclear fouer plaats. A Code ~

of Practice" and Guides of that series).
.

.--- _.._ - . __ . - _ . - - . . - . _ _ -
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q 3. CORS DESIGN REQUIRENENTS

In order to meet the design principles set out in section 2 of

this Guide, it is necessary to study the implications and limitations that

these may impose on the design of the reactor core components. In this

section the components are considered individually, beginning with the fuel
progressing to the core support structure and finishing with the transient
and ace! dent analysis. A section on core management is included since the
fuel rating history, which is important in establishing the integrity of the
fuel elements throughout their life, is clearly influenced by the chosen
strategies adopted in the fuel cycle.

Some bardware items may also porform safety functions within the--

scope of other guides. Design of such hardware shall take into account

requirements and recommendations of this guide as well as other applicable
guides such as:

SG-D8 on safety-related 1&C systems

SG-D10 on fuel handling systems

SG-D13 on reactor cooling systems

3.1 FUEL rr.mmmMTS AND ASSgMBLY

3.1.1 Fuel Element Design Requirements

The Code of Practice states; "The design of fuel elements shall

be such that they will satisfactorily withstand their latended exposure in
the reactor core despite all processes of deterioration that can occur."

The following subsections give the design requirements and
' ' considerations for fuel elements that are needed to meet this objective.

These subsections apply to fuel consisting of uranium oxides or a mixture of
uranium and plutonium oxides.

3.1.1.1 Thermal effects
.

The evaluation of fuel temperatures in operational states should
take account of changes la pellet thermal conductance and pellet-cladding
gap thermal conductance due to effects such as oxide densification.

1

|
It is common practice to limit fuel temperature during !

operational states to a level that is below itspeelting point. However,
.

;

there may be more restrictive operating limits imposed due to the

. _ .
_ _ _ consideratlon of_gsstulated accidents _such as , loss-of-coolant 03GORXDG00

_ -._
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The strength and corrosion behaviour of the cladding is very
temperature-dependent. Limits for stress, long-term deformation and
corrosion may therefore be specified for operational states. For accident
conditions, cladding temperature and the oxidation of zircalloy cladding
shall be limited; firstly, to control ballooning and maintain a coolable

geometry, and secondly, to limit a zirconium-steam reaction for zirconium
alloy cladding. These effects shall not prevent shutdown or the maintenance

of a shutdown condition.

The design shall include margins to allow for fabrication,

calculation and other uncertainties.

.

3.1.1.2 Fission Product Effects

' Design of fuel elements shall takeeinto account the effects of
solid and gaseous fission products during in-core residence. Fission gas
migration from the fuel pellet, and its effect on internal pressure and;

thermal conductance across the pellet-to-cladding laterface, shall be
considered. The corrosive effects of fission products on the cladding shall
also be considered in the design (see paragraph 3.1.1.6). Swelling of the

fuel material due to fission products alters material properties such as
thermal conductivity and causes dimensional changes; the design shall take
these changes into account.

In safety analysis the consequences of reactor depressurization
shall be considered, to ensure that the gas pressure within the fuel element
does not cause unacceptable failure of the cladding. The likelihood of
cladding failure can be reduced by limiting the release of gas from the fuel
matrix, providing a free volume within the fuel element to accommodate the
gas and ensuring that the cladding strength wil,1 remain adequate during such

an event.

. .

&

--- - __ - - - . _ _ _ _ _ __
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3.1.1.3 Irradiation Effects

The effects of irradiation, particularly by fast neutrons, on

metallurgical properties such as tensile strength, ductility and creep
behaviour., and on the geometrical stability of all materials, shall be
considered in the design. j

The burnup of U 235 and the production of plutonium result in
changes in power distribution within the core and the fuel assemblien and in
changes of reactivity and reactivity coefficients of the core; these shall

!be taken into account in the core and fuel design.

3.1.1.4 Power Variation Effects
Local or global power variations during power transients caused'

by control device movements or other reactivity effects may lead to stresses )

on fuel pellets and cladding, i.e. pellet-cladding interaction (seei

l

paragraph 3.1.1.6).
,

The effect of anticipated power transients on local heat rates
shall be studied. To ensure good fuel integrity, stresses and working
cycles of cladding materials should be accommodated by the design taking ,

i

into account control system actions.

3.1.1.5 Nechanical Effects on Fuel Elements |

The fuel cladding can be designed to be collapsible or
free-standing when subjected to coolant operating pressure. Collapsible

i.
claddings are rapidly pressed on to the fuel by the external pressure, and
the outer cooler region of the fuel pellet supports, the cladding throughout

|
its life. The diametral gap between a collapalble cladding and fuel pellets

f shall be limited so that longitudinal ridges can not form in the cladding.
i

Free-standing claddings can undergo a long-term deformation

'(creep deformation) under external pressure resulting in decrease of the
diametral gap between cladding and fuel. |

'

l

'

some cladding that is initially free-standing will eventually
collapse and be supported by the pellets. Pn other cases, particularly with
low pressure coolant or pre-pressurized fuel elements, cladding collapse ;

|

ldoes not occur.

I

i

. . , . , , . - - . _ - - - . - , . - - _ . _ , , - - - - - . . _ . . _ - , . . - .. .. ._ -- , , _ .
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Stressing and straining of the cladding can be caused by fuel

swelling, fuel thermal expansion due to increase of local power or internal

gas pressure and should be limited.

The allowable length of axial gaps between fuel pellets, caused

|
by densification of the fuel, shall be determined for each design.

| A discussion of cladding stress and strain due to pellet

expansion and cracking is included in Annex 2. Nechanical loads imposed on

! the fuel element by the fuel assembly are discussed in sub-section 3.1.2.

|
3.1.1.6 Pellet-cladding interaction'

! Pellet-cladding interaction is a particularly important-

i

I consideration for fuel cladded by zirconium alloys, because it has been the

cause of fuel defects. The stress-corrosion cracking induced by

pellet-cladding interaction in the presence of fission products should be
minimized. A discussion of pellet-cladding interaction control for

sirconium alloy and steel-cladded fuel is included in Annex 2.

3.1.1.7 Effects of Burnable Poisons in Fuel Elements

Where burnable poisons are mixed in the fuel to compensate for

reactivity changes, they shall not affect the integrity of fuel elements.

Due consideration shall be given to the change in thermal properties of fuel
and to chemical, mechanical and metallurgical effects on both the fuel

material and the cladding. Consideration should be given to the possibility
that adding burnable poison may increase the release of volatile fission

|
products from the fuel matrix. The effect of the burnable poison on the

' fuel and moderstor temperature coefficients of reactivity, and the effect on
local power peaking factors, should also be taken into account.

3.1.1.8 Fluid Environment of the Fuel Elements

|
Fuel elements and fuel assemblies shall be designed to be

compatible with the normal fluid environment to which they are exposed
during all modes of cperation, including shutdown and refuelling.
Environmental parameters include pressure, temperature and chemical

composition.
.

- - - - - . - - - - - - - , - . - - - - . - - . . . - - - _ . . , - _ - , . - - . - - . - - - . - - . - - - - -,
'



_ , __ . _ . _ - .

j

'

.

i

- 11 -,

3.1.2 Nechanical safety Design Requirements of Fuel Assemblies

3.1.2.1 Thermohydraulic Effects within Fuel Assemblies

Fluid flow past the fuel elements is the mechanism by which the
energy generated in the fuel element is transported from the core region.
Steady state fuel assembly temperatures shall be limited so that there is no

cladding degradation if anticipated operational occurrences arise. The

designer shall take into account effects from element spacing, element

power, subchannel sizes and shapes, grids, spacers, braces, flow deflectors
or turbulence promoters. These effects are primarily thermohydraulic but

potentially include localized corrosion and erosion. For water-cooled

reactors heat transfer coefficients drop if the surfaces become dry, and

fuel cladding temperatures can rise appreciably. Conditions are then termed

" critical". The normal approach is therefore to ensure that the surfaces

are always kept wet during steady state conditions. Critical heat flux

conditions are avoided by maintaining local steady-state power levels such

that certain ratios or margins to critical heat flux conditions exist. The'

margins shall be sufficient to allow for anticipated operational

occurrences. These ratios can be expressed as a Minimum Critical Heat Flux

Ratio, a Minimum Departure from Nucleate Bolling Ratio, a Minimum Critical
Channel Power Ratio, or a Minimum Critical Power Ratio. For operational

states these ratios constitute a conservative basis which is currently used

for water cooled reactors.

Because of the importance of localized effects caused, for

example, by fuel element spacers, the Critical Heat Flux (CHF) and the

Critical Power Ratio (CPR) depend on detailed fuel assembly design. For

this reason the CHF or CPR is usually determined experimentally over the

range of operating conditions expected in actual operation. The test

results are then analysed and converted into correlations for use in safety

analyses.

.

4

I

. . , - - - - . - -_- . . - - - _ _ -. . - - _ - - - . , _ _ _ _ _ . - . _ _ - - - _ . - .- - _ - - . - - _ - - - , _ , , - , , _ . . - . . - - . . - - - - - - .
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3.1.2.2 Mechanical Effects
The fuel assembly is subjected to mechanical stresses as a

result of phenomena including the following:
,

fuelling and refuelling procedures-

- power variation
- hold-down loads for PWR

hydraulic forces-

bowing due to irradiation-

vibration and fretting induced by coolant flow-

vibration induced by external events such as warthquakes-

|
- accident events such as IACA.

| For operational states the design requirements of the fuel
assembly (which may contain housings for control devices, flux monitors and

burnable poison rods) include:

(a) The clearance within and adjacent to the fuel assembly shall provide

; space for irradiation growth and swelling.

| (b) Fuel element bowing shall be limited so that thermohydraulle
behaviour and fuel performance are not significantly affected.

(c) The fuel assembly shall not fail because of strain fatigue.
(d) The fuel assembly shall withstand the hold-down mechanical and

hydraulle forces without unacceptable deformations.
(e) The fuel assembly and support structure functions shall not be-

affected unacceptably by vibration or fretting damage.
(f) The fuel assembly shall withstand the irradiation and shall be

,

compatible with the coolant chemistry.

( For postulated initiating events including earthquakes,

j explosions, equipment failures, the design of the fuel elements, fuel
assemblies and fuel assembly support structures shall ensure that .

interactive or consequential effects from these components will not

! prevent functioning of safety system components, e.g. shut-down-

! devices and their guide tubes

I impede cooling of the fuel-
,

damage unacceptably the reactor coolant system pressure boundary-

mechanically or thermally

to the estent that safety systems cannot perform their functions as credited
in the transient and accident analysis (ref. 3.9).

- -- __. _ _ _ _ ___._. . . _ _ , _ _- . _ . _ _ _ - _
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Changes caused by the environment, which could increase the
resistance to heat flow from the fuel element, shall be considered in
evaluating thermal characteristics. This includes oxidation or other
chemical changes (corrosion) at the external surface of the cladding, and
the deposition of matter (crud) on the surface of the cladding. The range
of environmental conditions in which the fuel will operate over its design
lifetime under normal opersing conditions should be considered when defining
suitably conservative design parameters for surface oxidation and crud
buildup. The design parameters used should be based on actual experience
and experimental data appropriate to operating conditions.

3.2 COOLANT

The coolant is the fluid which transports the heat from the

reactor core region. The heat transfer at the surface of a fuel element is
a function of a number of variables, including fluid velocity, flow pattern,

thermodynamic properties, etc., and are usually expressed in terms of
- empirically derived heat transfer correlations. Safety considerations

,

associated with the coolant shall include:

(1) Ensuring that the coolant system is free from foreign objects and
debris prior to laitial reactor start up and maintaining it in that
condition

(2) Keeping the coolant radioactivity at an acceptably low level by the use
of purification systems and removal of defective fuel as appropriate
(see also SG-D13 section 4.5)

(3) Effects on reactivity of the coolant and coolant additives shall be
taken into account in determining the capabilities of the reactor

control and shutdown systems for operational states and accident

conditions

|

.

It is general practice in some reactor types to ensure that coolant*

additives do not cause the power coefficient of reactivity to be positive.
(For further discussion of the reactivity coefficients see Annen 1).

--_. - _ _ - _ _ _ . - _. ,_ - - _ . . _ _ _ _ - , .. . _ _ _ _ _ _ . _ - . . - _ _ - _ - . _- .
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(4) Determining and contro111ag the chemical and physical characteristics |

of the coolant in the core to ensure compatibility with other j
,

components of the reactor core and minimise corrosion f
|
i

(5) Ensuring a sufficient supply of coolant for all operational states and i

j accident conditions in order to meet specified fuel integrity criteria
including decay heat removal at shutdown (see also SG-D13, section 4.5))

(6) Taking secondary effects of additives into account, e.g. chemical,

{ physical and irradiation effects

I

|(7) Ensuring that, where bol11ag occurs or can occur in operational states.
ithe core design shall prevent or control instabilities of flow and

consequential fluctuations in reactivity.

(8) Ensuring that the core internals shall be so designed as to distribute
the coolant in the appropriate proportions to the fuel assemblies and

f
assoc' lated core structures so that the required coollag is provided.

|

3.7.1 Light Water

In a Pressurized Water Reactor (PWR), the water is maintained in

a subcooled state during normal operation. In a Bo111ag Water Reactor

(BWR), water enters the core subcooled, but leaves the core as a two-phase

alzture of water and saturated steam.

The effects of coolant density changes (including fluid phase

changes) on core reactivity shall also be considered in core design. In

PWRs and BWRs, the coolant also acts as the moderator; therefore any change

in density will have an effect on core power, locally and overall. In order

that the power coefficient remains negative, burnable poisons may be mixed

in the fuel to reduce the need for boron in the coolant.

Additives can be used to control the chemistry of the coole.nt

and inhibit corrosion. Additives can also be used as neutron absorbers to
help control core reactivity; an example of this is the boron salts used in
PWRs. Whenever additives are used their effects on core components shall be
accounted for la core design.

.

'---~w - -. -- .._. _ __ _, ___ _ _
_

_



. .. _

.

- 15 -

Radiolysis of the coolant requires measures to control corrosion
and prevent explosloa as discussed in more detail in SG-L9, section 4.4.2.1.

3.2.2 Neavy Water

The relevant characteristics of heavy water are mostly similar

to those of light water, and the factors considered in sub-section 3.2.1

apply, if the fact that coolant and moderator in some reactor designs are

separated, is taken into account. The use of additives in the coolant,

whether for chemical (e.g. pH control, oxygen control) or for reactivity

: holddown purposes, could effect the neutron absorption in the coolant or

moderator. Any such effect shall be considered in the design of the reactor I

..

control and shutdown systems for all operational states and accident

conditions.

Radioactivation shall also be considered. In addition to the
16

radioactive corrosion products and N that are found in N 0, tritium
2

( N) builds up in D 0 to a larger extent than in light water.
2

Therefore, in a D,0 reactor coolant system provisions shall be made to
prevent or control the release of tritiated heavy water from the system.

,

3.2.3 Carbon Dioxide

Because of its low density and low neutron absorption, changes

in carbon dioxide temperature and pressure have a negligible effect on
,

reactivity.

3.3. MODERATOR

The purpose of the moderating material in the core is to reduce

the energy of fast neutrons produced in the fission processes to the thermal
'

energy range, so that they will cause further fissions, thus continuing the

heat-producing process. The choice of moderator and spacing of fuel
assemblies within it are based on optimizing the neutron economy, and hence

,

fuel consumption, la conjunction with the engineering requirements. The

main reactor types use either light water, heavy water or graphite as the

moderating medium, e.g.:
"

,

.

' $

)
!

I

_ _ - . _ _ _ _ _ _ _ . _ _ _ _ , . . _ _ _ _ . . . . _ . , - _ . .- - - _ . . _ _ . . - _ . _ _ _ . _ , . . - _ .__ ._ _
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PWR Pressurized Water Reactor ) light water
SWR So111ag Water Reactor l' moderated

'

PNWR Pressure tube heavy water reactor ) heavy water
PMWR Pressure vessel heavy water reactor) moderated

GCE Advanced gas cooled reactor graphite
moderated

3.3.1 Light Water
Light water is used as a moderator and as a coolant in both

. pressurized water reactors and bo111ag water reactors, without physically
separating the two functions. The considerations regarding additives,
reactivity characteristics, and radiation effects discussed in section 3.2

and $ 2.1 are therefore applicable.

3.3.2 Heavy Water

In reactors of the pressure tube type cooled and moderated by- -

D 0, the moderator is physically separated from the coolant by a calandria
tube and a pressure tube. At times the moderator may contain a soluble
neutron absorber either for control or for reactivity holddown after a
shutdown. The moderator also serves to cool various reactor structures,

e.g. calandria vessel itself, reactivity control devices and their guide

tubes, instrumentation support structures. Although highly.unlikely. It is

conceivable that the pressure tube and calandria tube might rupture,
allowing a jet of D 0 e lent to be injected into the moderator region;

2
that is, some moderator will be displaced by coolant. If this occurs and |

the moderator contains absorber (and, of course, the coolant does not), it

is possible that the reactivity of the core will increase. The shutdown

; system shall be designed to provide means to maintain the shutdown condition
should such an accident occur. The effects of moderator flow and
temperature, e.g. hydraulle forces, differential temperature, shall be

considered in the design of the reactor structures.

'

i

i

i

'

- _ - . . _ . _ _ _ . . _ . _ . __ .__ _ _ _ _ _ , _ _ _ _ __ _ _ _ _ . _ _ _ . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . , , _ _ _ _ _ . _ _ _ _ _ _ . ._ ,
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With reactors of the pressure vessel type, cooled and moderated
,

by D 0, the moderator is separated from the coolant in the core region by
2

the cooling channels. However, the circuits of the coolant and the
'

moderator are separated or connected, depending on plant status (e.g. power
operation or residual heat removal operation). In the power operation mode

the moderator is connected to the coolant only by some pressure compensating
holes such that it can be operated at the same pressure but at a lower

tempe'rature level than the coolant. The coolant temperature level is

maintained by high pressure cooling system. In residual heat removal
operation the coolant and moderator systems are interconnected, so that

there are no differences in pressure, temperature or 11guld poison
concentration.

A high specific activity of tritium can build up in D 0
2

moderators. Therefore, the design of the moderator system shall take into

account the possibility of a release of tritiated heavy water should a major

breach occur in the moderator system.

,

; Radiolysis of the moderator requires measures to control

corrosion and prevent explosions, as discussed in more detail in SG-D13.
!

Under some accident conditions, the moderator in a pressure tube
reactor has a storage capacity for decay heat.

; 3.3.3 Graphite

The moderator adopted for advanced gas cooled reactors is

graphite. In advanced gas cooled reactors (AGRs) the graphite core is

composed of bricks with a keying system which maintains the lattice

alignment. The core assembly is provided with a restraint structure which

j maintains the external configuration. The safety issues with this moderator

are:
|

1

|

. . _ - . . - , . , - - - - - - - - . . _ - , - . . . . _ .- - . . . . . _ _ . . . . , . - . _ _ . _ _ . . . . - - - - . . - _ . - . . - - - . - - - , . - - . - - - - - _ . - - - - - - _ . - -
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(1) shutdown

Entry of the shutdown devices into the core and maintaining the
shutdown condition shall not be impeded. In order to confirm
this an assessment shall be made of the capacity of the graphite
to hold the core in a stable position, without failure due to

the effects of:
temperature-

corrosion _-

fast neutron damage-

Irradiation-

dimensional changes.-

Postulated earthquake conditions impose limits on deformation

and strength characteristics, and these shall be taken into

consideration.

For the initial core, the temperature coefficient of the
moderator has a value near zero, typically slightly negative so ,

that the cold core condition is the most reactive. For the
equilibrium core, plutonium has built up to some extent in most
of the fuel channels, and the moderator temperature coefficient
is positive. The most reactive condition for the equilibrium
core is therefore assumed to be associated with the moderator at
its hot operating temperature, even for a reactor maintained in
shutdown condition. During transient conditions, however, the
significance of the positive temperature coefficient is limited
by the slow response time of the moderator temperature, compared
with that of the fuel, for which the temperature coefficient is
negative.

(2) Circuit radioactivity

The release of radioactive materials into the coolant circuit
should be kept to as low a level as practical. In order to

achieve this the impurities within the graphite should be
limited (particularly Ng, C1 and 3).

-- . _ _ _ _ - _ -
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In addition the integrity of the moderator should be assured
over the reactor design lifetime. Methane shall be added to the

!

CO, coolant to inhibit corrosion but secondary effects shall
,

be taken into account. 1

i

!
'

The design of the distribution holes drilled through the

, graphite bricks and the interbrick passages should be chosen to
!

limit the peak graphite temperatures by providing an adequate
distribution of the coolant to all bricks, not only for

conditions in the. initial core but for all anticipated behaviour;

| of brick shrinkage or growth throughout the life of the core.

3.4 REACTIVITY CONTROL NEANS

This subsection discusses the means for reactivity control for i

normal operation, referred to in section 4.3 of the Code. The control of

reactivity for reactor shutdown is addressed in section 3.6 of the present

| Guide.

Reactivity control means shall be designed to enable power and ;

power distribution to be regulated safely. This includes compensating for |

reactivity changes such as those associated with Ionon concentration

changes, coolant temperature change, burnup of fuel and burnable poison,

anticipated operational transients, in order to keep the reactor process

variables within specified operating limits.

The instrumentation and control systems used shall meet the
requirements of safety series No. 50-5G-D8. " Safety-Related Instrumentation
and Control Systems.

.

3.4.1 Types

The types of reactivity control means used for regulating the

core reactivity and power distribution for different reactor types include

the following:

I |*

l

moderator temperature (pWR, pressure vessel type pifWR).-

moderator height (pressure-tube-type pifWR)-

coolant flow (moderator density) (BWR)-

___ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ - . _ _ .
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soluble absorber in the moderator or coolant (PWR, pHWR)-

- solid neutron absorber rods or 11guld absorber in tubes (PWR,
WWR, GCR, PNWR)

- fuel with distributed or discrete burnable poison

fuel assembly repositioning-

3.4.2 Nazimum Reactivity Worth and Reactivity Insertion Rate

The arrangement, grouping, speed of withdrawal and withdrawal
sequence of the reactivity control devices, combined with adoption of

interlock systems shall be designed to ensure that any credible abnormal

withdrawal of the reactivity control devices does not cause the conditions
.

specified for the fuel to be exceeded. The maximum reactivity worth of the

reactivity control devices shall be limited, or interlock systems shall be

provided so that for a postulated accident condition such as " control rod

ejection" for PWR or " control rod drop" for BWR the resultant power
transient does not exceed specified limits. These limits shall be chosen so

as to ensure acceptably low levels of:

(a) damage to fuel and cladding which could produce releases of

radioactivity into the coolant circuit and

(b) risk of a molten fuel-coolant interaction which could damage the
.

core structure and prevent successful insertion of the shut-down

! devices.

\

If necessary, the maximum reactivity worth of the control

devices shall be evaluated for each refuelled core. |

|

For soluble absorber, the control system shall be designed so

! that any depletion of absorber concentration in the core does not cause the

conditions specified for the fuel to be exceeded. All portions of systems

that contain boric acid shall be designed to prevent precipitation, e.g. by

heating the components containing boric acid solution (see safety Guide
50-SG-D13, section 4.5). -

i

------,I,__-,.._____-_.._--..___---
- _ _ _ _ _ . _ _ . _ _ _ . _ ._..__.-.-_m . . -- --._ - -_--
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. 3.4.3 Control of Overall and Local power

Core power shall be controlled overall and locally by reactivity
control means in such a way that peak linear rating of the fuel and channel
power will not exceed design limits anywhere in the core. Control system |

design shall take into account variations in power distribution caused by
local variations in reactivity due to menon lastability, changes of coolant
conditions, changes in the position of the in-core detectors and changes in
the characteristics of the. in-core detectors themselves.

,

Further
information is given in subsection 3.8 and annes III.

i

1<

|3.4.4 Effect of Burnable poison |

i

The reactivity lacrease caused by burnup of burnable poison in
the core shall be evaluated and accomunodated by reactivity control means.

!
In order to keep the moderator temperature coefficient negative?

the designer may choose to reduce the required amount of absorber in the
moderator and make up the required absorption effect by adding burnable

; poison to the fuel.
Burnable poison may also be used to flatten reactivity

and power variations during fuel burnup. ,

3.4.5 Irradiation Effects

The reactivity variations, physical property changes, gasI

production, activation in 11guld loops, etc. of reactivity control means due
to leradiation shall be taken into account in their design.

3.5
CORE NONITORING SYSTEN

Instrumentation shall be provided to monitor core parameters
such as level, distribution and temporal variation of core power, physical

>

'

states of the coolant and moderator, status of reactivity control means, so
that any necessary corrective action can be taken. 3

The level of fission
product radioactivity la the coolant shall be monitored to verify that
design'11mits are not exceeded. Some designs use systems that can indicate
the location of failed fuel assemblies during power operation. Failed-fuel
location monitors are particularly effective for reactor types that employ
on-load refuelling since the latter offer the possibility to remove defected

| fuel more easily and thereby keep radioactivity levels in the coolant low.,

Another advantage of a failed-fuel monitor is that it can give an early
; warning of coolant flow blockage or other physical damage.

- - ._ .- - - _ - . - - - . _ _ - - . - - _ - _ - - . - . - - . - . - - . . _ . - . - . . - . - . . . - - - _ . . - _ _ -
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The accuracy, speed of response, range and reliability of all
monitoring systems shall be adequate to perform the functions for which the
various monitoring systems are latended (see the Safety Culde on Protection

Systems and Related Features in Nuclear Power Plants. IAEA Safety Series No.

50-SC-D3, and SC-D8) . The design shall also incorporate facilities that
allow for continuous or periodic testing of monitoring systems, as required.

For guidance on accident monitoring reference should be made to

SG-D8, subsection 4.9.3.

In the case of large cores it may be necessary to monitor the
4

spatial power distribution by incore neutron detectors. Nessurements of
local power at different positions in the core have the purpose to ensure
adequate safety margins and to provide data for optimum utilisation of the
fuel. In this case the position of the detectors shall be distributed to
reduce as far as practicable the possibility that a local excessive power
density buildup will go undetected.

.

Many parameters such as:
.

i
- neutron fluz

coolant temperatures-

- water level

| system pressure-

- radioactivity in the coolant

are monitored at various location for safety, purposes.

Other safety-related parameters are derived'from the monitored parameters,

for example:

neutron flux doubling time-

neutron flux rate of change-

flux difference across the core-

reactivity-

'
subcooling across the core- ,

_ _ _
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The selectica of parameters to be monitored depends on the reactor type.
The safety siganficance of the use of the monitors

,

la circuits of the reactor protection system-4

in circuits of the reactor control system-

for display to the operators-

shall be assessed. The necessary redundancy, diversity and independence of

the signals and their transmission shall be ensured by the design according:

to the requirements of SG-D3 and SG-D8..

'|

In some reactors a combination of interlocks on flux monitoring

systems and reactivity control devices is used during reactor startup to

ensure that the most appropriate monitors are used for a particular flux

range. .

During startup operation, and especially during the first

startup, the neutros flux is very low relative to full-power operation, so

that more sensitive temporary neutron detectors may be required to monitor
the neutron fluz. In some reactor types a neutron source may also be

required to increase the flux to a level that is within the range of the

; startup neutros flus monitors. The design of the neutron sources shall

ensure that:

the neutron sources function properly for their planned-

lifetime, and

the sources are compatible with the fuel assemblies and the fuel-

'

assembly support structures.

3.6 REACTOR 38UTDOWN MEANS

i This sub-section deals with the means (refer to section 4.4 of
the code) of readerlag the reactor suberitical in operational states or,

under accident conditions, and maintaining it in that state
.

.
!

Means shall be provided which ensure that the reactor can be

rendered suberitical and held in this state, assuming the most reactive core
,

conditions when one of the shutdown devices that have the maximum effect on

i core reactivity cannot be inserted into the core (one rod stuck). For

operational states and accident conditions, specified conditions of the fuel

and the reactor coolant system pressure boundary shall not be exceeded.i

i

__ _ _ _ _ _ _ . . _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -- _.
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As required by the Code, the means of shuttleg down the reactor

shall consist of two diverse systems, each belos able to perform its

function assuelas a slagle failure. At least one of the systems shall be,

on its own, capable of renderlag the reactor suberitical by an adequate
margin from operational states and accident conditions with a response such
that in combination with the performasco of other systems no mascceptable

fuel damage occurs. At least one of these systems shall be, on its own,
capable of renderlag the core suberitical from normal operatios conditions,
and shall provide adequate long term holddown fo11nwlas the reactor trip,

even in the most reactive condition of the core.

In meetlag the longterm holddown requirements, deliberate
actions that increase reactivity during the shutdown state, such as absorber

movement for maintenance and refuelling actions, shall be identifled to

ensure that the most reactive condition is taken lato account.

The design of the shutdown systems shall recognize the

importance of reactor shutdown following anticipated operational occurrences
*

and during accident conditions. The shutdown aeans shall therefore
incorporate the necessary reliability in the design of the equipment to

.effect. shut own for all postulated initiating events as necessary to meetd

plant safety requirements. The designs shall incorporate the necessary
independence from plant process and control systems and protection from the
consequential effects of the initiatlog events such that the shutdown will
be performed as required.

|

The means of shutdown shall be designed using a fall-safe

' philosophy as far as practical, and shall be engineered to the high
i

reliability required for those safety systems. If operation of the holddown
| system is manual or partly manual, the necessary prerequisites for manual|

operation shall be met (see SG-D3, section 7.3.2).

| For the purposes of reactivity control and flux shaping during
norpal operation (see section 3.4) a portion of the shutdown means may be

.

used. In this case, it shall be ensured that none of the functions of the
j

| control system will jeopardize the function of the shutdown systes. For a
i

|,

more detailed discussion,see subsection 7.8.4 of SG-D3.

|

|
_ ___ _ . . . ._....._... ... .._.._ ._.. ... . . _ . . . - _ . _ . . _ .
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j 3.6.1 Types

,
,

I
, ,

Various means of introducing. absorbing materials into the
,

reactor core are adopted for different reactor types, including
- B injection into moderator

f - Gd injection into moderator

- N, injection
! - moderator dump |

' - 8. Cd in stainless steel rods, tubes, or cruciforms
- Nf and steel rods in 3ry -4 guide tubes

- 8 glass bead injectionj

1 - 11guld absorber in tubes.
;

: Table I shows examples of shutdown means used in different

reactor types illustrating the incorporation of diversity:

i - TABLE I Shutdown Neans

i
'

!

! Reactor Type Primary System Secondary System
f

8 C in steel tubes B solution injected intoBWR 4
i moderator / coolant

As-In-Cd in steel tubes
PWR. or B injected in moderator /coclant

B C in steel tubes4

PNWR Cd sandwiched in steel Gd injected in moderator,;

tubes -moderator dump, 11guld
absorber in tubes

i PNWR Nf and steel rods in B injected in moderator
*

'

(pressure- Zry-4 guide tubes
vossal type) .

,

AGR B steel rods N2 lajection into coolant
j

.

+ stainless steel rods and B glass beads injection,

,

I into the core

i |

t

i |

1

1

.

_,
..
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3.6.2 Reliability

Nigh reliability of shutdown shall be achieved by using a

combination of measures such as:

1) Adopting systems that are as simple as possible and that use
components of established high reliability

2) Using a fall-safe philosophy as far as practicable *

3) Giving consideration to modes of failure and adopting redundancy and
diversity in the initiating mechanisms (e.g. sensors, actuation
devices that detect and respons to the need for a reactor trip)

4) Functionally isolating and physically separating the shutdown systems
including separation of control and shutdown functions, as far as ,

practicable, to cater for credible modes of failure, including common
cause**.

5) Ensuring easy entry of shutdown means into the core taking into
I account the incore environmental effects of operational states and

1

'

accident conditions.
.

6) Designing to facilitate maintenance, in-service inspection, and
operational testing.

7) Selecting egulpment of proven design.

8) Performing comprehensive testing during manufacture, installation, and
commissioning.

3.6.3 Shutdown and Nolddown Effectiveness*

The capability of the shutdown and holddown systems to render-

and hold the reactor suberitical by an adequate margin even in the most

reactive core conditions shall be demonstrated:

* The simplest form of fall-safe philosophy used in many designs is that
the shutdown devices are held above the core by active means. Providing
that the shutdown device channels are not obstructed, the devices drop into
the core by gravity in the event of failure (de-energitation) of the active
holding means, e.g. loss of current through a holding electromagnet.

**some Member states require that there be two independent, different,
shutdown systems each of which is adequate acting alone.
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(1) during the design, to cover the whole range of operating conditions
-and core configurations that occur throughout the intended fuel cycle;

(2) at reactor commissioning, by appropriate neutronic and process
measurements to confirm the calculations for start of life;'

(3) during reactor operation, by measurements and calculations to cover
present and anticipated reactor conditions;;

1

(4) during fuel changes (see SG-010 for core management), to ensure that
,

reactivity shutdown margins are maintained using;
s

(5) during anticipated operational occurrences and accident conditions, to
meet acceptable fuel cooling and radioactivity release criteria

These analyses and measurements shall cover the most reactive

core conditions, with the assumption that one shutdown device of the

highest reactivity worth cannot be inserted into the core. In addition,

holddown shall be achieved if a single random failure occurs in the
!

! shutdown system. However, there.is considerable variation among Nember
States on what subcriticality margin is accepted as adequate *.;

The number and reactivity worth of shutdown devices required in

the systems is largely determined by:
(1) The most reactive core conditions after shutdown. This is the result

of a number of factors such as:
-the most reactive core configuration (and where appropriate, the

corresponding boron concentration) that will occur during the intended
,

fuel cycle, including refuelling ahead of schedule j,

.

* In many cases, a suberiticality margin of 1% is specified. For the ACR lt
|

is 2% with three rods in the array assumed not to be inserted. In France
,

*

; the mergin is 10% when the reactor vessel is opened for fuelling.

!
i |

*

1

.
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-the most reactive credible combination of fuel and moderator
temperatures

-the rate of reactivity insertion taking accident conditions into

account

-the amount of xenon as a function of time after shutdown
-absorber burn-up..

|

(2) The uncertainties associated with the calculations. These may be
estimated from comparison of calculations with measurements made in

experimental reactors, prototype reactors and during commercial
'

reactor connissioning.

(3) The required suberiticality margin.
_

| (4) The greatest negative reactivity worth which is unavailable on the

assumption of a single missing shutdown device.

(5) The distribution of the shutdown devices within the core. This may
influence the reactivity worth of the shutdown device not to be

considered due to the single failure assumption and of recently
installed (fresh) fuel assemblies.

|
l

| 3.6.4 Rate of Shutdown

i The rate of shutdown for at least one of the systems shall be
adequate to render the reactor sufficiently subcritical in time to prevent
fuel damage and to maintain the pressure boundary integrity in all
anticipated operational occurrences. The shutdown system shall be designed
to shut the reactor down, under postulated accident conditions so as to

keep fuel and core damage to a practical minimum and prevent the failure of
the reactor coolant system pressure boundary.

For the design basis (see section 2.1), the course of the

postulated initiating events to be considered in detail, the response of
the protection system and the associated safety actuation systems (shutdown
means) shall be be established in defining the shutdown rate requirement.
The selection of variables for the sensing of these PIES shall meet the
requirements of SG-D3, section 7.7 and 7.13.

_ . - _ _ _ - . - . _ - _ _ _ _ _ _ _ - - _ - _ - _ _ _ - - - - - - - _ . _ - - . - - _ ~ ~ -- - - - - - - - -
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The rate of shutdown is dependent on the following;
(1) Ability of the instrumentation to recognize and respond to the need

'for a reactor trip. This loverns the choice of lastrumentation to.

cover adequately the range of postulated initiating events.

(2) Response time of the actuation mechanism of the shutdown means. This
may govern the choice of mechanism, though the response times are

usually relatively short compared with other factors.

1

(3) Location of the shutdown devices. The rate is sensitive to:
- the distance of the poised shutdown devices from the core (see

section 3.6.5); and

- the location of soluble absorber injection nozzles such that the

absorber may be quickly dispersed in the active region of the core.

(4) Esse of entry of the shutdown devices into the core. This may be

achieved by:

- the use of guide tubes or other structural means (see sub-section

3.7) to facilitate device access, and the possible incorporation of

rod couplings to reduce rigidity over the length of the devices

(5) Insertion speed of the shutdown means. One or more of the following

may be used to provide the required speed:

gravity drop of devices into the core;-

gravity drop of devices into the core initiated by a spring-

hydraulic or pneumatic pressure drive;-

hydraulic or pneumatic pressure injection of soluble absorber-

'
.

|Isse and speed of insertion can be checked by monitoring with

appropriate sensors on the reactivity control devices (weight sensors in
the puspension chain are used in AGRs).

t.

The capability of the shutdown systems shall be assessed as

part of the safety analysis described in sub-section 3.9..

i

y

v
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3.6.5 Environmental Considerations |

|

i In order that the integrity of shutdown systems not be

jeopardized during reactor life, the effects of their environment when
inside the reactor shall be considered. such considerations shgli include:

| (1) Irradiation effecit - If devices used for shutdown are poised in a

high neutron flux or are used for reactivity control, the effects of
| absorber (e.g. boron) depletion shall be' considered in their design.

Depletion of boron is accompanied by helium production. If helium

buildup in devices containing boron can result la swelling, it shall
be ensured that their performance is not thereby impaired.

:

|

| (2) Tenoorature effects - The effects of heating of shutdown devices due

! to neutron or gamma absorption shall be considered.
,

|

| (3) Chemical effects - The effects of chemicals in the external fluid
environment, i.e. coolant or moderator on corrosion rates and physical
integrity of shutdown devices, and as well as the transport of
activated corrosion products throughout the reactor coolant and
moderator system shall be considered.

(4) Structural dimension channes - Dimensional changes and movements of
internal core structures due to temperature changes, irradiation, or

external events such as earthquakes shall not prevent entry of a j
sufficient number of the shutdown means into the core (see section
3.7). !

-

,.
,

'
!

| 37 CORE AND A380CIAfgD STRUCTURES
' The scope of this sub-section includes the structures which

form and support the reactor core essembly and which are closely associated
to'the performance and the safety of the reactor core.
.

The core and associated structures shall be designed such that ,

their integrity is maintained during operational states and during and
following accident conditions to the extent that their required safety
functions can be performed.

. - - .-___ _ _ _ -- - - . _ . _ _ - - _ . - - - - . _ _ ,
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Possible damage mechanisms which could affect the core and

associated structures and need to be considered in the design include:
vibration, both transmitted structurally and induced by coolant flow;
fatigue; other mechanical effects such as internal missiles; thermal,

I chemical hydraulle and irradiation effects; seismic motions. Of particular
concern are: damage to shutdown and holddown systems, insufficient fuel
coolability, damage to fuel, and damage to the pressure boundary. The

| effects of pressure, temperature, temperature variation and distribution,
corrosion, radiation dose rates and lifetime dose on dimensional changes,
mechanical loads and material properties shall be considered.

The radiation heating of the structures shall be calculated and--

proper cooling shall be provided. Proper allowance shall be made for

thermal stresses during all operational states and accident conditions.

Chemical effects of coolant or moderator on the structures shall be
considered. gone Member states require in the regulations that the

I structural failure of any single core component shall not prevent the

reactor from being safely shut down nor result in the fuel exceeding its
design limits.

Provisions for the necessary inspections or replacements of the
core and associated structures shall be included in the design. i

3.7.1 Reactor Coolant Pressure Boundary

Certain aspects of the reactor coolant pressure boundary design
are also associated with the core structure design. The core portion of

the reactor coolant pressure boundary can be,elther:

a) A pressure vessel surrounding the totel core, including the
,

fuel assemblies, their support structures, and the moderator

and reactor coolant; or

b) An assembly of a number of individual pressure tubes each
forming a fuel channel. The low pressure liquid moderator
surrounds the pressure tubes.

,

.. . _ _ _ _ _
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Acas, light water reactors and pHWR's of the pressure vessel

type are type a). The pressure vessel is a large thick-walled structure

surrounding the core with penetrations to accomodate the reactor coolant,
instrumentation, and reactivity control and shutdown devices which reside

in the high pressure reactor coolant region. The core assembly and other

components are arranged so as to reduce the neutron fluz at the pressure

vessel wall.

in pWWRs of the pressure tube type (type b)), the pressure

boundary comprises a number of thin walled cylindrical tubes with no wall
penetrations, since the lastrumentation, reactivity control and shutdown
devices reside in the low pressure moderator region. The reactor coolant

.
pressure boundary is inside the active core and subject to the neutron and
gamma fluzes of the core centre.

pressure tubes and vessels shall meet the support structure

configuration requirements of this section and the pressure boundary design
requirements of SG-D13. pressure tubes shall also meet the fuel assembly

support structure requirements of sub-section 3.7.3.
.

3.7.2 Reactor Core Assembly Support Structures

The reactor core assembly support structures comprise tube

sheets, a core barrel, graphite keying system etc., depending on the

reactor design and hold the fuel assembly support structures in their
desired geometrical relationship with the reactor coolant pressure

boundary. These support components shall be designed to remain intact to
the degree necessary to perform their functions throughout the life of the
reactor for all operational states and accident conditions. Nechanical

loads such as those laduced by normal and postulated abnormal refuelling,

including hydraulle forces, shall be considered. Seismic conditions, as
specified, shall be taken lato account.

|

3.7.3 Fuel Assembly support Structures

The fuel assembly support structures shall be designed to hold
the fuel assembly in the desired geometry for all operational states and
accident conditions.

_. _ _ . ~ . . _ _ _ _ _ _ _ _ _ _ _ _ _..______ _ _ _ _ _ _ _ _ _ ___ _.__ __. _ _ _ _ _
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In pressure tube type NWRs the fuel assembly support
structures are the pressure tube themselves because they contain the fuel
assemblies (bundles) in the reactor core.

Design considerations for the pressure tubes and their
connection to the end fittings including closure plugs, are covered in
SG-D13. The following additional factors shall be considered:

(1) The irradiation and creep of the pressure tubes which result in
diameter and length changes and possible effects on fuel

coollas.

(2) Fretting effects on the pressure tube, and sliding wear effects
.-
due to fuel assembly movements during refuelling.

3.7.4 Shutdown and Reactivity Control Device Guide Structures

The structures that guide the shutdown devices shall be

designed to perform their required functions under operational states and
accident conditions. The structures that guide the reactivity control4

devices used for reactor control only shall be designed to perform
satisfactorily for all operational states. |

|

Since shutdown and reactivity control device guide structures
are in close proximity to the fuel assemblies or fuel channels, the
possibility of physical lateraction and damage during operation, sbetiran,
and under postulated accident conditions shall be carefully addrsesed j
during design. In the case of shutdown and reactivity control devices
immersed in a bulk moderator, the effects of forces due to fic" currents

shall be considered and the maximum allowable distortion shall act be
exceeded. For graphite-moderated reactors the maximum distortion sJs to

fast neutron damage shall be evaluated, and the design arranged to
|
'accomodate it.

i

|.
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. _ _ _ _ _ _ _ . - - . __ _ _ _ _ _ _ . _ - _ _ _ __ -._.

i - 34 - -

The design shall allow for removal of reactivity control ar.d

shutdown devices which have become damaged or separated from the drive
,

mechanisms, so that there will be no danger of damage to the reactor core,

no unaccepteble reactivity effects, and no personnel radiation exposure1

greater than that allowed by regulation.
,

3.7.5 Core Instrumentation support Struct'ures

i The structures and guide tubes containing instrumentation within the
core, and in close proximity to the core, shall be designed to perform
their functions during all operational states and accident conditions.

If accurate knowledge of the 1ccation of a detector such as a

neutron detector or thermocouple is necessary for its proper functioning,
the structure shall be designed so that the detector can be located with

the desired accuracy and so that it will not be moved from its location.

inadvertently by operator action, equipment strain, coolant flow forces, or
bulk moderator movements, during operational states and accident

_

conditions. The design shall facilitate detector replacement, as necessary.

3.7.6 Steam Separator

j In BWRs the two-phase mixture of saturated water and steam is

separated by a steam separator located above the fuel assemblies in the
upper part of the pressure vessel. The steam separator shall be designed'

to remain intact for all operational states and accident conditions. To
avoid damage of the fuel assemblies, other core components, and coolant

pumps by debris from the steam separator, the mechanical loads caused by
the steam flow shall not damage the separator under any operational state.

The steam separator shall be designed to allow periodic
inspections to be undertaken to check its integrity.

3.7.7 other vessel Internals

Depending upon the reactor type there are other structures ,

installed within the pressure vessel. These include feedwater spargers, ,

steam dryers, core barrel, reflectors and thermal shields. The functions
of these other laternals include reactor coolant flow distribution, steam

moisture separation, protection of the pressure vessel from both the
heating effects of gamma radiation and the effects of neutron irradiation.

.
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j 3.7.8 Decommissioning Considerations
i When a nuclear plant is to be decommissioned at the end of its

normal life the radioactive fuel and reactivity control and shutdown

; devices can be disposed of in the same way as during the life of the i

!

reactor. This leaves the core structure, the support structures and the ;

moderator to be considered. i

. I
! 1

The core structure, moderator and support structures shall be 12

designed so as to facilitate disposal; and to ensure that the exposures to
+ |

| radiation of the general public and decossissioning personnel are kept as
| low as reasonably achievable and do not exceed prescribed limits,

l
-

1

i |

| l

I 3.8 CORE MANAGEMENT
I

| There is a close relationship between aspects of reactor safety '

sad the economic utilization of the fuel. The objective of core management |
,

1s to ensure safe operation of the fuel in the reactor, taking into account

the restraints imposed by the design of the fuel and of the plant.

!

The fuel performance objective is to choose a fuel cycle with

enrichments and means to control reactivity and power distribution so that

energy can be extracted from the fuel in the most economic manner within

j the fuel design limitations. These limitations are set with due reference

to the safety limitations associated with operational states and accident

conditions. (See sub-section 3.9). The various means available to achieve
this performance objective are given in Annez 3 together with the4

implications of shutdown requirements.

1
3.8.1 Safety Limitations

The design for core management shall take into account the

| specified design limits for normal operation having considered the factors

i discussed in section 3.1.
,

5

,

k

.
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For operational states the goal is that no cladding failures
occur. To achieve this goal limits as appropriate to reactor type, e.g.

linear heat rating, margin to critical heat flux conditions, cladding

temperature are established. However, there are certain conditions, e.g.
fuel element manufacturing defects, unexpected operational transients or
manoevers, which may make it extremely difficult to meet this no failure;

goal during operational states. In practice some fuel cladding failures
| can be accepted during operational states provided that releases of

radioactive material to the reactor coolant systems and from there to the

environment remain within prescribed limits.

For accident conditions the permissible degree of fuel failure

| depends upon the likelihood of such conditions and the associated
|

|' radiological consequences. In some instances these limits under accident
conditions could require that operational limits be placed on the fuel

which are more restrictive than those resulting from normal operational

demands, e.g. choosing the minimum departure from nucleate boiling ratioi

t

for normal operation to avoid the cladding becoming dry during an accident

i transient in water cooled reactors.

3.8.2 Design Information for Reactor Operation
In order to achieve the desired core reactivity and flux

distribution for reactors with enriched fuel, the core management programme

| shall provide the reactor operators with: the pattern of fuel assemblies to
be loaded for the initial core; the subsequent schedule for unloading and

loading of fuel assemblies, and in some designs the fuel assemblies to be
shuffled; and the configurations of reactivity control and shutdown

devices, burnable poisons, flux shaping absorbers and other core components
to be removed. Inserted or adjusted. For reactors fuelled on-load with

|

j natural uranium the fuelling is more flexible but a programme with a
similar list of contents is still required (see Annex 3).

.

The description of the refuelling operations and the evaluation
to confirm that the safety requirements are. net are set out in SG-010. .

:

I
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3.8.3 Reactor Core Analysis

In many cases the safety parameters affecting fuel utilization,

such as fuel and core temperatures and peak 11aear heat rating, are not

directly measurable and available to the reactor operator. This requires j

that the analysis of reactor conditions shall be carried out in order to |

specify reactor operating procedures for compliance with fuel design limits !

In terms of measurable parameters. Sufficient lastrumentation should be

provided so that the analysis can be adequately supported by measurements.
1

Analytical methods and associated computer codes shall be

verified by comparison of analyses with one or more of the following:

- measurements in experimental reactors
measurements in prototype reactors-

in-plie measurements on prototype assemblies under simulated-

conditions
normal reactor operating data-

.
measurements during commissioning of reactors-

- post-irradiation measurements on fuel elements and assemblies,

to evaluate the fine structure and burnup effects

calculations by other codes which have been verified.-

The reactor analysis shall be carried out by the designer

before commissioning to ensure that the reactor operational strategy and

limitations are sufficient to meet the design requirements throughout

t reactor life.

The analysis, therefore should cover cases typical of the whole

fuel cycle for the following reactor conditions:

- full power, including representative power distributions

- load following

- power cycling
6

,
- startup

- refuelling

i - shutdown (decay heat removal)

- anticipated operational occurrences
,

|

.

- . - - - . - , - , - -
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In order to derive peak channel power and peak 11aear power

rates for normal full power, steady state power distributions shall be
j

|
caluclated for each assembly location and axially along the fuel

assemblies. In order to identify hot spots in the fuel cladding, factors

'should them be superimposed to allow for the radial power distribution' '

{ within the fuel assembly, as a function of fuel irradiation and enrichment;
and to allow for asial effects resulting from such items as spacers, grids
and braces and other structural components. Using a series of such

I calculations, the power and temperature history throughout the life of a

j fuel element should be deternised and separately assessed to establish that
i the integrity of the fuel is not impaired by the effects listed in Section
l

| 3.1.

The effects of operating conditions such as load following,

power cycl. lag, reactor start-up and refuel 11og shall, where necessary, be
imposed outo the rating and temperature histories described in this
sub-section, la order to evaluate the effects of thermal cyc11'ng on such

;

| parameters as fisslos gas pressure and fuel cladding fatigue.
I

3.8.4 Fuel Nand11ag Systems

In order to prevent unacceptable release of radioactivity
during refuelling, the refuel 11ag systems shall be designed to prevent the
unacceptable hand 11ag stresses on the fuel and the leadwortent dropping
onto the core of heavy objects such as spent fuel casks or cranes. The
refuel 11ag systems shall also be designed to prevent unacceptable enlease
of radioactive material from failed fuel during traasit.

For on-load refueillag, the integrity of the reactor coolant
I system pressure boundary shall be maintained at all times. The lofluence

of the refuelling operation on the neutronic behaviour of the reactor shall
be consistent with the capability of the reactor control systems..

.

Further laformation on fuel hand 11ag and storage systems is

given la SG-DIO and SG-010.

4
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For reactors using enriched fuel, it is important to ensure
that the fuel assemblies be loaded into the intended positions in the

This requires that administrative controls ensure that individual
core.

assemblies are clearly identified, and that correct loading into the core
is verified.,

In addition, the following measures may be taken:

Use of reactivity monitors - detecting the enrichment level and
-

checking against that required.
'

Nechanical means - preventing the entry of high enrichment
-

assenh11es into regions where lower enrichments are required.!!

:,
.

An ultimate verification of fuel loading pattern is realized by
. measuring in core flux distribution.

j 3.9 TRANSIENT AND ACCIDgNT ANALYSIS

The analysis of events relative to nuclear plant and core
behaviour including credl*le combinaticas of such events (operating mode,u

egulpment failures, natural phenomena, man-induced events) shall be carried
out in accordance with Safety Series No. 50-SC-D11. The results shall be

, taken into account in the design of the core.

3.9.1 postulated Initiating Events

The postulated initiating events (examples given in Annex 4)
vary for different reactor designs, and the reactor response to them also
varies widely (as can be understood from Annex 1 where the coefficients of
reactivity are addressed). These shall include the necessary
considerations of failure of a shutdown system * as discussed in SC-Dil
Section 7.3.2.2(6).i

The specified limits for core design corresponding to
the various faults and fault sequences shall be consistent with the

,

likelihood of the occurrence and the radiological consequences associated
with them.

.

*

A fault seguence comprising a transient ylthout operation of the
shutoff rod system is called an anticipated transient without scram
(ATWS) for some current designs of light water reactors.

. .- - - - . _- - __ - - . - . . - . - . _ _ . - .
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3.9.2 Analysis

The basic design parameters are first established to meet the

performance requirements of the nuclear power plant. These parameters
are then refined, taking into consideration potential transients and

accidents. The safety questions associated with transients and accidents
are addressed through a combination of operating limits and safety
feat'ures designed to anticipate and mitigate transients and accidents.
These include emergency shutdown and coolin's systems, containment

designs, and siting policies, all of them consistent with some agreed
level of acceptable risk for plant personnel and the general public,
usually expressed as a regulation by the licensing body. A general
description of nuclear safety principles can be found in SG-D11. That

;

Guide =also gives detailed requirements for the safety analysis itself.

For anticipated operational occurrences and postulated

accidents, analytical techniques or methods can vary to fit the"

particulars of the event being analysed. Some events, such as relatively

slow changes in coolant flow rate or moderator density, can be analysed
with steady-state methods. Events which involve more rapid changes in

parameters and which require action by reactor protection systems require
,

more sophisticated transient analysis methods. Frequently, the
complexity of the event will require a step-by-step analysis, using
separate models for various components or parts of the reactor and

*

defining the input for one model by the output of the other.

I

Studies shall be carried out to investigate the transient

behaviour following such postulated initiating events and shutdown
sequences, to establish that the subsequent fuel conditions do not exceed
allowable limits. These evaluations should use either a conservative
bounding approach for important parameters, or a realistic (best
estimate) approach including evaluation of uncertainties. In a best8

estimate analysis, it is general practice to study the sensitivity of the
.

results to variations in various parameters.

_ __ _ _ _
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The major factors influencing these assessments include:

operating state (e.g. subcritical, part load, full load)-

fuel temperature coefficient of reactivity-

coolaat and moderator temperature coefficients of reactivity-

coolant and moderator void coefficients of reactivity-

rate of change of soluble absorber concentration in moderator-

and coolant

positive reactivity injection rate caused by reactivity-

control device or process parameter changes.

negative reactivity insertion rate associated with reactor-
,

trip

- ladividual channel transient response related to the core

average thermal power

the performance characteristics of safety system equipment-

including changeover from'one mode of operation to another,
e.g. from ECC injection mode the recirculation mode ;

Areas of uncertainty should be handled by using conservative j

assumptions in the analysis or by adding a margin for uncertainty
(us; ally 2 sigma, i.e. twice the standard deviation), to the input

parameters used. These uncertainties include both random and systematic

components to cover probabilistic, statistical and physical uncertainties.

Core transient and accident analysis determine whether fuel

element integrity will remain within acceptable limits. All analysis

ultimately involves some thermal analysis of individual fuel assemblies

and fuel elements. The fuel design shall be shown to be such that the

occurence of an anticipated operational transient will not require the

imposition of additional restrictions on the use of fuel thct was in the

reactor during the transient. For postulated accidents where some fuel |

|
element damage may be allowed, the analysis should allow for damage

during the transient. The effect on core cooling of such conditions as
.

ballooning and rupture of cladding, exothermic metal-water reactions and

' fuel element distortions should be included in the analysis.

The analysis carried out may lead to operational restrictions

being identified and imposed in order to satisfy the design limits for
fuel life.

-. - - . . - __ _ .- - ._-- . - _ _ , . . . . . . - - - _ - . . . _ - .
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'
,

The methods used should be verified against experiments to

the extent practicable to demonstrate their suitability for analysing the

event in question. For analysis of transient behaviour, particularly of

the more severe transients, directly applicable experimental data may not

be available. In these cases the comparison of results using different

computer models and codes which have been verified for less severe
transients may be required for validation.

.
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4. QUALIFICATION AND TESTING

The safety principles set for the core design shall be fulfilled
throughout the life of the core structures and components. This objective
can be achieved by applying the principles discussed below.

4.1 Equipment Qualification

A qualification programme shall confirm the capability of the reactor
core equipment to meet, for the time period required, its functional and
safety requirements while subject to the environmental conditions (e.g.
pressure, temperature, radiation, vibration). These environmental
conditica. shall include the variations expected during normal operation,
anticipated operational occurrences and accident conditions.

The characteristics of certain PIES may preclude the performance of
realistic commissioning and recurrent tests which could confirm that the

equipment would preform their safety function when called upon to do so,
e.g. during an earthquake. For such equipment, a suitable qualification
programme shall be foreseen and performed on such items prior to
installation.

I

Methods of qualification can be:
1) Performance of a type test on equipment representative of that to be

supplied

2) Performance of a test on supplied equipment
3) Application of pertinent past experience
4) Analysis based on available test data or extrapolating such data
5) Any combination of the above methods.

4.2 Provision for Inspection and Testing

As specified in section 2.9 of the Design Code of Practice, structures,
systems and components important to safety shall be designed to accomodate

. testing, inspection or monitoring for functional capability during their
life without undue radiation exposure of site personnel.

- - - - . _ - - _ _ . - _ _ - - _- _ . _ . . - - . . _ . .- -
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Design provisions shall be made for in-service testing and inspection
to ensure that the core assembly and the reactivity control and shutdown

i system equipment will meet their intended functions during their lifetime.
Objectives and methods of in-service inspections are covered in more detail
in the Safety Guide on In-Service Inspection for Nuclear Power Plants (IAEAl

i

l ,Safpty Series No. 50-SG-02). Guidance and recommendations on in-service

monitoring and testing are given in the Safety Guide on Surveillance of

Items Important to Safety in Nuclear Power Plants (IAEA Safety Series No.

50-SG-08).
.

For reactivity control systeam, due attention shall also be given to

Safety Guides on Protection System and Related Features in Nuclear Power

,

Plants (IAEA Safety Series No. 50-SG-D3) and cn Safety-Related

Instrumentation and Control Systems (IAEA Safety Series NO. 50-SG-D8).

For. fuel elements of some reactor designs (e.g. LWRs), a unique
l

identification system should be designed such as to allow an identification

of each element as well as of its orientation within the core. Provisions
shall also be present to inspect each fuel element for detecting any
possible transportation damage before its insertion into the core.

,

6 *

i

e

4
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QUALITY Am*UeA_ME IN DESIGN. M*"JFACTURE_-_

AND OPERATION

Retablishment and implementatloa of satisfactory qualit
assurance practices for the design, manufacture, installation

y

operation of the reactor core is essential for the safe operati
, and '

nuclear power plant. on of the

More comprehensive information is provided by the Qualit
Assurance Code of Practice and Safety Guides No y

. 50-SC-QA1 to 11.
toples covered by these documents see the List of NUSS pFor the

i
' printed at the end of this Guide.y rogramme Titles

a

N
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ANNEI 1

Reactivity Coefficients

9

one important feature of the behaviour of a reactor in any
transient condition is the rate at which thq tr.ansient progresses. This

| rate depends on a number of nuclear characteristics ubich are addressed in
this Annen. It is the combined effect of all of the reactivity

( coefficients and the rate at which the variables causing the transient are

changing that determines the severity of the transient. The factors of
importance are:

- fuel temperature coefficient of reactivity ;

l
coolant temperature coefficient of reactivity |-

| moderator temperature coefficient of reactivity 1-

l

coolant density coefficient of reactivity
'

-

[ delayed neutron fraction-

prompt neutron lifetime-

effects of power redistribution-

j The power coefficient of reactivity is a combination of the first four
| items in this list.

The transient behaviour of a reactor depends on the reactor
s

. type and design. For example in reactors of the standard designs, a
reduction in coolant density in a PNWR, a coolant void collapse in a BWR,
or a cooldown of the coolant in a PWR all result in reactivity transients.

The signs of the various coefficients of reactivity very from
one reactor type to another. Consequently, safety related concerns are
very much dependent on the reactor type. Table Al shows while at power
operation whether reactivity will increase (+) or decrease (-) when the

.

Identified parameter increases.

|

|
1
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Table A.1'

Reactivity Coefficients

Parameter Reactivity Coefficient

Pressurised Boiling Advanced Heavy Water Reactor

Water Water Cas-cooled Pressure Pressure
Reactor Reactor Reactor Tube Vessel

~0 + +Coolant Temperature - -

CoolanL Density + + ~0 - -

+- M -Moderator Temperature - -

Fuel Temperature - - - - -

~0 woPower - - -

|

,

|
.

.

a

.
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ANNg3 2

PELLET-CLADDING INTERACTION

A2-1 Zirconium-Alloy-Cladding

For Zirconium-alloy clad fuel " pellet-cladding interaction",

i.e. stress corrosion cracking caused when the pellet expands and stresses

the cladding in the presence of corroding agent requires to be considered.

Stress corrosion cracking in Zirconium alloy cladd fuel

re(ulres all of the following:

- high tensile stress, uniform or local, perhaps caused by a'
crack opening in the pellet as it expands

susceptibility to stress corrosion cracking-

a certain concentration of corrodents possibly lodine, cadalum,-

cesium, or other fission products

a relatively long exposure.-

' When fuel has received sufficient irradiation to create fission
products that act as corrodents, and the cladding has also developed
increased corrosion cracking susceptibility due to a fast neutron dose or
other factors fuel failures can occur. Under certain operating conditions

failures are possible if the fuel power is increased at a fast rate to a
high power level, because pellet expansion can create a high tenslie stress

i in the cladding.

!

To eliminate stress corrosion cracking failures several

approaches can be considered. For example:

Local stresses can be lowered by a cladding pellet interface-

:

lubricant

Tensile stresses can be lowered by other means, such as a slow-

change of power or pre-pressurisation of the fuel element
- A fission product barrier can be put between the cladding and

the fission producte.

- The fission products can be absorbed by an additive
The rate of rise of power can be control led to a tighter 11 alt-

_ _ _ _ _ - - - ___ ____ - . _ . _ _ _ _ _ _ _ _ _ __ _ _ __
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Local power peaking can be reduced by proper overall core designr

- The linear heat rating of the fuel can be reduced by using a

greater number of fuel elements.
,

.

Thus the designer has several possible ways of avoid %ng stress corrosion
cracking. There is a data base of operating experience, prototype testing
and odt-of-reactor testing. The phenomenon of stress corrosion cracking,
however, is only partly understood; therefore, at present, the fuel element
design requires extensive judgement sed use of available data or testing by
prototype fuel to confirm that the fuel performance is adequate to prevent
failure by this mechanism.

The possibility of stress corrosion cracking induced by
pellet-cladding interaction should be minimised in the design process by
using the suggested methods or appropriate operating procedures.

A2-2 Steel Cladding

For AGR cladding pellet-cladding interaction mechanism which

requires consideration is exhaustion of cladding ductility due to plastic
strain. This becomes important because of the reduction in ductility caused

by action of thermal neutrons on the boron and nickel in the steel clad, and
it results in helium gas bubbles at grain boundaries.

i

plastic strain may occur as thermal creep strain when the

reactor is at power, or as yield strain when the reactor is being shut down,
since the thermal expansion coefficient of stainless steel is larger than

that of the fuel pellets, and the cladding gperating temperature is very

power-dependent. Repeated power cycles may produce a "ratcheting" effect
causing a gradually increasing clad plastic strain over life; alternatively

a single large increase in fuel element rating could conceivably cause

sufficient strain for failure.
.

1 ;
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Cladding damage from PCI due to radial strains can be limited by

the use of hollow fuel pellets and careful control of cladding temperature

changes to minimise differential expansions and contractions. Differential

axial strains at shut downs may be controlled by the provision of
circumferential " anti-stacking" grooves on some of the pellets; before )
operation controlled collapse is applied which thus anchors the cladding to
the fuel pellets at pre-determined axial locations and avoids the formation
of gaps between pellets which would be large enough for unacceptable degrees
of collapse to take place. Since permanent changes in the overall length of
the fuel elements can also be caused due consideration shall be given to

avoid unacceptable lateractions between the anti-stacking grooves and

support grids for the fuel elements.

.
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ANNEK 3

DESIGN CONSIDERATIONS FOR CORE NAMAGEMENT

A3-1 POWER SNAPING

The fuel cycle adopted for a reactor type uses numerous options,
within the design constraints of the reactor type, to make the most

efficient use of fuel. Certain factors are important in economic reactor

design and in establishing the ratio of peak-to-mean ratings. They also

affect. fuel rod rating histories and temperature histories throughout the

life of the fuel.

Among these factors are:
.

(1) Radial power shaping - The flattening of the radial power

distribution may be achieved by a combination of the following:
- radial distribution of reactivity control devices

relative movement of the reactivity control devices-

- radial variation in fuel enrichment or burnup

radial shuffling of fuel assemblies during their life in the-

core

(2) Assembly-to assembly-variation - This variation is largely a

function of assembly irradiation. The variation may be reduced

by the use of:
,

- burnable poisons within the fuel assemblies

enrichment variation on a checkerboard pattern according to-

reactivity control device positions

choice of the refuelling sequence, particularly for on-load-

refuelling reactors.

(3) Azisi power shapina - Although reactivity control means are used
mainly to control core reactivity and radial power distribution,

'

they are used in some esses to limit the Iesk axial rating or

cladding temperature. Axial variation in tuel enrichment or
. .

content of burnable poison may be used for axial shaping.

(4) Variations within assembly - An enrichment variation or burnable

poison variation from fuel element to element may be used to
optimize the rating variations throughout the life of the

! assembly.
_ _ , _ _ _ . - _ _ _- _ _._ _ _ __ -_ -. .-.
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In enriched uranium reactors the discharge irradiation is chosen

to be the largest value possible, based on engineering evaluation of fuel
element integrity. The evaluation is based on operating experience, fuel
element behaviour in test loops and consideration of the likely fuel life
history resulting from the intended fuel cycle.

In natural uranium reactors with on-load refuelling the

discharge irradiation is dependent on the core size and design as well as on
the reactivity reserve for refuelling and load change flexibility; it may
vary radially according to the fuel management scheme adopted.

,

The consequences of fuel misloading should be assessed for the
fue1~Eycle adopted, and any necessary remedial action should be identified.

A3-2 CORg REACTIVITY LgVgL AND SHUTDOWN

Reactivity in excess of that required for criticality at nominal
full power is needed in order to provide reactivity for reactor control,,

power shaping and re-establishing full power from lower power levels or
shutdown. This re-establishment requires the ability to override menon
absorption. For enriched reactors the fuel is of sufficiently high
enrichment to enable full power operation at all times for the design fuel
cycle. In certain cases, such as when the cycle is extended before the next
refuelling is carried out, full power may not be attainable. For nat. ural
uranium reactors ' 8s not economic to provide sufficient excess reactivity

within the core i- , in override under all conditions. Therefore, booster

or adjuster rods a. ovided for menon override for a limited time after

the reactor shutdown.

The initial core of natural uranium reactors with on-load
fuelling will have excess reactivity until the average irradiation of the
fuel in the core approaches one half of the average discharge irradiation
for equilibelus refuelling conditions. This excess reactivity is
compensated by boron or gado11alus dissolved in the moderator.

i

|

For batch refuelled reactor designs with enriched fuel the most

reactive state between refuellings must be identified taking into account
variations in fuel enrichment levels throughout the core during a fuel cycle.

;

- - - - - - - - - . . _ _ __ _ . , _ . _ _ . . _ _ . _ . _ _ . , _ _ _ _ _ _ _ . , _ _ _ _ __
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The shutdown systems for any reactor type must be designed to

shutdown the reactor and keep it held down with an appropriate reactivity
margin during the reactor's most reactive state.

I
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Annex 4

Examples of postulated initiatina events whleb

can influence the core desian
.

Esamples of Pits which may influence the core design are: ,

|

.

Abnormal Electrical Conditions
loss of offsite power-

|loss of electric load-

)Component Malfunction 1

leadwortant cooldown of the reactor coolant system-

Ilaadvertent withdrawal of a reactivity control or shutdown-

device
- inadvertent reduction of the boron concentration in the

moderator / coolant system

spurious reactor trips-

main coolant pump trip including pump seizure-

- ejection of a reactivity control or shutdown device
- feedwater pipe break

- steam pipe break

f
- reactor coolant system pipe break

inadvertent increase of reactor coolant flow during normal-

I

operation
steam line isolation;-

- malfunction of feedwater system during normal operation

reduction in coolant flow-

- decrease in reactor coolant pressure

lacrease in reactor coolant pressure-

'

' abnormal conditions during refuelling-

!
l

External Events ,

earthquake-

explosion .

-

- aircraft crash.

For a more complete discussion of PIES refer to SG-D11. section 7.

- - - - - - - _ - - - _____ _ _ _ - _ _ _ _
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1 DEFINITIONS |

u

; |
-

'

1 The following definitions are intended for use in the NUSS

Programme and may not necessarily conform to definitions adopted elsewhere |
*

i

! for international use. Items marked with an asterisk have been taken from |4

l
; the list of definitions included in the approved codes of Practice published !

under the NUSS Programme.
|

| * Acceptable Limits

| Limits acceptable to the Regulatory Body.
-

3

" Accident Conditions
1

1

4 ,

j Substantial deviations from operational States which are expected to be )
'

! infrequent and which could lead to release of unacceptable quantitles of I
!

: radioactive materials if the relevant engineered safety features did not
|function as per design latent.1| l

i
1,'

; * Anticipated Ooorational Occurrence;,
..

|

All operational processes deviating from Normal Operation which are
expected to occur once or several times during the operating life of the
plant and which, in view of appropriate design provisions, do not cause any

' significant damage to Items Important to Safety nor lead to Accident

| Conditions.2
. -

|

t

i . I

I I
|

j ______________

'

. 1. A substantial deviation may be a major fuel failure, a loss of
coolant accident (LOCA),-etc. Examples of engineered safety features
are: an Deergency Core Coo 11ag System (ECCS), and containment.

t'
2. Examples of Anticipated Operational Occurrences are loss of normal

electric power and faults such as a turbine trip, malfunction of'

individual items of a normally running plant, failure to function of
; individual items of control equipment, loss of power to main coolant
|

pump.

>
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,

s,11ooninz

The result of internal over pressure in a fuel element which stresses

the Cladding beyond its elastic limit and causes it to expand excessively.

Surnable Poison
Neutron absor'olag material with particular capability of being depleted

by neutron absorption and used to control reactivity.

Claddinz (material) .

An external layer of material applied directly to nuclear fuel or
I

other material, that provides protection from a chemically reactive

environment and containment of radioactive products produced during the
''

leradiation of the composite. It may also provide structural support.

Fuel A,asombly

A grouping of fuel elements which is not taken apart during the
charging and discharging of a reactor core.

Fuel Element
The smallest structurally discrete part of a reactor which has fuel as

its principal constituent.

|

,

|

.

.
.

{

--------------

3.In the content of this Guide the cladding consists of a tube which

! surrounds the fuel and which, together with the end cups or plugs also
provides structural support.

- - - . .- - _ - _ - . - _-. _ . .- _- , - _ . . . . - - - - - - - --
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'Nermal Doeratien
-*

Operation of a Nuclear power Plant within specified Operational Limit
and Conditions including shutdown, power operation, shutting down, starting

s

up, maintenance, testing and refuelling (see Operational States).

*0peration

All activities performed to achieve, in a safe manner, the purpose for
which the plant was constru ted, including maintenance, refuelling
in-service inspection and other associated activities.

,

*0perational Limits and Conditions
,!
t

A set of rules which set forth parameter limits, the functional
capability and the performance levels of equipment and personnel approved
by the Regulatory Body for safe operation of the Nuclear power Plant

,

i
.

*0perational States

The states defined under Normal Operation and Anticipated Operational
Occurrences (see Normal Operation and Anticipated Operational Occurrence )s.

|

|

!

f

|
;
'

.

___________

4. The terms Siting, Construction, Coeusissioning, Operation and
Decommissioning are used to delineate the five major stages of the
licensing process several of the stages may cognist; for example
Construction and Commissioning, or Consissioning and Oper*tior ,

..

*
,

J

I

_ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ - . _ . - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , . _ _ _ _ _ _ _ _ . . _ _ . . - . _ . _ _ . _ ._ _
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n Prescribed Limits

I

Limits established or accepted by the Begr.latory Body.

aProtection System (revised March 1980)

|

A system which encompasses all those electrical and mechanical devices

and circuitry, from and including the sensors up to the input terminals of
the Safety Actuation Systems and the Safety System Support Features,
involved in generating the signals associated with the Protective Tasks.

80uality Assurance

.

Planned and systematic actions necessary to provide adequate
confidence that an item or facility will perform satisfactorily in service.

Reactivity

'

Aparameter.f.givingthedeviationfromcriticalityofanuclear
chain-rea:: ting medium such that positive values of which correspond to a
supercritical state and negative values to a subcritical state.

Quantitatively

p . 4 _L
k .ca

-
,

.

where k,gg is the effecWe mu1Hplicadon f ador. m reacMty b,

expressed in terms of many different units, such as dollar, cent, inhour,

nile and pcm.

5 The term " authorized limits" is sometimes used for this term in
other IAEA documents .

.
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Safety Systems

Systems important to safety provided to ensure, la any conditloa, the
safe' shutdown of the reactor and the heat resEval'from the core, and/or to
limit the consequences of Anticipated Operational Occurronces and Accident
Conditions (see Anticipated Operational Occurrences and Accident
conditions).

.

i6 '

k

\<

i

|

|

1

|

|

|

l'

|

'

safety systems consist of the protection system, the safety Actuation
,

Systems, and the Safety System support Features.
Components of safety

' systems may be provided solely to perfpro Safety Functions or may
-

,

perform Safety Functions la some plant Operational States and
non-safety functions la other plant operational States.

.. - - _ _ _ _ _ _ _ _ - _ - - _
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LIST OF PARTICIPANTS

Workins Group

Date of Neeting: 16 to 27 November 1981

Consultants:

Whittier, A.C. Canada
'
Saito, S. Japan

Goode, A.G. United Kingdom

Slifer, B.C. United States

Dcte of Meeting: 11 to 15 January 1982

Cogsultants:

Orpen. V.C. Canada

Aisch, F.W. Federal Republic of Germany

Goode, A.G. United Kingdom

Date of Neeting: 22 - 24 September 1982

consultants:

Orpen. V.C. Canada

Whittier, A.C. Canada

Aisch, F.W. Federal Republic of Germany

Saito, S. Japan

Goode A.C. United Kingdon
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TECHNICAL REVIEW C0f0fITTEE - DESIGN ,

I
Dates of Neetlugs: 27 September - 1 October 1982 1

21 - 27 November 1983
Members and alternates cartietoatinx in the meeting

Yaremy, Y. (Chairman)
Canada

Hatle, 2.

Czechoslovakia
Nasr,
Nguyen, C. France

France
. Czech, J.

Federal Republic of Germany
Nehta, S.K.
Chaturvedi, V.K. India

India
'j Salto, S.

Ishizuka, N. Japan
't Japan
t'-

Buclin, J-P.
Switzerland

Cobb, E.C.
N United Kingdom
: Campbell Jr., W.E.

USA

Particloents from In_ternational Orzanizations
Langser, B.

International StandardsOrganisation
'

Furet, J.
; International ElectrotechnicalCommission

Particleants from Workinz Grouc
Orpen. V.C.

CanadaWhittler, A.C.
CanadaAisch, F.W.

Goode, A.F. Federal Republic of Germany
United Kingdon
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) SSN10R ADVISORY GROUP

Date of meetlag: 18 - 22 June 1984

Chairman

CanadaHurst, D.

r:-Mrs and alternates oarticipatias in the meettaz
,

Paganini, A. Argentina

Kriz, J. Czechoslovakia

Messiah, A France

Kraut. A. Germany, Federal Republic of

Destider, P.R. India

Togo, 7. Japan

Nozico*

Bello, R.

Sweden~

Jansson, E.

SwitzerlandNaegelin, R.

Gronow. 3. United Klagdom

United States of AmericaNinogue, R.B.

Union of Soviet SocialistIssev, A.
Republics

Particiosats from Internstional Ormaalzacions

CECPele, J.

ISOBecker, K.

UNIPEDEBereud, G.

TRC Chairmes

CanadaYaremy, E.

I.A.E.A. Staff Members

Iansiti. E. Scioatific Secretary (SAG) .

|

Fischer, J. Scientific Secretary (Design)
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