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NUCLEAR DEPARTMENT CORE CAPABILITIES
	Ser


	Core Academic Capabilities
	Definition
	Work Strands Associated

	1
	Atomic & Nuclear Physics (Includes Particle & Detector Physics)
	This is underpinning knowledge for reactor physics, radiation protection, instrumentation and criticality safety and needs to be in sufficient detail to support these subjects.


	Structure of the atom and nucleus.

Types of radiation, ranges and interactions with matter.

Nuclear Models and Nuclear Reactions.
Attenuation, scattering and inverse-square law.

Types of detector.


	2
	Reactor Physics
	Understanding and knowledge of the design and operation of a nuclear reactor at both a macro (engineering) and micro (nuclear/neutron physics) level and to relate the two areas in a comprehensible way.

General understanding of reactors is required.

Knowledge of reactor behaviour at start up, steady power and shutdown is required.

This is underpinning knowledge for reactor engineering.


	General structure of a nuclear reactor and key components.

Mechanism of fission.

Criticality and the chain reaction. 

Fission cross section, capture cross section, resonant capture, Doppler broadening.

Moderation. 

Neutron multiplication factor, Reactivity.

Four- and six-factor formulae.

Reactor start-up and control, delayed neutrons and precursors.

Through-life changes in reactivity, and design methods to increase life.

Short-term reactivity changes.

Neutron spectra, single and multigroup approaches.

Flux distributions in axial and radial directions in reactor.

Reflection and buckling.

Diffusion model and its limits.

Neutron transport and the problems of its solution.

Approximations to solve the transport equation.

Reactor modelling codes.


	3
	Materials Science & Structural Integrity
	Reactor materials science is a broad field that forms the basis for many NNPP design considerations, maintenance planning, failure forensics, safety justification and eventual plant decommissioning. The disciplines of corrosion chemistry, nuclear and solid-state physics, metallurgy, applied mechanics and mathematical analysis are all involved in, and are required, to form an accurate description of the fate of irradiated fuel and the reactor plant.
	Introductory material science covering crystal structures, point defects in solids, dislocation, grain boundaries and materials micro-kinetics, macro- and micro- mechanical behaviour of materials, material thermodynamics.

Structural Integrity covering: steels, strengthening of iron and its alloys, heat treatment of steels, Martensite and Bainite structure, thermo-mechanical treatment of steels, reactor pressure- vessel structural integrity, the behaviour of austenitic steels in PWRs, primary and secondary non-ferrous alloys, material corrosion and degradation, NDT methods and techniques, uranium and zirconium alloys, core materials for reactivity control, core component structural integrity and material degradation.

Applied Stress Analysis covering: microplasticity, continuum plasticity, theory and application of finite element method, advanced material models, fracture mechanics.

Applied Structural Integrity covering: treatment and application of ASME and other design assessment codes for the PWRs, the application of R5, R6 & BS7910, and development of Failure Assessment Diagrams, crack tip mechanics (Elastic and Plastic), fracture mechanics and associated tests, probabilistic application of structural integrity, case studies in structural integrity.

	4
	Emergency Response and Consequence Analysis (Accident Studies)
	Understanding the radiological consequences of reactor accidents and the framework for developing appropriate response strategies.
	International Commission on Radiological Protection principles applied to radiation emergencies.

UK application of the above as recommended by Public Health England & ONR.

UK law applicable to radiation emergencies.

Basis of emergency plans in terms of dose consequences and the reference accident approach.

Appropriate actions in both emergency and recovery phases following a radiation emergency.

Structure and function of organisations for responding to radiation emergencies.

Methods of calculating internal and external doses in radiation emergencies including uncertainty analysis.

Methods of calculating radionuclide concentrations in the air and on the ground following a release, including uncertainty analysis.

Methods of monitoring for radiation in an emergency context.

Description of historical radiation emergencies, including causes, consequences and lessons identified.

	5
	Radiation Protection
	Understanding and knowledge of radiation and its control, including radiation hazards, measurement, principles and philosophy, legal requirements and practical controls.
	Radiation quantities and units: activity; absorbed, effective and equivalent and collective doses; application of units; multiples and submultiples.

Biological Effects of Radiation: physical and chemical effects; cellular structure and response; stochastic and deterministic effects; somatic and hereditary effects; case studies; sources of data; risk factors and their application.

Background radiation.

Principles of radiation protection and ALARP: ICRP principles; existing, planned and emergency situations; dose limits and constraints; ALARP application.

External radiation hazards and control: hierarchy of controls; time, distance, shielding.

Shielding: shielding materials, HVL and attenuation, build up, shielding calculations, shielding codes.
Internal hazards and control: routes of entry, dose coefficients, biological half-lives, respiratory models, RPE, house rules, decontamination procedures, monitoring.

Legislation: RSA, EPR and transport; waste categorization and treatment; IRR 99.

	6
	Chemistry
	Theory and practical application of inactive chemistry in support of the safe operation of PWRs. This includes the chemical mitigations against corrosion in a PWR, chemical control systems, water purification, analytical techniques and the underpinning theory of inorganic chemistry.
	Ionic, metallic and covalent chemical bonding, chemical kinetics, chemical equilibria.

Significance of the ionic product (Kw) of water, solvent properties of water.

Corrosion in general terms.

Chemical philosophy behind chemical dosing in primary-circuit water; water-purification processes.

The differences in conditions between the primary and secondary systems and implications on the selection of chemicals for corrosion control.


	7
	Radiochemistry
	Theory and practical application of radiochemical methods in support of the safe operation of a PWR. The radiochemical theory of the sources and activation of dissolved species. Radiochemical separation and analytical techniques. The mitigations and chemical-control methods used to minimise radiological dose from radiochemical sources.
	Radiological criteria applied to the selection of primary and secondary circuit dosing chemicals.

Radiolysis. 

Primary circuit oxygen scavenging.

Effect of pH on the production of CRUD species.

Primary sampling analysis.

Radiochemical procedures, facilities and methods.

Radioiodine and gross iodine analyses.

Radioactive decontamination.

Production of in-circuit activity arising from coolant activation.

Production of in-circuit activity arising from solute activation.

Production mechanisms of corrosion and wear products in the nuclear plant.

Formation of fission products.

Through life primary circuit activity and its importance.

	8
	Corrosion
	Corrosion Science forms the underpinning knowledge for component integrity, current and successor design considerations, plant decommissioning, maintenance procedures and non-destructive examination procedures.  Disciplines include fundamental principles of corrosion science, chemistry, physics, metallurgy, the latest testing methodologies and evaluation of corrosion mitigation strategies.  Critically analyse the impact of corrosion on safety cases.
	Fundamentals of corrosion thermodynamics: electrode processes and potentials; thermodynamics of chemical and electrochemical equilibria; electrochemical series; Pourbaix diagrams.  

Fundamentals of aqueous corrosion kinetics: kinetics of aqueous corrosion; open-circuit corrosion conditions; thermodynamic feasibility; Butler Volmer equation, Evans diagram and Tafel plot; mass transport; passive film formation and dissolution; rusting and its formation.

Corrosion testing and evaluation: PWR prototypic test conditions; accelerated aqueous corrosion testing with practical demonstrations; electrochemical behaviour between stainless steels, steels and nickel based alloys.  

Corrosion relevant to the PWR: forms of corrosion; corrosion in nuclear industry; corrosion in marine environments; PWR primary and secondary system water chemistry regime; PWR materials used within the primary and secondary systems; key factors affecting corrosion susceptibility including environment, material and mechanical; effects of deviation from standard operating conditions on corrosion rates; PWR plant experience and corrosion related issues in-build, operation or design phase.

	9
	Nuclear Safety Management
	Knowledge and understanding of the requirements and principles of nuclear safety regulation, safety justification and accident studies to understand the issues involved in the safe operation and supervision of the reactor plant.
	Nuclear safety regulation.

Licence conditions.

Safety principles.

Purpose, scope, and content of a nuclear safety case.

Management systems.

Safety culture and QA.

Accident studies – root cause analysis.

	10
	Safety Methods 
	Understanding and knowledge of modern nuclear safety management tools required to produce and assess safety cases for nuclear installations.
	Hazard Identification (HAZID).

Deterministic Safety Analysis and Substantiation.

Level 1 Probabilistic Safety Analysis (PSA).

Level 2 PSA: modelling core damage, fission product release and transport through containments.

Level 3 PSA: modelling fission product transport in the environment and estimating doses.

Reliability and Availability Calculations for Deterministic Nuclear Safety Analysis and PSA.

Risk Informed Safety Justifications.


ALARP.

Risk Assessment.

	11
	Severe Accident analysis 
	Understanding and knowledge of reactor accident progression and accident mitigation measures
	Reactor accident scenarios.

Degraded core behaviour.

Fission product behaviour in containment.

Direct radiation hazards (hull gamma shine).

Fission product transport in the environment.

Radiological hazard assessment.

Accident mitigation and countermeasures.

	12
	Thermal Hydraulics (including Computational Fluid Dynamics)
	Understanding and knowledge of the heat transfer, thermodynamics and hydrodynamic processes involved in the transport and conversion of energy from a nuclear reactor core. 
	Reactor Engineering Design inc. coupling between reactor physics and thermal hydraulics in terms of feedback coefficients.

Coolant properties inc. two-phase flow descriptors.

Heat generation incl: linear and volumetric power density, heat flux, deposition of energy, power peaking factors.

Heat transfer by conduction inc. the effects of burnup on heat transfer in nuclear fuel elements, transient heat conduction, the effect of temperature dependant material properties.

Heat transfer by convection incl: non-dimensional numbers including Reynolds, Prandtl, Nusselt and Rayleigh, single-phase heat-transfer correlations applicable to nuclear reactors.

Multiphase heat transfer inc. correlations for fully developed subcooled boiling and saturated boiling (Jens-Lottes, Thome, Chen), critical heat flux mechanisms and prediction methods (correlations and tables).

Single phase hydrodynamics inc. Computerised Fluid Dynamics (RANS/LES/DNS), turbulence modelling.

Multiphase Hydrodynamics inc. flow instabilities (including Ledinegg and Density Wave). 

Thermal Hydraulic Design inc. thermal hydraulic system codes, subchannel analysis, thermal design criteria (including departure from nucleate boiling ratio).

	13
	Environmental Impact
	Understanding and knowledge of artificial sources of environmental activity, and the control of these sources include regulatory aspects and the ability to estimate doses from discharged activity.
	Behaviour of radionuclides in ground, water and atmosphere.

Manmade sources of radiation

Control and regulation of discharges.
Legislation.
BAT and application.
Regulation of discharges.
Collective dose and representative person.
Calculating doses in environment.
Hand calculations using IAEA and other methods.
Computer codes, inc PC Cream.

	14
	Decommissioning (Decontamination Techniques and Procedures)
	Understanding and knowledge required for nuclear facility decommissioning, dismantling and related waste management.
	Decommissioning of nuclear facilities.
Regulatory aspects of decommissioning.
Decommissioning planning and site characterisation.
Radioactive waste and inventory classification and decommissioning techniques.
Regulatory aspects of radioactive waste management.
Treatment, conditioning, storage and transportation of radioactive waste.
Radioactive waste disposal facilities.
Nuclear Decommissioning Authority.
IAEA decommissioning guidance.


	15
	Numerical Methods
	Enabling subject.
	Interpolation, extrapolation, and function fitting: Lagrange’s formula for polynomial interpolation, cubic spline interpolation, least squares equations. 

Numerical differentiation and integration: finite difference approximations, numerical integration trapezium and Simpson’s rules, Romberg’s method, improper integrals and outline methods for dealing with them, Gaussian quadrature, discrete ordinate (SN) approximation in neutron transport theory.

Solution of ordinary differential equations: Euler’s method, Runge-Kutta methods, embedded Runge-Kutta methods, predictor-corrector methods, stiff systems of differential equations and solution methods, shooting and relaxation methods for solving 2-point boundary value problems.

Solution of linear algebraic equations: reduce ordinary and partial differential equations to sets of linear equations, Gaussian elimination and pivoting strategies, LU decomposition, iterative solution methods (Jacobi and Gauss-Seidel). 

Monte Carlo methods: to evaluate multidimensional integrals, importance sampling, pseudo-random number generators. 

Sensitivity Analysis: correlated and non-correlated variables, sensitivity indices.

	16
	Calibration and Instrumentation
	Understanding and knowledge of the types of radiation instrument and how these are calibrated along with underpinning theory and legal aspects.
	Types of instrument, gas and solid state.

Calibration requirements and calibration methods.

Types of radiation field.

Quantities for applied dosimetry.

Legal requirements.

Uncertainty analysis.

	17
	Reactor Dynamics (including Control & Instrumentation)
	Reactor Dynamics and Control involves the formulation of mathematical models and application of plant-identification methods. Heat transfer dynamics are coupled to neutron kinetics and lumped-parameter actuator/sensor dynamic models. System stability is analysed using linear methods progressing towards more sophisticated nonlinear concepts and state-space methods. Appropriate mathematical models are constructed for the analysis of plant automation and control system design including optimal and state-variable feedback reactor control.
	Linear System Stability: frequency response, transfer functions, feedback, Routh criterion, Nyquist criterion, Root-locus; method and application to the stability of simple reactor systems.

Nonlinear System Stability: system representation in the state-space, definiteness, definitions of stability, Liapunov second method, generation of state functions, stability criterion and application to the stability of reactor. 

Equations of reactor dynamics for various reactor models: zero- energy reactor, power reactor, steam generators, primary pipework, PWR system. 

Control of Nuclear Systems: optimisation in the state space, closed-loop optimal; control, optimal control of nuclear reactors, control system design by state variable feedback and state variable feedback design of reactor control systems; steady-state temperature programmes.

	18
	Criticality Safety
	Understanding and knowledge of the physics and engineering of criticality control and the safe handling of fissile materials.
	Chain reactions and criticality.

Situations where criticality safety is significant.

Control methods and instrumentation covering: the criticality hub, instrumentation, batch control and materials accounting.

Criticality safety management.
Criticality accidents.
Role of health physics in preventing and mitigation of criticality events.

Criticality calculations: hand, nomogram, computer codes, safety factors.
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