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	REGULATORY OBSERVATION:

	Background
Combustible gases can be generated during accident scenarios of pressurised water reactors (PWRs). These gases are generated via various mechanisms, including: rapid oxidation of metals around the reactor core area, slower oxidation of remaining metals, radiolysis of water, and molten concrete corium interactions. These gases have the potential to undergo various combustion modes that can challenge the containment and the equipment and structures within. The rate and concentration of such gases is a function of the specific accident scenario, but can be most challenging for those faults that lead to core degradation.

Hydrogen generated during faults can migrate from the reactor to the containment atmosphere. The route and mode of transport is dependent on the state of the primary circuit and accident scenario. The resulting distribution of hydrogen in the containment is governed by various physical phenomena, including: inertial drivers, diffusion, mass and heat transfer. Typically, early in the release, there is a high degree of non-uniformity in hydrogen distribution as it is initially entrained in the release of steam from the primary circuit. Later in the transient, buoyancy driven forces may dominate flows. In the later phases of the accident, hydrogen can stratify in upper regions of compartments. When uniformly distributed, due to the nature of the PWR environment, the risk of high energy combustion modes that will challenge the containment is widely accepted to be low. However, during phases of non-uniform distribution, there is a raised the potential for localised combustion, which can impinge on nearby structures systems and components (SSCs) and potentially propagate with more severe and widespread consequences. 

The Rolls-Royce Small Modular Reactor (RR SMR) is a PWR that employs in-vessel retention (IVR) as its core melt mitigation strategy. As such, hydrogen generated during core degradation that is released from the primary circuit poses the most significant risk for combustion. Therefore, sequences with core melt inform the design basis for hydrogen mitigation strategies. To meet this demand, the RR SMR employs the hydrogen reduction system (HRS) [JMT] (Ref. [1]).

To date, the RP has submitted analysis of loads from global slow deflagration (Ref. [2]) (i.e. considering uniform distribution). In addition, the RP has identified limiting scenarios that lead to conditions in which localised flame acceleration and detonation criteria are met which require further detailed analysis. The analyses have been performed using the MAAP5 and GOTHIC codes and are based on an evolving design iteration, with a rational for why future design iterations will not undermine the findings. 

The RP has also set out a high-level methodology for performing detailed combustion analysis, and how the output of the analysis will be utilised. This includes a high level description of how the output will interface with the structural integrity topic area. The methodology outlines two potential calculation routes for performing detailed combustion analysis, one using GASFLOW-MPI, and another using FLACS-CFD. 

Currently, design development work and substantiation of the HRS [JMT] is underway, with an aim of delivering outputs of combustion analysis during GDA timescales. However, there are uncertainties in how the safety case will utilise combustion analysis to demonstrate that the RR SMR plant design can effectively mitigate the release of hydrogen during severe accidents, and which combustion code will be used to provide this evidence. There is also uncertainty in the scope of deterministic analysis, and design substantiation, used to support the evolution of the HRS [JMT] design.

Relevant Legislation, Standards and Guidance
The following SAPs (Ref. [3]) are most relevant to this Regulatory Observation:

FA.15 – “Fault states, scenarios and sequences beyond the design basis that have the potential to lead to a severe accident should be analysed.”
A systematic approach should be taken to identify scenarios for severe accident analysis. Scenarios should not be screened on frequency alone, and analysis should be performed on a best estimate basis unless uncertainties warrant applying conservatism. The analysis should demonstrate the absence of cliff edge effects, and consider the potential failure of barriers to release. 

FA.16 – “Severe accident analysis should be used in the consideration of further risk-reducing measures.”
The SAA should be used to identify any further reasonably practicable safety features and form the basis for accident management strategies and procedures. Any identified SSCs should be qualified to operate in the conditions in which it is required to perform safety functions.

AM.1 – “Strategies and plans should be in place to prepare for and manage accidents at the facility and/or site.”
Accident management strategies should be based on the SAA with the primary goal of preventing failure of barriers to release. The strategies should consider long-lasting events where external access to site may not be possible. The SAA should identify all human actions required and enable the development of severe accident management guidelines (SAMGs). The strategies should include the provision of appropriately robust, suitable and sufficient instrumentation for monitoring the facility and site in accident conditions to enable enaction of SAMGs, decision making, and record important parameters.

AV.1 – AV.6 – ONR expects:
· Computer codes adequately reflect theoretical models.
· Codes/models are validated for intended use.
· Assumptions and user inputs are well founded.
· Models and datasets are developed and calculations are performed in accordance with appropriate quality management procedures.
· Verification and validation, and code manuals should be documented.
· Sensitivity analysis should be performed. 

ONR’s Technical Assessment Guide for Severe Accident Analysis (Ref. [4]) also provides guidance. It states that phenomena that could challenge technical safety criteria should be identified, appropriate safety measures should be determined to prevent or mitigate these phenomena, and their effectiveness should be demonstrated.   
IAEA’s guidance also specifically discusses risks posed from hydrogen:

SSG-2 – para 3.56 (Ref. [5]) – sequences that have the potential to lead to containment failure due to explosion of combustible gases should be practically eliminated.

SSG-88 – Para I-21 (Ref. [6]) - Dedicated means to prevent the generation of hydrogen and its accumulation at critical concentrations, and to eliminate hydrogen detonation, are needed at all nuclear power plants, although different means are preferred for different plant designs

Regulatory Expectations
For Gen-III/III+ reactors, such as the RR SMR, IAEA’s SSG-88 (Ref. [6]) lays out expectations that designers/vendors demonstrate that severe accident sequences that could lead to containment failure have a low predicted frequency to a high degree of confidence (i.e. practically eliminated). For hydrogen risk, ONR, therefore, expect that safety features are provided to prevent high energy combustion modes that could lead to containment failure, and their effectiveness is demonstrated. ONR does not, however, have specific expectations related to the means of mitigation/prevention.

In pursuit of this demonstration ONR expect that technical criteria are determined, and shown to be effective through deterministic analysis. ONR also expect that appropriate computer codes and models are used in this demonstration. Due to limitations of integral codes in modelling localised phenomena, this demonstration is often provided using computational fluid dynamics codes. These codes and models should be demonstrated to be adequately validated for their specific use.  

ONR also expect that the deterministic analysis is used to inform the design of SSC. This includes capacity and locations of SSCs for hydrogen removal, appropriate containment layout to promote mixing, as well as monitoring. ONR expects that where claims are made against adequate mixing, hydrogen removal and hydrogen monitoring, that appropriate analysis supports those claims. If uncertainty remains in the detailed design, ONR expect that sufficient sensitivity analysis is performed to demonstrate that all cases envelope a future refined design. 

Whilst severe accident management guidelines are not expected to be produced for generic design assessment, it is expected that the design enables mitigatory actions that could be taken to further reduce risks. For severe accident scenarios, operation of certain mitigation strategies have the potential to worsen conditions for hydrogen. For example, condensation of steam can increase the volumetric concentration of hydrogen. Situational awareness is therefore key to informing an operators decision making (e.g. initiation of containment spray). ONR therefore expect that the design of monitoring systems is adequate to enable those decisions, and that, if appropriate, sensitivity analysis is performed to demonstrate that no mitigatory actions can lead to scenarios that would challenge the containment.

ONR also expect that SSCs claimed to function during severe accidents are adequately qualified for the environmental conditions. In the context of hydrogen, this means that any heat and pressure loads generated from hydrogen combustion or recombination are considered in the qualification of containment, supporting structures, monitoring equipment, and any other safety features which are credited for severe accident mitigation.
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	REGULATORY OBSERVATION ACTIONS

	RO-RRSMR-009.A1 – Systems Definition

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

Provide a system definition of the HRS [JMT] and containment system [JMA]. The following information should be provided:
· The technology type employed
· Design substantiation of those technologies
· The number of ignitors and passive autocatylitic recombiners (PARs), their location within the containment and capacity, linking the rationale to deterministic analysis
· The number and location of hydrogen monitors, linking the rationale to deterministic analysis
· Details of any associated power sources and I&C

Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'

	RO-RRSMR-009.A2 – Demonstration of the Effectiveness of Safety Features

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

· Demonstrate that the limiting cases for high energy combustion modes have been identified
· Define and justify suitable acceptence criteria for avoidance of high energy combustion leading to challenges to containment
· Define and justify suitable acceptence criteria for containment loads
· Demonstrate that acceptence criteria are met for limiting cases
· Perform sensitivity analysis to demonstrate no cliff-edge effects associated with unavailability of SSCs and with correct performance of other SSCs that can impact HRS [JMT] performance.
Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'

	RO-RRSMR-009.A3 – Demonstration of Effective Mixing

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

· Demonstrate the containment [JMA] and HRS [JMT] design promotes mixing to avoid localised build up of hydrogen where this is claimed within the safety case
· 
Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'

	RO-RRSMR-009.A4 – Demonstration of Optmised Hydrogen Monitoring

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

· Demonstrate that sufficient hydrogen monitoring exists and is adequately located to provide situational awareness and inform decision making.

Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'

	RO-RRSMR-009.A5 – Demonstration of Equipment Qualification

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

· Identify SSCs that may be impacted by localised combustion or heat loads from recombiners
· Determine qualification parameters for impacted SSCs
· Demonstrate the withstand of containment structures against localised loads

Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'

	RO-RRSMR-009.A6 – Demonstration of Validation of Methods

In response to this Regulatory Observation Action, Rolls-Royce SMR Ltd should:

· Demonstrate that the model employed adequately represents the final reference design, or that sensitivity studies envelope uncertainty in the design.
· Provide relevent phenomena importance ranking tables (PIRTs) and Test Assessment Matrices (TAMs)
· Perform sensitivity studies and/or incorperate conservatism to account to for uncertainties in the modelling.

Resolution required by 'to be determined by Rolls-Royce SMR Limited Resolution Plan'
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