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Abstract

For the online dynamic assessment of reliability and availability of safety-critical repairable systems in the
Tsinghua High Flux Reactor (THFR) under complex operating conditions, existing methods still face several
challenges. Environment-aware failure-rate updating is often disconnected from system-level assessment.
The construction of Continuous-Time Markov Chain (CTMC) models still relies heavily on manual work. Re-
peated transient evaluation also becomes increasingly expensive as the state space grows. To address these
problems, this study proposes a dynamic intelligent modeling and analysis method for the reliability and avail-
ability of THFR systems. A PEARL framework is developed by integrating Physics-Informed Neural Networks
(PINNSs) with large language model (LLM)-assisted automated modeling. The framework establishes a unified
workflow for environment-aware failure-rate processing, automated CTMC generation, state-space reduction,
and physics-constrained transient solving. Within this framework, the MarkovOps module can automatically
generate explicit, rate-labeled Markov state transition diagrams from structured inputs or engineering tex-
tual descriptions. It also supports the modeling of complex mechanisms, including failures, repairs, standby
switching, start-up failures, and common-cause failures (CCF). The PINN module is used to learn the temporal
evolution of system state probabilities. It further enables rapid online querying of reliability and availability.
The proposed method is validated using the Reactor Coolant System (RCS) and the Component Cooling Water
System (CCWS) of THFR. The results show that the method can achieve rapid automated CTMC generation
while maintaining assessment accuracy. It also supports fast multi-time inference after a single round of train-
ing. This study therefore provides a feasible approach for the online dynamic assessment of reliability and
availability of research reactor systems.
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