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ABSTRACT

This study focuses on Pilot-Operated Safety Relief Valve (POSRV) in APR1400 nuclear power plants.
POSRYV is a major component in safety system, designed to prevent the overpressure in primary system.
However, temperature imbalance at the disk-seat interface of POSRV during initial pressurization can be
induced, so a methodology for mitigating the imbalance through structural improvements and material
modification is proposed. Empirical experiments are performed to simulate the start-up operation and
results are validated through finite-element analysis.

INTRODUCTION

In pressurized water reactor (PWR) nuclear power plants, Pilot-Operated Safety and Relief Valves
(POSRVs) are utilized to maintain the reactor pressure connected to the pressurizer within safe pressure
limits during start-up and normal operations, and to protect structural components by releasing steam,
thereby preventing abnormal overpressure conditions. Unlike conventional safety valves, POSRVs offer
flexible pressure control through manual valve operation using a motor and pilot valve. Additionally, they
automatically open via spring action in response to rapid pressure increases [1].

The APR1400 reactor, currently operated by Korea Hydro & Nuclear Power (KHNP), is also equipped with
POSRVs utilized during plant operation [2]. However, during start-up procedures, the pressurizer
undergoes various rates of pressure and temperature increases. The current POSRVs are installed
horizontally relative to the orientation of the pressurizer, resulting in temperature gradients between the
upper and lower sections of the valve. This temperature differential may lead to a decrease in sealing
integrity due to thermal expansion differences. To accurately assess this issue, it is essential to measure the
internal and external temperatures of the POSRV. Nevertheless, such measurement instruments are not
installed in the actual operating plants, making precise evaluations currently unfeasible.

Therefore, this paper describes the development of a test apparatus to measure the internal and external
temperatures of the POSRV, which are unmeasurable during plant operation. The mechanical properties of
hard-facing materials are also measured, and a structural integrity assessment is performed through finite
element analysis. Based on these results, an evaluation methodology for the Reactor Coolant System (RCS)
sealing performance is established.
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EXPERIMENTAL SETUP

To simulate the start-up operation of the POSRV, an experimental apparatus capable of steam pressurization
and condensate collection was constructed, as shown in Fig. 1. For the POSRYV test, the identical product
installed in actual nuclear power plants was utilized (Fig. 2(a)), following the same maintenance and
assembly procedures. To supply high-temperature and high-pressure steam, two steam storage vessels
depicted in Fig. 2(b) were installed. Steam from each vessel merges into a single line, supplying steam to
the POSRYV positioned at the top of the system. Thermocouples were installed at various internal and
external locations of the POSRYV, enabling temperature measurements during start-up conditions. This setup
provides the advantage of acquiring temperature data that is otherwise difficult to measure directly at
operating plants, and this data will be used as input for subsequent Computational Fluid Dynamics (CFD)
analysis and structural analysis.

The main steam supply system is designed to meet a maximum internal pressure requirement of 20.0 MPa
and a temperature of 400°C, with a maximum steam discharge flow rate requirement of 250 tons/hr. The
designed service life of the equipment is guaranteed to exceed 20 years, and the design criteria comply with
the ASME Boiler and Pressure Vessel Code, Section VIII, Division 2 [3].
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Figure 2. (a) POSRYV assembly, (b) steam container with supports, (c) boiler facilities.
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MECHANICAL PROPERTIES OF HARDFACING

After obtaining temperature data from the start-up procedure experiments, CFD analysis is conducted for
experimental validation. Once the temperature distribution of the analysis model is determined through
CFD analysis, structural analysis is performed to evaluate the sealing integrity of the POSRV by inputting
its material properties. In this section, mechanical properties of the disk hard-facing, which directly affect
the sealing integrity among the POSRV materials, are measured. The POSRYV disk is illustrated in Fig. 3(a),
where the red-marked area indicates the previously applied martensitic stainless steel hard-facing.
Specimens for tensile and thermal expansion tests were fabricated by cutting the hard-facing material, as
shown in Fig. 3(b) and Fig. 3(c), respectively. For comparison with candidate materials, a commercial plate
of Stellite-6 alloy was procured, and its mechanical properties were measured using identical methods.

For the tensile tests, experiments were performed at room temperature, as well as at elevated temperatures
of 100, 200, and 350°C according to ASME E21-20 [4]. Since the martensitic stainless steel specimens
were fabricated from hard-facing rather than plate material, micro-sized specimens were prepared and
tested using a dedicated micro-tensile testing machine. Thermal expansion coefficients were measured
following ASTM ES831-19 [5], where cylindrical specimens were heated at a constant rate, and the
corresponding thermal expansion rates were determined using a precision probe. The measured mechanical
properties were subsequently post-processed as inputs for numerical analysis.
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Figure 3. (a) extracted disk hardfacing of POSRYV, (b) tensile specimen, (c) thermal expansion specimen.
ANALYSIS OF START-UP OPERATION

The reference test for the start-up procedure experiments followed the pressurization curve of an operating
nuclear power plant. Three distinct holding regions, designed to achieve uniform temperature distribution,
were selected as evaluation intervals to validate the tests and perform structural integrity assessments
corresponding to each stage of the start-up process. For security reasons, the start-up process flow diagram
has been omitted.

To simulate temperature conditions according to the given pressurization curve, CFD analyses were
conducted, and the resulting temperatures were confirmed to be in good agreement with experimental
measurements in each holding region. For the CFD analysis, a mixed model approach was applied,
assuming the fluid as a mixture of steam and non-condensable gases, and an opening boundary condition
was imposed at the inlet of the steam storage vessel. Pressure and temperature conditions for the valve fluid
region and interface boundaries were set based on steady-state operational conditions corresponding to each
holding period. Sensitivity analyses were performed to determine parameters such as heat transfer
coefficients and steam fractions, ensuring temperature consistency at localized valve measurement points
recorded during previous validation tests.
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After completing the temperature simulation, a structural analysis model was constructed using ABAQUS

[6], as illustrated in Fig. 5(a). Two design cases were evaluated: the original disk design and a flexible disk

design developed to minimize deformation resulting from temperature gradients between the upper and

lower sections. Material properties for structural analysis were taken from ASME Code Section II, Part D

[7], except for the previously measured hard-facing properties. For boundary conditions, the lower section

of the valve and downstream piping were constrained, and the temperature distribution obtained through

CFD analysis was applied. The resulting variations in contact pressure on the disk hard-facing due to
thermal expansion were calculated, as depicted in Fig. 5(b).

ACPRESS
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Consequently, the complete set of evaluation cases is summarized in Table 1. A total of nine evaluation
cases were selected to examine differences resulting from three holding intervals, disk types, and hard-

facing materials. Variations in contact pressure of the hard-facing (ACPRESS) were calculated for each

case, and sealing integrity assessments were subsequently performed based on these calculated contact
pressure variations.

CONCLUSION

In this study, experimental validation and numerical analyses were conducted to evaluate the sealing
integrity of the POSRYV installed in the APR1400 reactor. The conclusions are summarized as follows:

To acquire internal and external temperature distributions of the POSRYV, which are not measurable in
actual power plant conditions, additional thermocouples were installed within the experimental facility,
enabling temperature data acquisition at various critical locations.

Experimental results from the start-up simulations using the constructed test apparatus demonstrated that
temperature and pressure conditions similar to actual plant operations were successfully replicated across
three selected holding time intervals.

Using the obtained temperature data, CFD and structural analyses were performed. Additionally,
mechanical properties of the disk hard-facing material were measured and incorporated into the analyses.
Contact pressures were evaluated based on different holding intervals, disk geometries, and hard-facing
materials. It was confirmed that modifications in disk geometry and changes in hard-facing materials
effectively reduced variations in contact pressure, thereby enhancing the sealing integrity of the POSRV.
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