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Abstract

In this paper, some mechanical and structural design features of NHR-200 are briefly
described focussing on: design and technical features of internals; a new type hydraulic control rod
driven system; spent fuel storage around the active core; design and safety characteristics of
pressure vessel; discussion on in-service inspection of pressure vessel.

1. INTRODUCTION

The 200MWt Nuclear Heating Reactor (NHR-200) was designed, following the
mechanical and structural design experiences of pressurized water reactors (PWR),
boiling water reactors (BWR) and nuclear heating reactors (NHR), and the experience
from operating the 5MWt test heating reactor (NHR-5) with excellent performance.

The main criteria for the NHR-200 design are the corresponding chapters or clauses
in the ASME code, the relevant National Standards and the relevant Stipulations for
the Qinshan 300MW nuclear power plant.

The main components of the NHR-200 [Fig. 1], i.e., reactor pressure vessel (RPV)
and internals, are described in this paper.

2. THE DESIGN AND TECHNICAL FEATURES OF INTERNALS

A detailed description of NHR-200 internals is shown in Fig. 2.

The design of internals

Self-pressurized performance, natural circulation and integrated arrangement are
adopted.

Primary components, such as primary heat exchangers (PHEs) and hydraulic control
rod drives etc., are fully incorporated in the RPV. The pressure of the primary coolant is
maintained by the volume variation of the space occupied by a pressurizing gas and vapor
in the upper part inside the RPV. The active core and the PHEs are separately arranged
inside and outside the core barrel. The barrel stands between the core and the RPV to split
the annular gap into two parts that serve as the circuit of primary coolant natural circulation.
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Fig. 1 The primary system arrangement
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Fig. 2 The pressure vessel and internals
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Fig. 3 The control rod system
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Fuel channels are used

A fuel assembly consists of a fuel bundle and a Zircaloy-4 channel. The active core
contains 96 assemblies which are arranged and supported in a way that is similar to that in
BWRs. There are 110 lattices for spent fuel storage around the active core. And there are
32 cruciform type control rods in the active core. Each of them inserts into the gap between
four fuel channels which serve as the guide for the control blades. The cruciform type
control rod is driven by a hydraulic system which follows the fail-safe principle.

Three technical features of internals

A new type of hydraulic control rod drive system is adopted

A new type of control rod drive system has been developed that can be fully
incorporated into the RPV. The control rod system consists of a stationary hydraulic drive
cylinder and a movable drive rod that carries the absorber blades [Fig. 3]. Primary coolant,
as the actuating medium, is pumped to a set of control armatures, holds and drives the rods.

The differences between control rod drive of NHR-200 and that of NHR-5 can be
summarized as follows:

1) The step drive cylinder was changed to "gap-hole" type from "hole-hole" type. It
makes the alignment of the cylinder and rod, and the fabrication more easy.

2) The cylinder is fixed at the upper core grid plate. The junction between drive rod
and absorber blades is detachable.

3) The absorber drive part is a drive rod rather than a drive cylinder. The drive rod has
many indents on its outer surface with steps of 50 mm.

Spent fuel storage around the active core

The storage of the spent fuel assemblies around the active core is available because
the integrated arrangement was adopted, operation temperature and pressure are low, and
because the number of damaged fuel element would be small. After storage in the RPV for
a long time, decay heat and radioactivity of the spent fuel assemblies would be greatly
reduced. It could simplify the refueling equipment, so the safety and economics of the
reactor would be improved.

In many countries, the concept of spent fuel storage inside RPV is under development
to increase the burn-up of fuel, and to eliminate post-processing. For the NHR-200, the
storage of the spent fuel around the active core aims at increasing the average burn-up and
at reducing the differences of burn-up in fuel assemblies.

The experiences of reactor operation and the results of studies regarding fuel cladding
corrosion by some researchers have proven that in-core spent fuel storage is feasible. In
Canada, some assemblies, that had been stored outside the RPV for 10, 9, 5 years
respectively, were put into the reactor again with a power density of 4.2kW/m, gave a good
performance. The fuel assemblies of the NPD reactor had been working well for 16 years
under full power operating condition. It is pointed out that after storage in water at a
temperature of 300°C for 100 years, the thickness of fuel cladding decreases by only 10%
of its original value.
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Anti-seismic behavior of internals

The chimney for primary coolant natural circulation is at least 6 m, therefore, the
height of the barrel would be larger. The hydraulic cylinders of the control drives are
installed in the upper part of the barrel, above the core. So they can be easily examined and
repaired, but the distance between the drive cylinder and the absorber will be increased.
Deformation and higher stresses might occur in the drive rods because guidance is only
provided by the fuel channels in the core. A series of guide rolls is arranged in the upper
core grid to improve the anti-seismic behavior. In this way deformation and stresses of the
drives could be limited.

A large number of nonlinear problems was related to the complicated structure.
Based on full dynamic analyses and calculations, two test experiments are planned. The first
is a core cell including a control rod drive and its supporting guide structure with scale of
1:1 to the actual one. It is considered to test and verify the anti-seismic capability of the
internals and the reliability of control rod scram under earthquake conditions.

The second experiment, with model scale 1:10 to actual the size of the structures,
including RPV, containment, internals and PHEs, etc., is designed to test the overall anti-
seismic behavior of the reactor and to obtain the necessary input data for the first test.

3. DESIGN OF THE RPV AND DISCUSSION OF IN-SERVICE INSPECTION

Design of the RPV

According to the operating parameters of the NHR-200, the arrangement of internals
and requirements for installation and repair, the RPV is designed as shown in Pig. 4. The
main parameters of the RPV are:

operating pressure 2.5 MPa
operating temperature (max.) 213°C
design pressure 3.1 MPa
design temperature 250 °C
inner diameter 4820 mm
thickness of RPV 65 mm
outer diameter of main flange 5302 mm
main bolt size M78x4
number of main bolts 88

The material of the RPV is SA516-70

The selection depends briefly on the following:

SA516-70 has low strength, high toughness and can be easily welded.
The operating pressures and temperatures are low, the wall thickness of the
RPV is smaller and the mechanical properties of normalized material are
good.
The integral fast neutron flux affecting the RPV is small. Over the lifetime
of the reactor, the integral flux of fast neutrons will be no more than
1016n/cm2.
SA516-70 has been used in some PWR and BWRs.
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Fig.4 The NHR-200 pressure vessel

The material of the RPV of an American reactor in Puerto Rico was SA516-70, being
referred to as A212-13 in that time. It is still allowed by ASME to be used as material for
components belonging to class A.

Safety characteristics of the RPV

High toughness

SA516-70 has a high toughness itself. Even more, because the integral neutron flux
to the RPV is low over the lifetime, the material will retain its good performance at any
time.
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Low stress level

The overall membrane and bend stresses of the RPV are no more than 120 MPa.
They are much lower than in case of PWRs. For cracks of any dimension, its propagation
speed is only 5%-10% of that of the RPV in PWRs. Therefore the damage probability is
much lower.

The RPV allows application of the LBB (Leakage Before Break) principle

The LBB behavior of the RPV depends on the toughness of the material, its stress
level and its wall thickness. The material of the NHR-200 RPV has good toughness, the
stress level is low and the wall thickness is small. According to the fracture analysis, the
barrel of the RPV and closure meets the LBB principle.

Discussion of in-service inspection for NHR-200 RPV

Main targets of in-service inspection

Maintaining the integrity of the primary pressure boundary, thus avoiding the loss of
primary coolant and release of radioactivity.

For reactors of different type, or of the same type, but with different criteria, the
requirements and methods of in-service inspection are different.
The metallic containment fits tightly around the RPV. Because of the small volume,
even if the most serious accidental break occurs on the bottom of the RPV, the
leakage from the pressure boundary will be limited. The water inside the RPV still
covers the active core. There is no possibility that the accident of core melt down
occurs. This safety characteristics of NHR-200 are different from PWRs.
The RPV of NHR-200 confirms to the requirements of LBB.

For the reasons mentioned above, and from the safety point of view, the main task
of in-service inspection for the NHR-200 is the inspection of leakage from the primary
pressure boundary. X-ray and ultra-sonic inspections are not necessary.

With the traditional method of in-service inspection, flaw detection applies only in
some local parts of the primary pressure boundary. Even more, some cracks and
flaws could not be found due to the limited sensitivity of inspection devices.
Therefore, the break probability of RPV will be reduced only to a certain extent, but
the accident can not be avoided absolutely. For PWRs, the accident of RPV break
is not acceptable. But for NHR-200, it cannot lead to a serious accident. It is thus
clear that the overall safety of NHR-200 is greatly improved.
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