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Abstract

A small floating seawater desalination plant using a nuclear heating reactor coupled with a multi-effect
distillation (MED) process was designed by the Institute of Nuclear Energy Technology, Tsinghua University of
China. It was intended to supply potable water to remote coastal areas or islands where both fresh water and
energy are severely lacking, and also to serve as a demonstration and training facility. The design of a small
floating plant coupled two proven technologies in the cogeneration mode: a nuclear heating reactor (NHR-10),
with inherent, passive safety features based on NHR-5 experience, and a low temperature MED process. The
secondary loop was designed as a safety barrier between the primary loop and the steam loop. With a 10 MW(th)
heating reactor, the floating plant could provide 4 000 mVd of potable water and 750 kW of electricity. The
design concept and parameters, safety features, coupling scheme and floating plant layout are presented in the
paper.

1. INTRODUCTION

Some remote coastal districts or islands, or some coastal or island tourist areas, which
are lacking in both potable water and energy source have shown strong interest in potable
water production by seawater desalination using nuclear energy. In cases where there is not an
adequate infrastructure for constructing nuclear installations, or nuclear a complex is not
intended to be permanently installed, a small floating nuclear plant for seawater desalination
may be a suitable solution.

In this paper a small floating plant for seawater desalination using a 10 MW(th)
nuclear heating reactor (NHR-10) coupled with the multi-effect distillation process is
proposed and is recommended as a demonstration and training facility.

The following multi-purpose usage of this demonstration project would be considered
as the design objective:

- For potable water production: supply 4 000 MVd of potable water to a small coastal
district, while supplying 750 kW of electricity for the plant itself;

- As a technical personnel training center on design, construction and operation of an
advanced nuclear heating reactor, providing a small nuclear power plant with
heat/electricity cogeneration and a seawater desalination plant using nuclear energy;

- As a short term, mobile full scope demonstration facility for seawater desalination
using nuclear energy.

The design of the seawater desalination plant using a nuclear heating reactor presented
in this paper is based on the proven technology and experience of NHR-5 (a 5 MW prototype
nuclear heating reactor) [1], developed by the Institute of Nuclear Energy Technology
(INET), Tsinghua University. The NHR-5 has been successfully operated for 6 winter seasons
since 1989. Heat and electricity cogeneration with NHR-5 [2] was also carried out from 1991
to 1992. Very good operating characteristics and excellent safety features are demonstrated,
with high operational availability, inherent safety and self-regulating characteristics.
Operating in cogeneration mode, the total complex (NHR-5 coupled with a turbine generator
and heat grid) exhibited perfect operating stability, self-regulating performance and
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load-following characteristics. The MED process is a commercially well established and
proven technology.

In order to verify adaptability (suitability) of the hydro-driving system (HDS) for
control rods under marine conditions, a research program [3] on behavior of the HDS under
inclining and rocking conditions was executed in 1992.

In order to investigate the coupling scheme and technology the nuclear seawater
desalination experiment using NHR-5 coupled to a small MED unit is currently being carried
out and adopted as a limited scope demonstration.

Based on the technology and experience of NHR-5 and of the limited scope
demonstration, the floating NHR-10 MED project for seawater desalination would also be
logical as a satisfactory full scope demonstration plant and could be successfully implemented
in the short term.

2. BRIEF DESCRIPTION OF THE NHR-10 NUCLEAR HEATING REACTOR

The NHR-10 is a vessel type, pressurized water reactor with integrated design of
primary circuit in pressure vessel. The reactor core is cooled by light water with natural
circulation and the primary system is with self-pressurization performance. The reactor
structure is shown in Fig. 1.

The reactor vessel is designed with a 2.5 MPa operating pressure. The core is located
at the bottom of the vessel. There is a riser above the core outlet used to increase the driving
force for natural circulation. There are eight primary heat exchangers arranged in the annular
space between the riser and vessel. The heat carried over from the core is transferred to the
intermediate circuit via primary heat exchangers.

There are 25 fuel assemblies and 16 cruciform control rods in the core. Two kinds of
assemblies are used, with 96 fuel elements and 35 fuel elements respectively. The active
length of a fuel element with cladding of Zircaloy-4 is 750 mm. The diameter is 10 mm. The
nuclear fuel is uranium dioxide with an enrichment of 3% .

The reactivity is controlled by a combination of fixed burnable poison, movable
control rods and the negative temperature coefficient of reactivity. The control rods are driven
with a specially designed hydraulic driving system, which consist of a hydraulic circuit
located outside the containment, a hydraulic step cylinder in the core and two control units.
When reactor shutdown is needed, the control rods would drop down into the core, driven by
gravity ( designed on a "fail-safe" principle ). A borate solution injection system is designed
as the reserve shutdown system, initiated from a pressurized gas source in the event of an
ATWS.

The heat transfer system of the NHR-10 is composed of three circuits, including the
integrated primary circuit in the pressure vessel, the intermediate circuit and the steam circuit.
The intermediate circuit, in between the primary circuit and the steam circuit, is set with an
operating pressure higher than that in the primary circuit. Therefore, it would serve as a
barrier and protect the steam circuit from radioactive contamination.
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4. Thermal isolation 5. Reactor core Q Biological shield

Fig. 1. Vertical section of the NHR-10.
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A passive residual heat removal system connected with the intermediate circuit is
designed to safely disperse residual heat.

The main parameters of the NHR-10 are shown in Table 1.

TABLE 1. MAIN PARAMETERS OF THE NHR-10

Reactor power (th)
Pressure in primary circuit
Core outlet temperature
Core inlet temperature
Number of fuel Assembles in core
Enrichment of fuel
Diameter of the fuel rod
Average power destiny

3. SAFETY CONCEPTS AND FEATURES OF NHR-10

The NHR-10 is a new generation nuclear reactor. It's main design features are selected
to emphasize inherent and passive safety characteristics, and to improve availability through
simplification of systems.

(1) Integrated design and self-pressurization.

The main components of the primary circuit, such as the reactor core and primary heat
exchangers, are integrated into the pressure vessel so as to avoid the risk of large pipe
breaks. A large volume filled with steam and gas in the upper part of the pressure
vessel of NHR-10 is used for self-pressurization to keep the reactor at a pressurized
condition. The self pressurization is achieved by the partial pressure principle of inert
gas and steam.

(2) Compactly arranged dual pressure vessel.

(3) Natural circulation in primary circuit.

The reactor core is cooled by water with natural circulation. A riser is set on top of the
core to increase the driving force for natural circulation. The use of natural circulation
can reduce reliance on a primary circulation pump and lead to increased reactor
operating reliability.

(4) Low power density and large water inventory of reactor.

The core power density of the NHR-10 is 27 kW/1, about 1/3 ~ 1/4 that of typical
PWR power density. The water inventory in the pressure vessel is quite large. The
ratio of water volume to core power is about 1 m3/MW, which is about 20 times that
of a PWR. As the water inventory in the primary system of NHR-10 is much larger
than that of a PWR and the pressure, as well as the temperature, of NHR-10 is much
lower, it has good characteristics to protect the reactor from a loss of coolant accident.
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(5) Hydraulic control rod driving system with passive safety.

A specially designed hydraulic control rod driving system is adopted in NHR-10. It is
enclosed in the pressure vessel without penetration of the pressure vessel head. Hence
a control rod ejection accident can be avoided. The hydraulic control rod driving
system has been successfully operated in NHR-5 for six years. Operating results have
shown that it is safe, reliable and simple in structure.

(6) Passive residual heat removal system.

A passive residual heat removal system is adopted for NHR-10. The residual heat can
be dissipated from the core to atmosphere by natural circulation.

(7) Intermediate circuits are set up to protect the steam circuit from radioactive
contamination.

(8) Emergency core cooling and emergency water make-up systems are not needed due to
the above mentioned inherent and passive safety features, leading to a system that is
simpler and lower cost.

4. NHR-10 DESALINATION PLANT

The NHR-10 desalination plant consists of a 10 MW heating reactor coupled to a
seawater desalination facility using a low temperature, horizontal tube type MED process.
The NHR-10 is used as the heat source, operating in a cogeneration mode. A power
conversion system is installed in the intermediate circuit to supply electricity to the plant.

TABLE 2. MAIN PARAMETERS OF THE SDP

Reactor thermal power
Electrical power
Core outlet temperature
Core inlet temperature
Outlet temperature at intermediate circuit
Inlet temperature at intermediate circuit
Steam temperature at outlet of steam generator
Steam temperature at inlet of steam turbine
Turbine back pressure
Steam temperature at MED first effect
Capacity of unit
Number of units
Number of effects
GOR
Maximum water production

Steam from the steam generator flows to a turbine with a back pressure 0.0386 MPa
of PB . Saturated steam with a temperature 75°C of TB from the last stage of the turbine is
supplied to the first effect of the MED process. A schematic diagram of the small desalination
plant (SDP) with cogeneration is shown in Fig. 2, and the main parameters listed in Table 2.

MW(th)
MW(e)
°C
°C
°C
°C
°C
°C
MPa
°C
mVd

m3/d

10
0.75
213
165
170
155
153
150

0.0386
75

2 000
2
15
12

4 000
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Fig.2. Schematic diagram (cogeneration) of the NHR-IO desalination system.
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In the cogeneration operating mode, the desalination plant could supply 750 kW of electricity
for the plant itself, and therefore be much less dependent on the local power grid.

The NHR-10 nuclear desalination system is mounted on a ship. It could also be
considered for mounting on a barge. The conceptual plant layout diagram is shown in Figs 3
and 4. The size of the floating plant is listed in Table 3.

TABLE 3. PARAMETERS OF THE FLOATING DESALINATION PLANT

80
10
16
6

5 000

5. SPECIAL CONSIDERATIONS

Suitability of the control rod hydro-driving system (HDS) for shipboard application
should be verified. For this purpose a research program was executed in 1992. The HDS was
fixed on a rocking tet facility with 6 degrees of freedom, and a series of experiments were
performed. The test results show that the HDS can operate normally and safely under rocking
conditions:

(a) The hydraulic step cylinder has a good hydraulic locking property. It can keep the
control rod in a fixed position under rocking and pitching conditions.

(b) With a rocking angle of ±5°, the control rod can normally move up and down step by
step.

(c) With an inclining angle 45° or a rocking angle less than 45°, the control rod can
smoothly fall into reactor core by gravity.

The suitability of natural circulation for marine conditions needs to be analyzed and
investigated. The preliminary results show that under a rocking or inclining angle within 30°
and with low frequency rocking conditions, the behavior of natural circulation would not be
significantly influenced by rocking or inclining.

6. REGULATORY AND LOCAL PARTICIPATION

6.1. Regulatory

The rules, codes, guidelines and technical documents used in the design, construction,
manufacturing and operation of the NHR-10 heating reactor are approved and issued by the
China Nuclear Safety Administration (CNSA), and are compliant with those of the IAEA for
light water reactors.

The codes adopted in the design and manufacturing of the NHR equipment are in
compliance with the prevailing ASME code.
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Fig. 3. Layout of the NHR-10 floating plant.
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Fig. 4. Layout of the NHR-10 floating plant.

55



6.2. Manufacturing capability requirements for the NHR-10

Due to the lower design parameters (low pressure, low temperature) and the
simplification of the NHR-10 system, a sophisticated manufacturing infrastructure is not
required. It would not be difficult for any country with the ability to manufacture a 15 MW
conventional power plant to manufacture the components of the NHR-10. The following
manufacturing capability would be required:

- Crimping machine for steel plate over 50 mm in thickness.
- Vertical lathe over 3 m in diameter.
- Thermal treatment furnace with 2.5 x 2.5 section , 7 m long.
- Crane with 50 T of lifting capacity.
- X-ray inspection equipment for steel plate over 50 mm in thickness.

63. Favorable for local participation

A number of advantages in the design of the NHR-10 desalination plant would
facilitate local participation of a developing country:

(1) Requirement for technical personnel.
The passive safety performance, lower parameters and simplified system of the
NHR-10 desalination plant would be beneficial for training technical personnel in
design, construction, operation and maintenance.

(2) Small size of plant.
For a small floating seawater desalination plant using the NHR-10 heating reactor
coupled to a small MED system having a 4000 m3/d potable water production
capacity, the capital investment cost of the complex would be rather easily funded and
the project could be implemented in the short term.

(3) The reduced requirement for manufacturing infrastructure, as mentioned above, could
facilitate the building and management through local participation.

(4) Prevailing regulatory.

7. CONCLUSION

A small floating seawater desalination plant using the nuclear heating reactor NHR-10
coupled with an MED process could be a suitable solution to supply potable water to remote
coastal districts or islands due to its inherent safety, simplification in structure, proven
technology, acceptable investment cost and water cost. It is also recommended as a short
term, full scope demonstration and training facility.
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