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Abstract

The basic concept of an innovative advanced marine reactor MRX has been established by
design study toward the goals of light-weightiness, compactness, and safety and reliability
improvement with adoption of several new technologies. The MRX is the integral-type PWR aimed
for use of ship propulsion. Adoption of a water-filled containment makes the reactor light-weighted
and compact greatly. The total weight and volume of the reactor are 1600 tons and 1210m3, which
are equivalent to halves of the Mutsu, although the reactor power of MRX is three times greater. An
engineered safety system of the MRX is a simplified passive system, function of which is confirmed
by the safety analysis to be able to keep the reactor integrity even in a case of accident. Reliability
of the system is evaluated by the PSA and revealed to have two orders smaller core damage
occurrence frequency than existing PWRs. The MRX can be applied to an energy supply system of
electricity and heat co-generation. Concept of the nuclear energy supply system is designed to
generate electricity, heat and fresh water. The nuclear barge is shown to be a possible nuclear energy
supply system with advantage of being movable easily.

1. INTRODUCTION

Small-scale reactors have more advantages than large-scale reactors in variety of energy
utilization, construction, maintenance and adoption of innovative technologies, while the latter have
scale merits in construction cost. The nuclear energy utilization of small-scale reactors are ship
propulsion, electricity generation, heat supply, and sea water desalination, etc. Construction and
maintenance for small-scale reactors can be made in factories exclusive use for them, but not at the
site of the plant. In small-scale reactors, the safety can be enhanced sometimes by new technologies.

Japan atomic energy research institute (JAERI) have designed a small-scale integral type
PWR with 100 MW of the thermal output for ship propulsion, called MRX (Marine Reactor). High
priorities of design requirements are laid on being economical and reliable of the reactor system.
Design goals of being light-weighted, compact, simple and safe were set up to meet the design
requirements, and these goals were achieved by several new technologies such as the water-filled
containment, the in-vessel control rod drive mechanisms (CRDMs). Feasibility of the MRX design
concept for the commercial ship was surveyed by checking compatibility of the systems, and
evaluating safety and economics in the whole system. Development of the new technologies
adopted in the MRX has mostly completed for the stage of principal function confirmation. The
MRX, therefore, can be realized if the economic and social circumstances allow the commercial
nuclear power ships.

The MRX can be also used for a multi-purpose utilization such as electric power
generation for a distance district, sea water desalination, and heat supply. Features of MRX, i.e.,
being easy movable, light-weighted, compact, simple and safe can be also suitable for these multi-
purpose utilization.
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2. MRX FOR SHIP PROPULSION

2.1. Design goals and new technologies adopted in MRX

JAERI set up the design goals for MRX with 100 MW of thermal output which is installed
into the ship with 80,000 HP of the shaft power. The ship with two MRXs (100MWtx2) is to have
capabilities of ice-breaking for research of the climate of north pole region, together with role of a
commercial ship. This forces the MRX reactor to bear severe external and internal conditions. The
concept of nuclear icebreaker with two MRXs equipped is shown in Fig. 1. The concrete design
goals of the MRX are as follows:

1. Light-weightiness and compactness
To realize the light weighted and compact reactor, the total weight including the reactor vessel,
the containment and the shielding should be not greater than 1600 tons which is equivalent to
nearly a half weight of the Mutsu, the first Japanese nuclear experimental ship. The total
volume of the reactor system should be small as possible according to light weightiness. These
goals are decided so to be competitive with the conventional engine of commercial ships from
survey of needs on nuclear ship which was conducted by JAERI.

2. Simplification of the system
The design goal for being simple is that the numbers of the sub-systems and the machinery
adopted in the reactor system should be minimized and definitely less than those of other plant,
for example, the conventional PWRs.

3. Safety and reliability improvement
At least, stability in the normal operation and safety in a case of postulated accident should be
confirmed by the transient analysis, and also reliability of the system by provability safety
analysis.

4. Maintainability improvement
From the economical point of view, the period for maintenance of the system or refueling of the
core is required to be short as long as possible. The design goals is set up with that the period
should be less than one month.

Relationship between the goals and design improvements to attain these goals are
illustrated in Fig. 2. Major adoptions for design improvement are as follows.

a) The integral type reactor

b) The in-vessel type control rod drive mechanism

c) The water-filled containment

d) Passive decay heat removal system

e) One-piece removal of the reactor system

Details of the MRX design with these improvements are presented in the following
chapter.

2.2. Design conditions for marine reactor

Design conditions of the MRX concerning the specific items of a marine reactor are
introduced as follows.

a) Even at the low temperature of 300K, the reactor should be able to be shut down without use
of a soluble poison by taking account of ship sinking. That is, the control rods should have
ability to maintain the reactivity Keff less than 0.99.

b) The reactor should have ability to generate over 30% of the rated output for steerageway
(ship propelling with effective rudder), under condition of the one rod stuck.

c) The reactor should respond to a rapid and/or large shipload change such as turbine trip or ahead
and astern maneuvering. The reactor should slave to the change from the base load (15% of the
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rated) to the rated load in 30 seconds. These design conditions are used for designs of the fuel
and the reactor automatic control system.

d) The reactor should bear the external forces due to ship motions. The external forces to be
considered are that the maximum allowable vertical and horizontal acceleration, rolling angle
and heel angle are +lg, 45 degrees and 30 degrees, respectively. These conditions for the
thermal hydraulics design of the core are decided by considering the ship navigation in the
North Pole Sea region.

Fig. 1 Two MRX equipped icebreaker for scientific observation
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Water-filled
containment
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of reactor system

Fig. 2 Design goal and major improvement of MRX
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2.3. Reactor system design
(1) Integral type reactor

A cross-section of the reactor pressure vessel together with that of the containment vessel
is shown in Fig. 3. Effective layout of the primary components makes the reactor compact by
installing the most of components inside the vessel: The core locates in the lower part, the steam
generator in the middle part, the CRDMs and pressurizer in the upper part inside of the reactor
pressure vessel, and the primary coolant pumps are connected directly to the flange of this vessel.
Major specifications of the core, the CRDMs, the SGs, the pressurizer, and the primary coolant
pumps are shown in Table 1.

(Emergency Containment Vessel
later Cooling System) d:

Containment Vessel
Nitrogen gas

Water-tight
shell

(Emergency .
Decay Heat

Feed water Inlet/
Steam outlet
Control Rod
Driving Machanism

Fig. 3 Conceptual drawing of MRX
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Table 1 Major parameters of MRX

Reactor Power
Reactor type
Reactor coolant

Operating Pressure
Inlet/Outlet Temp.
Flow rate

Core / Fuel
Equivalent Dia
Effective height
Ave. linear heat flux
Fuel type
U-235 enrichment

Fuel inventory
Fuel Ave. burn-up
No. of fuel assembly
Fuel rod outer dia.

Control rod drive mechanism
Type
No. of CRDM

100 MWt
Integral type

12MPa
282.5 / 297.5 °C

4,500 t/h

1.49 m
1.40 m

7.9 kW/m
Zry-clad UO2 fuel

4.3 %

6.3 ton
22.6 GWd/t

19
9.5 mm

In-vessel type
13

Main coolant pump
Type

Rated power
No. of pumps

Steam generator
Type
Tube material
Tube outer/inner dia.
Steam temp, /press.
Steam flow rate
Heat transfer area

Reactor vessel
Inner dia. / height

Containment
Type
Inner dia. / height
Design press.

Horizontal axial flow
canned motor type

200kW
2

Once-through helical coil type
Incoloy 800
19/14.8 mm

289°C/4.0MPa
168 ton/h
754 m2

3.7/9.7 m

Water-filled RV immersion type
7.3/13 m

4MPa

Steam generators (SGs) of the MRX are of the once-through, helical coil tube type being
suitable to the integral type reactor, which were adopted in the Otto-Hahn. The primary cooling
water flows outside of the tubes, and the secondary water and steam flow inside of the tubes. The
SGs are hung from the main flange of the reactor pressure vessel (RPV). To simplify handling in the
in-service inspection and the refueling, the SGs are not removed from the RPV. The tubes of SGs
can be inspected by inserting an inspection prove from the headers.

The pressurizer of ringed flatness type is placed outside the CRDM to use the space
effectively in the RPV. The pressurizer comprises the heater, the spray, the relief valves, and the
safety valves. The set-point of the water level is chosen so to prevent the heater from uncovering in
the water and the spray injection holes from flooding even in the cases of 30 degrees of ship
inclination and rapid load change. Water inside the pressurizer passes to the hot leg through surge
holes at the bottom of it.

The primary coolant pumps of a canned motor type, the double piped suction and delivery
model is set horizontally at the upper part of the SGs. The JRR-2 (Japan research reactor No.2) and
the Lenin had the experiences on the pump of horizontal canned motor type which revealed to have
two problems;

- difficulty in selecting the material and the structure for the radial bearing to endure a non-
uniform load of turbine rotor support, and

- deformation of the motor due to a non-uniform temperature profile when the pump stopped in
the state of high temperature.

The counter-measures of the MRX design are employment of carbon radial bearing to the
former problem, and employment of slim motor and contrivance for uniform cooling of motor to the
latter one.

The primary system pipes connected to the RPV are of small sized diameters, and the
largest one is 50mm of diameter for those of the safety valve and the emergency decay heat removal
system. A large LOCA over 50mm diameter, therefore, is not necessary to be postulated. The
elevations of the all pipes connected to the RPV are near the primary coolant pumps as a result of
possible upper part of the RPV.
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(2) Reactor core

Major parameters of the MRX core are shown in Table 2. Since the MRX adopts the
control rods for power control and eliminates the chemical shim to avoid re-criticality due to sea
water entering into the core in a case of ship sunk, parameters on the reactor physics are
characterized by rather large negative moderator density reactivity coefficient (otm) for the core cycle
life. The large value of dm can contribute effectively to self-regulating reactor control property even
for a heavy load change as described in the reference [1]. On the other hand, each control rod cluster
has a large value of control reactivity which is a disadvantage for a possible rod ejection accident
(REA). For the REA, however, adoption of the in-vessel type CRDM can eliminate the possibility
of accident.

The core power profile of the MRX is not as uniform as the core adopting the chemical
shim. To flatter the power profile, the MRX adopts the fuel rods with Gd2O3 and the burnable poison
rods (BPs) filled up with boron glass, and increases the number of control rods per the fuel
assembly. The nuclear characteristics were evaluated on the basis of core analyses with the
SRAC[2] code system and the Monte Carlo code, MVP[3]. Although the total peaking factor of
core power distribution is relatively large (3.98), the maximum of linear heat rate is 30.4kW/m
which has enough margin to the limiting value 41kW/m for fuel rod designing. Two-batch fuel
shuffling strategy is adopted to obtain high burn-up without increase in excess reactivity at the
beginning of core cycle, in addition to adoption of the fuel rods and BPs mentioned above.
Refueling will be able to be performed on a dockyard or land based facility on the same period of
the mandatory hull survey per four years. The average bum-up is 23GWD/t and the life of core
cycle is eight years, by assuming the core load factor of 50 % and satisfying the design conditions of
a) and b) described in the sec. 2.2.

For thermal hydraulic parameter, the minimum DNBR is evaluated by taking account of
effect of ship motion, satisfying the design conditions of (iv). The critical heat flux (CHF) under
condition of heaving is known from some experiments to become small. There is not yet the
experiment on the CHF covering the MRX operation condition. Ishiki's correlation[4] on the CHF
based on the experiments by the conditions of atmospheric pressure and natural circulation flow is
applied to MRX evaluation by the conservative way, and the 25% of CHF reduction due to heaving
(± lg) applied for DNBR evaluation. The Minimum DNBR for the rated operation 2.25 as shown in
the table is evaluated using COBRA-IV code with EPRI's DNB correlation. Since the acceptable
minimum DNBR is 1.73 (=1.3x (1/ (1-0.25), where 1.3 is an uncertainty factor the same as the W-3
correlation), the value of 2.25 for the rated operation is shown to have enough margin to the
acceptable limit.

(3) In-vessel type control rod drive mechanism

The whole structure of the CRDM is shown in Fig. 4. The CRDM consists of a driving
motor, a latch magnet, separator ball nuts, a driving shaft, a rod positioning detector, a spring and
other components. These CRDMs work in the primary loop water of which condition is very severe,
the high temperature and pressure (583K,12MPa ). The CRDM is under development at the JAERI
since such CRDM that works in the severe condition does not yet exist. Details of the CRDM are
described in the reference^]. Specific functions required to the CRDMs used for marine reactor are
to be able to scram the reactor within a given time limit and afterward to maintain the shut-down
state even at conditions of ship inclination or heaving. To suit this, a strong scram-spring is adopted
in these CRDMs. For example, in a case of 90 degrees of ship inclination, the CRDM can be
inserted completely in the core within five seconds (in the normal state, within 1.4 second). And the
shut-down state can be maintained by the strong spring.

(4) Water-filled containment

Functions of the water-filled containment are to passively maintain core flooding in cases
of accidents including a LOCA, to shield radiation, as well as to enclose the area for prevention of
radioactive materials release to a surrounding. The main cooling system with containment water is
shown in Fig. 5. There is a nitrogen gas in the upper space over the water surface of the
containment. Core flooding can be maintained passively by pressure balance of the containment and
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Fig. 4 Concept of an in-vessel type CRDM
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EDRS : Emergency Decay Heat Removal System
CWCS: Containment Water Cooling System
RHHS: Residual Heat Removal System
MSL : Main Steam Line
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Fig. 5 Reactor cooling system with decay heat removal system
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RPV, and with helps of EDRS and CWCS. Details will be described in later (in LOCA analysis).
Thus, the core flooding in a LOCA can be attained passively without ECC pumps or an accumulator
if the containment initial water level is appropriate. Experiment [6] on the thermal hydraulic
behaviour of water-filled containment was conducted and the relationships between the initial water
level of containment and the balance pressure, etc., were obtained, and the principal function of core
flooding was confirmed experimentally.

Table 2 Major parameters of MRX core

Parameters

Reactor physics parameters

k-eff
BOC (cold shutdown, all control rod clusters are inserted)
EOC (hot and full power, all control rod clusters are withdrawn)

Reactivity coefficient
BOC Doppler coefficient

Void coefficient
Moderator density coefficient

EOC Doppler coefficient
Void coefficient
Moderator density coefficient

Reactivity shutdown margin

Thermal hydraulic parameters
Heat flux
Maximum linear heat rate
Fuel center temperature (full power, 1,200 MWD/t)
Minimum DNB (100 % power)

-2
3.

-2
3.

.5
0

.6

.2

-2.2 >
xlO"3

x 10-'
-2.3 x
x 10-3

x 10"1

Design
Condition

0.82962
1.02041 >1.02

i W5 Ak/k°C
Ak/k/% void
Ak/k/(g/cm3)
10"5 Ak/k°C
Ak/k/% void
Ak/k/(g/cm3)
2.17% Ak/k > 1.0%

1.427kW/m2

30.4 kW/m <41kW/m
1,785 °C

2.25 > 1.73

Inside the containment, the RPV, the primary loop piping, the pressurizer spray pipe, the
EDRS, the CWCS etc., are installed in the water as shown in Fig. 3. A thermal insulation, therefore,
is necessary to prevent the heat loss from the surface of these components into the water. Thermal
insulation structures are arranged except the heat exchangers of the EDRS and the CWCS.
Especially, the RPV is covered with a water-tight shell made of stainless steel with 45mm of the
thickness. Between the RPV and the water-tight shell, insulation of stainless steel felt is inserted.
The heat loss from the RPV with this insulation is estimated less than 1% of the rated power.
Leakage into the space between the RPV and the water-tight shell can be detected by a moisture
detector of nitrogen gas circulating inside the space.

Water inside the containment has also a role of radiation shielding, which can eliminate
the concrete shield outside the containment. This merit makes the MRX plant drastically light
weighted. Radiation shielding performance was evaluated with the use of the discrete ordinates
codes the ANISN[7] and the DOT3.5[8], and the point kernel code QAD-CGGP2[9]. The dose rates
equivalent are sufficiently small compared with the design criteria shown in Table 3 for the rated
operation, the reactor shut-down, and the hypothetical accident. Details of the analysis are described
in the reference[10]. For shielding, besides the water inside the containment, a steel shield is
inserted between the core and the steam generator and a cast steel shield of 45 cm of thickness is set
outside the RPV, together with making the core barrel thick.

(5) Passive decay heat removal system

In the normal operation manual, the reactor decay heat after the reactor shut down is to be
removed through the steam generator and the residual heat removal system like the land based
PWRs. When this normal procedure is not available due to an accident, the decay heat is removed
passively by helps of the EDRS and the CWCS as shown in Fig. 5. The decay heat is transferred
from the primary coolant to the water of the containment through the heat exchanger of EDRS, and
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Table 3 Design parameters for dose rate equivalent

Area Design criteria Access frequency

Reactor room
Inside double bottom
Between below containment
vessel and double bottom shell
Engine room

Accommodation Area

Outside ship side

^ 5 mSv/h

^0.0057//Sv/h

^0. UfiSv/h

48 hours per week
1 hour per week

not necessary to access in ordinary condition

Surveillance area
Outside surveillance area boundary
^50/iSv/year
Above waterline
Outside surveillance area boundary

from the water of the containment to the atmosphere through that of CWCS. The flow is driven by
only natural circulation force. The EDRS begins to transfer the heat by opening the valves, but the
CWCS of heat-pipe type transfers always the heat because of no valve setting. For this procedure,
only opening of the EDRS valve is needed, and a small power source is enough to open the valves.

The EDRS and the CWCS have function as the engineered safety system, and are
designed by taking a single failure criteria. That is, the EDRS has three trains with each 100%
capacities, by taking account of one line broken as initiation of the LOCA. The CWCS has four
trains with capacity of 100% per three trains, 33% of one train.

(6) One-piece removal of reactor system

Maintenance and refueling of the reactor system is made by the one-piece removal of
reactor system. The concept of the method is shown in Fig. 6. The containment with the internals
including the PRV and the core is removed from the ship at a dockyard which has the facility of
exclusive use for maintenance. After the removal, a new containment of which maintenance is
already completed can be replaced to shorten the maintenance period.

, K To Maintenance
— v Facility

Reactor Containment

Fig. 6 One-piece removal system
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2.4. Characteristics of transient response

As described in the previous chapter, the MRX copes with anomaly including accidents by
help of the engineered passive safety system: The core is flooded by the water-filled containment
and the decay heat is removed by the EDRS and the CWCS. To view the function and the transient
behavior, the LOCA analysis using RELAP5/mod2[ll] and COBRA-TV[12] codes is presented here
as followings.

Rupture of the EDRS pipe of 50mm diameter is presumed to initiate the LOCA. The
transient is shown in Fig. 7. The reactor pressure decreases rapidly immediately after rupture, and it
does slowly from about 40 seconds to 520 seconds due to change of break flow phase from the
water to the steam. Reactor scram is initiated by the signal of reactor pressure low level at 100
seconds. The EDRS of an intact loop starts to operate at 300 seconds.

Reactor Water Level

Containment Pressure

0

350

300

250

2 200

I 150
& 100

50

0

300 600 900

Time [sec]

1200

Core Outlet Temperature

Removed by EDRS

Decay Heat

Containment Water Temperature
0

0 300 600 900

Time [sec]

1200 1500

Fig. 7 LOCA analysis for break of 50 mm diameter pipe
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The containment pressure rises due to inflow of the primary coolant through the broken
pipe. Both of the containment pressure and the reactor pressure equal at 520 seconds, and afterwards
they show almost a constant value. The containment pressure is under the design limit throughout
the transient.

The water level of the core decreases due to outflow of the primary coolant. It, however,
remains at about 2m high level over the top of the core when both of the pressure equals. The water
level 2m is enough for core flooding completely even if the ship inclines at 30 degrees, which is one
of the design conditions mentioned previously.

The decay heat is removed after the EDRS valve open as follows. The upper part of RPV
is covered with the steam at this time. This steam flows into the EDRS, and be cooled to the state of
water through passing the heat exchanger. The water returns to the down comer of the RPV. Thus a
natural circulation loop is formed by the EDRS and the RPV, and the decay heat is transferred to the
water of containment. In the containment water, the heat is transferred by single-phase natural
circulation from the EDRS to the CWCS. The CWCS transfers this heat to the atmosphere. After
300 seconds, the heat removal rate is larger than the decay heat rate and the temperature of core
outlet decreases gradually. After 600 seconds, the heats removed by the CWCS and the EDRS
balance, and the temperature of containment water remains to a constant.

During the transient, the fuel cladding temperatures are not higher than the initial value of
the steady state and the core is flooded, so that the minimum DNBR never falls down from the
initial value. This leads to a greater contribution for demonstration of MRX's outstanding feature of
safety. As a result, core flooding and decay heat removal are revealed to be done appropriately by
the engineered passive safety system.

On the other hand, in the normal operation, frequent severe load changes will induce the
MRX. The analysis by RELAP5 shows that the MRX can operate stably for these load changes
without calling the scram or relief valve operation of the pressurizer, though the results are not
shown here.

2.5. Achievement of design goals
(1) Light-weightiness and compactness

Breakdown of weights and volumes of the reactor plant components is shown in Table 4.
The total weight and the volume of the MRX are approximately 1600 tons and 1210m3,
respectively. The total weight is summation of all the structures in the containment vessel, the filled
water and the containment vessel itself. The weight is not greater than that set for the design goal,
that is, light-weightiness is achieved. According the light-weightiness, the volume is also small as
shown below.

Comparison with the MRX and Mutsu or the three trial designs[13] studied by JAERI is
shown in Fig. 8. The MRX has a half weight of the Mutsu even though the reactor power of MRX is
three times greater than that of Mutsu, and also a half weight of the trial designs. Because those
other than the MRX have the secondary shields, they are heavier than the MRX. The volume of the
MRX is the half of that of Mutsu and 40% of that of the trial design studies.

Contributions to light-weightiness and compactness of the MRX are due to adoption of
integral type reactor installing the steam generator and the pressurizer inside the RPV, and adoption
of water filled reactor containment vessel. The reactor room and reactor component room are not
subject to the goal in the present discussion, but the total volume of them in MRX is 3326m3, which
is almost the same volume as that of the Mutsu. Thus, the MRX has also the compact reactor room
and reactor component room, since the engineered safety system is greatly simplified, and the
chemical shim for the reactivity control is not adopted.

(2) Simplification of the system

The systems of the MRX for the normal operation are almost the same as existing PWRs
except the chemical processing system. Elimination of the chemical processing system makes the
normal operation system of the MRX be simple greatly.
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Table 4 Breakdown of weight and volume of MRX reactor component

Component Weight (ton)
Reactor vessel 280
Steam generator 57
Support structure 7
Pressurizer 7
Primary coolant pump 11.4
Containment 550
Emergency decay heat removable system 3.6
Containment water cooling system 10.3
Reactor core internal structure

• Upper core structure 18.6
(Inner tank, control rod drive mechanism support plate,... etc.)

• Lower core structure 21.3
(Core tank, neutron relfector, lower core plate,... etc.)

• Control rod drive mechanism 7
(13 drives, control rods, drive axes, acceleration mechanism, guide tubes,... etc.)

• Fuel assemblies 9.9
Primary coolant 45
Containment water 238.6
Valves 0.5
Shields 235
Auxiliary system and tubes 50
Total 1552.1

The engineered safety system of the MRX is also simplified significantly. Comparison of
the engineered safety system with the MRX and the Mutsu, existing PWRs, and the next generation
reactor AP-600[14] is shown in Table 5. To maintain the core flooding in an accident, the Mutsu and
existing PWRs have the injection systems or the accumulator actuated by the active components
such as pumps and valves. On the other hand, the MRX has only water in the containment vessel.
To remove the decay heat in a case of anomaly, the Mutsu and existing PWRs have the cooling
system including the heat exchanger and the pumps while the AP-600 has cooling systems including
the heat exchanger and the passive operating loop. The MRX adopts the similar passive operating
loop to the AP-600. The AP-600 and the MRX use a passive power source, the battery because only
small power is enough for operation.

The numbers of constituent equipment for the engineered safety system are compared in
Table 6. For core flooding, the Mutsu and the existing PWRs have approximately 95 equipment
while the AP-600 does 45 equipment. The MRX does not have any active equipment to keep core
flooding. For the decay heat removable system, both of the AP-600 and the MRX have small
numbers of equipment while the Mutsu and the existing PWRs have large numbers of equipment.
Among these plants, the MRX has the smallest number of constituent equipment.

This allows to say that the goal of system simplification of the MRX is achieved. The
simplification of the systems leads to improvement of economy and reliability through the
reductions of plant construction and maintenance cost, the human error during maintenance, and the
probabilities of equipment failure.

(3) Safety and reliability improvement

The functions of the engineered passive safety systems of the MRX which are
significantly simplified are evaluated with the safety analyses. The LOCA analysis as an example
presented in the previous chapter shows that core flooding is kept and decay heat removal is
performed successively. Corresponding to the Japanese governmental "PWR licensing safety review
guideline", the analyses of the accidents and the anticipated transient events are conducted. The
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Weight

Installation space volume
(involved secondary shield)
Reactor room +
Component room volume

Mutsu reactor

about3200t

about 2300m3

3149m3

Semi-integral type reactor

about2600t

about 3080m3

Integral type reiictor

about2900t

about 2700m3

Integral type reactor with tine
self-pressurized pressurizer

about3200t

about 3300m3

MRX

about 16001

about 1210m3

3326m3

Fig. 8 Comparison of reactor weight and volume



Table 5 Comparison of engineered safety system with other nuclear plants

Core make-up &
keep core flooding

Long term coolant

Containment vessel
coolant
Emergency power

PWR(21oop)
High pressure coolant
injection system (2)
Low pressure coolant
injection system (2)
Accumulator tank (2)
Low pressure coolant
injection system (2)

Containment vessel spray
system (2)
DC power (1)
Emergency generator (2)

Mutsu PWR (2 loop)
High pressure coolant
injection system (2)
Low pressure coolant
injection system (2)

Re-circulation coolant
system (1)

Containment vessel spray
system (1)
DC power (I)
Aux. generator for
Emergency (2)
Emergency generator (1)

AP600
Refueling tank (1)
Core makeup water tank (2)
Automatic depressurization
system (2)
Accumulator tank (2)
Static residual heat removal
system (2)
(Natural circulates)
Static containment vessel
coolant system (1)
DC power

MRX

Containment vessel water
(Water-filled containment
vessel) (1)

Emergency decay heat
removal system (3)
(Natural circulates)
Containment vessel water
coolant system (4)
DC power (2)

( ): Nos. of system

Table 6 Comparison of components of engineered safety system

Component

(Safety Injection system)
• Pump
• Tank
• Heat exchanger
• Remote operation valve

(Residual heat removal system)
• Pump
• Heat exchanger
• Tank
• Remote operation valve

(Safety heat sink system)
• Pimp
• Tank
• Mechanical draft cooling tower
• Heat pipe type heat exchanger
• Remote valve

(Containment spray system)
• Pump
• Tank
•Remote operation valve

PWR(<)

(2 loop plant)

4
45
0

45

5
2
1

19

6
2
4
0

34

2
1
8

Mutsu PWR
(2 loop plant)

7
2
1

85

5
2
2
15

4
1
2
0
18

2
0
2

AP600 r )

0
5
0

40

0
2
0
4

0
1
0

0
4

0
0
0

MRX

0
0
0
0

0
3
0
3

0
0
0

4
0

0
0
0

(*) IAEA, "Review of design approaches of advanced pressurized LWRs", IAEA-TECDOC-861, 1994

former includes the LOCA, the SGTR, the main steam line break and the feed water line break, and
the latter does the loss of the primary coolant flow and so on. The control rods ejection accident
appeared in the guideline is neglected for the MRX since the MRX adopts the in-vessel type
CRDMs which eliminate the possibility of this accident. Typical results of the minimum DNBR,
and the maximum reactor pressure, Pmax,Rv are summarized in Table 7. The results show to satisfy
the standards referring criteria in the PWR licensing safety review guideline.

A countermeasure for the SGTR of this plant is important because the water in the
containment is not useful for the core flooding by the water-filled containment. Isolation of the
steam generators is a critical function to halt flowing out of the primary coolant through the steam
generators. The isolation valves of the MRX are to be operated by a signal of reactor pressure low
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Table 7 Result of safety evaluation on accidents

Matter

LOCA
Loss of primary coolant flow
accident
Main feed water line break
accident
Main steam line break
accident
SG heat transfer pipe
rapture accident

Scram signal

Reactor pressure low
Power range neutron flux high

Reactor pressure high

Power range neutron flux high

Reactor pressure low

Reactor
pressure (MPa)

12.2
13.8

13.8

13.8

12.2

Minimum
DNBR

2.29
2.07

2.15

2.31

2.09

Where,
Maximum allowable reactor pressure =16.4 MPa,
Minimum allowable DNBR = 1.73.

and isolated to terminate the flow. The decay heat can be removed by EDRS even if the SGs are
isolated. Therefore, reliability enhancement of the isolation is especially important for this plant to
keep the core flooding. To enhance the reliability of the isolation, redundancy and diversity of the
valves are realized by adopting air operating valves and electric motor driven valves arranged in
series.

Reliability of the reactor system is evaluated on the basis of the probabilistic safety
analyses (PSA) by the event tree method on a LOCA, a SGTR, and others. As shown in Table 8, the
total occurrence frequency of core damage is approximately 3.5 xlO"8 /reactor/year. Contribution of
redundancy and diversity of the isolation valves to enhancement of reliability is confirmed by the
PSA. Details of the analyses can be found in the reference[15]. The total occurrence frequency of
the core damage of the MRX is two orders of magnitude lower than that of existing PWR plants
such as Surry, Sequoyah, and Zion.

According to the above discussions, it can be said that safety of the MRX are ensured and
reliability of the plant is also significantly improved.

(4) Maintainability improvement

By adoption of the one-piece removal of the reactor system, the ships are required to stay
in the dockyard at only about three weeks for maintenance or refueling work. This method is
considered to be promising since the containment with the internals is relatively small and light-

Table 8 Core damage frequency for major initiating events

Initiating Events
Steam generator: heat tube rupture
Volume control system: pipe rupture in containment vessel
Trip of 2 main power generators
Transient events
Main steam system: common pipe header rapture
Decay heat removable system: failed open of isolation valve
Pipe rupture of sampling system

Core damage frequency^
7.2 x 10~9

1.7 x 109

1.0 x 10'8

3.4 x 10'9

1.5 x 10'9

1.1 x 108

7.5 x 10"10

(*) The values are revised ones from the previous analysis (l6). Especially the value of
"pipe rupture of sampling system" is greatly lowered by reevaluating pipe rupture
frequency taking account of the pipe length inside the containment vessel.
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weight. Furthermore, this method can provide high quality assurance of the work in a land facilities
which of space will be wide enough. The decommissioning of the reactor system can be made
easily. Maintainability of the MRX, therefore, can be said to be improved.

2.6. Evaluation of Economy

For evaluation of economy, the costs of construction and whole operation of ship should
be taken into account. In cost evaluation, the units of TEU and RFR are used: The TEU is a cargo
capacity of container unit, Twenty-feet Equivalent Unit. The RFR is an operation cost to transport
one container during the ship service life of 20 years, Required Freight Rate, $/TEU.

Comparison of the RFR between the nuclear power and diesel engine are shown in Fig. 9
for the container ships of 6,000 TEU and 30 knots of ship speed. The nuclear ship equips with two
MRXs, which of the total power is increased to 348MWt. The navigation route is taken as Asia -
North America. The commission is taken as 20 years from 2015. The crude oil price is assumed to
be $36/bbl. The comparison shows that (a) the capital cost of the nuclear ship is about two times
larger than that of the diesel ship, on the other hand (b) the fuel cost of the nuclear ship is about half
of the diesel ship. In this evaluation, the environmental cost of diesel engine accounts for 22 % of
the RFR. With parameter of ship speed, the comparison of the RFR is shown in Fig. 10. The figure
shows that the nuclear ship has more advantage with increase of ship speed. Over 28 knots of ship
speed, the nuclear ship becomes more economical than the diesel engine ship, since the weight of
environmental cost becomes larger for the diesel engine ship.

3. APPLICATION OF MRX FOR SUPPLY OF ELECTRICITY AND HEAT

Besides the ship propulsion, the MRX can be applied for energy supply to ground
utilization. Conceivable variable utilization of nuclear energy from the MRX are as follows:

- electricity generation;
- electricity generation and sea water desalination;
- electricity and hot water (or heat for air ventilation) co-generation;
- electricity and hot water co-generation and sea water desalination.

In the variable utilization, the nuclear plant with MRX has merits such as being easy to
move, independent of strong construction site, easy to operate, safe, reliable, and so on. With these
merits, a barge type nuclear plant or an offshore floating nuclear plant can supply the energy for
small city or remote region where the infrastructure is not provided. Images of a barge type nuclear
plant or an offshore floating nuclear plant with the MRX are shown in Fig. 11. Rescue vessel in a
case of disaster caused by e.g. earthquake can be one of conceivable applications.

The energy of 300MWt is a possible output to supply electricity, fresh water and hot water
for the population of 100,000 person. In this chapter, the reactor output for the energy supply plant
is taken as 300MWt. Although the thermal output of the original MRX design is 100 MW, power-
up of MRX is possible without change of the design concept. Three sets of the MRX of lOOMWt
output is another option, which has merit of redundancy in the power source and flexibility in power
variation of output.

3.1. Nuclear Energy Supply System

Concept of nuclear energy supply system (NESS) is shown in Fig. 12. The NESS consists
of electricity generation system of turbine and generator, heat supply system, desalination system of
the multi-stage-flash (MSF) and the reverse osmosis (RO), together with the reactor. Main steam of
4MPa from the SG works at the high-pressure turbine. Exhausted steam of 150 C at the outlet of the
high-pressure turbine can be used for heat supply partially and for the MSF distillation plant. The
power for the RO plant can be supplied from the electricity generated. Heat transport to heat supply,
as well as the fresh water generation, is provided using three-circuit flow scheme with a pressure
barrier between circuits.
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Fig. 10 Comparison of RFR with parameter of ship speed

The energy supply system can be designed to operate over a wide range of loads with
various ratios of electrical and heat demands. There are possible cases as shown in Fig. 13. The case
1 is for electricity generation alone. The capacity of electricity generation is 100 MW, which will be
sufficient for household use of 100,000 person. The case 2 is for electricity generation and heat
supply. The energy for heating by hot water or steam will be more effective than electricity in a cold
region or winter season. For this condition, the extracted steam from the outlet of the high-pressure
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Fig. 11 Images of barge type and offshore floating nuclear plants
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Fig. 12 Concept of nuclear energy supply system
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Fig. 13 Variations of energy supply for electricity, heat and fresh water co-generation
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turbine will increase at daytime and electricity generation will be reduced. The case 3 is for
electricity generation, heat supply and seawater desalination. Since electricity will be consumed
mainly in the daytime and less in the nighttime, fresh water production can be made in the
nighttime. The fresh water can be produced by combination of the MSF and the RO about 35,000
m3/day, which is sufficient for household use of 100,000 person on the base of 0.35m3/day/person.
The reactor power is required to vary in a day according to demand of energy utilization. The MRX
can respond easily to power change.

Design features of the system are as follows.

The reactor of MRX, light-weighted and compact integral type PWR is applicable.
For protection of heat consumer, the three-circuit scheme is used with the pressure boundary
between circuits.
The MRX can be operated smoothly for load change according to demand of energy usage.
Maintenance or refueling can be made in a short period with the one-piece removal of the
reactor system as described in the previous chapter.

3.2 Nuclear Barge

A nuclear barge with the MRX can be sited in protected water area such as artificial bay of
sea or river. The barge, special non self propelled ship can be transported by tug boats by water to
the region of deployment. The concept of nuclear barge is shown in Fig. 14. The reactor thermal
power is 300 MW to generate the electricity of 100 MW. The barge is designed to supply the
electricity, but it can also supply the hot water or the fresh water by installing plants according to
demands.

The displacement of the barge is 13,000 tons. Layout of the barge is designed as follows:

a) The reactor and electricity generation compartments are placed near the center of the barge to
stabilize and trim,

b) The control room, the resident rooms, the radioactive waste process compartment etc., are laid
at the bow, and the compartment for electric transformer and switch-gear at the stern,

Reactor compartment

Electricity" generation
compartment

Control room

Resident room

Compartment for
electric transformer
and switchgear

Auxiliary compartment Radioactive
waste process
compartment

Fig. 14 Concept of nuclear barge with MRX
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c) Upper part of reactor compartment is used for carrying of the fuel and an open space for
overhaul of the reactor system,

d) The boiler and auxiliary electricity supply system is set at the auxiliary compartment for
maintenance or the periodical inspection.

Mooring of the barge is one of important design subjects and depends on the condition of
site. A possible mooring facility is made by a hydraulic shock-absorbing mechanism using the
dolphin which can be used for large floating structures.

Maintenance and refueling of the reactor system can be done by the way of the one-piece
removal of the reactor system at a dockyard, and replaced with another one.

4. CONCLUSION

(1) For a light-weighted and compact reactor, the radiation shield structure is critically important.
The weight of MRX is reduced greatly by eliminating the secondary shield due to adoption of
the water- filled containment. The integral type reactor is also effective for a compact reactor.
Compactness of MRX is obtained by adoption of the integral type reactor with arrangement of
almost all components inside the RPV.

(2) The engineered safety system of MRX is greatly simplified by adoption of the water-filled
containment and the passive decay heat removable system relied on the natural circulation.
Comparing the numbers of the sub-systems and equipment in the engineered safety system with
other nuclear plants, the number of is decreased significantly.

(3) The MRX simplified passive safety system can ensure safety of the reactor, which is confirmed
by the safety analysis. It is noteworthy that the MRX never uncover the core by help of the
water-filled containment even in a LOCA.

(4) Simplification of the system can also contribute to improvement of reliability. Reliability of the
MRX system is confirmed by the PSA and found the total core damage occurrence frequency is
two orders smaller than that of existing PWR plants on land.

(5) The MRX can be used for not only a ship but also a wide range and multi purpose. The nuclear
energy supply system with the MRX of 300MWt can provide enough electricity, fresh water to
the population of 100,000 person.

(6) The nuclear barge with displacement of 13,000 ton is introduced as a possible application for
energy supply.
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