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Summarized Technical Data
Fixed Bed Nuclear reactor (FBNR)

General plant data

Reactor thermal output 218 MW(th)

Power plant output, gross 72 MW(e)

Power plant output, net 70 MW(e)

Power plant efficiency, net 33 %

Mode of operation Base Load (Base Load,
Load Follow)

Plant design life Years

Plant availability target > 95 %

Seismic design, Safe Shutdown Earthquake

PGA, g

Primary Coolant material Light water

Power Circuit Coolant material Light water

Intermediate Coolant materia, if applicable

Moderator material, if applicable Light water

Type of Cycle Indirect Direct/Indirect

Thermodynamic Cycle Rankine Rankine,
Brayton,
Other

Non-electric applications:

Potable water — For each MWe reduced 50 m>/hour

electricity m>/hour, °C

Process steam GCal/hour,

Heat (for district heating or industrial) m>/hour

Hydrogen (or other advanced energy carrier) Appropriate

Other units

Safety goals

Core damage frequency [reactor-year

Large early release frequency [reactor-year

Other, if Applicable

Occupationa radiation exposure Person-
Sv/reactor-year

Operator Action Time (Grace period) 200 hours

Economic goals

Mode of deployment Distributed,
Concentrated

Levelized Unit Electricity Cost for n-th of a




kind plant

Levelized Unit Cost of anon-electrical product

for n-th of akind plant

Reactor Core

Active core height 2 m

Equivaent core diameter 17 m

Average linear heat rate 135 W/fuel element

Average fuel power density 28 kW/kgU

Average core power density 45 MW/m®

Fuel material CERMET

Fuel element type Spherical

Cladding material Zircaloy-4

Outer diameter of spherical fuel element 15 mm

L attice geometry Dodecahedron | Square,
Triangular,
Other

Number of fuel elementsin the core 1.62 millions

Number of fuel assemblies

Enrichment of reloaded fuel in equilibrium 5 Weight %

core

Fuel cycle length 25 Months

Average discharge burn-up of fuel 15.3 MWd/kg

Burnable absorber (mode of use/material) kg

Mode of reactivity control

Boron and core

Control rods,

height level Other
limiter (CHLL)
Mode of reactor shut down Turn off the Control rods,
coolant pump Other
Control rod absorber material
Soluble neutron absorber, if any Boron
Other
Primary Coolant System
Primary coolant flow rate 1060 kg/s
Reactor operating pressure 16 MPa
Core coolant inlet temperature 290 °C
Core coolant outlet temperature 326 °C
I nter mediate Coolant System, if applicable
Intermediate coolant flow rate kg/s
Intermediate coolant operating pressure MPa
Intermediate coolant minimum temperature
Intermediate coolant maximum temperature
Power Conversion system
Working medium
Working medium flow rate at nominal kg/s
conditions
Working medium pressure/temperature M Pa/




Working medium supply” flow rate at nominal kg/s
conditions
Working medium supply temperature
Reactor Vessel
Inner diameter of cylindrical shell 214 mm
Wall thickness of cylindrical shell 15 mm
Total height, inside 6000 mm
Base material
Design pressure/temperature MPa(a)/
Transport weight 5 t
Guard Vessd, if applicable
Inner diameter of cylindrical shell mm
Wall thickness of cylindrical shell mm
Total height, inside mm
Base material
Design pressure/temperature MPa(a)/
Transport weight t
Steam generator or Heat Exchanger of the Power Cir cuit
Type Tube & Shell
Number
Mode of operation Primary coolant | Secondary
inside/ Steam | coolant inside
generated tubes/ Outside
outside the of the tubes
tube.
Total tube surface area (indicate — inside or m’
outside)
Number of heat exchanger tubes
Tube outside diameter mm
Tube material
Transport weight t
I ntermediate Heat Exchanger, if applicable
Type
Number
Mode of operation Secondary
coolant inside
tubes/ Outside
of the tubes
Total tube surface area (indicate — inside or m*
outside)
Number of heat exchanger tubes
Tube outside diameter mm
Tube material
Transport weight t
Primary Circulation System
Circulation Type Forced Forced, natural
Pump type Centrifugal

5 Working medium supply = feedwater in case of a steam cycle




Number of Pumps One

Pump speed or Other characteristic rpm
Head at rated conditions 136 m
Flow at rated conditions 1400 m/s

| ntermediate Circulation System, if applicable

Circulation Type

Forced, naturd

Pump type

Number of Pumps

Pump speed or Other characteristic rpm
Head at rated conditions m
Flow at rated conditions m°/s

Circulation System of the Power Cir cuit

Circulation Type

Forced, naturda

Pump type

Number of Pumps

Pump speed or Other characteristic rpm

Head at rated conditions m

Flow at rated conditions m°/s

Pressurizer, if applicable

Type Separate
module.
Internal, within
the reactor
vessdl.
Other.

Total volume m°

Working medium volume: full power/zero m°

power

Active devices used Heater rods,
Sprinkler
devices

Primary containment

Type Underground

Overall form (spherical/cylindrical)

Dimensions (diameter/height) m

Design pressure/temperature M Pa/

Design leakage rate Volume %/ day

Secondary containment, if applicable

Type

Overall form (spherical/cylindrical)

Dimensions (diameter/height) m

Design pressure/temperature M Pa/

Design leakage rate Volume %/ day

Equipment and Systems located in the space List of the

between the primary and the secondary equipment and

containment systems

Residual heat removal systems

Active/passive systems Passive System | List of the

systems




Safety injection systems, if applicable

Active/passive systems List of the
systems

Turbines

Type of turbines Conventional

Number of turbines one

Number of turbine sections per unit (e.g.

HP/MP/LP)

Turbine speed rpm

HP turbine inlet pressure/temperature MPa(a)/

Generators

Type Conventional

Number one

Rated power MVA

Active power MW

Voltage kV

Frequency Hz

Total generator mass including exciter t

Condensers, if applicable

Type

Condenser pressure kPa

Compressors, if applicable

Type

Pressure before and after the compressor kPa

Plant Configuration and L ayout

Plant configuration options L and-based
Barge-mounted
Single unit
Twin unit
Multi-module
plant
Other

Surface area of the plant site m’

Elevation or underground embedding of the + m, from the

nuclear island reactor vessel
bottom

Core catcher Yes No

Protection against aircraft crash Indicate the
type of the
plane and the

conditions of
plane fall down
List the
buildings which
are protected

Protection against flooding

List relevant
design features
and systems

For barge-mounted plant options only:

List the events




Features for protection against tsunamis, considered in
collision with other ships, etc. the design

1. INTRODUCTION

The solution to the ever increasing demand for energy to satisfy the needs of growing
world population and improving its standard of living lies in the combined utilization
of al forms of energy.

The problem of global warming is no longer a philosophical discussion, but it isafact
serioudly threatening the future of humanity. Energy conservation and alternative
forms of energy generation such as solar, wind, and bio even though having important
roles, do not satisfy the energy demand generated by an increasing world popul ation
that desires to increase its standard of living. The fission process in the nuclear
reactors does not produce greenhouse gases that cause global warming. The new
paradigm in nuclear energy is the future innovative reactors that meet the new
standards set by the INPRO Program of the IAEA. One such areactor is the Fixed
Bed Nuclear Reactor (FBNR) that is supported by the International Atomic Energy
(IAEA) inits program of Small Reactors Without On-Site Refuelling (SRWOSR).
The nuclear reactors of the future are totally different than what are today in respect to
safety, economics, environmental impact and proliferation. In this manner, the public
perception of nuclear energy will change and yheir acceptability will be enhanced.

The recently held UN panel on global warming made impressive observations. “As
the scientific consensus on global warming grows, it's time to look more closdly at
how to share the economic, social, and humanitarian burdens that climate change will
likely bring. If sealevelsrise at the rates they are predicting, we may see hundreds of
millions of refugees. Where will they go? Who will take them in? What does it mean
about immigration regulations? These were only some of the moral and ethical
guestions that are being posed by the looming effects of global warming. The future
will be catastrophic for all communities, for all countries, but particularly for those
who have aready been identified as particularly vulnerable to the impacts of climate
change. Some forecasts suggest that small island states will disappear entirely under
the rising ocean. This is the time to remind the international community that ethics
and morality do play a very important role in any human activity, especially when we
have a situation where climate change is affecting such alarge number, especialy the
poor and vulnerable’.

The solution to the problem of global warming lays both in the processes of energy
conservation and energy production. None of the energy resources alone is a panacea.
The solution to the ever increasing demand for energy to satisfy the needs of growing
world population and improving its standard of living lies in the combined utilization
of all forms of energy. Nuclear energy produced in a sustainable manner will have an
important role in solving the world energy problem without producing greenhouse
gases. The public objections to nuclear energy most often expressed are reactor safety,
cost and nuclear waste disposal. A shift of paradigm in relation to nuclear energy is
occurring and a new era of nuclear energy is emerging.



The problem of energy resource availability, climate change, air quality, and energy
security suggest an important role for nuclear power in future energy supplies.
Nuclear power plant technology has evolved as three distinct design generations:. (1)
Prototypes, (2) Current operating plants, and (3) Advanced reactors. The next
generation of nuclear energy systems must be licensed, constructed, and operated in a
manner that will provide a competitively priced supply of energy, keeping in
consideration an optimum use of natural resources, while addressing nuclear safety,
waste, and proliferation resistance, and the public perception concerns of the countries
in which they are deployed. Recognizing both the positive attributes and shortcomings
of the prior generations of reactor designs, it is now time to lay the groundwork for a
new generation of nuclear reactors.

Recently, international cooperation activities, such as the Generation IV International
Forum (GIF) and the International Project of Innovative Nuclear Reactors and Fuel
Cycles (INPRO) have motivated the nuclear scientists and technologists around the
world to search for anew generation of innovative nuclear reactors. These reactors are
to be totaly safe, resistant to proliferation, environmental friendly and economic.
Thus, a new era of nuclear energy is emerging. The IAEA has committed itself to
“Help to ensure that nuclear energy is available to contribute in fulfilling energy
needs in the 21st century in a sustainable manner; and to bring together both
technology holders and technology users to consider jointly the international and
national actions required to achieve desired innovations in nuclear reactors and fuel
cycles.”

The IAEA through its INPRO Program is creating a new paradigm in nuclear energy.
The nuclear energy in the future will be generated by innovative nuclear reactors that
will meet a new set of requirements. The public perception of nuclear energy will
change and thus a new era of nuclear energy will emerge. The objective of the FBNR
Project is to develop an innovative nuclear reactor to be small, simple in design, and
meet the requirements of being economic, safe, proliferation resistant and sustainable.

About 30% of the world's primary energy consumption is used for electricity
generation, about 15% is used for transportation, and the remaining 55% is converted
into hot water, steam and heat. Non-electric applications include desalination, hot
water for district heating, and heat energy for petroleum refining, for the
petrochemical industry, and for the conversion of hard coal or lignite. For non-electric
applications, the specific temperature requirements vary greatly. Hot water for district
heating and heat for seawater desalination require temperatures in the 80 to 200 C
range, whereas temperatures in the 250 to 550 C range are required for petroleum
refining processes and about 800 C are necessary for coa gasification processes.

Providing potable water is a challenging problem of this century. Desalination of sea
water is a feasible answer to this problem. The combination of a nuclear power
reactor with water desalination plant can most economically be utilized because the
higher the temperature and pressure of steam used in a turbine, the lower the cost of
electricity produced. For fractional distillation, on the other hand, steam at low
temperature and pressure is needed and the greater part of input heat is the latent heat
of steam. Therefore, the power production and desadination systems may be
advantageously combined. To produce fixed amounts of electricity and water in a



dua purpose plant can result in saving of about 40% in energy consumption should
they be produced in two separate plants.

The FBNR is an innovative small nuclear reactor (70 MWe) is a small reactor without
the need for on-site refuelling. The Small Reactors without On-Site Refuelling are
defined by the IAEA as “Reactors which have a capability to operate without
refuelling and reshuffling of fuel for a reasonably long period consistent with the
plant economics and energy security, with no fresh and spent fuel being stored at the
site outside the reactor during its service life. They also should ensure difficult
unauthorized access to fuel during the whole period of its presence at the site and
during transportation, and design provisions to facilitate the implementation of
safeguards. In this context, the term “refuelling” is defined as the “removal and/or
replacement of either fresh or spent, single or multiple, bare or inadequately confined
nuclear fuel cluster(s) or fuel element(s) contained in the core of a nuclear reactor’.
This definition does not include replacement of well-contained fuel cassette(s) in a
manner that prohibits clandestine diversion of nuclear fuel material”.

Some of the important advantages of the small reactors may be summarized as
follows:

* They are adequate for countries with small electric grids and insufficient
infrastructure.

* They are adequate for countries that have limited capacities for investment,
especialy in relation to hard currency, and small turnover of capital in the electricity
market.

* They offer an option of electricity generation coupled with seawater desalination,
which meets the urgent needs of many devel oping countries.

* They could offer avariety of passive safety features that may be difficult to obtain
with large reactors. This fact makes them a good potential choice for countries with
insufficient nuclear infrastructure and limited number of human resource.

* They provide an attractive domain for fuel leasing and facilitate an option of factory
fuelled and transportable power plant, such as barge-mounted, which may be a
solution for countries with limited capabilities in mastering nuclear fuel cycle, or for
those who prefer to be just the end users of nuclear power.

* In industrialized countries, electricity market deregulation is calling for power
generation flexibility that smaller reactors may offer.

* They are of particular interest for advanced future non-electric applications, such as
hydrogen production, coal liquefaction, etc.

* They provide means for learning knowledge and technology from a small prototype
plant.



» Asnuclear reactors do not emit carbon dioxide, they will provide the developing and
industrialized countries with sustainable devel opment through both, electricity
production and process heat applications.

2. REACTOR DESCRIPTION

The Fixed Bed Nuclear Reactor (FBNR) is a small reactor (70 MWe) without the
need for on-site refuelling. It is a pressurized light water reactor having its fuel in
spherical form. It has the characteristics of being ssimple in design, inherent safety,
passive cooling, proliferation resistant, and reduced environmental impact.

The CERMET fuel is proposed for the FBNR reactor. The fuel consists of coated
UO2 kernels embedded in a zirconium matrix which is then coated with a protective
outer zirconium layer. CERMET Fuels have significant potentia to enhance fuel
performance because of low internal fuel temperatures and low stored energy. The
FBNR fuel element consists of 500 microns in diameter UO2 microspheres covered
by 25 microns thick zirconium cladding embedded in a spherical zirconium matrix
that is cladded by 300 microns thick Zircaloy-4 cladding to form a 15 mm diameter
fuel element.

Fr Outter Comfing
FIG 2.1: FBNR Fuel Element

The FBNR fuel chamber is fuelled in the factory. The sealed fuel chamber is then
transported to and from the site. It isan integrated primary system design.

The reactor as shown in the schematic figure, have in its upper part the reactor core
and a steam generator and in its lower part the fuel chamber. The core consists of two
concentric perforated zircaloy tubes of 31 cm and 171 cm in diameters, inside which,
during the reactor operation, the spherical fuel elements are held together by the
coolant flow in a fixed bed configuration, forming a suspended core. The coolant
flows vertically up into the inner perforated tube and then, passing horizontaly
through the fuel elements and the outer perforated tube, enters the outer shell where it
flows up vertically to the steam generator. The reserve fuel chamber is a 60 cm



diameter tube made of high neutron absorbing alloy, which is directly connected
underneath the core tube. The fuel chamber consists of a helical 40 cm diameter tube
flanged to the reserve fuel chamber that is sealed by the national and international
authorities. A grid is provided at the lower part of the tube to hold the fuel elements
within it. A steam generator of the shell-and-tube type is integrated in the upper part
of the module. A control rod can slide inside the centre of the core for fine reactivity
adjustments. The reactor is provided with a pressurizer system to keep the coolant at a
constant pressure. The pump circulates the coolant inside the reactor moving it up
through the fuel chamber, the core, and the steam generator. Thereafter, the coolant
flows back down to the pump through the concentric annular passage. At a flow
velocity called termina velocity, the water coolant carries the 15 mm diameter
spherical fuel elements from the fuel chamber up into the core. A fixed suspended
core is formed in the reactor. In the shut down condition, the suspended core breaks
down and the fuel elements leave the core and fall back into the fuel chamber by the
force of gravity. The fuel elements are made of UO, micro spheres embedded in
zirconium and cladded by zircaloy.

Any signal from any of the detectors, due to any initiating event, will cut-off power to
the pump, causing the fuel elements to leave the core and fal back into the fuel
chamber, where they remain in a highly subcritical and passively cooled conditions.
The fuel chamber is cooled by natural convection transferring heat to the water in the
tank housing the fuel chamber.

The pump circulates the water coolant in the loop and at the mass flow rate of about
220 kg/sec, corresponding to the terminal velocity of 1.50 m/sec in the reserve fuel
chamber, carries the fuel elements into the core and forms a fixed bed. At the
operating flow velocity of 7.23 m/sec, corresponding to the mass flow rate of 1060
kg/sec, the fuel elements are firmly held together by a pressure of 0.188 bars that
exerts aforce of 27.1 times its weight, thus forming a stable fixed bed. The fixed bed
is compacted by a pressure of 1.3 bars. The coolant flows radialy in the core and
after absorbing heat from the fuel elements enters the integrated heat exchanger of
tube and shell type. Thereafter, it circulates back into the pump and the fuel chamber.
The long-term reactivity is supplied by fresh fuel addition and possibly aided by afine
control rod that moves in the center of the core controls the short-term reactivity. A
piston type core limiter adjusts the core height and controls the amount of fuel
elements that are permitted to enter the core from the reserve chamber. The control
system is conceived to have the pump in the “not operating” condition and only
operates when al the signals coming from the control detectors simultaneously
indicate safe operation. Under any possible inadequate functioning of the reactor, the
power does not reach the pump and the coolant flow stops causing the fuel elements
to fal out of the core by the force of gravity and become stored in the passively
cooled fuel chamber. The water flowing from an accumulator, which is controlled by
a multi redundancy valve system, cools the fuel chamber functioning as the
emergency core cooling system. The other components of the reactor are essentially
the same as in a conventional pressurized water reactor.

The fuel elements enter the reactor core and stay there suspended when the coolant
flow velocity passes the velocity called “terminal velocity”. The increase in the
coolant flow velocity takes the elements out of the fuel chamber into the reserve fuel
chamber and thereafter into the corein a vertical flow. The coolant’s radial flow will



occur only in the core as the core height limiter blocks the axial flow at the top of the
core. Therefore, the fixed core is formed in a separate region below which is flowing
pure coolant vertically at a velocity much higher than the terminal velocity. The so
called “apparent weight” of the core is sustained by the vertical column of pure
coolant flow. The radial flow serves to cool the fuel elements. The axial pressure
drop of the coolant serves to compact the fuel elements in the core and makes it a
fixed bed. It may be visualized that the core is a solid shell of a “porous material”
held against the piston like core level limiter by the upward force of a column of
flowing water at velocities much higher than the terminal velocity. The “porous
material” being the compacted spherical fuel elements.

FIG. 2.2: Schematic design of FBNR



FIG. 2.3: Design of FBNR

Table below shows a summary of the requirements of a small reactor without on-site
refuelling and their applicability to FBNR.

Requirement Demonstration of applicability

Small insize FBNR issmall in nature. The optimum size for the FBNR is 70
MWe. The larger size up to amaximum of 165 MWe can be
achieved only at the cost of alower thermodynamic efficiency.

Modular The reactor is modular in design. The modular aspect of the reactor
leads to the mass production processes resulting in better economy
and higher quality products.

No need for on-site | Each moduleisfuelled in the factory. The fuelled modulesin sealed
refuelling form are then transported to and from the site. The FBNR hasalong
fuel cycle time and, therefore, there is no need for on-site refuelling.




Proven Technology

FBNR makes an extensive use of a proven technology namely the
PWR.

Diversity of
applications

The FBNR is aland-based nuclear power plant for urban or remote
localities. The FBNR is designed to produce e ectricity alone or to
operate as a co-generation plant producing electricity and desalinated
water or steam for industrial purposes. As another option, the FBNR
may be designed for district heating.

factory

Refuelling in the

No refuelling on the site is needed because the fuel elements are

contained in the fuel chamber and transported to the factory for

refuelling under surveyed condition. Refuelling is done by the
replacement of fuel chamber.

Long fuel cycle
time.

The length of the fuel cycleisflexible and depends on the economic
analysis of the fuel inventory and its enrichment for particular
situation of the reactor and its application. The replacement of fuel
chamber can easily be done at any desired timeinterval.

No fuel reshuffling

No reshuffling of fuel is necessary because the fuel elements go from
fuel chamber to the core and vice versa without the need of opening
the reactor.

No fresh fuel
storage on site

There is no need for fresh fuel to be stored at the reactor site since the
sealed fuel chamber is transported to and from the factory where
refuelling process is performed.

Short period of The spent fuel that are confined in the fuel chamber and kept cooled
spent fuel storage | by itswater tank. It can be sent back to the factory at any time when
on site.

the radiological requirements are met.

Inaccessibility of
fuel to

unauthorized

Individuals.

No unauthorized access to the fresh or spent fuel is possible because
the fuel elements are either in the core or in the fuel chamber under
sedled condition; therefore, no clandestine diversion of nuclear fuel
material is possible.

High fabrication
quality & economy.

The FBNR is shop fabricated thus it guarantees the high quality
fabrication and economic production process.

Easy transportation

The reactor is about 3 m in diameter and 9 m high, while its fuel
chamber isonly 3 min diameter and 3 m high, thus the transportation
to the site and return is very easy and convenient.

Easy dismantling | The reactor loop being made of relatively small components, at the
end of its useful lifetime, the reactor can be dismantled and even
disposed of in one piece with simplicity.
Reduced number of

operators required.

The reactor can be operated with a reduced number of operators or

even be remotely operated without any operator on site. Thisis




possible due to the inherent safety characteristics of the reactor asthe
reactor operates when all the operating parameters are within the
designed ranges. In any other situation, the electricity does not reach
the pump to operate the reactor and the fuel elementswill fall out of
the core by the force of gravity and enter the fuel chamber where they
remain under highly subcritical and passively cooled conditions.

Simplicity & The simplicity of the design and the lack of complicated control
economy system, make the reactor highly economic.
Simple The infrastructure needed for the plant using FBNR is a minimum.
infrastructure | The important processes are performed in the shop that can be donein
aregional centre serving many reactors.

Underground The inherent safety and passive cooling characteristics of the reactor
containment and eliminate the need for containment. However, an underground

environment

containment is envisaged for the reactor to mitigate any imagined
adverse event. The main objectiveisto hide theindustrial
equipments underground and present the nuclear plant as a beautiful
garden compatible with the environment acceptable to the public.

and environment.

Utilization of spent
fuel, nuclear waste

The spent fuel from FBNR isin aform and size (1.5 cm diameter
spheres) that can directly be used as a source of radiation for
irradiation purposes in agriculture and industry. Therefore, the spent
fuel from FBNR may not be considered as waste as it has useful
applications. They may aso be reprocessed after their use as
radiation source. Should reprocessing not be allowed, the spent fuel
elements can easily be vitrified in the fuel chamber and the whole
chamber be deposited directly in awaste repository. These factors
result in reduced adverse environmental impact.

High conversion
ratio

The moderator to fuel volume ratio of FBNR is about 0.7-0.8,
compared to 1.8-2.0 for a conventional PWR. Thus, the neutron
spectrum in the FBNR is harder resulting in a higher conversion ratio
than the 0.55 for PWR that may be about 0.7-0.8. 1t may permit using

MOX fuel, even in the beginning of the fuel cycle without needing
enriched uranium, resulting in a higher conversion ratio.

High level of safety

Strong reliance on inherent and passive safety features, and passive
systems.

Fool proof nuclear
non-proliferation
characteristic.

The non-proliferation characteristics of the FBNR are based on both
the extrinsic concept of sealing and the intrinsic concept of isotope
denaturing. Its small spherical fuel elements are confined in afuel
chamber that can be sealed by the authorities for inspection at any

time. Only the fuel chamber is needed to be transported from the fuel

factory to the site and back. Thereis no possibility of neutron
irradiation to any external fertile material. |sotopic denaturing of the
fuel cycles either in the U-233/Th or Pu-239/U cycle increases the
proliferation resistance substantially. The use of thorium based fuel




will also contribute to this end. Therefore, both concepts of “sealing”
and “isotope denaturing” contribute to the fool proof non-
proliferation characteristics of FBNR.

Enhanced
safeguard ability

Fuel elements are confined in the fuel chamber that could be sealed
by authorities for inspection at the end of the fuel life or at any time.
The reactor vessd is cladded by neutron-absorbing materiasto
eliminate the possibility of neutron irradiation of any external fertile
material.

Technology
transfer

The technology could be open to all nations of the world under the
supervision and control of international authorities.

Enhanced safety

Reactivity excursion accident cannot be provoked. The reactor coreis
filled with fuel only when all operational conditions are met.

Mitigation of steam

The water heated in the reactor core passes through an integrated

generator leakage steam generator producing steam to drive the turbine.
problem
Reduced adverse Underground containment in agarden like site.
environmental
impact

Long core lifetime

Insertion of fresh fuel into the core combined with reducing boron
concentration in the moderator is performed continuously to
compensate for fuel burn-up.

Resistance to
unforeseen accident
scenarios.

Any probable accident, through cutting off the power to the pump,
causes the fuel elements fall out of the core driven by the force of
gravity. Thenormal state of control systemis*switch off”. The
pump is*“on” only when all operating conditions are simultaneously
met.

Low fue
temperature

A heat transfer analysis of the fuel elements has shown that, dueto a
high convective heat transfer coefficient and alarge heat transfer
surface to volume ratio, the maximum fuel temperature and power
extracted from the reactor core is restricted by the mass flow of the
coolant corresponding to a selected pumping power ratio, rather than

by temperature limits of the materials.

Dual purpose plant

The FBNR can operate within a cogeneration plant producing both
electricity and desalinated water. A Multi Effect Distillation (MED)
plant may be used for water desalination. An estimated 1000 m3/day
of potable water could be produced at about 1 MWe reduction of the

electric power. It may also produce hot water for district heating.

Low capital
investment

The simplicity of design, short construction period, and an option of
incremental capacity increase through modular approach result in a
much smaller capital investment.




3. DESCRIPTION OF SAFETY CONCEPT

The key to the safety characteristic of FBNR is simply that the core becomes empty of
fuel elements should any undesired situation occur. Any signal from any of the
numerous detectors, due to any accident event, will cut-off power to the pump,
causing the fuel elements to leave the core and fall back into the fuel chamber where
they remain in a highly subcritical and passively cooled conditions. Therefore, the
pump is normaly in “off” condition and will turn “on”, only when al the signal values
are simultaneously within the design range. The fuel chamber is cooled by natural
convection transferring heat to the water in the tank that houses the fuel chamber. In
this condition the accumulator valves, acting under pressure difference, will open
automatically and the fuel chamber cooling tank becomes filled with cold water.

The operating condition of the 70 MWe reactor corresponds to the coolant flow
velocity of 7.2 m/s. The termina velocity being the minimum coolant velocity to
carry the fuel elements into the core is 1.5 m/s. The maximum flow velocity above
which the reactor operation becomes impractical is of 25 m/s. in the operating
condition, the fuel elements are held together with a pressure of about 0.2 bar and the
force on them is more than 27 times the force of gravity, thus guarantees the bed to
remain as afixed bed during the reactor operation.

In order to be able to judge the safety aspect of the FBNR reactor, some neutronics
and thermal characteristics of the reactor are summarized bel ow:

The inlet and outlet temperatures of coolant in the core are 290 C and 326 C
corresponding to enthalpies of 1283 and 1489 KJKg giving an enthalpy rise of 206
KJkg. The mass coolant rate at the operating condition is 1060 Kg/s corresponding
to a coolant velocity of 7.23 m/s, thus the reactor produces a thermal power of 218.4
MW1 corresponding to an el ectric power of 70 MWe.

The critical core height is about 200 cm. The core height can be changed by the Core
Height Level Limiter (CHLL). The largest effect of CHLL is 0.37 mK/Cm at the
beginning of cycle (BOC) and decreases to 0.059 mK/Cm at the end of cycle (EOC).
The effect of soluble boron in the moderator is 0.039 mK/ppmB at the BOC. The 200
cm height reactor with 2900 ppmB has Ke=0.99160 and with 2700 has Ke=0.99981.

It is seen that the moderator coefficient for 3000 ppm is still negative being -3x10™*
mK/C. The Doppler coefficient for 3000 ppm boron is -6x10° mK/ &C. It is seen
that each percent of fuel enrichment contribute to 281 days [5627 MWD/T] of the fuel
lifetime.

In the case of a Loss of Coolant Accident (LOCA), the pressure in the reactor core
drops and consequently the fuel elements fall out of the core and enter the fuel
chamber where they remain under subcritical and passively cooled conditions. The
heat transfer calculations show that their temperature will not exceed ~ 542 & and
only less than 1 m® of water from accumulator is necessary to evaporate during one
month of grace period.



The Loss of Flow Accident (LOFA) will be a more favorable accident condition than
the LOCA. Again the fuel elements due to the lack of coolant flow will fall back into
the fuel chamber where they remain under subcritical and passively cooled conditions.
The loss of power simply shuts down the pump and the reactor condition will be
equivalent to a LOFA case.

The loss of turbine load or secondary loop break accident will cause the temperature
of the cold leg of the pump increase and thus the control system will shut down the
pump. Also the bubbles formed in the core decrease the moderator density thus due
to the negative moderator coefficient, (- 350 mK/(g/lcm3)) , the reactor becomes
subcritical.

The worst condition that any terrorist action can produce will be similar to the LOCA
condition. What is needed will be to protect the fuel chamber physically within a
robust structure.

The limit of the reactor power is not dependent on the design temperatures but on the
percent of pump power consumption. The standard reactor is chosen to be 70 MWe
where about 3% of power is consumed by the pump. One can have a maximum 165
MW e reactor should we accept that 34 % of generated power goesto power the pump.
Above this reactor size, the required pump power will exceed the additional energy
produced by the reactor and thus the system become unproductive.

The 200 cm height core has 4.78 m3 volume and contain 2.87 m3 fued that
corresponds to 1.62 millions of spherical fuel elements. The volumetric heat
generation is 76.10 w/cm3 or 134.40 watts per sphere. Each fuel element having 7.4
g of UO2 contain 6.52 g of uranium metal.

Under normal operating condition, the temperature of the fuel surface is 357.7 °C
corresponds to the temperature of 414.3 °C at fuel centre giving a temperature
difference of 56.6 °C. The critical heat flux isfound to be 2290 kW/nm?.

FBNR is evaluated by the INPRO Methodology. The summary report of IAEA-
INPRO on the safety assessment of FBNR states the followings (Item 4.7.3 Safety):

“FBNR is a smal innovative PWR (70 MWe) design without the need for onsite
refueling. The FBNR design has potential to reach alevel of total safety as the law of
gravity and heat convection governs its inherent safety characteristics. The reactor
core consists of spherical fuel elements held at their axia position by the coolant
flow. The coolant pump is normally in “off” position and turns "on" only if al the
saofety signals are simultaneously correct. Under any conceivable accident
scenario, the spherical fuel elements fal out of the core down into a fue
chamber where they remain under passively cooled and subcritical conditions. For
the FBNR design all INPRO safety criteria were found to be in agreement or at least
to show great potential; i.e. no show stopper was found at this early stage of
development. The FBNR design has potential to reach a higher level of safety
compared with the reference design of ANGRA-2.*



4. PROLIFERATION RESISTANCE

Under the present world conditions, the first priority of the governments in relation to
nuclear energy is non-proliferation and safeguard of the nuclear reactors. This
provides a challenge for us to come up with afool proof nuclear reactor concept.

The FBNR reactor is designed to be fool proof against nuclear proliferation. There is
no possibility that any ill intentioned group can misuse the reactor for military
purposes.

The non-proliferation characteristics of the Fixed Bed Nuclear Reactor (FBNR) is
based on both the extrinsic concept of sealing and the intrinsic concept of isotope
denaturing. Its small spherical fuel elements are confined in a fuel chamber that can
be sealed by the authorities for inspection at any time. Only the fuel chamber is
needed to be transported from the fuel factory to the site and back. There is no
possibility of neutron irradiation to any externa fertile material. 1sotopic denaturing
of the fuel cycle either in the U-233/Th or Pu-239/U cycle increases the proliferation
resistance substantially. Therefore, both concepts of “sealing” and “isotope
denaturing” contribute to the fool proof non-proliferation characteristics of the
proposed reactor.

The proposed reactor meets the IAEA requirements for non-proliferation. The concept
is based on both sealing of the fuel chamber and denaturing of the fuel itself.

The sedling of the fuel in the fuel chamber of along life reactor, permits the control at
any time from “cradle to grave” alowing the continuity of knowledge (COK) about
the fuel which guarantees an effective control.

The isotopic denaturing of the fissile fuel, both in the U-233/Thorium cycle as well as
for the classica Pu-239/Uranium cycle, would further increase the proliferation
resistance as it will require isotope separation technology to produce weapon grade
materials.

In this way both intrinsic features and extrinsic proliferation resistance measures are
provided. The Continuity of Knowledge (COK) and the communication between
stakeholders are facilitated due to the nature of the design. The proposed reactor can
utilize variety of fuel cycles and can benefit from a Multilateral Fuel Cycle concept.

In conclusion, the FBNR can be considered as a fool proof reactor against nuclear
proliferation that the present world is looking for to be assured of both safety and
safeguard.

FBNR is evauated by the INPRO Methodology from the proliferation resistance . the
IAEA-INPRO summary report states the followings ( Item 4.4.3 Proliferation
resistance): “The fixed bed nuclear reactor (FNBR) is being developed in Brazil
together with other countries. The design of this reactor is at the conceptual levelwith
limited design data available. With regard to proliferation resistance,the key feature of
the FBNR design is that, under shutdown condition, allfuel elements remain in the
fuel chamber where only a single flange needs tobe sealed and controlled for
safeguard purposes. The assessor evaluated the design data available against each



INPRO criteriaiin this area and found full agreement, i.e. no show stopper during the
evauation. He concluded that the FNBR will comply with all requirements in this
area.”

5. SAFETY AND SECURITY

The key to the safety concept of the FBNR does not allow any abuse of the reactor
because whatever undesireable manipulations results in the shuting down of the
reactor and consequently the return of all fuel elements in the well protected fuel
chamber.

The key to the safety characteristic of FBNR is simply that the core becomes empty of
fuel elements should any undesired situation occur. Any signal from any of the
numerous detectors, due to any accident event, will cut-off power to the pump,
causing the fuel elements to leave the core and fall back into the fuel chamber where
they remain in a highly subcritical and passively cooled conditions. Therefore, the
pump is normaly in “off” condition and will turn “on”, only when al the signal values
are simultaneously within the design range. The fuel chamber is cooled by natural
convection transferring heat to the water in the tank that houses the fuel chamber. In
this condition the accumulator valves, acting under pressure difference, will open
automatically and the fuel chamber cooling tank becomes filled with cold water.

6. DESCRIPTION OF TURBINE-GENERATOR SYSTEMS

Standard system available.

7. ELECTRICAL AND I&C SYSTEMS

The most modern systems will be adopted.

8. SPENT FUEL AND WASTE MANAGEMENT

The spent fuel of FBNR may not be considered as nuclear waste because it can serve
useful purposes. Nuclear radiation has many useful applications in industry,
agriculture and medicine..

The spent fuel of FBNR isin such a convenient form and size that can be directly
used as a source of radiation for irradiation purposes. A variety of irradiators can
easily be constructed for applications in industry, agriculture and medicine.

Each spent fuel element has an activity of about 10.curie and a half life of about 3
years. The 15mm diameter spherical fuel el ements can be used to produce sources of



gammaradiation in various geometries namely point, line and plane source as
schematically shown below:

The radioactivity of the spent fuel as afunction of time is shown below:

http://www.nucl eartourist.com/basi cs/sfdecay1.htm




9. PLANT LAYOUT

The inherent safety and passive cooling characteristics of the reactor eliminate the
need for containment. However, an underground containment is envisaged for the
reactor to mitigate any imagined adverse event. The main objective is to hide the
industrial equipments underground and present the nuclear plant as a beautiful garden
compatible with the environment acceptable to the public.

FIG. 9.1: FBNR Underground Containment Building



FIG. 9.2: Scheme of the Nuclear Power Plant

10. PLANT PERFORMANCE

The FBNR plant will be projected to make the best use of automation technology
available in order to operate it with minimum number of operators.

11. DEVELOPMENT STATUS OF TECHNOLOGIES RELEVANT TO THE NPP
The technology requirement is to fabricate the 15 mm diameter CERMET fuel
elements.

12. DEPLOYMENT STATUS AND PLANNED SCHEDULE

The present efforts are made to bring together the potentia investors with industrial
partners to build the prototype of the reactor.
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