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This safety evaluation of the small innovative nuclear reactor FBNR is done according to 
the INPRO methodology described in the document IAEA TECDOC-1434.  The FBNR is 
compared with Angra-2 reactor being a KWU designed 1300 MWe Pressurized Water 
Reactor. 
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CHAPTER 5:  REACTOR SAFETY ASSESSMENT OF FBNR 

 
 

5.1. Safety Basic Pr inciple BP1: Installations of an Innovative Nuclear Energy System 
shall incorporate enhanced defense-in-depth as a part of their fundamental safety 
approach and ensure that the levels of protection in defense-in-depth shall be more 
independent from each other than in existing installations. 

 
This basic principle asks that a defense-in-depth (DID) strategy shall be implemented.  
There are 7 user requirements associated with this basic principle.  Consequently, the 
reactor should not need evacuation measures outside the plant site. 
 
 

5.1.1. User  requirement UR1.1: Installations of an INS should be more robust relative to 
existing designs regarding system and component failures as well as operation. 

 

The robustness is achieved through high quality of design, construction and operation 
including human performance.  Additionally the robustness is achieved for FBNR by: 
 
·   Having an integrated primary circuit system where steam generator is inside the 

pressure vessel while Angra-2 has its steam generator outside the pressure vessel.  In 
this manner FBNR avoids the problems of loop breaks. 

·   Low power density core (33.7 MW/m3) in comparison to Angra-2 having potentially 
lower                                                                                                                                                                                                                                                        
,  

·  self-checking passive control system (reactor start-up will be  “on” position only when 
all signals are correct simultaneously),  

·   The grace period of FBNR is months instead of accepted one day period.   
·   FBNR has a high thermal inertia, such that after a loss of flow accident (LOFA), the 

coolant temperature increase is less than 1C after the long grace period, and above all, 
·  the robustness is achieved by inherent safety characteristics of the reactor. 
 
There are 6 indicators (IN) associated with this user requirement. 
 

 

5.1.1.1. Assessment against Indicator  IN1.1.1: Robustness of design (simplicity, margins) 
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·  The inherent safety characteristic of FBNR is the greatest contributor to its robustness.  
·  The advanced instrumentation and control (I&C) measures all the parameters such as 

temperature, pressure, neutron flux, radiation level, vibration level, etc.  The Reactor 
Protection System (RPS) analyses the adequacy of their values on the basis of their 
absolute values and by cross checking their inter relation consistencies.  RPS assumes 
corrective measures to the reactor operation or cease to activate the coolant pump 
causing a reactor shutdown. 

·  The reactor shutdown is associated with immediate leaving of fuel elements from the 
reactor core and entering into a passively cooled fuel chamber. 

·  The core cooling system is simplified by having only one loop with simple components. 
·  The manufacturing and welding are done in the factory, thus higher quality products are 

obtained. 
 

AL:  These variables make the FBNR very much superior to the existing designs. 

 

 

5.1.1.2 Assessment against Indicator  IN1.1.2: High quality of operation 

 

·  For the FBNR, the plant management organization and the related responsibilities will 
be clearly described. The technical documentation as well as the monitoring systems 
described in the indicator and training requirements will be available.  

·  The advanced I&C system is digital; all necessary computerized aids to operators (e.g. 
computerized manuals) will exist. 

·   The predicted scram frequency (SF) for the innovative design is expected to be below 
0.5 per year. 

 

 

 

5.1.1.3 Assessment against Indicator  IN1.1.3: Capability to inspect. 

 

The capabilities to inspect for the FBNR will be state-of-the-art and thus superior to 
existing designs. 

 

 

5.1.1.4 Assessment against Indicator  IN1.1.4: Expected frequency of failures and 
disturbances. 

 

Presently the data on the frequencies are not available.  But due to the implementation of 
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passive system and inherent characteristics in FBNR, the expected frequencies for the 
operational state are to be as follows: 

 

Event FBNR 

Loss of heat sink <0.36 per year and unit 

Loss of feed water supply <0.15 

Breaks in reactor coolant pipes 
>200 cm2. 

<1.0E-7 

Breaks in reactor coolant pipes 80-
200 cm2. 

<9.0E-5 

Breaks in reactor coolant pipes 2-
12 cm2. 

<2.8E-3 

ATWS during loss of main feed 
water 

<4.7E-6 

 

 

 

5.1.1.5 Assessment against Indicator  IN1.1.5: Grace period until human actions are 
required 

 

The FBNR has essentially an infinite grace period.  The fuel chamber can stay passively 
cooled for months permitting about 1 m3 of water to evaporate from the fuel chamber tank. 
.   

 

5.1.1.5 Assessment against Indicator  IN1.1.6: Inertia to cope with transients 

 

The FBNR has a relatively large water inventory and a low power density and thus a large 
thermal inertia. 

 

 

5.1.2 User  Requirement UR1.2: Installations of an INS should detect and intercept 
deviations from normal operational states in order to prevent anticipated operational 
occurrences from escalating to accident conditions. 

 

FBNR utilizes an advanced control system with passive reactor safety protection.  The 
system does not depend on expensive redundancy and diversity strategies, but depend 
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mainly on the  sophisticated analysis of inter related input signals. It is a passive control 
system having “off”  as its normal condition.  It activate the reactor pump when all the input 
signals are within the accepted range of operation. 

 

 

5.1.2.1 Assessment against Indicator  IN1.2.1: Capability of I&C system and/or inherent 
characteristics to detect and intercept and/or compensate such deviations  

 

The advanced instrumentation and control ( I&C) and the passive reactor protection system 
(RPS) will acquire, process and inter relate the input data with such a sophisticated manner 
that they will detect, intercept, and compensate any deviation. 

 

 

5.1.3 User  Requirement UR1.3: The frequency of occurrence of accidents should be 
reduced, consistent with the overall safety objectives. If an accident occurs, engineered 
safety features should be able to restore an installation of an INS to a controlled state, and 
subsequently (where relevant) to a safe shutdown state, and ensure the confinement of 
radioactive material. Reliance on human intervention should be minimal, and should only 
be required after some grace period. 

 

The passive design features of FBNR achieves all the fundamental safety functions.  These 
include passive shutdown, and passive decay heat removal.  There exists an important fact 
that essentially a high temperature reactor fuel (HTGR) is being used as the fuel for a 
relatively low temperature reactor (PWR), thus leaving a great margin of safety.. 

 

 

5.1.3.1 Assessment against Indicator  IN1.3.1: Calculated frequencies of occurrence of 
design basis accidents 

 

Data for frequencies of occurrence as well as reliability data of engineered safety systems 
are to be evaluated. 

 

 

5.1.3.2 Assessment against Indicator  IN1.3.2: Grace period until human intervention is 
necessary 

 

For the FBNR the grace period is almost infinite.  There is no need for emergency power 
supply as there are no active system for residual heat removal, except a small supply from a 
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battery for the I&C and RPS. systems. 

 

 

5.1.3.3 Assessment against Indicator  IN.3.3: Reliability of engineered safety features 

 

Due to the use of advanced I&C and passive RPS systems, the reliability of engineered 
safety systems is higher for the FBNR in comparison with the conventional reactors. 

 

 

5.1.3.4 Assessment against Indicator IN1.3.4: Number of confinement barriers 
maintained 

 

The number of confinement barriers is one more than both the PWR and HTGR. The first 
barrier is the multi-layer coated particle, the second is the SiC clad of the fuel element, the 
third is the boundary of the reactor coolant system, and the fourth is the underground 
containment system.  The underground containment is envisaged mainly for protecting 
against visual effects and presenting the nuclear power plant as a  garden like surrounding 
compatible with  pleasant environment. 

 

 

5.1.3.5 Assessment against Indicator  IN1.3.5: Capability of the engineered safety 
features to restore the INS to a controlled state (without operator actions). 

 

For the FBNR, the controlled state is automatically and instantaneously reached with high 
reliability.  The governing laws of gravity and natural convection guarantee this fact. . 

 

 

5.1.3.6 Assessment against Indicator  IN1.3.6: Sub-critically margins 

 

The shut down reactivity margin of FBNR is 100 %� k/k as under a scram condition, the 
fuel elements leave the core and enter the fuel chamber.  Thus the reactor core becomes 
empty of the fuel. 

 

 

5.1.4 User  Requirement UR1.4: The frequency of a major release of radioactivity into the 
containment / confinement of an INS due to internal events should be reduced. Should a 
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release occur, the consequences should be mitigated. 

 

 

5.1.4.1 Assessment against Indicator  IN1.4.1: Calculated frequency of major release of 
radioactive materials into the containment / confinement based on frequency calculated for 
a highly degraded core. 

 
They are to be calculated expecting the fulfillment of acceptance limit of well below  

10-5/year and unit recommended by IAEA. 

 

 

5.1.4.2 Assessment against Indicator  IN1.4.2: Natural or engineered processes sufficient 
for controlling relevant system parameters and activity levels in containment/confinement 

 

The natural or engineered processes are similar to advanced PWR reactors. 

  

 

5.1.4.3 Assessment against Indicator  IN1.4.3: In-plant severe accident management 

 

The severe accident management measures in the FBNR is essentially unnecessary.  The 
reactor has the characteristics of inherent safety and passive cooling and hardly a severe 
accident is envisaged.  

 

 

5.1.5 User  Requirement UR1.5: A major release of radioactivity from an installation of 
an INS should be prevented for all practical purposes, so that INS installations would not 
need relocation or evacuation measures outside the plant site, apart from those generic 
emergency measures developed for any industrial facility used for similar purpose. 

The FBNR is projected to be a small reactor without on-site refuelling.  It is to furnish 
energy at the local of consumption that can be in a urban area.  Therefore, it is projected in 
such a manner that there will be no need for an off-site emergency plan. 

 

 

5.1.5.1 Assessment against Indicator  IN1.5.1: Calculated frequency of a major release of 
radioactive material to the environment. 
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A major release of fission products from the FBNR core into the containment is practically 
impossible.  However, the frequency for a major release of radioactivity into the 
environment will be evaluated and is expected to be much below the 1.0E-6 per unit-year . 

 

  

5.1.5.2 Assessment against Indicator  IN1.5.2: Calculated consequences of release (e.g. 
dose) 

 

The dose values outside the vicinity of the plant are to be calculated.  It is expected to show 
that there will be no need for provision of evacuation or relocation outside the plant site.  

 

 

5.1.5.3 Assessment against Indicator  IN1.5.3: Calculated individual and collective risk 

 

A comparison of several energy productions has been performed based on the “Years of 
Life Lost (YOLL)” , see Indicator 1.5.3. It has been shown that for nuclear energy 
production with the requirement – no evacuation and no relocation – very low risks for the 
public exist. 

 

The FBNR clearly fulfils the corresponding acceptance limit of having a risk comparable to 
other facilities used for similar purpose. 

 

 

5.1.6 User  Requirement UR1.6: An assessment should be performed for an INS to 
demonstrate that different levels of defense-in-depth are met and are more independent 
from each other than for existing systems. 

 

 

5.1.6.1 Assessment against Indicator  IN1.6.1: Independence of different levels of DID 

 

Due to the use of passive safety systems the different levels of the DID are more 
independent for the FBNR than for the conventional PWR.   

 

 

5.1.7 User  Requirement UR1.7: Safe operation of installations of an INS should be 
supported by an improved Human Machine Interface resulting from systematic application 
of human factors requirements to the design, construction, operation and decommissioning. 



Page 9of 65 

 

 

5.1.7.1 Assessment against Indicator  IN1.7.1: Evidence that human factors (HF) are 
addressed systematically in the plant life cycle. 

 

The methodology regarding human factors is state-of-the-art for the FBNR.  Due to passive 
nature of the control system, the human factor can only lead to the shut down the reactor 
and never can over ride the system to cause a reactor accident.  

 

 

5.1.7.2 Assessment against Indicator  IN1.7.2: Application of formal human response 
models from other industries or development of nuclear-specific models. 

 

The models to be used for the FBNR are state-of-the-art which implies data from other 
industries are used to the extend possible. 

 

 

 

5.2 Safety Basic Pr inciple BP2: Installations of an INS shall excel in safety and 
reliability by incorporating into their designs, when appropriate, increased emphasis on 
inherently safe characteristics and passive systems as a part of their fundamental safety 
approach. 

 

This principle is focused on the role of inherent safety and passive safety features of the 
innovative reactors.  “A plant has an inherently safe characteristic against a potential hazard 
if the hazard is rendered physically impossible.  An inherent safety characteristic is 
achieved through the choice of nuclear physics, and the physical and chemical properties of 
nuclear fuel, coolant and other components.“      

 

 

5.2.1 User  Requirement UR2.1: INS should strive for elimination or minimization of some 
hazards relative to existing plants by incorporating inherently safe characteristics and/or 
passive systems, when appropriate. 

 

 

5.2.1.1 Assessment against Indicator  IN2.1.1: Stored energy, flammability, criticality, 
inventory of radioactive materials, available excess reactivity, and reactivity feedback 



Page 10of 65 

 

The acceptance limits are fulfilled – in general. 

 

 

5.2.1.2 Assessment against Indicator  IN2.1.2: Expected frequency of abnormal operation 
and accidents 

 

See assessment in 5.1.1.4 and 5.1.3.1 

 

 

5.2.1.3 Assessment against Indicator  IN2.1.3: Consequences of abnormal operation and 
accidents 

 

For the FBNR the consequences of abnormal operation and accidents without a highly 
degraded core are to be calculated, but it is expected to be much lower than the existing 
reactors (ANGRA 2).  

 

 

5.2.1.4 Assessment against Indicator  IN2.1.4: Confidence in innovative components and 
approaches 

 

This is to be evaluated.  

 

 

5.3 Safety Basic Pr inciple BP3: Installations of an INS shall ensure that the risk from 
radiation exposures to workers, the public and the environment during 
construction/commissioning, operation, and decommissioning, are comparable to the 
risk from other industrial facilities used for similar purposes. 

 

 

5.3.1 User  Requirement UR3.1: INS installations should ensure an efficient 
implementation of the concept of optimization of radiation protection through the use of 
automation, remote maintenance and operational experience from existing designs. 

 

 

5.3.1.1 Assessment against Indicator  IN3.1.1: Occupational dose values 



Page 11of 65 

 

It can be expected that the annual dose during normal operation and maintenance will be 
much below a value of 0.25 man Sv based on existing operating experience. Source terms 
will be minimized as well as optimal layout features regarding contributions to the 
collective doses. The FBNR will have a maintenance-friendly design. 

 

 

5.3.2 User  Requirement UR3.2: Dose to an individual member of the public from an 
individual INS installation during normal operation should reflect an efficient 
implementation of the concept of optimization, and for increased flexibility in siting may be 
reduced below levels from existing facilities. 

 

 

5.3.2.1 Assessment against Indicator  IN3.2.1: Public dose values 

 

Calculations for the FBNR are to be performed.  It is expected that the doses outside the 
vicinity of the plant are below those requiring evacuation and relocation. 

 
 
 
5.4. Safety Basic Pr inciple BP4: The development of INS shall include associated 
Research, Development and Demonstration work to bring the knowledge of plant 
characteristics and the capability of analytical methods used for design and safety 
assessment to at least the same confidence level as for existing plants. 

 

 

5.4.1 User  Requirement UR4.1: The safety basis of INS installations should be confidently 
established prior to commercial deployment 

 

 

5.4.1.1 Assessment against Indicator  IN4.1.1: Safety concept defined 

 

The FBNR is a small reactor without on-site refuelling having market all around the world 
and in particular in the developing countries.  Thus in the first place, the IAEA guidelines 
and rules are to be met. Consequently will meet most of the other national rules.  

 

 

5.4.1.2 Assessment against Indicator  IN4.1.2: Design-related safety requirements 
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specified 

 

Design-related requirements will be specified. 

 

 

5.4.1.3 Assessment against Indicator  IN4.1.3: Clear process for addressing safety issues 

 

Safety issues will be addressed and reviewed. 

 

 

5.4.2 User  Requirement UR4.2: Research, Development and Demonstration on the 
reliability of components and systems, including passive systems and inherent safety 
characteristics, should be performed to achieve a thorough understanding of all relevant 
physical and engineering phenomena required to support the safety assessment 

 

 

5.4.2.1 Assessment against Indicator  IN4.2.1: RD&D defined and performed and 
database developed 

 

For the FBNR the model tests in a reduced scale and later on at full scale will be 
performed. 

 

  

5.4.2.2 Assessment against Indicator  IN4.2.2: Computer codes or analytical methods 
developed and validated 

 

Computer codes for the operational and accidental behavior of FBNR will be developed. 
 

 

5.4.2.3 Assessment against Indicator  IN 4.2.3: Scaling understood and/or full-scale tests 
performed 

 

It is planned to test all passive safety systems or components in full scale  
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5.4.3 User  Requirement UR4.3: A reduced-scale pilot plant or large-scale demonstration 
facility should be built for reactors and/or fuel cycle processes, which represent a major 
departure from existing operating experience. 

 

 

5.4.3.1 Assessment against Indicator  IN4.3.1: Degree of novelty of the process 

The FBNR basically utilizes the PWR technology and uses the HTGR type fuel elements. 
The novelty is the concept of the suspended core.  Therefore, it is essentially involved with 
the proven technologies. 

 
 

5.4.3.2 Assessment against Indicator  IN4.3.2: Level of adequacy of the pilot facility 

 

For the FBNR a simple pilot plant will be constructed. 

  

 

5.4.4 User  Requirement UR4.4: For the safety analysis, both deterministic and 
probabilistic methods should be used, where feasible, to ensure that a thorough and 
sufficient safety assessment is made. As the technology matures, “ Best Estimate (plus 
Uncertainty Analysis)”  approaches are useful to determine the real hazard, especially for 
limiting severe accidents. 

 

 

5.4.4.1 Assessment against Indicator  IN4.4.1: Use of a risk informed approach 

 

The risk informed approach will be used for some design features and inspections.  

 

 

5.4.4.2 Assessment against Indicator  IN4.4.2: Uncertainties and sensitivities identified 
and appropriately dealt with 

 

To the extend necessary uncertainty and sensitivity analyses will be performed for the 
FBNR, especially for the reliability of passive systems. 
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Appendix 1.  Reactor  descr iption 
 
 
The Fixed Bed Nuclear Reactor (FBNR) is a small reactor (40 MWe) without the need of 
on-site refueling.  It utilizes the PWR technology but uses the HTGR type fuel elements.  It 
has the characteristics of being simple in design, modular, inherent safety, passive cooling, 
proliferation resistant, and reduced environmental impact.   Here, a thermal and hydraulics 
analysis of this reactor concept is presented, and in particular its passive cooling 
characteristic is demonstrated. 

The FBNR is modular in design, and each module is assumed to be fuelled in the factory. 
The fuelled modules in sealed form are then transported to and from the site. The FBNR 
has a long fuel cycle time and, therefore, there is no need for on-site refuelling. The reactor 
makes an extensive use of PWR technology. 

It is an integrated primary system design. The basic modules, 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 20 cm and 
160 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 
horizontally 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 40-cm 
diameter tube made of high neutron absorbing alloy, which is directly connected 
underneath the core tube. The fuel chamber consists of a helical 25 cm diameter tube 
flanged to the reserve fuel chamber that is sealed by the 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 slides 
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 certain pump velocity, the water coolant carries up the 15 mm 
diameter spherical fuel elements from the fuel chamber into the core. A fixed suspended 
core is formed in the module. In a shut down condition, the suspended core breaks down 
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and the fuel elements leave the core and fall back into the fuel chamber.  The fuel elements 
are made of TRISO type micro spheres used in HTGR. 

Any signal from any detector due to any initiating event is assumed to cut-off power from 
the pump, causing the fuel elements to leave the core and fall back into the fuel chamber, 
where they remain in a highly sub critical and passively cooled condition. 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 

141 kg/sec, corresponding to the terminal velocity of 1.64 m/sec in the reserve fuel 

chamber, carr ies the fuel elements into the core and forms a fixed bed.  At the 

operating mass flow rate of 668 kg/sec, the fuel elements are firmly held together  by a 

pressure of 10 bar  forming a stable fixed bed.  The coolant flows radially 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 a fine 

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 all 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 

fall out of the core by the force of gravity and become stored in the passively cooled 

fuel chamber.  The water flowing from an accumulator  that is controlled by a multi 

redundancy valve system cools the fuel chamber as a measure of emergency core 

cooling system.  The other  components of the reactor  are essentially the same as in a 

conventional pressur ized water  reactor . 
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Fig.1: Schematic Design of the Fixed Bed Nuclear  Reactor  (FBNR). 
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Appendix 2.  Character istics of the reactor  
 
Table 1 shows a summary of the requirements of a small reactor without on-site refuelling 
and their applicability to FBNR. The detailed technical information are presented in table 2. 
 
Table 1:  Summary of the requirements and their applicability to FBNR.  
 
Requirement Demonstration of applicability 
Small in size FBNR is small in nature.  The optimum size for the FBNR is 40 

MWe.  The larger size up to a maximum of 60 MWe can be 
achieved only at the cost of a lower thermodynamic efficiency. 

Modular The reactor is modular in design; therefore, any size reactor can be 
built from the basic module. 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 
refuelling 

Each module is fuelled in the factory. The fuelled modules in sealed 
form are then transported to and from the site. The FBNR has a long 
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 that 
of PWR.  Its fuel is of HTGR type. 

Diversity of 
applications 

The FBNR is a land-based nuclear power plant for urban or remote 
localities The FBNR is designed to produce electricity alone or to 
operate as a cogeneration plant producing electricity and potable 
water or steam for industrial purposes. As an option, the FBNR may 
be designed for district heating. 

Refuelling in the 
factory  

No refueling on the site is needed because the fuel elements are 
collected in the fuel chamber and transported to the factory for 
refueling under surveyed condition.  Refuelling is done by the 
replacement of fuel chamber.     

Long fuel cycle time. The length of the fuel cycle chosen depends on the economic 
analysis of the fuel inventory for particular situation of the reactor 
and its application.  The HTGR fuel elements have high burn up 
capacity. The replacement of fuel chamber is done at any desired 
time interval and could be set at every 10 years or for the reactor 
lifetime. 

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 
refueling process is performed. 

Short period of spent 
fuel storage on site. 

The spent fuel that are confined in the fuel chamber and kept cool by 
its water tank.  It can be sent back to the factory at any time when 
the radiological requirements are met. 

Inaccessibility of fuel 
to unauthorized 

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 
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individuals. sealed condition so 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 2 m in diameter and 6 m high, while its fuel 
chamber is only 2 m in diameter and 1 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.  This is 
possible due to the inherent safety characteristics of the reactor as 
the 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 elements will fall out of 
the core by the force of gravity or remain in the fuel chamber under a 
highly sub critical and passively cooled conditions. 

Simplicity & 
economy 

The simplicity of design and the lack of the need for large number of 
redundancies in control system, make the reactor highly economic.   

Simple infrastructure The infrastructure needed for the plant using FBNR is a minimum.  
The important processes are performed in the shop that can be in a 
regional centre serving many reactors. 

Underground 
containment and 
environment 

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, but mainly to help with the visual effects by hiding 
the industrial equipments underground and presenting the nuclear 
plant as a beautiful garden compatible with the environment 
acceptable to the public. 

Utilization of spent 
fuel, nuclear waste 
and environment. 

The spent fuel from FBNR is in a form 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, in a peaceful world 
of the future, as it can perform a useful function.  They may also 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 a waste 
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.  It may 
permit using MOX fuel, even in the beginning of the fuel cycle 
without needing enriched uranium, resulting in a higher conversion 
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ratio. 
Fool proof nuclear 
non-proliferation 
characteristic. 

The non-proliferation characteristics of the 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 external fertile material.  Isotopic denaturing of the 
fuel cycle either in the U-233/Th or Pu-239/U cycle increases the 
proliferation resistance substantially.  The use of thorium based TRISO 
type 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.   

High level of safety Strong reliance on inherent and passive safety features and passive systems 
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. The reactor vessel is 
cladded by neutron-absorbing materials to 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 sefety Reactivity excursion accident cannot be provoked. The reactor core is 
filled with fuel only when all operational conditions are met. 

Mitigation of steam 
generator leakage 
problem 

The water heated in the reactor core passes through an integrated steam 
generator producing steam to drive the turbine. 

Reduced adverse 
environmental impacts 

Underground containment in a garden like site. 

Long core lifetime Insertion of fresh fuel into the core 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. The 
normal state of control system is “switch off” . The pump is “on”  only 
when all operating conditions are simultaneously met. 

Low fuel temperature A heat transfer analysis of the fuel elements has shown that, due to a 
high convective heat transfer coefficient and a large 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 design 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 1 MW(e) 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 
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much smaller capital investment. 
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Table 2.  Summary of the parameters of the Fixed Bed Nuclear Reactor module 
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Parameter  Value 
Power:  
Net power generation (MWe) 40 
Power generation (MWt) 134 
Core power density (KWt/lit) 33.7 
Pump power (MWe) 3.4 
Hydraulics:  
Coolant volume (m³) 12 
Coolant mass flow (kg/sec) 668 
Coolant pressure (bar) 160 
Pressure loss in the loop (bar) 100 
Pressure loss in the bed (bar) 9.5 
Terminal velocity (m/sec) 1.64 
Thermal:  
Coolant inlet temperature (ëC) 290 
Coolant outlet temperature (°C) 326 
Coolant inlet enthalpy (kJ/kg) 1284 
Coolant inlet density (kg/m3) 747 
Enthalpy rise in the core 
(kJ/kg) 

1490 

Film boiling convective heat 
transfer coefficient at 300 ëC ( 
W/m²ëC    ) 

454 

Fuel element average thermal 
conductivity (W/m.ëC) 

30.58 

Fuel element average specific 
heat (J/kg.ëC) 

802.5 

Fuel element average density 
(gr/cm³) 

4.041 

Maximum fuel temperature 
after a LOCA (ëC) 

< 357 

Coolant temperature rise after a 
LOFA after 10 days (ëC) 

< 1 

Water needed to cool during 10 
days after LOCA (m³) 

0.45 

Module dimensions:  
Core height (cm) 200 
Core inner diameter (cm) 20  
Core outer diameter (cm) 160 
Core volume (m³) 3.96 
Fuel in the core (Ton) 9.6 
UO2 in the core (Ton) 4.8 
fuel element  
Fuel element diameter (cm) 1.5 
SiC clad thickness (cm) 0.1 
Number of microspheres in a 
fuel element.  

165 

Number of fuel elements in the 
core. 

1.34x106 
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UO2 in each fuel element (% 
vol) 

19.3 

Dense graphite in each fuel 
element (% vol) 

27.8 

Porous graphite in each fuel 
element (% vol) 

7.4 

SiC in each fuel element (% 
vol) 

45.5 

UO2 density (gr/cm³) 10.5 
PYC porous density (gr/cm³) 1.0 
PYC dense density (gr/cm³) 1.8 
SiC density (gr/cm³) 3.17 
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0. NOTE ON THE PREPARATION OF THE DOCUMENT 
 
 The groups of CDTN/IPEN have prepared this document in June 2006 on the PWR 
reactor Angra2.  Here the FBNR reactor is compared with Angra2.  The statements are 
written as embedded in the document and with italic letters. The comments on FBNR are 
made by Prof. Farhang Sefidvash of Nuclear Engineering Department of the Federal 
University of Rio Grande do Sul.  
  
1. INTRODUCTION 
 

 The pressurized light water cooled, Angra 2 reactor (Central Nuclear 

Almirante Alvaro Alberto, Unit 2, Fig. 1), is located next to Angra 1 (Unit 1) on the 

Atlantic Coast in a bay at Itaorna in the western extremity of the state of Rio de 

Janeiro near the city of Angra dos Reis. 

 The nuclear power plant is of the type Pressurized Water Reactor (PWR) 

and the containment structure is steel made. 

  Designers of plant and containment were KWU Group of Siemens 

Aktiengesell-schaft (today Framatone ANP), Berlin und München, Federal Republic 

of Germany together with Nuclebrás Engenharia S.A. – NUCLEN, today Eletrobrás 

Termonuclear S.A. – ELETRONUCLEAR, Rio de Janeiro. 

 The main features about this plant  are:  

·  Thermal reactor output    3765 MWth rated power 

·  Electrical output    1229 MWe  rated power 

·  Number of loops    four 

·  Fuel Loading     30/03/2000 

·  End of Trial Operation    04/12/2000 

 

The FBNR is in a conceptual stage of development.  It is a small reactor by its nature and 

utilizes the PWR technology.  Its fuel is made of TRISO type fuel particles used in the  high 

temperature gas cooled reactor ( HTGR. 

The main features of the plant are: 

·  Thermal reactor output 137 MWt 

·  Electrical output  40 MWe 

·  Number of loops  1 
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Fig. 1 - Arrangement of Power Plants at Angra Site 

 
 
 
 
 
2. DESCRIPTION OF THE ANGRA 2 NUCLEAR SYSTEMS 

2.1 Reactor Cooling system 
 The reactor cooling system (RCS) consists of a reactor and closed reactor 

loops connected in parallel to the reactor pressure vessel, it loop containing a 

reactor coolant pump and a steam generator, Fig. 2. The RCS also contains an 

electrically heated pressurizer. It does not include loop isolation valves. 
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Fig. 2 -  Reactor cooling system – General View 

 

The reactor pressure vessel forms the anchor point of the reactor coolant 

system; the steam generators and reactor coolant pumps are mounted flexible to 

accommodate thermal expansion.  

 

The entire RCS is composed of leaktight to ensure that all fluids are confined to 

the system. With the following exceptions, the RCS is welded tight: 

·  The double O-rings of the reactor pressure vessel 

·  The pump shaft with its special non-contacting sealing system 

·  The flanged-on control rod drive mechanisms and the penetrations for the 

in-core instrumentation 

·  Manhole and handhole openings in some components (none in the reactor 

pressure vessel ) 
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·  Various fittings whose glands are connected to extraction systems, 

 of these seals consist of proven components. 

 

The reactor coolant pumps, Fig. 3, are vertical, electric-motor-driven, single-

stage, centrifugal pumps. The power supply system to the pump is designed so 

that adequate coolant flow is maintained to cool the reactor core under all 

conceivable circumstances.  

 

 
Fig. 3 - Reactor coolant pump 

 

The steam generators are vertical U-tube units which contain incoloy tubes 

which separate the reactor coolant from the feedwater-steam circuit. Special 

moisture separation equipment reduces the moisture content of steam to an 

acceptable level. Fig. 4 shows the steam generator. 
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Fig. 4 - Steam generator 

 

 

The reactor coolant piping and all pressure-retaining surfaces in contact with 

reactor water are stainless steel clad except the steam generator tubes and fuel 

tubes, which are incoloy and zircaloy, respectively. 

 

An electrically heated pressurizer connected to one reactor coolant loop by 

the surgeline maintains RCS pressure during normal operation, limits pressure 

variations during plant load transients, and keeps system pressure within design 

limits during upset operating conditions, Fig. 5. 
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Fig. 5 - Pressurizer 
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The thermo-hydraulic design of the reactor coolant system, rules out 

departure from nucleate boiling during authorized operation in the fuel assemblies 

and also guarantees optimum selection of steam generator size and reactor 

coolant pump power. 

 

2.2 Reactor Core 
 The reactor pressure vessel, Fig. 6, contains the internal core structure 

which is the heat source of the power plant unit. The reactor core contains the fuel 

assemblies, the control assemblies and the moderator, containing dissolved boric 

acid. Moderator and reactor cooling are identical. 
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Fig. 6 - Reactor pressure vessel – Internal core structure 

 

The fuel assemblies are mechanically identical. They have square cross-

sections and are arranged to match closely the shape of the surrounding cylindrical 

core barrel. The fuel assemblies are held in position horizontally and vertically by 

the reactor pressure vessel internals.  

 

The first core consists of three groups of fuel assemblies; the groups differ 

by U-235 enrichment of fuel in the unpoisoned rods. The fuel is low enriched UO2 

in form of ceramic pellets.  

 

The fuel assemblies with the highest enrichment are placed in the outer 
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region of the core, the remaining fuel assemblies of lower enrichment are arranged 

in an optimized pattern in the central region.  

 

In each of the 193 fuel assemblies the individual fuel rods are arranged in a 

square grid pattern. Each fuel assembly has 16 x 16 = 256 possible fuel rod 

positions of which 236 are occupied by fuel rods and the remaining 20 by guide 

thimbles. These guide thimbles are arranged symmetrically and fairly uniformly 

over the fuel assembly cross-section; they serve to accept and to guide the control 

rods of the control assemblies, Fig. 7. 

 
Fig. 7 - Core cross-section 

The reactor core contains 61 control assemblies with 20 control rods each. 

The control assemblies are used for reactor control and consist of clusters of 

cylindrical absorber rods. Above the core, each cluster of absorber rods 

representing one control assembly is attached to a drive shaft, which is raised and 

lowered by a drive mechanism mounted on the reactor pressure vessel head. On 

trip the control assemblies fall into the core under gravity. Fig. 8 shows Angra 2 
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fuel assembly. 

 

 

 

Fig. 8 - Fuel assemblies 
 

 

The main properties of the fuel assemblies are:  

- Uniformity of the fuel and control assemblies. A control assembly is located 

into guide tubes within a fuel assembly forming a single functional unit.  
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- Similarity and symmetry. Each fuel assembly is suitable for the location of 

a control assembly.  

- Completely-open fuel assembly. The fuel assembly has no surrounding 

channel. The construction of the spacers promotes the coolant mixing 

within a fuel assembly and also between adjacent assemblies.  

- Exchangeability of fuel rods. Individual fuel rods can be replaced using a 

fuel assembly repair equipment. 

 

 

2.3 Design Data 
 

 

Fuel assembly, pump, pressurizer and steam generator design data are 

shown in Table 1, Table 2, Table 3 and Table 4 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 – Fuel assembly technical data 
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Table 2 - Reactor coolant pump design data 
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Table 3 - Pressurizer design data 
 

 

 

Table 4 - Steam generator design data 
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2.  DESCRIPTION OF FIXED BED NUCLEAR REACTOR – FBNR 
 
The Fixed Bed Nuclear Reactor (FBNR) is a small reactor (40 MWe) without the need of 
on-site refueling.  It utilizes the PWR technology but uses the HTGR type fuel elements.  It 
has the characteristics of being simple in design, modular, inherent safety, passive cooling, 
proliferation resistant, and reduced environmental impact.   Here, a thermal and 
hydraulics analysis of this reactor concept is presented, and in particular its passive 
cooling characteristic is demonstrated. 

The FBNR is modular in design, and each module is assumed to be fuelled in the factory. 
The fuelled modules in sealed form are then transported to and from the site. The FBNR 
has a long fuel cycle time and, therefore, there is no need for on-site refuelling. The reactor 
makes an extensive use of PWR technology. 

It is an integrated primary system design. The basic modules, 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 20 cm 
and 160 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 horizontally 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 40-cm diameter tube made of high neutron absorbing alloy, which is directly connected 
underneath the core tube. The fuel chamber consists of a helical 25 cm diameter tube 
flanged to the reserve fuel chamber that is sealed by the 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 slides 
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 certain pump velocity, the water coolant carries up the 15 mm 
diameter spherical fuel elements from the fuel chamber into the core. A fixed suspended 
core is formed in the module. In a shut down condition, the suspended core breaks down 
and the fuel elements leave the core and fall back into the fuel chamber.  The fuel elements 
are made of TRISO type micro spheres used in HTGR. 

Any signal from any detector due to any initiating event is assumed to cut-off power from 
the pump, causing the fuel elements to leave the core and fall back into the fuel chamber, 
where they remain in a highly sub critical and passively cooled condition. 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 141 

kg/sec, corresponding to the terminal velocity of 1.64 m/sec in the reserve fuel chamber, 

carries the fuel elements into the core and forms a fixed bed.  At the operating mass flow 
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rate of 668 kg/sec, the fuel elements are firmly held together by a pressure of 10 bar 

forming a stable fixed bed.  The coolant flows radially 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 a fine 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 all 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 fall out of the core by the force of gravity and become stored 

in the passively cooled fuel chamber.  The water flowing from an accumulator that is 

controlled by a multi redundancy valve system cools the fuel chamber as a measure of 

emergency core cooling system.  The other components of the reactor are essentially the 

same as in a conventional pressurized water reactor. 
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Fig.1: Schematic Design of the Fixed Bed Nuclear Reactor (FBNR). 
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 2.1  Characteristics of the FBNR reactor 
 
Table 1 shows a summary of the requirements of a small reactor without on-site refuelling 
and their applicability to FBNR. The detailed technical information are presented in table 
2. 
 
Table 1:  Summary of the requirements and their applicability to FBNR.  
 
Requirement Demonstration of applicability 
Small in size FBNR is small in nature.  The optimum size for the FBNR is 40 

MWe.  The larger size up to a maximum of 60 MWe can be achieved 
only at the cost of a lower thermodynamic efficiency. 

Modular The reactor is modular in design; therefore, any size reactor can be 
built from the basic module. 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 
refuelling 

Each module is fuelled in the factory. The fuelled modules in sealed 
form are then transported to and from the site. The FBNR has a long 
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 that of 
PWR.  Its fuel is of HTGR type. 

Diversity of 
applications 

The FBNR is a land-based nuclear power plant for urban or remote 
localities The FBNR is designed to produce electricity alone or to 
operate as a cogeneration plant producing electricity and potable 
water or steam for industrial purposes. As an option, the FBNR may 
be designed for district heating. 

Refuelling in the 
factory  

No refueling on the site is needed because the fuel elements are 
collected in the fuel chamber and transported to the factory for 
refueling under surveyed condition.  Refuelling is done by the 
replacement of fuel chamber.     

Long fuel cycle time. The length of the fuel cycle chosen depends on the economic analysis 
of the fuel inventory for particular situation of the reactor and its 
application.  The HTGR fuel elements have high burn up capacity. 
The replacement of fuel chamber is done at any desired time interval 
and could be set at every 10 years or for the reactor lifetime. 

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 
refueling process is performed. 

Short period of spent 
fuel storage on site. 

The spent fuel that are confined in the fuel chamber and kept cool by 
its water tank.  It can be sent back to the factory at any time when 
the radiological requirements are met. 

Inaccessibility of fuel 
to unauthorized 

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 
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individuals. sealed condition so 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 2 m in diameter and 6 m high, while its fuel 
chamber is only 2 m in diameter and 1 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.  This is 
possible due to the inherent safety characteristics of the reactor as 
the 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 elements will fall 
out of the core by the force of gravity or remain in the fuel chamber 
under a highly sub critical and passively cooled conditions. 

Simplicity & economy The simplicity of design and the lack of the need for large number of 
redundancies in control system, make the reactor highly economic.   

Simple infrastructure The infrastructure needed for the plant using FBNR is a minimum.  
The important processes are performed in the shop that can be in a 
regional centre serving many reactors. 

Underground 
containment and 
environment 

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, but mainly to help with the visual 
effects by hiding the industrial equipments underground and 
presenting the nuclear plant as a beautiful garden compatible with 
the environment acceptable to the public. 

Utilization of spent 
fuel, nuclear waste 
and environment. 

The spent fuel from FBNR is in a form 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, in a peaceful 
world of the future, as it can perform a useful function.  They may 
also 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 a waste 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.  It may 
permit using MOX fuel, even in the beginning of the fuel cycle 
without needing enriched uranium, resulting in a higher conversion 
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ratio. 
Fool proof nuclear 
non-proliferation 
characteristic. 

The non-proliferation characteristics of the 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 external fertile material.  Isotopic denaturing of 
the fuel cycle either in the U-233/Th or Pu-239/U cycle increases the 
proliferation resistance substantially.  The use of thorium based TRISO 
type 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.   

High level of safety Strong reliance on inherent and passive safety features and passive 
systems 

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. The reactor vessel is 
cladded by neutron-absorbing materials to 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 sefety Reactivity excursion accident cannot be provoked. The reactor core is 
filled with fuel only when all operational conditions are met. 

Mitigation of steam 
generator leakage 
problem 

The water heated in the reactor core passes through an integrated steam 
generator producing steam to drive the turbine. 

Reduced adverse 
environmental impacts 

Underground containment in a garden like site. 

Long core lifetime Insertion of fresh fuel into the core 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. The 
normal state of control system is “ switch off” . The pump is “ on”  only 
when all operating conditions are simultaneously met. 

Low fuel temperature A heat transfer analysis of the fuel elements has shown that, due to a 
high convective heat transfer coefficient and a large 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 design 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 1 MW(e) 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 
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much smaller capital investment. 
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Table 2.  Summary of the parameters of the Fixed Bed Nuclear Reactor module 
 
Parameter Value 
Power:  
Net power generation (MWe) 40 
Power generation (MWt) 134 
Core power density (KWt/lit) 33.7 
Pump power (MWe) 3.4 
Hydraulics:  
Coolant volume (m³) 12 
Coolant mass flow (kg/sec) 668 
Coolant pressure (bar) 160 
Pressure loss in the loop (bar) 100 
Pressure loss in the bed (bar) 9.5 
Terminal velocity (m/sec) 1.64 
Thermal:  
Coolant inlet temperature (ëC) 290 
Coolant outlet temperature 
(°C) 

326 

Coolant inlet enthalpy (kJ/kg) 1284 
Coolant inlet density (kg/m3) 747 
Enthalpy rise in the core 
(kJ/kg) 

1490 

Film boiling convective heat 
transfer coefficient at 300 ëC ( 
W/m²ëC    ) 

454 

Fuel element average thermal 
conductivity (W/m.ëC) 

30.58 

Fuel element average specific 
heat (J/kg.ëC) 

802.5 

Fuel element average density 
(gr/cm³) 

4.041 

Maximum fuel temperature 
after a LOCA (ëC) 

< 357 

Coolant temperature rise after 
a LOFA after 10 days (ëC) 

< 1 

Water needed to cool during 10 
days after LOCA (m³) 

0.45 

Module dimensions:  
Core height (cm) 200 
Core inner diameter (cm) 20  
Core outer diameter (cm) 160 
Core volume (m³) 3.96 
Fuel in the core (Ton) 9.6 
UO2 in the core (Ton) 4.8 

fuel element  
Fuel element diameter (cm) 1.5 
SiC clad thickness (cm) 0.1 
Number of microspheres in a 
fuel element.  

165 

Number of fuel elements in the 
core. 

1.34x106 

UO2 in each fuel element (% 
vol) 

19.3 

Dense graphite in each fuel 
element (% vol) 

27.8 

Porous graphite in each fuel 
element (% vol) 

7.4 

SiC in each fuel element (% 
vol) 

45.5 

UO2 density (gr/cm³) 10.5 
PYC porous density (gr/cm³) 1.0 
PYC dense density (gr/cm³) 1.8 
SiC density (gr/cm³) 3.17 
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3. CONTAINMENT DESCRIPTION OF ANGRA 2 
 

The containment of a pressurized water reactor plant encloses the reactor coolant 

system, as well as all systems of the reactor plant which contain pressurized reactor coolant, 

with the exception of pipes of a smaller diameter such as instrumentation lines. 

 

Its main function  is to prevent inadmissible release of radioactive fission products to 

the environment in the case or loss of coolant accidents. 

 

Therefore the containment structure itself, Fig. 9, must be capable to withstand, 

without loss of function, the maximum pressure and temperature loads caused by the worse-

case accident which is postulated as basis for design. 

 

Additionally the containment structure must also maintain functional integrity in the 

long term following this postulated accident. 
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Fig. 9 - Reactor Building Section - Containment 
 

The containment as well as its internal concrete structures are designed to withstand 

the loads (pressure and temperature build-up) caused by postulated internal accidents. 

 

These postulated accidents involve breaks of high energy pipes including all possible 

break locations and sizes, up to and including the double-ended rupture (2A) of reactor 

structures: 

- the long-term pressure and temperature time history and 

- the short-term pressure build-up. 

 

The first determines the maximum values of pressure and temperature due to the 

postulated accidents, and these govern the design of the containment shell. The maximum 

pressure remains below the design pressure of the containment by an adequate safety 

margin, and is rapidly reduced after the accidents. 

 

The second deals with the unequal pressures (differential pressure loads) which occur in 

the first few seconds following occurrence of the above accidents, within the individual 

containment compartments. These differential pressure loads are considered in the design of 

the internal concrete structures of the containment and the containment itself. 

The containment free volume is 74275 m3 and the containment design pressure is 5.30 

bar.   

 

4. DESCRIPTION OF TURBINE GENERATOR PLANT SYSTEMS 
 

 

4.1 Turbine generator plant 
 

 The turbine generator converts the thermal energy supplied by the main steam system 

into electric energy. 

 Rated power output at generator terminals is 1356 MW measured at the electric 

generator terminal (for a sea water temperature of 22.8 0C). Turbine generator speed is 

1800rpm. 

 The turbine generator is not important to safety.  
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 The turbine generator is designed for either base load operation or load following 

operation, the primary intended operating mode being base load operation. 

 The turbine generator is designed to operate trouble-free during normal operating 

conditions as well as under transient operating conditions, Furthermore the effects of grid 

system short-circuit are considered in the design of the turbine generator set. Under 

emergency and faulted conditions the turbine protection devices provide the necessary 

protection for the turbine generator equipment. 

 The turbine generator is designed in accordance with manufacturer’s standards, which 

incorporate applicable German standards and guideline.  

 The turbine steam system is shown in Table 5. 

 

Table 5 - General Data of Turbine Generator 
 

 

 

4.2 Condensate and Feedwater System 
 

 The following systems for transport, use, treatment, conditioning and collecting of 

condensate are: 

 

- Main Condensate Systems 
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- LP Preheater Condensate System 

- Clean Drains System 

- Condensate Seal Water System. 

 

The feedwater is supplied to the steam generators by means of two largely independent 

systems capable of handling all conceivable operating and upset conditions: 

- feedwater system 

- start-up and shutdowns system. 

 

These systems are supported by a number of further facilities for conditioning and preheating 

the feedwater: 

- Moisture Separator Drains System 

- Feedwater tank 

- Demineralized water supply system. 

 

 

5. INSTRUMENTATION AND CONTROL SYSTEM 
 

The instrumentation and control concept for the overall plant summarizes all systems, 

equipment and actions necessary in the widest possible sense from process variables 

sensing, signal processing and actuation of measures for annunciation, monitoring, open and 

closed-loop, limit control and protection of a process and its relevant power supply. 

The design principle for the safety related part is characterized as “defense in depth”. 

 

The idea is to use echelons of defense – consisting of redundant or diverse control systems 

that act progressively as the controlled variable deviates from the desired value. At first, as 

the variable deviates from normal conditions, operational controls take action. Deviations, 

which are not manageable by the closed-loop control, lead to activation of one or more levels 

of limitations prior to the actuation of the protection system as the event develops into an 

accident. 

The instrumentation and control system provides equipment to monitor and control the plant 

process. 

 

Various instrumentation and control systems ensure a maximum of safety and availability of 

the plant during normal and accident conditions. The various Instrumentation and Control 
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systems can be grouped together in different areas, with different importance and priority 

referring to safety and availability. The design basis of Instrumentation and control systems 

of a certain area takes into account this grade of priority referring to the redundancy, 

separation and so on.  

The different areas of Instrumentation and Control systems are listed below in the form of a 

table of hierarchy (priority), showing how the requirements for high safety and availability are 

met: 

1. Reactor protection system 

The reactor protection system monitors and processes the values of process variables 

relevant to the safety of the nuclear power plant and the environment in order to detect 

incidents and to initiate protective actions so that the plant condition is kept within sage limits. 

 

2. Reactor limitation systems 

The reactor limitation systems actuates the following actions: 

- To return the value of safety variables to the range of values specified for normal 

operation (protective limitation), 

- To limit the value of selected process variables in order to increase plant availability 

(operational limitation) and 

- To limit the value of selected process variables in order to assure accomplishment of 

the initial plant conditions assumed in the safety analysis (condition limitation).  

 

3. All other Instrumentation and control systems required for safety 

Besides the safety related Instrumentation and control systems, auxiliary systems must be 

started together with them in order to ensure proper operation. Such auxiliary systems are 

exclusively activated by Autonomous Instrumentation and control systems. 

Certain components triggered by the reactor protection system are automatically changed-

over from the unsecured area to the secured area. The change-over is initiated in case that 

special limit values are reached by the Emergency Interlocks. 

 

4. Control systems 

Open and closed –loop control of operating sequences in normal operation are performed by 

particularly automatic establishing and holding of setpoint levels with various systems. 

These systems are assigned to plant areas: 

- Reactor power control system 
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- Steam plant controls 

 

to individual systems: 

- Reactor coolant system controls  

 

or to components: 

- Operational control systems. 

 

5. Instrumentation and control systems not important to safety. 

The instrumentation systems comprises: 

- In-core instrumentation 

- Loose parts monitoring system 

- Vibration monitoring system 

- Reactor coolant pump shaft orbit monitoring. 

 

Operations management and in particular process control is implemented from a main 

control room. Process sequences are monitored and controlled  at this central point, and 

communication  with plant personnel and external parties made possible. In the event of loss 

of control room, the plant can be controlled from an emergency control station. 

 

 

6. SAFETY CONCEPT 
 

The safety philosophy behind the nuclear power plant takes into consideration the special 

risks posed by the presence of nuclear radiation and the generation and accumulation of 

radioactive fission and activation products. The safety features are designed such that the 

necessary degree of occupational radiological protection is ensured at all time and no 

inadmissible quantities of radioactivity will be released to the environment during authorized 

operation or during and after postulated accidents. 

In particular, it must be ensured during all operating and accident conditions of the nuclear 

power plant that the following safety objectives will be achieved: 

- safe shutdown of the reactor and long-term subcriticallity 

- long-term residual heat removal 

- confinement of radioactivity 
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About 95 % of the entire activity inventory of the plant is present in the reactor core (although 

this fraction may be reduced to 80 % shortly after refueling), while the remaining 5 % is 

almost exclusively located in the fuel pool. This means that the auxiliary systems outside the 

reactor building (e.g. the gaseous and liquid waste systems) contain negligible activity 

inventories in comparison with the core. It suffices, therefore, to confine the protective barrier 

concept to the reactor building. 

The following barriers are provided as so-called passive safety features to protect the 

environment of the nuclear power plant against the escape of radioactive fission and 

activation products: 

- Fuel matrix 

- Fuel cladding tube 

- Reactor coolant system and 

- Containment. 

 

The purpose of this protective barrier concept is to provide defense-in-depth in that if one 

barrier fails, there is always another barrier available to prevent the release of radioactive 

substances. Verification of the capability of the protective barriers to fulfill their safety-related 

functions is performed either 

- by inservice monitoring (e.g. reactor coolant activity measurements) or 

- inservice inspections (e.g. leak-tightness and ultrasonic tests). 

 

 

 

 

 

6.1 Emergency Core Cooling System 
 

 Emergency core cooling (ECC) and residual heat removal are performed by one and 

the same system, the Residual Heat Removal System (RHRS) .The system is designed to 

remove the stored heat of the reactor coolant system and the fission product decay heat from 

the reactor core when heat transfer via the steam generators is no longer possible. This 

residual heat has to be transported to a heat sink both during normal shutdown operation 

and after an accident.  
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 During normal shutdown operation, the residual heat is removed as follows: 

- Down to a reactor coolant temperature of approx. 120 0C, the residual heat is 

transported to the circulating water system via the steam generators and turbine 

condenser with the steam generators being fed by the startup and shutdown pump. 

- Below  this temperature,  the residual heat is removed by the RHR chain which 

consists of: 

·  the Residual Heat Removal System  

·  the Safety Component Cooling System 

·  the Secured Service Water System 

 

The Fuel Pool Cooling System, which ties into the RHR, has the function of removing 

the heat released from the fuel assemblies which are located in the fuel pool. In case of 

external event the system also assumes the function of the RHR. 

 

6.1.1 Design Basis for Accident 
 

 The RHR must be able to control loss-of-coolant accident (LOCA) of any magnitude 

from a small break up to a double-ended break of a reactor coolant line (design basis 

accident). 

 The sequence of events and consequences of a LOCA are determined by the 

location, shape and above all, the size of the break. Distinctions must also be made in the 

countermeasures to be taken. The RHRS is therefore divided into various subsystems which 

meet the specific requirements resulting from any break cross-section. 

 

6.1.1.1 Large Break 
 

 The design basis accident is defined as the complete severance of a main reactor 

coolant pipe, with the reactor coolant discharging from the system through twice the cross-

section of the pipe. The pressure of the RCS drops to the equalization pressure within the 

containment in about 20 s. The sequence of the countermeasures actuated to contain this 

accident is as follows: 

- Core flooding by means of accumulator injection, high-pressure safety injection and 

low-pressure safety injection (function performed respectively the accumulators, the 
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safety injection (SI) pumps and the RHR pumps). 

 The  accumulators, which automatically inject water into the reactor when its pressure 

drops below the accumulator discharge pressure, are designed to flood, with the aid of the 

RHR and SI pumps, the reactor pressure vessel so quickly that the permissible temperatures 

in the reactor core are not exceeded and that the cladding temperatures drop continuously 

as flooding progresses.  

For this purpose, a motive-fluid pressure of 25 bar and a Water volume of 85 m3 which can 

be safely injected into the reactor core are required. Taking into account failure 

considerations and water losses during pressure relief and flooding, the accumulators are 

designed for 8x34 m3 of borated water. 

- Emergency core cooling by low-pressure (LP) safety injection (RHR pump and SI 

pump work in parallel). 

 

After core flooding, the decay heat shall be removed without evaporative cooling. 

For this purpose, a flow through the core of 306 Kg/s is required. 

 

This flow rate constitutes the design basis of the RHR pumps assuming that only 

two of the pumps are available, and that a part of the flow rate is lost through the 

leak into the reactor building sump without reaching the core. 

 

As this part of the injected flow of water is not involved in core cooling, the sump 

water is cooler than the water in the core. The resulting temperature is below 

boiling point. 

 

- Emergency core cooling in the recirculation mode (RHR pumps). When the 

borated water supply available for low-pressure safety injection is exhausted, a 

sufficient amount of water has flowed into the containment sump to allow further 

heat removal by cooling and recirculating this water. This changeover takes place 

after about 1000 seconds. Account has been taken in this case, too, of the fact that 

the water injected into the affected loop section is not available for core cooling. In 

the recirculation mode, the flow is higher since there is no backpressure. 
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