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요 약 
 
 
한국과 베트남 사이의 원자력 기술 협력 협정에 따라 연구용 원자로 분야에서는 

베트남의 새 연구용 원자로 건설 사업에 대해 2003 년 11 월부터 6 개월간 

한국원자력연구소 (KAERI)와 베트남 원자력위원회 (VAEC) 공동으로 예비 타당성 

연구를 수행하였다. 이 보고서는 공동 연구 결과에 대해 기술한다. 보고서에는 

베트남의 새 연구로의 필요성과 연구로가 필요한 경우 요구되는 바람직한 기본 성능 

요건과 설계 시 고려해야 하는 일반 설계 요건을 서술하였고, 기존 또는 현재 계획 

중인 전 세계 신규 연구로의 주요 설계 특성에 대한 검토 결과와 이로부터 새 연구로 

선정 시 고려해야 하는 연구로의 주요 설계 특성을 요약하였다. 또한 계속될 타당성 

연구에서 고려해야 하는 사업 계획, 필요 인력 및 국제 협력 등에 대한 고려 사항에 

대해서도 간략히 언급하였다.  
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Abstract 
 

 

Based on the agreement on the technical cooperation for nuclear technology between 
Korea and Vietnam, a KAERI/VAEC joint study on the pre-possibility of a new research 
reactor for Vietnam has been carried out in the research reactor area from Nov. 2003 to May 
2004. In this report, the results of the pre- possibility study on a new research reactor are 
described. The report presents the necessity of a new research reactor in Vietnam, and the 
desired performance requirements of the new research reactor if necessary. The major design 
characteristics of some existing research reactors and those under planning were also 
reviewed and the main characteristics which should be considered in selecting a new 
multipurpose research reactor for Vietnam were drawn. Some recommendations on the 
considerations for the next step of the feasibility study such as the project formulation, 
manpower requirements and international co-operation were also briefly touched upon. 
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1. INTRODUCTION     
 

Vietnam Atomic Energy Commission (VAEC) has carried out a variety of research 
and development activities for the nuclear sciences and relevant technologies for practical 
applications since its establishment in April 1976. Together with its evolution during the last 
three decades, the VAEC has efficiently contributed to the growth of the national science and 
technology in Vietnam including fostering the related nuclear industries and has provided lots 
of socio-economic contributions as well. In particular, since the Dalat Nuclear Research 
Reactor (DNRR) was put into operation in 1984, the applications of nuclear techniques have 
become more popular in various fields such as medicine, agriculture, industry, geology, 
hydrology, environment, etc. Even though such applications are part of the applicable areas of 
research reactors, they have contributed to the development of science and technology and the 
improvement of the human beings quality of life in Vietnam. The utilization areas of research 
reactors are gradually being expanded together with technology development, so it has led to 
a better public acceptance.   

 
On the other hand, the importance of energy has been recognized as one of the key 

factors for national development through the last oil crises and recent international situations. 
So every country has been concerned about a secure supply of energy and prepared measures 
according to the established national policy. A nuclear power plant may be regarded as a 
practical alternative to secure a reliable energy supply in a country where resources are 
insufficient. In this regard, Vietnam has made considerable progress in the recent years. As a 
landmark for this, the Vietnamese Prime Minister allowed to implement a pre-possibility 
study on a nuclear power plant for Vietnam in May 2001 and to clarify some issues related to 
the installation of the nuclear power plant in-between 2017 and 2020. If this nuclear power 
program is determined as proposed in the draft of the national strategy for nuclear power 
development, a comprehensive development of the national potential and the infrastructures 
of nuclear science and technology are necessary in advance to successfully realize the nuclear 
power development program. Training and fostering human resources is one of the most 
important objectives of a long-term nuclear power development plan in Vietnam. Those 
objectives can be strongly supported by a research reactor and the related research and 
development activities, which are the basis and fundamentals of a national science technology 
directly related to a national competitive power in the world.  

 
The DNRR has been operated for 20 years and has been utilized as the only neutron 

source in Vietnam for the purposes of nuclear research and personnel training, neutron 
activation analysis, and radioisotope production for medical and industrial uses. During the 
last two decades of the DNRR operation, the utilization areas of the research reactor have 
been broadened and efficiently contributed to the various fields of human life. However, due 
to the limitation of the neutron flux and power level, the out-of-date design of the 
experimental facilities and the ageing of the reactor facilities, it can not meet the increasing 
user’s demands even in the existing utilization areas such as radioisotope production for 
medicine and industry, nuclear physics experiments and neutron beam research, etc. In 
addition, the utilization demands of the research reactor will be increased along with the 
development of the nation’s economy growth. In this aspect, the capability of the DNRR is 
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much less to support the nuclear power development program and the demands from various 
application fields. For these reasons, it is necessary to have a new high performance 
multipurpose research reactor with a sufficient neutron flux and power level as has been 
proposed in the draft of the national strategy for nuclear power development in Vietnam. 
According to the draft, it is expected that a new multipurpose research reactor will be put into 
operation in the time period of 2015 ~ 2020. In practice, it takes a long time to construct a 
research reactor and also to be utilized as designed by installing experimental facilities, let say, 
usually more than 10 years. So this seems to be the right time to prepare for that. 

 
Since the Korea Atomic Energy Research Institute (KAERI) has launched a new 

project to design a new research reactor based on the experiences of the design, construction, 
operation and utilization of HANARO, the VAEC has the opportunity to share KAERI’s 
excellent expertise and experience in undertaking the pre-possibility study of a new research 
reactor for Vietnam. The principle objective of the KAERI and VAEC joint study is to review 
the major design characteristics of some existing research reactors and those under planning, 
and then to draw the main characteristics from this review, which will be considered to select 
a new multipurpose research reactor for Vietnam. 

 
The report consists of five chapters. Following Chapter 1 as an introduction, Chapter 2 

presents the necessity of a new research reactor in Vietnam including the draft of the national 
strategy for the nuclear power development. Chapter 3 considers the desired performance 
requirements for a new research reactor in Vietnam and the general requirements which 
should be kept in mind during the design. Major design characteristics of the various types of 
existing research reactors and those under planning and the important considerations for 
selecting a new research reactor are described in detail in Chapter 4. In addition, cost of 
construction, operation and maintenance for different types of research reactors are also 
considered in this chapter. The last chapter contains a summary and some recommendations 
on the considerations for the next step of the feasibility study such as a project formulation, 
manpower requirements and international co-operation relating to the new research reactor 
project in Vietnam.  
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2. NECESSITY OF A NEW RESEARCH REACTOR 
 

A nuclear research reactor is mainly used for the generation and utilization of a neutron 
flux, which has been widely applied to various areas from basic research to industrial and 
engineering applied researches. Its application fields are still being expanded together with the 
development of technology [1]. What the nuclear policy is and where the research reactor is 
used should be recognized before judging its necessity. Hence, first it seems to be desirable to 
briefly review the national nuclear power development program and the application areas of 
research reactors, reflecting the current environment surrounding the DNRR in Vietnam. Then 
we may consider its further necessity.  
 
 
2.1 National nuclear power development program 

Government of Vietnam has made efforts in various areas in order to enhance the 
country to the level of Asia’s developed countries as soon as possible. In the nuclear energy 
field, a long-term nuclear power development program was proposed and it is now waiting for 
the approval of Vietnam’s government [2].  

 
The key objectives of the long-term strategy for the nuclear power development 

program in Vietnam are summarized as below ;  
 
- To develop a nuclear energy source into one of the main energy sources; striving 

for the first nuclear power plant to be put into operation by 2017~2020 and 
continuing the construction of other nuclear power plants in the coming years; 

- To develop and promote a national nuclear industry step by step in order to 
localize the nuclear power plant and nuclear fuel technologies and to achieve self-
reliance in nuclear technique applications; 

- To research, develop and apply nuclear techniques to various fields such as 
industry, agriculture, medicine, oil industry, hydrology, geology, extractive 
industry, transportation and civil construction to enhance these fields to a level 
with that of other Asian countries; 

- To develop infrastructures of the techniques and regulations for nuclear safety and 
radiation protection in accordance with international standards; 

- To develop and promote the national potential of nuclear technology to have an 
advanced level, the same as that of Asia’s developed countries for both 
infrastructures and human resources.   

 
In order to put into operation a nuclear power plant for the period of 2017~2020 

together with the localization of nuclear technology, various aspects should be considered. 
One of the easiest and practical ways to catch up with an advanced technology country is to 
receive technology transfer during the construction of a nuclear power plant. From the aspect 
of time, it may take around 10 years just to design and construct a nuclear power plant. And 
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as constructing a nuclear power plant is integrated engineering and very complex, it requires 
considerable potentials in various engineering fields for the self-reliance of nuclear 
technology. So from this moment on a systematic approach including developing the related 
infrastructures and fostering human resources is needed to reach the successful goals of a 
nuclear power program. This can be supported through the research reactor operation and the 
related research and development activities. Up to present, DNRR has played its given role 
even though it is not sufficient enough for the utilization demands, and will continue until it 
shutdowns. In addition, after the shutdown of the DNRR, there are no means to support the 
nuclear power program and to replace the roles which the DNRR has done if a new research 
reactor is not constructed. And also, due to the limited capability of the  DNRR, it is much 
below the expectations for achieving the national nuclear power program. Hence, early 
construction of a new research reactor is desirable if Vietnam should do so. Then, a new 
research reactor will play the major roles and the DNRR may be operated when proper 
demands such as NAA application and the training of personnel are required. As a result, the 
time frame below shows the expected time period for a nuclear power plant and a new 
research reactor to be put into operation, and the utilization plan of the DNRR in the coming 
years. 

 
 

 1991-2000 2001-2010 2011-2020 
Power Plant          

DNRR       
New RR          

 
Design and construction 

Operation      

Operation for the demands     
 
 

2.2 Application fields of the RR and the required neutron flux [3,4,5] 

As the review of various utilization fields of research reactors seems to be a basic for 
understanding the necessity of a research reactor, the application areas are described in this 
section. In the early stage of nuclear technology development, research reactors were mainly 
used for basic researches such as nuclear physics and nuclear chemistry in order to obtain 
information on the characteristics of the new nuclides generated from the interaction with a 
neutron. But these days a research reactor as a neutron source is widely used in the areas of 
engineering, industry, medical and biological engineering and so forth. From the aspects of 
application methods, the utilization of a neutron can be classified as neutron beam research 
and irradiation utilization. The training and education may be considered separately. 

 
 

2.2.1 Neutron Beam Applications  
A neutron beam application is to use the neutrons extracted from the reactor core 

through beam tubes, which can be applied to the researches on neutron scattering and neutron 
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diffraction, neutron radiography, prompt gamma neutron activation analysis and neutron 
capture therapy etc. Major application areas using the neutron beam are summarized in table 
2.1 together with the necessary experimental facilities.  

 
 

1) Neutron Scattering  
Neutron scattering is one of the most powerful methods to obtain information on the 

atomic structures and dynamics of materials, which can be done by various experimental 
facilities. Since a neutron has a spin, the electron spin ordering or magnetic structure of the 
magnetic materials can be observed by neutron diffraction. HRPD (High Resolution Powder 
Diffractometer) is one of the excellent probes to investigate a magnetic structure as well as a 
crystal structure of a condensed matter. Due to the excellent transmission property of a 
neutron, neutron diffraction can investigate the inside of bulk materials without any 
destruction. Quantitative phase analysis (QPA) of the mixed phase materials and a 
quantitative analysis of a very small amount (a few ppm) of hydrogen in materials could be 
investigated. Hydrogen and deuterium can be easily distinguished by using neutrons. FCD 
(Four Circle Diffractometer) can be used to accurately measure the positions of the hydrogen 
atoms in the crystal lattice and the occupation ratio of the hydrogen and deuterium atoms. 
SANS (Small Angle Neutron Scattering) technique can be applied to the study of 
microstructual inhomogenities (structures, voids, precipitates, etc.) in materials of the 1nm to 
100nm range in size.  Investigations of the recrystallization behavior in steel, and the structure 
changes of micelles for an industrial application such as a drug delivery system, surfactant, oil 
fence are recent applications of SANS. Residual Stress Instrument (RSI) is to measure 
residual stress distribution in a metal or composite material. A neutron reflectometer is used 
for studying the characteristics such as thickness, surface roughness, interfacial roughness, 
composition and defects in thin films and layered media by measuring the reflected neutrons 
from the surface. Polarized Neutron Spectrometer (PNS) and Test Station (TS) are used for 
the magnetic research and test facility for detectors, monochromators, collimators and neutron 
mirrors.  

 
 

2) Neutron Radiography  
Neutron radiography (NR) is a kind of non-destructive test of materials, which has 

been used in the nuclear, aerospace, and defense industry as well as archaeology. For instance, 
the fuel soundness and dimensional assessment of fuel elements and tubes can be tested. For 
non-nuclear applications, detonators and explosives from the defense industry, defect finding 
in turbine blades, and archaeological specimens can be tested by NR. Measurement of the 
boron distribution and the analysis of the quantitative content in alloy steels are carried out by 
the micro-radiography technique. At present NR combined with 3D tomography is expanding 
its application fields. Dynamic neutron radiography (DNR) is a branch of neutron radiography 
by taking the camera images for a light from a converter having the characteristics of  moving 
objects from the view of neutron attenuation. 
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3) Prompt Gamma Neutron Activation Analysis  

Prompt gamma neutron activation analysis (PGNAA) is widely used for the multi-
elemental simultaneous analysis as a complementary tool of the neutron activation analysis. 
This facility is generally classified into one of the neutron beam application facilities by using 
the thermal and cold neutron, differently with a general NAA.  In PGNAA method, 
concentration of the component nuclide in a sample is analyzed by detecting the count rates of 
the prompt gamma-rays which are emitted promptly within the order of 10-14 sec after a 
neutron is absorbed by the nuclide. This method is particularly suitable for analyzing the 
elements of B, Cd, Sm, Gd, etc. which have large neutron capture cross sections, and also for 
the elements like H, C, N, S, etc. which do not lead to radioactive isotopes by a neutron 
capture reaction.  

 
 

4) Boron Neutron Capture Therapy  
The boron neutron capture therapy (BNCT) is a promising method for cancer 

treatment in principle, which kills the cancer cells selectively by the use of a cancer seeking 
boron compound and neutron irradiation. This therapy is expected to be very effective for the 
malignant brain tumor - glioblastoma multiforme for which any treatment tried by humans has 
not been successful as yet, and the researches on this therapy have been performed in many 
countries. The thermal neutron beam can be applied to a superficial tumor and basic 
researches, whereas the epithermal neutron beam is useful for a deep-seated tumor. 
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Table 2.1 Major areas and the experimental facilities for neutron beam applications 
 

Application Area Experimental Facility 
 Analysis of phase change and material structure 
 Fuel development and nuclear material  
research  

 Magnetic structure analysis 

High Resolution Powder  
Diffractometer (HRPD) 

 Analysis of sintering behavior of nano-crystalline 
materials  

 Investigation of nano-sized inhomogeneities in  
metals and ceramics 

 Structural studies of biological macromolecules 
 Basic study of NT, BT and IT fields 

Small Angle Neutron  
Scattering (SANS) 

 Determination of crystal structure and magnetic 
property investigation 

 Phase transition, Atoms and molecular disorder  

 Four Circle Diffractometer  
(FCD) 

 Measurement of residual stress in welded  
components and composite Residual Stress Instrument (RSI) 

 Polymer films, multi-layers mirrors, magnetic  
properties of thin layers or multi-layers Neutron Reflectometer 

 Study of magnetization and magnetic domain 
 Separation of nuclear and magnetic scattering in 
paramagnetic structure 

Polarized Neutron Spectrometer 

 Dynamic characteristics of anisotropic solids 
 Study on the phase transformation, crystal  
structure, magnetic structure behavior 

TAS, 3-Axis Spectrometer 

 Molecular dynamics 
 Elastic/inelastic scattering study 

Time-Of-Flight Spectrometer  
(TOF)   

 Slow dynamics of polymers 
 Diffusion process in fuel cell etc. Backscattering Spectrometer           

Neutron 
scattering 

 Slow dynamics study  Neutron Spin-Echo Spectrometer  
(NSE) 

Neutron 
radiography 

 Defect analysis in composite materials   
 Elemental analysis of large samples 
 Corrosion testing for aerospace system 

Neutron Radiography Facility  
(NRF) 

Prompt 
gamma 
neutron 

activation 
analysis 

 Simultaneous multi-elemental analysis  
 Boron concentration analysis  

Prompt Gamma Neutron  
Activation  Analysis (PGNAA)  
 

Neutron 
capture 
therapy 

 Treatment of glioblastoma multiforme  
 Treatment of melanoma  

Boron Neutron Capture Therapy  
Facility (BNCT) 
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2.2.2 Irradiation Applications  
 

1) Fuel and material irradiation tests  
Fuel and material tests by using various types of capsules and fuel test loops are used 

to examine the burn-up behavior, the mechanical and chemical stability of the fuel elements 
as well as the fission gas dynamic mechanism under high power steady state and transient 
conditions. These activities are necessary in developing new fuel and reactor materials and in 
the fuel warranty requirements for locally manufactured fuel elements for the nuclear power 
plants as well. The national nuclear R&D program for nuclear reactors and nuclear fuel cycle 
technology may require numerous in-core irradiation tests. Table 2.2 summarizes the major 
areas and experimental facilities for the fuel and nuclear material irradiation. 

 
 

Table 2.2 Major areas and the experimental facilities for the fuel and nuclear material 
irradiation tests 

 
Application Area Experimental Facility 

Irradiation test  
for nuclear  
material & fuel  

 Assessment of materials by neutron irradiations  
 Safety and integrity test of core materials 
 Data generation for new fuel development 
 Fission gas release behavior 
 Aging effect such as creep behavior of materials 

Non-instrumented material  
capsule 

Instrumented material capsule
Fuel capsule 
Creep capsule 

Irradiation test  
for fuel  
performance 
verification 

 Fuel behavior in power reactor conditions 
 Fuel rod cladding behavior  
 Integral fuel integrity test  
 Development of core internal structure materials
 Corrosion and water chemistry investigation 

Fuel Test Loop Facility 

 
 
 
 

2) Radioisotope production  
One of the most important sectors in research reactor utilization is the production of 

radioisotopes which are used in various ways. The application areas of radioisotopes have 
been gradually extended together with the development of industry and at present they are 
used in a variety of fields as shown in Table 2.3 which summarizes the major application 
areas of the radioisotopes. While most of the radioisotopes are produced by irradiation in 
research reactors, some RI, particularly short-lived isotopes for medical use, are produced by 
an accelerator. Genuine production of significant quantities of isotopes for commercial 
utilization requires a high power reactor, let say more than 10 MW, with the relavant 
processing equipment. Radioisotopes for medical use usually have a short half-life and should 
be used on patients in a timely manner, and the stable provision of such isotopes is important. 
So, at least it may be desirable to secure a domestic RI production system for short-lived 
isotopes inside the nation.  
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Table 2.3 Representative areas and the major isotopes of RI application 
 

Application Area  Major Isotopes  

 Gamma Imaging  Tc-99m, Tl-201, I-123, 
Xe-133, In-111 

 PET F-18, C-11, N-13, O-15 etc.  Nuclear Imaging   

 Bone density measurement  I-124, Gd-153, Am-241  

Radioimmunoassay  I-125, Co-57, H-3, Fe-59 

.Radiopharmaceuticals   I-131, Re-186, P-32  

 Remote remedy  Co-60 

 Brachytherapy Ir-192, Cs-137, I-125 

Medical 
sector  

 

 Radiotherapy with  
sealed sources   Blood irradiation for 

transfusion  Co-60, Cs-137  

 On-Line Control   
  - Measurement of density, 

mass etc.  Cs-137, Co-60, Am-241 

- Measurement of thickness  Kr-85, Am-241, Sr-90, Y-90 
- Radiation detection for  
analysis (Chemical process) Am-241 

  - Contamination measurement C-14, Pm-47 

 Analysis  Fe-55, Cd-109, Am-241, Co-57

 Nuclear detection  

 Smoke Detector  Am-241 
 Sterilization of medical  

equipments  Co-60 (high activity) Irradiation and 
radiation processing   Food irradiation Co-60 (high activity) 

Radioactive tracer    Various radioisotopes 

Non-destructive exam.   Ir-192, Co-60  

Industrial 
sector  

  

Stable Isotope   Zn-64, Cd-even  

Biomedical Research   Auto radiography  
P-32,33 I-125 
H-3, Co-57, 
Sn-119, Sm-152 etc.  Science 

Sector  
Material Research   Spectroscopy 

P-32,33 I-125 
H-3, Co-57, 
Sn-119, Sm-152 etc.   
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3) Neutron activation analysis  

Neutron Activation Analysis (NAA) is a representative and one of the most sensitive 
methods of the nuclear analytical techniques used for qualitative and quantitative analysis to 
determine the trace elements in a variety of complex sample matrices. It can be performed in 
variety of ways depending on the interested elements and the levels to be measured, as well as 
on the nature and the extent of the interference from the other elements present in the sample. 
Also the quality of the neutron in the irradiation hole affects the sensitivity of the element to 
be analyzed. The NAA with various techniques such as INAA, ENAA, DNAA and RNAA is 
intended to provide the capability to analyze the impurities in the materials of the reactor in-
core components; major and minor elements in geological and archaeological samples; 
microelements contained in soil, river, water and sea bed sand; trace elements in 
environmental samples, etc. Major application areas and the experimental facilities required 
for NAA are summarized in Table 2.4. 

 
 
 

Table 2.4 Major areas and experimental facilities for NAA 
 

Application Area Experimental Facility 

Nuclear & 
material 
science 

 Assessment of irradiation effect on nuclear material
 Analysis of trace elements such a B, U, Th  in fuel 
and nuclear materials  
 Trace analysis of high purity material and alloys (Ge, 
Si, GaAs, GaP, etc.) 

Geology  Analysis of cosmic materials 
 Analysis of compositions of rocks, ores, soils, etc. 

Agriculture/ 
Food 

 Analysis of specific element of soil, fertilizer, etc. 
 Analysis of elements in vegetable, crop, grain, fish 

Environment/ 
Oceanography 

 Monitoring & measurement of environmental 
samples (air dust, coal fly ash, sediment, waste, etc.) 

 Analysis of specific element of marine samples  

Biology  Measurement of microelements in hair, bones and 
tissue of human beings, animals, plant, etc. 

Others  NAA for medicine, historical science  
 NAA for forensic sample(criminal identification,etc.)

Tracer/Track 
technique 

 Leakage detection in piping and dam etc. 
 Measurement of liquid velocity in various industrial 

systems 
 Distribution analysis of N, B, U, etc.  

Pneumatic Transfer System 
 
Rabbit and sample capsules
 
Chemical balance 
 
γ-ray Spectroscopy System 
with calculation software 
 
Automatic sample changer 
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4) Neutron transmutation doping  

Neutron transmutation doping (NTD) is the technology to make a high quality 
semiconductor by neutron absorption and the transmutation of silicon elements into phosphor 
elements in a silicon single crystal.  The semiconductor silicon from this process is called the 
NTD silicon. The NTD silicon is used for various sensors and power devices including IGCT 
(Integrated Gate Commutated Thyristor), GTO (Gate turn-off Thyristor), IGBT (Insulated 
Gate Bipolar Transistor) and a rectifier diode.  

Gemstone coloration is other way of NTD. Gemstones may be irradiated with neutrons 
to improve their properties in order to increase their demand and monetary value. The most 
common example for gem coloration is for topaz. This application also includes various 
material irradiations by neutrons and gamma radiation and actinidetransmutations. 

 
 

2.2.3 Basic research and Training & Education  
Reactor physics including a shielding research is a major discipline in reactor design, 

operation and safety. Reactor physics experiments and experimental techniques to measure 
the nuclear parameters in a reactor system are essential for nuclear technology development. 
A research reactor is the most powerful facility to pursue the areas of concern; flux and power 
measurement, reactivity coefficient, neutron life-time, time behavior of the reactor, flux 
perturbation and distribution, etc. These activities will contribute to developing the 
infrastructure of the nuclear industry.  

In any field, not only the continuous training and education of manpower but also the 
fostering of human resources are fundamental to maintain a continuous development.  From 
this point of view, a research reactor is a basic facility for the training and education, as well 
as the research and development in nuclear technology. To have the experience of a reactor’s 
behavior in a working field is essential to the personnel in the nuclear area and to visit a 
research reactor which is active and safely utilized can be very helpful for public acceptance. 

 
 
2.2.4 Summary of the neutron flux requirements for utilizations 

 
Based on the objectives of the long-term strategy for the nuclear power development 

in Vietnam, lots of demands for the research reactor’s utilization are expected. Especially 
support for the nuclear power plants in the future together with the increasing demands in the 
research reactor application fields as described in section 2.2.3. The utilization fields are 
dependant on the neutron flux level which is closely related to the reactor power. Table 2.5 
lists the neutron flux and dimensions of the irradiation holes requirements to reasonably cover 
the overall research reactor utilizations. 
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Table 2.5 Neutron flux requirements for research reactor utilization 
 

Requirements 
Fields Application 

Size Location Desirable neutron flux 

Neutron 
beam 

application

 Study on material property and  
structure, etc. 

 PGNAA, BNCT 

 Beam tube, 7 x 20 cm 
 (tangential)   Reflector 

 Thermal φ > 3.0 x 1014  
 Low φ & γ-ray  
BNCT ; epithermal φ > 1.0 x 109 

 Acceleration of burn-up test 

 Study on radiation damage and fission 
gas dynamics 

 Chemical stability and corrosion  
phenomena study 

 Vertical hole, dia.= 5 ~ 8 cm 
 (fuel size; capsule)  Core Fuel & 

material 
irradiation

 Irradiation test of nuclear material  Vertical hole, dia. = 5 cm    Reflector 

 Thermal φ > 2.0 x 1014 

 Fast φ > 2.0 x 1014  

 High activity RI production 
(I125, Ir192)  Thermal φ > 3.0 x 1014 

 RI Production (by epithermal φ, Mo)
 Vertical hole, dia.= 3 ~ 5 cm  Core,  

Reflector  Thermal φ > 3.0 x 1013 ~  2.0 x 1014 RI 
Production

 NTD   Vertical hole, dia. > 20 cm  Reflector  Thermal φ = 1.0 x 1013 ~  2.0 x 1014 
Flux gradient < 5% over 20 cm 

NAA 
Non-destructive, high sensitive, 
simultaneous multi-elemental  
analysis 

 Vertical hole  
D=3.5cm (short irradiation) 

    5.0 cm (long irradiation) 
Reflector  Thermal φ : 1.0 x 1011  ~ 1.0 x 1014 

 (high Cd ratio , low γ heating) 

NR  Non-destructive examination  Beam tube, D= 8 ~ 10 cm Reflector  Thermal or epithermal φ > 1.0 x 1014 
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2.3 Experiences on the operation of the DNRR, difficulties and limitations 
 
The DNRR was reconstructed from the former TRIGA Mark II reactor, which was 

supplied by General Atomic Co. and was built in the early 1960s. The operation of the TRIGA 
reactor was started in 1963 and continued until 1968 at a nominal power of 250 kW. In April 
1975, all the fuel elements of the reactor were unloaded and sent back to the USA. During the 
time period of 1976 ~ 1982, with the co-operation and assistance of the former Soviet Union 
of Socialist Republics (USSR) the reactor was redesigned, reconstructed and upgraded to a 
power level of 500 kW. The first criticality of the renovated reactor was achieved on 1 
November 1983. And then, on 20 March 1984 the present DNRR was officially inaugurated 
and its activities restarted.  

Since its restart of operation, the DNRR as the only neutron source in Vietnam has been 
mainly used for the purposes of research and training, neutron activation analysis, and 
radioisotope production. The utilization of the reactor has been broadened in various fields 
such as medicine, agriculture, industry, geology, hydrology, environment, etc. Until the end of 
2003, it was operated with the accumulated operation time of 26,000 hrs. Practically, the 
DNRR is believed to be in a safe operation and an efficient utilization within its capacity and 
capability. The reactor has been, and will continue to play an important role as a large national 
research facility to implement research, development and the demonstration of nuclear energy 
applications in Vietnam. 

However, due to the limitation of its capability coming from its power level (500 kWth) 
and the out-of-date design of the experimental facilities, the DNRR has been applied to limited 
areas among the various research reactor application fields as described in section 2.2. For 
example, a maximum neutron flux of 2x1013 n/cm2/s of the DNRR is quite good for NAA and 
suitable for producing the radiotracers being applied in hydrology, etc., but it is too low for 
neutron beam applications and for producing an adequate quantity and quality of radioisotopes 
for medical uses. And it also can not meet the increasing needs not only in the current 
utilization areas such as radioisotope production for medicine, industry and nuclear 
experiments but also the new needs from the other utilization areas, especially, the support for 
the nuclear power development program and non-power utilization areas in the future. Table 
2.6 shows a comparison of the research reactor capacity with different powers, which shows 
that the DNRR with a 500 kW has limited application ranges and fields. It is necessary to have 
a new multipurpose research reactor with a higher power level in order to meet the needs 
presented in section 2.2.  It should be put into operation at least before the operation of the first 
nuclear power plant in Vietnam. In addition to the above-mentioned limitations, the ageing 
effects of the reactor facilities are also a challenge for the reactor management and operating 
personnel.  

  
Table 2.6 Comparison of the RR Capability according to the Reactor Power 

 
Power Fuel &  

material 
test 

Neutron 
beam 
research 

Neutron 
Radio- 
graphy 

PGNAA NAA RI 
produc
-tion 

BNCT NTD Training 
& 
Education

500 kW N VS* VS VS S* S S N S 

>10 MW F* F F F F F F F F 
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*   N ; no capacity 

 VS ; very small capacity 
 S  ; some capacity 
 F  ; full capacity 

 
 
 
2.4 Contribution of a Research Reactor  
 Under the current circumstances where most governments in the world stress the 
economical efficiency against investment, it is not easy to justify the investment on a research 
reactor based on a cost benefit assessment. Moreover, the construction cost may be a  
considerably big investment in a developing country. It is because most of the benefits from the 
research reactor are obtained in the form of indirect effects. The impact of such indirect effects 
on the national science and technology may be difficult to be converted into a countable unit.  

 Recently KAERI performed an interesting and important study on the analysis of the 
impact of the HANARO on the national economy [6], which tried to evaluate the direct and 
indirect effects of a research reactor on the nation’s economy by using a system dynamic 
model. The motivation of such a study was to justify the role of HANARO in a quantitative 
manner. The ways to contribute were considered as shown in figure 2.1; direct income, primary 
and secondary economic propagation effect and non-economic effect. In general, direct 
incomes such as money from the RI production, and services for the NTD of Si and NAA 
analysis, etc., are easily recognized, but a non-economic effect such as scientific and medical 
effects can not be recognized with ease because it is difficult to convert such effects into 
money, as countable unit. However, they should be evaluated because the contributions from 
them are usually very large as shown in figure 2.1. In the primary effect, the substitution cost 
for a research activity considers the cost difference for the research with and without a research 
reactor. Substitution costs for public services and RI are similar concepts. For example, in the 
case that NAA technique is used for the public service such as an environmental condition 
assessment, another way should be applied if there is no research reactor. Considering all such 
effects, the assessment on the contribution of HANARO to the national economy was 
attempted. The results of the total contribution against the research cost from the year of the 
HANARO operation are presented in figure 2.2, which considered the sensitivity of the major 
parameters affecting the result. In the figure the y-axis, the ratio of output to input cost, 
presents the yearly contributions (caused by previous research efforts) divided by the current 
yearly budget, where the output includes all the effects converted into money and the inputs 
include all the expenses for the operation and construction costs. It is shown in the figure that 
the contribution level of HANARO is in the range of 3~30 times that of the investment. 
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Fig. 2.1 Classification of the contributions of a research reactor 

 
 

 
Fig. 2.2 Expected contributions of HANARO (Sensitivity Study) 

R
atio* of O

utput to Input cost

* Yearly contributions (caused by previous research efforts) divided by current year budget
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 On the other hand, the numbers and scales of research reactors may depend on the 
national science level, R&D investment and economy and so forth. One Vietnamese researcher 
presented an analysis of the data on research reactors and socio-economic conditions across the 
countries. It showed that the reactor power of the countries has a highly significant relationship 
with the GDP and R&D expenditure [7]. Figure 2.3 gives an estimation of the minimum GDP 
level that becomes appropriate for establishing a research reactor in a low-income country. 
This figure can be used as one of the preliminary guides for the feasibility study on a new 
research reactor construction project. If we follow this figure, a research reactor of around 5 
MW would be necessary at the level of Vietnam’s GDP in 2003. It is noted that it takes around 
10 years to operate a research reactor. So it is judged that a new research reactor of more than 
10 MW, which can satisfy the expected user’s demands regarding the neutron flux, might be 
appropriate for Vietnam’s future at this moment in time. In Vietnam’s case, it may be desirable 
to take this trend into account while doing the feasibility study on a new research reactor. 

 
 

 
 

Fig. 2.3 Scatter plot of Ln(GDP) and Ln(total installed reactor power) 
 
 

 
2.5 Summary and Expected Benefits 

In summary, construction of a new research reactor is necessary, and an earlier 
preparation would be better when considering the following. 
 
1)  Considering the aging of the DNRR and the increasing demands, the DNRR becomes less 

serviceable as time goes on. Basically a new research reactor is needed to continue the 
services which the DNRR has done. Especially, the essential RI for medical use should be 
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stably provided within the nation. Recent international situations due to terrorist attacks 
remind us of the importance of self-reliance for the fundamentals of public life. 

2) The nuclear technologies and infrastructures including the human resources established 
through the DNRR operation will be in vain if there is no substitution for the DNRR. 
Utilization of a new research reactor with a high performance and large capacity will 
effectively enhance the development of science and technology in Vietnam. The nuclear 
technologies underlie the national science and technology, and provide essential tools and 
technical information for the successful and efficient development of IT (information 
technology), BT (biology technology), NT(nano technology) and ET (environment 
technology). 

3)  In order to satisfy the increasing demands for the utilization of a research reactor, a high 
performance research reactor is needed. Generally, the user’s demands increase very 
rapidly together with the development of the nation. 

4)  For a nuclear power plant construction and operation in accordance with a national nuclear 
program, enhancing the potentials of nuclear technology in advance is necessary and the 
continued support by R&D activities with a research reactor is also needed.  

5)  The experiences during the design and construction of a research reactor would be very 
helpful in the localization of the nuclear power technology by learning the know-why of 
technology. The design and analysis technology for a new research reactor will be the basis 
for that of a nuclear power plant.  

6)  A new nuclear research center accompanied with a new research reactor will be established. 
Contributions to the socio-economic development and commercial revenues derived from 
the R &D activities at the new research reactor are expected. The role of DNRR will be 
focused on its original purposes to serve as basic research and education and training. 

7)  A construction and operation of a new research reactor with a high capacity enhances the 
localization of the manufacturing techniques for the components and equipment in the 
nuclear industry.  

8)  Not only expansions of the investigations area but also direct benefits such as an increase of 
RI and Si NTD are expected.  

9)  Considering the national economy growth of Vietnam and the active due service period, a 
new research reactor should have at least more than a 10 MWth power to meet the user’s 
demands and to correspond to the national development after 2010’s. 
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3. REQUIREMENTS OF A NEW RESEARCH REACTOR 

As described previously, the limitation on the utilization of the existing Dalat research 
reactor and the requirement for supporting the nuclear power development program have led to 
a necessity of constructing a new research reactor in Vietnam. Based on the requirements for 
the research reactor utilization fields as mentioned in section 2.2, a new research reactor which 
is expected to put into operation by the year of 2015 ~ 2020 should be a multipurpose research 
reactor with a power of more than 10 MWth  having the following requirements.  
 
 
3.1 Requirements for reactor performance 

In order to satisfy the future demands in Vietnam, a new research reactor is desirable to 
meet the following basic performance requirements.  

 
1) The maximum available thermal neutron fluxes in the irradiation site inside the core 

and the reflector region should be 2x1014 and 3x1014 n/cm2-s, respectively.  

2) The neutron flux should be stable for the experiments. The neutron flux variation in a 
irradiation site due to the loading or unloading samples in other irradiation sites should 
be less than 5%. Also, the thermal neutron flux at the nose of the beam tube should be 
stable within a 5% variation regardless of the experimental activities in the other 
irradiation sites.  

3) The axial neutron flux gradient at the irradiation site should be within ±20% over a 
length of 50cm.  

4) The average discharge burn-up of the fuel assembly should be more than 55% of the 
initial fissile material, U235.  

5) The reactor operating cycle should be longer than 30days.  

6) A reasonable combination of sizes, types and orientations for the irradiation holes and 
beam tubes is required for various experiments. 

7) The reactor should have inherent safety characteristics. 
 
 

3.2 Requirements for nuclear safety and radiation protection 
The safety of research reactors requires an appropriate site, design, construction, 

commissioning, operation and decommissioning. This section puts forward mainly the design 
safety requirements of a research reactor. The safety objectives and engineering design 
requirements of systems, structures, components and equipment that are important for the 
safety of a new research reactor are discussed in the following sections. 
 
 
3.2.1. Safety objectives and safety criteria 
 
Safety Objectives 
 The overall safety objective for a new research reactor is to protect the site personnel, 
the general public and the environment by establishing and maintaining an effective defense 
against a radiological hazard [8]. 
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 For this overall objective, the corresponding radiation protection objectives should be 
ensured; that 
 

- the operation and utilization of the reactor are justified under radiation protection 
considerations;  

- during the operational states, radiation exposure of the site personnel and the 
general public remains below the limits prescribed by the national authorities, and is 
kept as low as reasonably achievable (ALARA); and  

- all the practical measures are taken to mitigate a radiation exposure from accidents. 
 
With respect to accidents, more detailed objectives should be ensured; that  
 
- accidents are generally prevented;  
- radiological consequences from credible accidents, including those with a low 

probability, are small; and  
- accidents with significant consequences are extremely unlikely, by both prevention 

and mitigation measures. 
 
 

Nuclear and Radiation Safety Criteria 

To accomplish the safety objectives stated above, the acceptance criteria for both the 
operational states of the reactor and the accident conditions considered in the design of the 
facility should be established in accordance with the IAEA guideline [9] as follows: 

 
 Radiological criteria: The radiation doses for both occupationally exposed personnel 

and the general public, as well as radioactive releases to the environment must be below the 
limits established by law, and moreover, are kept as low as reasonably achievable 
(ALARA). 

 
The legal individual dose limits, specified by the Government, are of 20 mSv/year for 
occupational personnel, and 1 mSv/year for the general public [10]. The Ministry of 
Science and Technology is responsible for specifying the other specific dose limits. 

 
 Performance criteria: The integrity of the reactor core and fuel must be assured, and 

core cooling should be maintained at any time and at any condition. 
 
 
3.2.2. General design requirements 
 The safety objectives and criteria are achieved by applying design safety requirements 
to the design of a reactor. The following general design safety requirements should be 
considered for application to the design of a new research reactor in accordance with the IAEA 
guideline: 
 

- defense in depth; 
- safety analysis for the design; 
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- design limits of the parameters; 
- safety functions; 
- design of reliability; 
- quality assurance; 
- codes and standards; 
- special consideration for an experimental use; 
- design for operation states; 
- design for accident conditions; 
- radiation protection; 
- commissioning; 
- operation limits and conditions; 
- emergency planning; and  
- decommissioning. 
 
 

3.2.3. Specific design requirements 

A set of specific design requirements relating to specific structures, systems and 
components of the reactor facility should be specified to supplement the general design 
requirements. Specific design requirements should be specified for the following structures, 
systems, components and designs of the reactor facility: 

 
- buildings and structures; 
- reactor core design and control; 
- reactor coolant system; 
- reactor shutdown system; 
- protection system; 
- emergency core cooling system; 
- confinement system; 
- instrumentation and control; 
- electric power supply system; 
- auxiliary system; 
- experimental devices; and 
- radioactive waste system. 
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4. CONSIDERATIONS ON THE SELECTION OF A NEW RESEARCH REACTOR 
 
4.1 Status of the world’s research reactors 

 
Since the first initiation of a reactor in 1942 at the University of Chicago using nuclear 

fission and a chain reaction, the technical design and development of research reactors have 
made considerable progress. As of late 1955 when the inaugural Geneva Conference on the 
Peaceful Uses of Atomic Energy was held, a total of 42 reactor facilities had started up in  
seven countries (28 in the USA, 5 in the USSR, 3 in the UK, 2 in Canada, 2 in France, and one 
each in Norway and Sweden). According to the statistics of the IAEA Research Reactor 
Database [10] as of February 2002, however, a total of 681 reactors have been registered. 283 
reactors among them are in operation at 58 countries, 217 reactors are in shutdown, 167 
reactors are in decommissiong, 7 reactors are under construction, and 7 are under planning. On 
the whole, the number of reactors to be shutdown and decommissioned is increasing when 
compared to the newly constructed or planned reactors.  As shown in figure 4.1, the total 
number of operating research reactors has been gradually declined from the peak of 373 
reactors in 1975. Figure 4.2 shows the age distributions of the operating research reactors. 
About 60% of them have been operated for more than 30 years, and reactors of an operating  
period of more than 20 years amount to around 80%. Hence, in the next twenty years, the 
number of operating facilities is expected to decrease more rapidly, and only 1/3 of them will 
be remaining. The distribution of research reactor powers is presented in figure 4.3. The 
operating research reactors with a power of more than 10 MWth amount to 23%. Here, if we 
assume that the life time of a research reactor is 45 years, around 20 – 30 reactors with a power 
of more than 10 MWth will operate between 2010 and 2020.  

As the capability of a research reactor depends primarily on the available neutron flux 
which is largely governed by the reactor power, the research reactors can be categorized into 4 
groups as zero power (<10 kWth), low power (10 kWth to 2 MWth), medium power (2~10 
MWt) and high power (≥10 MWth) groups. For the purpose of this report, it is favorable to 
focus on the high power thermal research reactors. Table 4.1 summarizes the characteristics of 
the currently operational high power research reactors including 6 new reactors under 
construction and planning. Most of the existing high power facilities are multipurpose reactors 
used for a combination of material testing, radioisotope production, and neutron beam 
applications. Of these multipurpose reactors, 23 started up over 30 years ago, 2 are over 20 
years old, 4 are from 10 to 20 years old, 3 are from 5 to 10 years old, and 2 are under 
construction. Three research reactors in France are dedicated to safety research. Eight of the 11 
dedicated material testing reactors are over 30 years old, 1 is over 20 years old, 2 are less than 
20 years old, and 2 are under construction. 
 

As mentioned before, the number of research reactors is decreasing due to the decrease 
in demand for research reactors combined with difficulties in construction atmosphere. 
However, research reactors have made lots of contributions to the development of science and 
technology and the improvement of the quality of human life during the last 50 years. 
Accordingly, lots of infrastructures including manpower have been established. In addition, the 
utilization fields of research reactors have been expanded, which are very closely related to the 
fundamental factors of the advanced technologies in various industrial areas. Therefore, the 
role of research reactors is judged to be continued for a considerable period. 
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Figure 4.1 Variation of the numbers of research reactors 
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Figure 4.2 Age distributions of the research reactors 
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Figure 4.3 Distribution of the operating research reactor’s power 
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Table 4.1 High power research reactors ( >10 MWth )   
(as of 2004.Feb.)  

Application 
field 

# Reactor Country Power 
(MWth) 

# of Bm 
tube 

Age 
 (year) 

C* PIK Russia 100 16 - 
1 FRM-2 Germany 20 12 0.1 
2 BER-2 Germany 10 10 12.0 
3 JRR-3M Japan 20 9 14.0 
4 ORPHEE France 14 9 22.5 
5 HFR France 57 18 31.9 
6 NBSR USA 20 15 35.5 

Neutron 
beam 

application 

7 MURR USA 10 6 37.6 
P** JHR France 100 0 - 
C SPHNX Kazakhstan 200 3 - 
1 RBT-10/1 Russia 10 0 12.0 
2 RBT-10/2 Russia 10 0 19.5 
3 HFETR China 125 0 23.5 
4 IEWG1 Kazakhstan 60 - 31.2 
5 JMTR Japan 50 0 35.1 
6 IRT-T Russia 40 0 35.8 
7 ATR USA 250 0 35.9 
8 MIR.M1 Russia 100 0 36.5 
9 OSIRIS France 70 0 36.7 
10 MR Russia 40 0 39.5 

Material 
testing 

11 HBWR Norway 25 0 44.0 
1 MMIR Canada 10 0 2.7 RI 2 HFIR USA 85 4 37.8 
1 SCARABEE France 100 0 21.0 
2 PHEBUS France 40 0 24.8 Safety 

research  3 CABRI France 25 0 40.0 
 
*  C: Research reactor under construction 
** P: Research reactor under planning 
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Table 4.1 High power research reactors (continued) 
(as of 2004.Feb.)  

Application 
field 

# Reactor Country Power 
(MWt) 

# of Bm 
tube 

Age 
(year) 

C CARR China 60 9 - 
C RRR Australia 20 5 - 
1 ETRR-2 Egypt 22 5 5.7 
2 HANARO Rep. Korea 30 7 8.2 
3 ESSALAM Algeria 15 7 9.5 
4 RP-10 Peru 10 6 14.2 
5 RSG-GAS Indonesia 30 6 15.9 
6 DHRUVA India 100 19 17.8 
7 IRT-1 Libya 10 10 20.2 
8 TRIGA-Pit Romania 14 2 25.5 
9 MARIA Poland 30 8 28.5 
10 WWR Alma Kazakhstan 10 6 35.6 
11 Sverdlovsk Russia 15 10 37.1 
12 SAFARI S. Africa 20 6 38.2 
13 Obninsk Russia 12 6 39.7 
14 SAFARI France 35 3 40.2 
15 FRJ-2 Germany 23 30 40.5 
16 HFR-Retten Netherlands 45 12 41.5 
17 SM-2 Russia 100 5 41.6 
18 BR-2 Belgium 100 9 42.0 
19 WWR Kiev Ukraine 10 10 42.5 
20 IGR Kazakhstan 10 9 42.5 
21 HIFAR Austria 10 10 42.7 
22 CIRUS India 40 31 42.8 
23 R-2 Sweden 50 8 43.2 
24 DR-3 Denmark 10 8 43.4 
25 St. Ptrsburg Russia 18 17 37.0 
26 Tashkent Uzbekistan 20 9 37.2 
27 BUDAPEST Hungary 10 8 37.7 
28 HWRR-II China 15 7 38.2 
29 HIFAR Australia 10 22 38.9 
30 NRU Canada 135 26 39.1 
31 LR-15 Czech Rep. 10 9 39.2 

Multipurpose  

32 AM Russia 10 4 42.5 
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4.2 Review of research reactor’s designs 

The design concepts of research reactors have been evolved from the first research 
reactor of CP-1 to the latest generation of research reactors. In order to have a general outlook 
and a better selection of a new research reactor, the review of the major characteristics of some 
existing and forthcoming reactors is necessary. For this reason, design concepts of eight 
multipurpose research reactors and one neutron beam research reactor whose power levels 
range from 10 to 30 MW are examined. These research reactors represent the relatively new 
designs and have various design features for the reactor and core, fuel, primary cooling system, 
reactor control and protection system, emergency core cooling system, reactor building, etc. 
The main characteristics of these research reactors are summarized in the Appendix. It is noted 
that FRM-II dedicated to neutron beam utilization research was specially designed and it can 
not be compared with other reactors due to the different design features. For instance, the fuel 
average discharge burn-up of the FRM-II is 18% which is much less than that of other reactors. 
Four research reactors JRR-3M, HANARO, ETRR-2 and FRM-II were put into operation in 
the years 1990, 1995, 1998 and 2004, respectively. The RRR and ONRC research reactors are 
presently under construction and they are expected to be completed in the near future. The 
CRCN/RPM-1 reactor project was halted after the completion of the conceptual design. Since 
the TRR dismantling and reconstruction project has been cancelled, the TRR-II reactor design 
is not applied. The offered Russian research reactor is based on the successful operation of the 
research reactors of the IRT and VVR type in Russia and some other countries. The following 
sections present the overall characteristics for these research reactors. 

 
 

4.2.1 HANARO research reactor [11, 12] 
 
Reactor and core 

 The HANARO (High Advanced Neutron Application Research Reactor) is a 30 MW 
open-tank-in-pool type multi-purpose research reactor using light water as both a moderator 
and coolant, and heavy water as a reflector. The reactor core is submerged in a reactor pool 
having 4 m in diameter and 13.4 m in depth. The reactor pool is connected to the service pool 
by a transfer canal. Figure 4.4 shows the schematics of the reactor structure. 
  

The reactor core consists of an inner core and outer core. Hydraulically the core has a 
total of 39 separate flow channels; 23 hexagonal and 18 circular flow channels where 36-
element and 18-element fuel assemblies are loaded, respectively. The inner core is enclosed by 
the corrugated and parallelepiped inner shell of the reflector tank (see Fig. 4.5). 8 out of the 31 
fuel sites are assigned for the residences of 4 control and 4 shutdown absorbers inside which 18 
element fuel assemblies and circular tubes are equipped. The nominal core configuration 
allows the 20 hexagonal flow tubes to accept 36-element fuel assemblies, while 3 vacant sites 
are reserved for capsule, rig or loop installations. The outer core is clustered with 8 circular 
flow tubes vertically passing through the reflector tank. The 18-element fuel assemblies can be 
loaded in these tubes. The design of the outer core sites is to provide an excellent environment 
with a high epithermal neutron flux instead of fuel loading. At a steady-state maximum power, 
the maximum thermal neutron fluxes in the core and reflector regions are 4.5×1014 
neutrons/cm2.s and 2.1×1014 neutrons/cm2.s, respectively. 
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 The reactor has three flux traps in the inner core and four irradiation sites in the outer 
core, where the high fast and epithermal fluxes are available. So they can be used for fuel and 
material test loop and capsules and for RI production as well. Twenty five vertical irradiation 
thimbles in the D2O filled reflector tank are used for radioisotope production, neutron 
activation analysis, neutron transmutation doping, and cold neutron source installation. There 
are seven horizontal beam tubes and each tube has its own characteristics with a tube geometry 
and tangential configuration which has been optimized for their specific experiments such as 
neutron scattering, neutron radiography, BNCT, etc (see Fig. 4.6). 
 
Fuel 

The fuel element of the HANARO is made from pencils of an extruded Uranium-
Silicon-Aluminum dispersion with finned aluminum cladding. The fuel meat consists of a 
dispersion of small particles of high uranium density (3.15 g/cm3) silicide compounds in a 
continuous aluminum matrix.  The enrichment of U-235 is 19.75% in weight. A fuel element 
consists of fuel meat having a diameter of 6.35 mm and a length of 700 mm, covered with 0.76 
mm thick aluminum cladding. Fuel elements are assembled into fuel assemblies. There are two 
types of fuel assemblies: a hexagonal fuel assembly having 36 elements and a cylindrical fuel 
assembly having 18 elements. Both assemblies use the same element design except for the 
outer-ring elements of the hexagonal fuel assembly. Fuel meats with 5.5 mm in diameter are 
used in the outer-ring elements to reduce the power peaking factor. Two types of fuel 
assemblies are shown in figure 4.7. The operation cycle length of the reactor is 28 days at a full 
power. 
 
Primary cooling system 

 The primary cooling system (PCS) of HANARO is shown schematically in figure 4.8. 
The primary cooling system outside the reactor pool consists of two parallel circuits each with 
a pump and a plate type heat exchanger with a 50% capacity. The total coolant flow rate is 
2800 m3/hr. About 10% of the total primary coolant, passing through the two heat exchangers 
is bled off and is directed to the bottom of the reactor pool instead of to the reactor inlet 
plenum. This water slowly rises from the bottom of the pool around the outside of the reactor 
core structure, keeping the bottom of the pool cooled. The design temperature of the core inlet 
coolant is set to 35oC after considering the maximum possible secondary coolant inlet 
temperature to the heat exchanger in the summer time and the design temperature of the core 
outlet coolant is then determined as 45OC to have enough margin for coolant bulk boiling at the 
core exit and humidity control in the reactor hall. 

 
 At a normal operation, the core heat is removed by forced convection through two 

pumps and two heat exchangers. 90% of the total PCS flow from the core exit meets the 10% 
downward bypass flow at the lower part of the chimney and flows to the pumps through the 
chimney nozzles. The main function of the bypass flow is to prevent the core flow containing 
the activated N16 and other radioisotopes from escaping out of the chimney to the pool.  

During a reactor shutdown, the decay heat is removed by the natural circulation through 
the primary cooling system along with the same path as the forced convection flow or by a 
gravity driven recirculating flow via flap valves inside the pool. In the case of loss of pool 
water accidents, the core uncoverage is prohibited by the layout of the PCS pipes and the flap 
valves.  
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Reactor control and protection system 

 Eight absorber rods (4 control absorber rods and 4 shutoff rods) are made of hafnium. 
Reactor protection system (RPS, 4 shutoff rods) is physically and functionally separated from 
reactor regulation system (RRS, 4 control rods). Four shutoff rods are operated hydraulically 
and gravity dropped into the core when the hydraulic pressure in the hydraulic cylinders is 
released by opening electrically operated solenoid valves. The four control rods are driven by a 
stepper motor cable drive. The control rod drive mechanisms are mounted above the core. 
  

The HANARO has completely separate control and shutdown systems. The reactor 
regulation system of the HANARO adopts the direct digital control strategy using a 
programmable controller. The computer is used for the control, display and data logging of the 
important systems. Automatic shutdown can be initiated by software whenever the RRS can 
not function because of a RRS malfunction, process abnormality or a reactor protection system 
trip. The operator can shutdown the reactor by using a shutdown switch to cut the power to the 
control rod drive mechanism. Based on the single failure criterion, the trip logic of the RPS and 
RRS incorporates three redundant and totally independent channels. In order for the RPS or 
RRS to drop-in four shutoff rods or four control absorber rods in unison, two out of the three 
channels are required to trip. 
 
 
Summary of major systems 
 

System Features 
Primary cooling system 2 loops, 2 x 50% pumps, 2 HXs (plate type) 
Reflector cooling system 1 loop, 2 x 100% pump (1 standby), 1 HX 
Secondary cooling system 4 cooling tower, 3 pumps (1 standby) 
Reactor shutdown system Control and shutdown rods 
Spent fuel storage and 
cooling & purification system 

Service pool and spent fuel storage pool, transfer canal
Fuel storage racks, 2 pumps, 1 HX 

Reactor building and 
ventilation system 

Negative pressure, fans, filters and isolation valves 
Emergency ventilation system 

Electric power supply  Normal, diesel generator, UPS 
Fire protection system Fire extinguishing pumps, sprays etc.  

 
 
Other facilities 

A hot water layer system is installed in a reactor pool to prevent the activated water 
from reaching the pool surface and to protect the personnel working over the pool top against 
the radiation emitted by the impurities in the pool water. 
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Fig. 4.4  Schematics of Reactor Structure 
 
 
 

 
 

 
 

Fig. 4.5  Bird eye view of Reactor Core 
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Fig. 4.6 Layout of Experimental Facilities of HANARO 

 
 

 
 
 
 
 

 
 
 
 



 30

  
 
 
 
 

 
Fig. 4.8 A Schematic Diagram of the Primary Cooling System of HANARO 

Fig. 4.7 Two types of HANARO Fuel Assemblies 
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4.2.2 CRCN/RPM-1 research reactor [13] 
 
Reactor and core 

The CRCN/RPM-1 is an open-tank-in-pool type multipurpose research reactor with a 
maximum thermal power of 20 MW, cooled and moderated by light water and reflected by 
heavy water and beryllium elements. Its important characteristic is to have a core divided into 
two halves coupled by a central heavy water tank (see Figure. 4.9). The D2O tank provides a 
large region with high thermal neutron flux (4.0×1014 neutrons/cm2.s) and provides an 
additional safety feature, which shutdowns the reactor when it is quickly emptied. This 
additional shutdown capability has a different engineering principle from that of standard 
safety and control rods and, therefore, enhances the overall reactor safety.  

 
The reactor core has 30 plate type (MTR) fuel elements, divided into two halves 

coupled with a 40 cm heavy water tank, and surrounded by beryllium reflector elements. Each 
one of the core halves is subcritical but the coupled system (the two half-cores plus the D2O 
tank) has an excess reactivity sufficient for a 25 day operation cycle. Inside the core, in the 
heavy water tank and in the reflector elements can be positioned irradiation samples for 
irradiating different types of materials. 
 

Fuel 
 The fuel material is U3Si2 dispersed in an aluminum matrix and cladded with aluminum.  
Each fuel element holds 19 plates with active length of 700 mm and transversal dimensions of 
80 mm (see Figure 4.10). The fuel thickness is 0.7 mm, the cladding thickness is 0.4 mm, and 
the coolant channel thickness is 2.7 mm. The fuel enrichment and density are 20% in weight 
and 4.8 g/cm3, respectively. For the first fuel load, it is planned to use fuel with 2.0 g/cm3 in 
order to decrease the excess reactivity of the fresh core.   
 
Primary cooling system 
 The core is cooled by upward flowing light water in forced convection regime. A 
schematic view of the primary cooling system is shown in Figure 4.11. The total flow through 
the core is 2000 m3/h and the outlet temperature is around 48.5 oC. In normal conditions each 
circuit operates with one pump removing half of the total heat power generated at the reactor 
core. To increase the availability of the reactor, one standby pump is available in each circuit. 
The coolant coming out of the reactor core is sucked away by two exit nozzles at the side walls 
of the chimney. Some coolant (10% of the total flow) also flows from the top of the chimney to 
the nozzles in order to confine the activated core coolant. On the top of the chimney, there is a 
removable grid, which is to control the downward flow and to avoid any objects falling into the 
pool to reach the reactor core. 
 
 Cooling by natural circulation of reactor pool water takes place after reactor shutdown 
thanks to opening two flapper valves in the absence of the forced flow primary coolant. 
 
Reactor control and protection system 
 The control and safety elements are used for reactivity control during normal operation 
and reactor shutdown in case of accident. They consist of plates located in between the fuel 



 32

elements. The absorbing material is Ag-In-Cd. There are 8 control elements (6 control rods and 
2 safety rods) clustered in banks in order to provide a symmetric and flatter power distribution 
during the reactor operation. 

 The protection and control systems are independent from one another. To shutdown the 
reactor the protection system triggers all control rods and safety rods to fall into the core in a 
fail safe way. The second reactor shutdown system is based on the fast emptying of the D2O 
coupling tank.  

 
Summary of major systems 

 
System Features 

Primary cooling system 2 loops, 4 x 50% pumps, 2 HXs 

Reactor shutdown system control and safety rods, D2O dump 

Pool water cooling system 1 loop, 2 pumps 

Secondary cooling system 3 cooling tower (each 10 MW) 

ECCS Passive 

Spent fuel storage service pool, transfer canal 
Heavy water vessel fast drain for reactor shutdown, purification and 

cooling system, recombination system  
Reactor building and 
ventilation system 

negative pressure, filters and isolation valves 

Electric power supply normal, diesel generator, UPS 
 
 

Other facilities 
For manipulation of irradiated materials as well as of radioisotopes produced in the 

reactor, there are two hot cells in the reactor hall, the first one located beside the service pool 
and the other beside the reactor pool. 
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Fig. 4.9  Reactor Core of the CRCN/RPM-1 
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Fig. 4.10 Fuel Element of the CRCN/RPM-1 
 

 
 
 
 

 
 

Fig. 4.11 A Schematic Diagram of the Primary Cooling System of CRCN/RPM-1 
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4.2.3 ETRR-2 research reactor [14] 
 
Reactor and core 

The ETRR-2 multipurpose research reactor is an open-tank-in-pool type reactor with 22 
MWth, cooled and moderated by light water and reflected by beryllium. The reactor core is a 
compact array of fuel elements configured in a 5 x 6 rectangular grid chimney. Typical core 
configurations have 24 to 30 fuel elements. The core is submerged in the reactor pool having 
4.5 m in diameter and 13.2 m in height. More than 10 meters of water are available above the 
core for shielding and cooling purposes. The average thermal neutron flux and the average fast 
neutron flux in the core are 8.5×1013 neutrons/cm2.s and 2.3×1014 neutrons/cm2.s, respectively. 

The irradiation facilities consist of 2 in core irradiation positions, 26 adjacent core 
irradiation positions, 3 horizontal beam tubes, 1 thermal column and 2 pressurized test loops. 
Figure 4.12 shows schematics of reactor structure. 

  
Fuel 
 Fuel material is low-enriched Uranium with 19.75% U-235. Each fuel element has 19 
plates made from U3O8 powder dispersed in aluminum with aluminum cladding. Fuel elements 
have an 80 x 80 mm square section and an active length of 800 mm. Fuel plate thickness is 
1.5mm and coolant channels are 2.7 mm wide. The first core is assembled with three types of 
fuel elements with different uranium loads and the same enrichment level and geometry. This 
allows the reactor to reach full power after a relatively short time. 
 
Primary cooling system 
 The primary cooling system (see Fig 4.13) provides coolant flow through the core by 
upward forced circulation of demineralized water. The core inlet temperature and the core 
outlet temperature are about 40oC and 50oC, respectively, with a coolant flow 2000 m3/h. The 
primary cooling piping splits into two loops outside the reactor pool. Each loop contains one 
heat exchanger and two parallel pumps (one in standby), and is capable of absorbing 50% of 
the reactor power. Primary pumps are provided with inertia flywheels to extend for 60 seconds 
the operation of the primary cooling system in case of loss of the electric power supply. 

 Cooling by natural circulation of reactor pool water takes place after reactor shutdown 
or during low power operation. Natural circulation starts with the opening of two flapper 
valves through gravity forces in the absence of the forced flow primary coolant. 

 
Reactor control and protection system 

 Core reactivity is controlled through six plate-shaped, Ag-In-Cd alloy, neutron-
absorbent control rods. Each control rod is coupled to a drive system by means of an 
electromagnet. The drive system is located beneath the reactor pool in a dry room and each 
independent drive enters the core from the bottom. During normal operation, rods are moved 
by the action of a step-motor.  

 The supervision and control system (SCS) is a real-time distributed computer-based 
high availability system. The SCS commands reactor processes and control loops. It also 
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displays to the operator information on the plant status at the main and emergency control 
room and at local supervision centres. The reactor protection system (RPS) monitors 
approximately 50 safety signals to ensure that the reactor is operating under safe conditions. 
The RPS triggers the action of safety systems in the event of operating conditions reaching trip 
setpoints. 

The six control rods and their drives represent the first shutdown system. The second 
shutdown system is designed to inject a neutron-absorbent solution of gadolinium nitrate into 
four injection chambers placed between the fuel elements and reflector around the core. 
Shutdown rods and Gadolinium represent two diverse, redundant and independent shutdown 
systems. 

 
Summary of major systems 
 
 

System Features 
Primary cooling system 2 loops, 4 pumps, 2 HXs 
Reactor shutdown system control and safety rods,  

gadolinium nitrate solution for 2nd shutdown 
Secondary cooling system 2 pumps, 6 cooling tower (25 MW), 3000 m3/hr 
ECCS Passive insertion by gravity 
Spent fuel storage service pool, transfer canal 
Reactor building negative pressure(10mm Wg), Seismic design (0.37g)

filters and isolation valves 
Electric power supply normal, diesel generator, UPS 

 
 
Other facilities 

A reactor pool hot water layer system is provided to reduce radiation from the pool 
water and to protect personnel who work near pool top. Pool cooling system is supplied to 
maintain pool water temperature below operational limit. 

Two hot cells are placed in the reactor hall to conduct simple experiments which 
require a hot cell. 

An emergency control centre is provided to act as an alternative control room in the 
case that the main control room is unavailable.  
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Fig. 4.12 Schematics of Reactor Structure of ETRR-2 
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Fig.  4.13  Reactor Cooling System of ETRR-2 

 
 
 
 
4.2.4 RRR research reactor [15] 
 
Reactor and core 

The RRR reactor is a multi-purpose open-pool type reactor with a nominal power of 20 
MW. The reactor core is cooled and moderated by light water. A heavy water radial reflector 
and light water axial reflector (above and below the core) surrounds the core. The core and 
reflector are located closed to the bottom of the 12.8m deep reactor pool. The reactor pool is 
connected to the service pool by means of a transfer canal. At the nominal power, the 
maximum thermal neutron fluxes in the core and at the reflector are 3.5×1014 neutrons/cm2.s 
and 3.2×1014 neutrons/cm2.s, respectively. 

Irradiation facilities are not provided within the reactor core, but only within the 
reflector vessel surrounding the core. During each reactor operating cycle, several in-reflector 
facilities may be used to irradiate specimens and targets and several beam facilities used to 
produce neutrons at different energy levels (see Fig. 4.14). The irradiation facilities include: 
bulk production irradiation facilities, long residence time general purpose irradiation facilities, 
short residence time irradiation facility and large volume irradiation facilities. Three out of five 
tangential beam tubes are designed to use for a cold neutron source and a hot neutron source. 

 
Fuel 
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 Each fuel assembly has a square cross-section (approximately 80 mm x 80 mm) and has 
an overall height of over a meter. There are twenty one fuel plates in each fuel assembly. For 
the initial period of operation, each fuel plate will consists of a fine homogeneous dispersion of 
uranium silicide particles in an aluminum matrix, which is then sealed within an aluminum 
cladding. The uranium is enriched to 19.7% by weight of U-235. The active height of each 
plate is 615 mm. The outer fuel plates have greater length and clad thickness to assist structural 
integrity. Cadmium wires are incorporated into the fuel assemblies as burnable poison for 
reactivity control. Figure 4.15 shows a transverse view of a fuel assembly. Fuel management 
strategy is based on alternating operating cycles of 28 and 35 days. Each cycle includes 2 days 
for refueling and maintenance. 

 
Primary cooling system 
 During normal reactor operation at 20 MW the primary cooling system removes core 
fission heat by forced upward circulation of demineralized water and transfers the heat to the 
secondary cooling system via heat exchangers. The total flow through the core is 1900 m3/h; 
the core inlet and outlet temperatures are 38oC and 47oC, respectively. In other reactor states 
the primary cooling system also removes core decay heat by natural upward circulation of the 
water. 

The primary cooling system comprises the main circuit piping, a decay tank for N-16 
decay, three 50% capacity primary cooling pumps each with a heat exchanger. The pump 
discharge line has an interconnection with the reactor service pool cooling system that diverts 
10% of the core cooling flow to produce a downward flow in the upper section of the chimney, 
preventing water activated with N-16 from reaching the top of the reactor pool. The primary 
cooling system includes a radiation detector which will identify any fuel cladding failure. A 
block diagram of the system is illustrated in Fig 4.16. 

 In the reactor shutdown state, the decay heat extracted from the core by the natural 
circulation of pool water is deposited in the pool water. In order to allow the establishment of 
natural circulation when the primary cooling system pumps are not in operation, two flap 
valves are located in each of the lines returning to the pool with different levels of height. In 
the event of a loss of coolant where the water level of the reactor pool drops, the upper flap 
valves will act as siphon breakers and will prevent the water level from dropping. The lower 
flap valves will open, thus creating the natural circulation cooling flow path. Only one of two 
valves is required to provide a flow sufficient to remove core decay heat. 

 

Reactor control and protection system 
 The reactivity control elements and first shutdown system consist of five neutron 
absorbing plates. The plates can be moved up and down by control rod drives located in the 
control drive room below the reactor pool. Four of the plates are referred to as safety and 
compensating plates. The fifth is the cross-shaped central plate; referred to as the safety and 
regulating plate. The neutron absorber material used in neutron absorbing plates is a silver-
indium-cadmium alloy covered with stainless steel cladding.  

 The reactor protection system is functionally independent of the reactor control system. 
Fast reactor shutdown is implemented by the reactor protection system. This fast shutdown 
action is actuated by the control rods drop under gravity into the core, and a compressed air 
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pneumatic system accelerates their rate of fall. The second shutdown system is also provided 
by rapid partial drainage of the reflector vessel. The reduction of heavy water level in the 
reflector vessel causes neutron reflection to be reduced thus increasing neutron leakage from 
the core and stopping the chain reaction. 

 
Summary of major systems 
 
 

System Features  
Primary cooling system 3 loops, 3 x 50% pumps, 3 HXs 
Reactor shutdown system Control and safety rods, D2O dump 
Pool water cooling system 1 loop, 2 x 100% pumps (1standby), decay tank, 

HX, 3-way valve 
Secondary cooling system 5 cooling towers, 3 x 50% pumps, long-term cooling 

pumps 
ECCS 2 tanks, 2 float valves 
Spent fuel storage Service pool, transfer canal 
Heavy water vessel fast drain, purification and cooling system; and 

recombination system  
Reactor building containment isolation system (isolation valves) 

containment energy removal system (2 chiller units, 
400 kW of cooling power for each), 

containment pressure relief and filtered vent system 
containment vacuum relief system (pressure relief 

valves, setpoint -2.5 kPa) 
Electric power supply Normal, diesel generator, UPS 

 
 
Other facilities 

A reactor pool hot water layer system is provided to protect personnel against radiation 
emitted by impurities in the pool water. It also provides a means of continuous skimming of the 
water surface to improve optical quality, and provides reactor pool water level control and 
make-up during normal operation. 

An emergency control centre is provided to act as an alternative control room for the 
purpose of shutting down or maintaining the facility in a safe state when the main control room 
is uninhabitable.  
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Fig. 4.14 Layout of irradiation facilities with respect to the reactor core 

 
 
 

 
Fig. 4.15 Transverse Cross Section of a Fuel Assembly  
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Fig. 4.16 Block Diagram of Primary Cooling System of the RRR 

 
 
 
4.2.5 JRR-3M research reactor [16~18] 
 
Reactor and core 

The JRR-3M reactor is a 20 MW open-tank-in-pool type research reactor using light 
water as both moderator and coolant, and heavy water and beryllium as reflector. The reactor 
core, surrounded by beryllium reflectors and a heavy water reflector tank, is submerged in the 
reactor pool which is about 4.5 m in diameter and 8 m in depth. The maximum thermal neutron 
flux of 2.7 × 1014 neutrons/cm2.s is achieved in the heavy water tank. Figure 4.17 shows 
configuration of the core.  

The core is compact and composed of 26 standard fuel elements, 6 control rod elements 
and 5 irradiation elements. Each control rod element consists of neutron absorber of box 
shaped hafnium and fuel follower. The beryllium reflectors are installed between the fuel 
region and the inner wall of the heavy water tank. The heavy water reflector tank is 1.6 m in 
height and 2m in outer diameter. There are 9 vertical irradiation thimbles in the reactor core. 
Nine horizontal beam tubes, 9 vertical irradiation thimbles and a cold neutron source facility 
are installed in the reflector tank. The horizontal beam tubes are arranged tangentially to the 
core in order to reduce fast neutron and gamma ray fluxes. 

 
Fuel 
 The JRR-3M achieved the first criticality in 1990 with LEU aluminum dispersion 
(UAlx-Al) fuel. In 2000,  the JRR-3M has changed its fuel to silicide dispersion (U3Si2-Al) fuel, 
more uranium density than that of aluminide fuel, in order to reduce the number of spent fuel 
elements discharged in a year. The fuel element is MTR type with an enrichment of 20 % U-
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235 in weight. There are two kinds of elements: a standard fuel element and a follower fuel 
element (see Fig. 4.18). The follower fuel element has the same active length but smaller cross 
section as the standard fuel element. The standard fuel element and the follower fuel element 
consist of 21 and 17 fuel plates, respectively. Cadmium wires as burnable poison are inserted 
in these fuel plates. The operation cycle length of the reactor is 28 days. 

 
Primary cooling system 
 Figure 4.19 shows a schematic diagram of the cooling system. Two main pumps and 
two auxiliary pumps are operated in normal operation. The auxiliary pumps also are operated 
in order to remove the decay heat after the shutdown of the reactor. The coolant flow in the 
core is downward for the convenient installation of the fuel and irradiation devices, and a 16N 
decay tank is installed in the primary cooling system. The total coolant flow rate in normal 
operation is 2400 m3/h. The core outlet coolant temperature is 42oC when the core inlet coolant 
temperature is 35oC. 

 When the thermal power is less than 200 kW, the core can be cooled by natural 
circulation between the core and the reactor pool, induced by opening a natural circulation 
valve installed on the plenum. When off-site power is lost, the reactor is shutdown. Then 
electric power is supplied without a break to auxiliary pumps from an emergency power supply 
system in order to remove decay heat from the core. 

 
Reactor control and protection system 

Core reactivity is controlled through six control rods. Each control rod is composed of a 
boxed type hafnium neutron-absorber and a fuel follower. The control rods are driven through 
the core by the CRDM installed beneath the core. 

 The safety protection system is physically separated from the neutron instrumentation 
system. The neutron instrumentation system is composed of the I&C system and the safety 
protection system is provided to measure the neutron flux continuously and actuate, if required, 
the reactor protection system. The I&C system consists of two start-up channels of BF3 
counters and two linear channels of CICs.  The start-up channel monitors low neutron flux 
mainly under a critical approach experiment and start-up of reactor, and actuates interlock 
function to inhibit irrelevant start-up and gives an alarm. The linear channel monitors and 
controls reactor power, and actuates interlock function to inhibit irrelevant withdrawal of 
controls rods and gives an alarm. The safety protection system is composed of two logarithmic 
channels of CICs and two safety channels of CICs. The logarithmic channel monitors reactor 
power and reactor period, and gives alarm signal, control rod reversing signal and reactor trip 
in accordance with the reactor period. The safety channel monitors reactor power and gives 
alarm signal, control rod reversing signal and reactor trip in accordance with the reactor power. 

 The reactor shutdown system consists of a control rod system and a heavy water 
dumping system. Normal start-up and shutdown, and an emergency shutdown are carried out 
with the control rod system as mentioned above. In case that the control rod system is 
unavailable, the heavy water dumping system will shutdown the reactor.   
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Fig. 4.17 Core Configuration of the JRR-3M 

 
 

 
 

Fig. 4.18 Standard Fuel Element of the JRR-3M 
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Fig. 4.19 Schematic Diagram of Primary Cooling Loop of the JRR-3M 

 
 
 

 
4.2.6 FRM-II research reactor [19, 20] 
 
Reactor and core 

The Neutron Source FRM-II was designed in such a way that a high and spectrally pure 
thermal neutron flux is available in a large volume outside of the reactor core, where it is 
accessible for experimental use. So in order to provide a maximum neutron flux density of 
8.0×1014 neutrons/cm2.s at a thermal power of 20 MW a new compact reactor core was 
designed, consisting of a single fuel element which is cooled by light water and surrounded by 
a heavy water moderator. Because of the fact that thermal power was to be limited to 20 MW, 
the reactor core was designed as a particularly small ``compact-core''. It consists of only one 
cylindrical fuel element that contains U3Si2-Al-dispersion fuel in combination with high-
enriched uranium (HEU, with about 93% 235U), as shown in Fig. 4.20. The core is placed in 
the center of a large moderator tank filled with heavy water (D2O).  A sectional view of the 
FRM-II reactor is shown in Fig. 4.21. Since the reactor core is very small, the leakage of fast 
neutrons out of the core is very high (more than 50%) and neutrons which have been 
thermalized in the D2O and diffuse back into the core make a large contribution to the nuclear 
chain reaction. However, they would normally cause a big peak in the distribution of the power 
density at the outer edge of the core. This peak is reduced in FRM-II by employing the concept 
of fuel grading: the uranium density in the fuel meat is 3.0 gU/cm3 in the inner part of the fuel 
element and 1.5 gU/ cm3 in the outer part. The analogous peak at the lower end of the active 
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zone is caused by the reflector-maximum of the thermal neutron flux in the H2O of the primary 
circuit and is reduced by a boron-ring in the outer tube of the fuel element (burnable poison).  

 
Fuel 
 Fuel used in the reactor core is HEU silicide fuel (U3Si2-Al) with 93% enrichment of U-
235. Figure 4.20 shows a cross section of the fuel element. The fuel element itself, containing  
about 8.1 kg of uranium, consists of two concentric tubes between which 113 involutely bent 
fuel plates are situated rotationally symmetric. Each plate has a thickness of 1.36 mm and a 
length of 720 mm. Because of this involute shape the coolant channels between the plates have 
a constant width of 2.2 mm. The total height of the fuel element is about 1300 mm. The cycle 
length is set to 52 days at full power. 

 
Primary cooling system 
 During normal reactor operation the thermal power is removed by a volumetric cooling 
water flow rate of 300 l/s, which flows downwards through the cooling channels of the fuel 
element. The core outlet coolant temperature is 52oC when the core inlet coolant temperature is 
37oC. After a shutdown of the reactor, cooling pumps are started by the reactor safety system, 
which provide a volumetric cooling water flow rate of 60 l/s. In order to remove the main part 
of the decay heat the cooling pumps run for at least three hours. After the coast down of the 
cooling pumps the flow in the reactor cooling system stops and natural convection flaps are 
opened by their own weight, providing a connection to the reactor pool. Through this flow path 
the remaining part of the decay heat can be given off to the water in the reactor pool by means 
of an upwards directed natural convection flow. 

 
Experimental facilities and reactor building 

FRM-II has been designed with highest priority for beam-tube experiments. The 
various irradiation facilities arranged in the moderator tank have thermal neutron flux between 
5.0×1012 neutrons/cm2.s and 4.0×1014 neutrons/cm2.s. A substantial advantage of these 
irradiation positions is the availability of a pure thermal neutron spectrum. As a result of the 
high flux density of fast neutrons, the position of the central control rod is the ideal production 
site for the positron emitter 58Co. In order to minimize the leakage of fast neutrons out of the 
biological shielding all 12 beam tubes have tangential orientations with respect to the core. A 
cold source is located in the maximum of the thermal flux and feeds three beam tubes. At the 
outer corner of the heavy water moderator thermal neutrons are converted to fast neutrons of 
MeV energy by fission reaction in a plate of about 300 g enriched 235U. One beam tube faces to 
this converter and provides fast neutron for tumor therapy and radiography with fast neutrons. 
One of two inclined beam holes contains a Cd cladding. (n, γ) reaction with the Cd provides an 
intense γ-radiation which convert by pair creation to positrons and electrons. One through-
going beam tube penetrates the biological shielding from two sides. Fig. 4.22 shows horizontal 
cross section through the reactor pool. One can see the cylindrical reactor core in the center of 
the moderator tank surrounded by the five shutdown rods shown in their shutdown position. 
Figure also depicts the whole plant with the experimental hall of the FRM-II reactor (on the 
right), the neutron guide hall (in the center) and the reactor hall of the old FRM (on the left).  
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Fig. 4.20 Fuel Assembly of FRM-II 
 

 

 
Fig. 4.21 A Sectional View of the FRM-II Reactor 
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Fig. 4.22 Cross sectional view of reactor pool and reactor building of FRM-II 
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4.2.7 ONRC research reactor [21, 22] 
 
Reactor and core 
 The multipurpose, pool-type reactor will be fueled with a density of 0.6 g/cm3, low-
enriched (19.7%) uranium-erbium-zirconium-hydride (UErZrH) fuel rods with a thermal power 
of 10 MW. It is cooled and moderated by light water, and reflected by beryllium and heavy 
water. The safety advantages of UErZrH fuels are a large prompt negative temperature 
coefficient of reactivity, chemical stability and large fission product retention characteristics.  

The core configuration shown in Fig.4.23 includes 29 standard TRIGA fuel clusters, a 
fast neutron irradiation facility, 4 control rods and an in-core Ir-192 production facility. The 
active core is reflected on two sides by beryllium reflector blocks and on the other two sides by 
a D2O reflector blanket. The Be reflector blocks have a central hole to accommodate irradiation 
experiments or to allow for coolant flow through the blocks. A position for an equipment rig 
for conducting irradiation damage experiments is also located in the reflector area. There are 3 
pneumatic transfer systems for transfer of very short-lived radioisotopes. There are four 
vertical irradiation sites in the D2O reflector for NTD of silicon.  The reactor has 6 neutron 
beam tubes (4 tangential beam tubes and 2 radial beam tubes) serving the high-resolution 
powder diffractometer, neutron radiography, prompt gamma-neutron activation analysis, boron 
neutron capture therapy, etc. The maximum thermal neutron flux in the reactor core and in the 
D2O tank are 1.5 ×1014 neutrons/cm2.s and 2.0×1013 neutrons/cm2.s, respectively. The thermal 
neutron flux in Be reflector experiment locations is between 1.9 ×1013 neutrons/cm2.s and 3.7 
×1013 neutrons/cm2.s. 
 
Fuel 
 As mentioned above, the fuel used in the ONRC reactor core is a solid, homogeneous 
mixture of UErZrH alloy containing 0.6 g/cm3 uranium. The uranium is enriched to a nominal 
19.7% U-235. Each cluster consists of 16 fuel rods arranged in 4 x 4 array. The outside 
diameter of the fuel rod is 13 mm and the active fuel length is 560 mm. The contained fuel 
alloy meats in the fuel rods fit snugly within the Alloy 800H cladding. Erbium is included as a 
burnable poison, and also serves to enhance the prompt negative temperature coefficient of 
reactivity. 

 
Primary cooling system 
 The primary coolant system removes the heat generated in the core by forced 
downward convection cooling during normal reactor operation, or by natural convection 
cooling with reactor pool water when the reactor and primary coolant pumps are shut down.  

 The primary coolant system consists of the primary cooling loop, two primary coolant 
pumps, valves, a heat exchanger, and a delay tank with sufficient capacity for N-16 decay. One 
pump circulates the coolant water through the system. A second pump of equal capacity is 
available as a backup in case the first pump fails or needs to be shut down for maintenance. 

 The emergency core cooling system (ECCS) is also designed to ensure that the core 
remains covered with a sufficient volume of water to maintain adequate core decay heat 
removal in the event of a loss of coolant accident. The ECCS delivers water from the primary 
coolant system delay tank to the reactor structure via the primary coolant outlet pipe as needed 
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to replace the water lost by evaporation. The water is delivered by two parallel-connected, 
battery-powered pumps, either of which operating by itself has sufficient capacity to deliver the 
required flow. 

 
Reactor control and protection system 
 Core reactivity is controlled through four boron carbide neutron-absorbent control rods. 
The reactor instrumentation and control (I&C) system includes instrumentation for monitoring 
reactor parameters during normal and abnormal operation. It also manages all control rod 
movements taking into account the choice of operating mode and interlocks. The I&C is a 
computer-based system, but includes dedicated hardwired displays and controls so that safe 
operation can continue should the computer become unavailable. 

 The reactor protection system (RPS) initiates a reactor scram in response to abnormal 
operating conditions by interrupting the current to the magnets that connect the control rods to 
the control rod drives. This results in immediate insertion of the rods by gravity. 

 
Other facilities 

An isotope transfer hot cell is located at the edge of the auxiliary pool.  
 

 
 

Fig. 4.23  ONRC Reactor Core Configuration 
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4.2.8 TRR-II research reactor [23, 24] 
 
Reactor and core 

The TRR-II reactor is a 20 MW open-tank-in-pool type research reactor using light 
water as both moderator and coolant, and heavy water as reflector. The entire core is 
submerged in a water pool of which the distance from the surface to the top of active fuel is 9 
meters. The core is arranged as a 6 x 5 array that includes 21 standard fuel elements, 4 control 
elements, and 5 irradiation elements. The core is surrounded by the radial D2O reflector, and 
cooled by light water flowing downward axially. The maximum thermal neutron flux in the 
D2O reflector is 2.0 ×1014 neutrons/cm2.s. Fourteen vertical irradiation tubes are provided in 
the D2O reflector and nine horizontal beam tubes are arranged tangentially to the core in order 
to reduce fast neutron and gamma ray fluxes (see Fig. 4.24). 

 
Fuel 
 Fuel used in the reactor core is plate-type uranium silicide (U3Si2-Al) fuel with uranium 
density of 4.8 g/cm3 (enrichment of 19.75%).  Each standard fuel element contains 21 fuel 
plates. The thickness of fuel meat and aluminum clad are 0.51 mm and 0.38 mm, respectively.  
The coolant gap between two plates is 0.258 cm and the active length is 600 mm. To control 
the large reactivity in such high uranium density, except the use of control elements, each fuel 
plate has burnable poison (natural cadmium) wires on both sides. 
 
Primary cooling system 
 Figure 4.25 shows the cooling system of the TRR-II. The downwards coolant flows 
along the fuel plate to remove the heat. In the power operation mode, two parallel main pumps 
provide the coolant sucked from the pool water into the core and then exit to the lower plenum. 
The heated coolant through the outlet piping enters a delay tank to reduce the intensity of N-16, 
and then pumped through the heat exchangers and flows back to the reactor pool. According to 
the design, at least 2200 m3/h coolant flow is required to remove the 20 MW core power. 
About 89% of total flow rate flows through the core to cool the fuel and about 11% through the 
core bypass region and test facilities. Two auxiliary coolant pumps are parallel to the main 
coolant pumps; each pump provides 12% core flow for the decay heat removal when main 
coolant pumps are stopped. After the reactor shutdown, at least one auxiliary coolant pump 
must remain an operation for 60 minutes that prevent fuel damage in case of flow reversal. 
After the decay power is lower than 0.4 MW, the cooling mode is permitted to switch to a 
refueling mode, pool water flows into the core via the open flap valve. The core inlet and outlet 
coolant temperature are 47.6oC and 40oC, respectively. 
 
Reactor control and protection system 
 Basically, the designed control element is similar to the one used in the JRR-3M. It 
consists of two portions. The top is a long control rod which is made of natural hafnium having 
absorber thickness of 5 mm. The bottom of the control rod is connected to a 600 mm long fuel 
follower. The control rod drives are mounted beneath the core, therefore the access to the 
reactor core from the top is not restricted. 
 
Other facilities 

Two hot cells are located at the edge of the auxiliary pool.  
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Fig. 4.24  TRR-II Reactor Core Configuration 
 
 

 
 

Fig. 4.25  cooling system of the TRR-II 
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4.2.9. Offered Russian research reactor [25] 
 
Reactor and core 
 The offered research reactor is a pool type reactor with a thermal power of 10 MW or 
25 MW. In this report, only the 10 MW research reactor is examined. The core and beryllium 
reflector are disposed in a pool filled with water (see Fig. 4.26). The water serves as coolant, 
moderator, top and bottom reflector and radiation shielding. The pool is divided into three 
compartments: reactor pool, storage pool and delay tank. Top shielding comprises a layer of 
water 7 ~ 8 m thick from top of the core and movable upper metal cover above the reactor pool 
of 200 mm thick. It is possible other alternative of the reactor top shielding, when instead of 
the steel cover a layer of purified warm water (about 2 m thick) is created in the upper part of 
the pool which serves as shielding against Na-24 radiation. The storage pool which contains 
spent fuel storage serves also as a path for transportation of irradiated items from the reactor to 
hot cells which are placed near the reactor. 

 The reactor is equipped with the following facilities: vertical channels to accommodate 
isotope targets or other items to be irradiated, or to perform material testing; activation analysis 
channels connected to pneumatic transportation system; and horizontal experimental channels 
for neutron beams (see Fig. 4.27). 

 
Fuel 
 Fuel assemblies (FAs) of VVR-M2 type or fuel assemblies with pin fuel elements (FE) 
can be used as base of the reactor core (see Fig. 4.28). The FA of VVR type consists of a set of 
three coaxial tube fuel elements. The outer fuel element is of hexagonal form, the two inner 
fuel elements are round tubes. The fuel element consists of 3 layers. The fuel meat of ∼ 1 mm 
thick is made of uranium dioxide dispersed in aluminum matrix with 19.7% enrichment of U-
235. The claddings of aluminum alloy are 0.7 mm thick. The FA with pin fuel element is 
proposed as an alternative for the reactor. The FAs can be made larger than VVR-type (core 
lattice 64 mm instead of 35 mm), what makes FA loading easier. Fabrication cost of such FA is 
simpler and cheaper. Central area of the FA with pin fuel element is occupied with a 
hexahedral displacer having an axial hole where the control protection channel, a plug or a 
block – container with isotope target can be installed. 

 
Primary cooling system 
 Figure 4.29 shows the reactor cooling system. At normal operation, fuel assemblies, 
reflector beryllium blocks and experimental channels are cooled by the primary circuit water 
pumped through the core top-down by the primary pumps. The primary circuit comprises the 
reactor pool, delay tank, heat exchangers, emergency cooling tank, pumps, valves and pipelines. 
The primary water is supplied to the reactor pool by the pipelines located by about 4~5m 
above the upper edge of the core. Then it passes via the core to the delay tank wherefrom it 
gets out via the pipelines passing through the storage pool to the primary circuit premises. The 
emergency cooling tank (ECT) is connected to the delay tank with its lower part, and upper 
part of ECT is open to air space above the pool. While primary pumps are not in operation, the 
ECT is full of water. After switching on primary pumps, water is pumped from the ECT to the 
reactor tank to result in that water level gets up uniformly both in the reactor pool and in the 
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storage pool. During the normal operation, the ECT is empty and is ready to receive water as 
the primary cooling pumps are stopped. 

 The function of emergency core cooling is fulfilled, depending on accident character, 
with the aid of the ECT or of a system of primary circuit leakage collection and return. In case 
of a loss of power in circulation pumps the core is firstly cooled by water flow from the reactor 
pool via the core and delay tank to ECT. When this forced flow is terminated, however, the 
natural circulation valves open and connect the reactor pool with the delay tank. If necessary, 
in order to increase the heat sink source it is possible to join the reactor pool and storage pool 
by opening the door in the vertical partition between both pools. Should one of horizontal 
experimental channels fails that may result in decreasing water level in the pool accompanied 
by baring of the core upper part and braking of natural circulation contour, the return pumps of 
a system of primary circuit leakage collection and return will provide a spray cooling of the 
core bared upper part. 

 
Reactor control and protection system 

Each regulating rod of the reactor control and protection systems (CPS rod) consists of 
2 links connected with the aid of hinges. The upper link (absorber) is a leak tight tube housing 
absorbing material (boron carbide). The lower link is aluminum displacer and has a lock to 
connect it to CPS rod drive. The drives of CPS rods are of linear step drive type and are placed 
in the room under the reactor pool. 

 Monitoring and control of the reactor and its protection in the emergency conditions are 
realized with the aid of automated instrumentation and control (I&C) system, which includes 
reactor control and protection system (CPS) and provides also control of various reactor 
systems and experimental facilities, monitoring and acquisition of reactor basic parameters as 
well as diagnostics of equipment condition. The CPS realizes neutron flux monitoring, shim-
safety rods control, automatic power regulation and emergency shutdown. For power 
monitoring and reactor emergency shutdown the CPS is equipped with 3 independent 
monitoring channels furnished with ionization chambers. 

If an access to the main control room during an accident (for example fire) is 
impossible, reactor shutdown, monitoring of its condition and safety systems control are 
performed from the emergency control room. 

 
Other facilities 

After passing the water purification system a portion of the water cleaned up is heated 
and delivered to an upper layer of reactor pool water. 

Two hot cells are placed near the reactor. 
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Fig. 4.26 Reactor longitudinal section 
 
1- pool shell, 2- core, 3- reflector, 4- CPS channel, 5- NC valve, 6- overflow 
valve, 7- partition, 8- shower, 9- upper movable cover, 10 - lamp, 11- isotope 
container transportation mechanism, 12- CPS drive, 13- CPS drives room, 
14- radiation shielding, 15- ion chamber channel. 
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Fig. 3.27 Reactor Core (version: VVR-M2 FAs) 
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Fig. 4.28 VVR-M2 type FA 
1- cap, 2- fuel elements,  
3- ending part 

Fig. 3.26. Fuel assembly with pin FEs
1- cap, 2- fuel elements,  
3- ending part 
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Fig. 4.29 Schematic flow diagram of reactor cooling system 
 
1- reactor pool, 2- circulation pumps of the primary circuit, 3-
heat exchangers of primary-secondary circuits, 4- emergency
cooling tank, 5- water purification system, 6- air cooled heat
exchangers, 7- secondary circuit pumps, 8- compensation tank,
9- leakage collection tank, 10- return pump, 11- shower, 12-
collectors, 13 – overflow valve, 14- natural convection valve 
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4.3. Main characteristics for selecting a new research reactor  
 
4.3.1 General characteristics  
 
1) Reactor type  

In general, research reactors can be divided into two classes: tank and pool type. The 
pool type reactor can be further subdivided into closed-tank-in-pool type and open-tank-in-pool 
type reactors. The tank-type reactors are characterized by a fuelled core enclosed within a 
sealed vessel. Complex concrete and metal shields normally surround the reactor vessel. 
Access to the core is only possible by the removal of plugs installed in the shields, and a 
heavily shielded and cooled flask is needed for fuel reloading operation. 

 Pool-type reactor offers some advantages over tank-type reactor: cost, relatively easy 
core access, transparent shielding and the safety advantages of a large unpressurized reservoir 
of cooling water. For this reason, two variants on the so-called pool-type reactor have been 
developed, the open-tank type and the closed-tank type. The closed-tank type vessel differs 
from the open-tank type in that the reactor vessel (or tank) is completely isolated from the pool. 
Access to the core is restricted since a top enclosure must be removed. The better core 
accessibility of the open-tank type reactor has made it a preferred choice in current pool-type 
reactors. However, it needs to be paid much attention to mitigating the radiation fields due to 
N-16 and other short-lived activation products. 

 All research reactors reviewed in the previous chapter are the open-tank in-pool type 
reactor. In this pool type reactor, reactor core and associated core structures are submerged in a 
reactor pool filled with demineralized water. A service pool which is connected to the reactor 
pool by the transfer canal is used for the temporary storage of irradiated fuel elements and 
irradiated materials. The transfer canal is provided to avoid undue risk of operating personnel 
during doing tasks with irradiated materials.  

 
2) Coolant 
 Light water and heavy water are common choices for coolant in multipurpose research 
reactors. Heavy water has the advantage of better neutron economy than light water; however, 
it has significant disadvantages as a coolant in research reactors by the following reason: 

 
- it is more costly than light water, and 
- it requires a more complicated primary cooling system to avoid downgrading the 

heavy water and to contain tritium produced by irradiation of the heavy water. 
 

All research reactors in review select the simpler primary heat transport system in 
which a light water is used as a coolant. 

 
3) Cooling method 
 Two cooling methods are employed in pool-type research reactors: upward directed 
flow and downward directed flow. The forced upward directed flow system offers some 
advantages over the forced downward directed flow system: 
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- Operating the reactor at relatively high thermal power, adequate heat removal is 
achieved with high flow velocity through the core, resulting in large pressure losses 
in the core. For the downflow system, this large pressure differential could cause a 
pump cavitation problem and further reduces the safety margin because low-
pressure water in front of the pump could flash into steam during upset conditions. 
For the same reason, the upflow system is easily upgradable to higher power 
operations simply by further pressurizing the core inlet. 

- For the upflow system, it is natural to change over from forced to natural circulation. 
The downflow system must be carefully designed to avoid flow stagnation during 
changeover to upflow from forced to natural circulation. In order to avoid flow 
stagnation, some research reactors in review having downflow system, like JRR-3M, 
TRR-II and FRM-II, must be provided with auxiliary pumps to continue removing 
decay heat of the core at reactor shutdown until turning over to natural circulation 
cooling mode. In the offered Russian research reactor, instead of using auxiliary 
pumps, the emergency cooling tank is provided in order to remove decay heat. 

- For upflow system, it is relatively easy to provide for installation and maintenance 
of instrumentation to measure the core-exit flow and the temperature of each fuelled 
site if this information is needed. 

- For upflow system, the possibility of flow obstruction causing boiling of coolant in 
the reactor core is reduced. 

 

However, from the reactor operation point of view, the vibration of fuel assemblies 
caused by the high coolant velocity in core in the forced upward directed flow system are not 
desired. 

For both the upflow system and downflow system, a delay tank to hold the flow for 
some time is required to provide adequate N-16 decay. But in case of upflow system a delay 
tank may not be necessary if the hot water system is installed and the core flow is well handled. 
It is because most of the core-exit flow is recirculated through heat transport system. 

In case of the unstable network electric power supply, like in Vietnam now, the choice 
of cooling method with the forced upward directed flow system can be considered as an 
appropriate choice considering nuclear safety. 

 
4)  Moderator 
 Either light water or heavy water is used most commonly as the reactor moderator. 
Light water has the highest slowing-down ability for neutrons, but it is also a fairly strong 
neutron absorber. Heavy water offers the best neutron economy because it is a weak neutron 
absorber (see Table 4.2). 

Light water moderated core is relatively compact while heavy water moderated cores 
generally require more space. The compactness of the light water moderated core provides high 
neutron fluxes per unit reactor power; however, this core may become a disadvantage if the 
reaction is to be maintained in a fairly large volume to accommodate many experimental 
facilities. However, enlarging the volume of light water moderated cores dilutes their 
performance in terms of flux per unit power. Therefore, it is highly desirable to locate 
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experimental facilities in the reflector region. For this reason, light water is used as moderator 
in all the research reactor designs reviewed. 
 
 

Table 4.2 Slowing down parameters of typical moderators 
 

Material Mass 
number, 

A 

Density 
(g/cm3) 

Average 
Lethargy 
Gain, ξ 

Moderating 
Power, 
ξΣs(cm-1) 

Moderating 
Ratio,  
ξΣs/Σa 

H2O  1.00 0.920 1.35 71 
D2O  1.10 0.509 0.176 5670 
Be 4 1.85 0.209 0.158 143 

Graphite 9 1.60 0.158 0.060 192 
 
 
 
5) Reflector 

 For reflectors, high density and reasonably low neutron absorption are advantageous. 
Beryllium has a relatively high density and is the most efficient reflector from the nuclear 
physics point of view. The other three materials in order of reflection efficiency are heavy 
water, graphite and light water. Of course, heavy water has better transmission efficiency than 
beryllium because it has a lower neutron absorption cross section. 

 Heavy water and beryllium are the materials commonly used as reflectors in 
multipurpose research reactors, although graphite is often used in low power research reactors. 
Beryllium reflected reactors shows some advantages such as the lowest critical mass and the 
flexibility in the laying out of irradiation sites. However, these advantages of beryllium as a 
reflector have been offset by the need for larger cores to hold more and larger experimental 
facilities and by the need for fairly large amounts of fissile material to support high flux reactor. 
Careful management of Be is also necessary because solid Be may be changed due to 
irradiation.  The core with a heavy water reflector is larger because the material needs more 
collisions to thermalize neutrons and because the heavy water absorbs fewer neutrons, 
accordingly, larger irradiation facilities can be located in the heavy water reflectors. But, fixed 
irradiation site is a disadvantage of heavy water while it is free of irradiation damage. Finally, 
the neutron fluxes delivered to irradiation facilities in a heavy water reflector are superior 
(higher intensity and broader flatter distribution) to neutron fluxes delivered to similar facilities 
in a beryllium reflector. For example, the thermal neutron fluxes delivered to a tangential beam 
tube in a heavy water reflector are 20~40 % higher than in a beryllium reflector. 

 Due to the advantages and disadvantages analyzed above for beryllium and heavy water 
reflectors, some research reactor designs in request, such as CRCN/PRM-1, JRR-3M and 
ONCR, have chosen simultaneously both beryllium and heavy water as reflectors. Considering 
aspects of operations, using only heavy water as a reflector is more convenient than using both 
together.  
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4.3.2 Reactor physics 
 
1) Neutron fluxes 
 The main characteristics for evaluating various reactor designs are neutron flux per unit 
power and the peak thermal flux at various locations within a reactor, and the flux shape. The 
reactor core considered as having good flux performance needs to have high flux per unit 
power and the high neutron fluxes on the average for various experiments. In order to improve 
the neuron flux per unit power, the “compact core” concept has drawn attention. In addition, 
the axial form factor should be as flat as possible (for example, within ± 25%) in order to meet 
demands of reactor utilizations.  

 
2) Reactivity 
 The negative reactivity coefficients are requested in reactor design as they represent 
inherent safety features of the reactor. The reactivity coefficients consist of the moderator 
temperature, coolant void and fuel temperature reactivity coefficients. The explanation for 
these coefficients is mentioned in detail in section 4.3.6.  

 The excess reactivity at the beginning of cycle should be kept as low as practical, which 
should be consistent with the cycle duration requirements including fuel burnup, the production 
of neutron absorbing nuclides, and the reactivity effects of the irradiation facilities. For this 
reason, the use of a burnable poison in the fuel assemblies applied to RRR, JRR-3M, TRR-II 
and ONRC makes it possible reduce at the excess reactivity of the beginning cycle in the core. 
To use other density of fuel can be other option. 

 
3) Burnup 
 The burnup refers to the loss of fissile material by the fission process, and is usually 
described by percent of U-235 depleted in research reactors. To determine the burnup over the 
lifetime of the core, the effects of fuel depletion by capture as well as fission, with the 
consequent build-up of fission products and heavy isotopes, must be investigated. The higher 
the discharged burnup of fuel assembly, the lower the charge of fuel will be. The average 
discharged burnup of fuel assemblies for research reactors under consideration ranges from 
46.3% to 61%. The discharged burnup of fuel assemblies over 60% is usually desired for fuel 
economy, if possible.   

 
4) Core size  
 The core size should be optimized considering the neutron flux requirements and 
available experimental spaces. The compact core is necessary to get high neutron flux, while 
enough space for experiments is needed to perform various tests which results in lower neutron 
flux. 
 
Radially extended core 
 The term ”radially extended core” refers to the addition of a number of fuel assemblies 
to the fuellable sites in the heavy water reflector region. In case of HANARO design, up to 8 
fuel assemblies can be loaded into the heavy water reflector tank. This can result in an increase 
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of core excess reactivity. The effects on core performance due to the radially extended core are 
as follows: 

 
- The excellent environment with high epithermal neutron fluence is provided; 
- The discharged burnup of fuel assemblies is increased; and 
- Lifetime of the core is extended. 
 
However, the degradation (around 10%) of peak thermal neutron flux in the central core 

should be ready to be accepted against above advantages. 
 

 
Axially extended core 
 The term ”axially extended core” refers to the lengthening of reference 600 mm fuel 
meat. Some research reactors in review, such as HANARO, ETRR-2, CRCN/RPM-1, FRM-II, 
use fuel assemblies having the length of fuel meat over 600 mm (700 ~ 800 mm). This change 
is effected to meet the requirement that the axially distributed thermal flux at in-core locations 
is as flat as possible.  

 
4.3.3 Fuel 
 In the past, the choice of fuel for research reactors has been highly enriched uranium 
(HEU), where the U-235 content was greater than 70% 235U. The HEU fuel provided the best 
performance in terms of delivering the highest neutron flux per unit power. However, in order 
to avoid diversion of HEU for non-peaceful purposes, US Department of Energy initiated the 
Reduced Enrichment for Research and Test Reactor (RERTR) program in 1978. Presently, the 
RERTR program is being implemented all over the world. The objective of this program is to 
replace HEU fuel based fuel by low enriched uranium (LEU < 20% 235 U) fuel. For this, 
aluminum matrix dispersion fuels with high uranium density are being developed and widely 
used in research reactors. 

 Fuel with high uranium density used currently in research reactors reviewed comprises 
U3Si2+Al (4.8 g/cm3), U3Si+Al (3.15 g/cm3), U3O8+Al (1.3 g/cm3), UZrHx-Er (0.16 g/cm3), 
and UO2+Al. The reference fuel is U3Si2+Al with a uranium density 4.8 g/cm3. However, R&D 
activities are underway in the USA, Europe, the Russian Federation, Japan and the Republic of 
Korea to develop REETR fuels of still higher uranium density in order to achieve high neutron 
flux similar to that of HEU fuels. Various types of compounds of LEU fuel with very high 
uranium density, considered as advanced and alternative fuels, consist of UAlx+Al (2.3 g/cm3), 
UZrHx (3.7 g/cm3), U3O8 +Al (3.2 g/cm3), UO2+Al (5.0 g/cm3), U3Si2+Al (6.0 g/cm3), UN+Al 
(7.0 g/cm3) and UMo+Al and others alloys (8.0 g/cm3). The highest priority has been given to 
U-Mo alloys [26].  

 All research reactors in review use aluminum as fuel cladding, except the ONRC 
reactor using TRIGA fuel with 800H cladding. As a research reactor is usually designed to 
have high power density, a fuel particles dispersed in aluminum with high thermal conductivity 
is widely used. The dispersed type fuel with no gap between fuel meat and cladding has a high 
resistance against fission product release and good thermal characteristics. 
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Both plates and rods are entirely satisfactory as fuel forms in the reactor structures. Plate and 
tube type fuels offer a little better heat removal comparing to rod type fuel due to a large 
surface area to volume ratio. In rod type fuel, the thick aluminum cladding operating at a low 
temperature restrains swelling by limiting the growth of fission gas bubbles.  

However, in order to develop expertise for nuclear power programs, training on a 
research reactor using rod-type fuel can be more beneficial than training on a reactor using 
plate-type fuel. A rods bundle resembles a power reactor’s bundle, therefore, with few 
modifications the reactor physics codes developed for one bundle can be used to assess the 
behavior of the other.  

 As mentioned in section 4.3.2, to control the large reactivity with high uranium density 
fuel assemblies can have burnable poison. The burnable poison provides a reasonable reactivity 
balance throughout the core lifetime and reduces reactivity swings to acceptable levels. Use of 
fuel assemblies with different uranium density and graded increase of fuel loading can be other 
ways. 

 
4.3.4 Thermal-hydraulics 
 The primary heat transport system must be designed to provide adequate cooling to the 
fuel under both normal operating conditions and any conceivable upset conditions.  

Due to the advantages of open pool as mentioned previously, all current multipurpose 
research reactor designs are unanimous in their selection of an unpressurized pool.  

However, the selection of core cooling method, forced upward-directed flow and forced 
downward-directed flow, is not unanimous. Their advantages and disadvantages were stated in 
section 4.3.1. In thermalhydraulics design, coolant flows during high power operation must be 
neither too high nor too low. Very low flow would trigger processes that degrade the transfer 
of heat to an extent that hot surfaces could be damaged. Excessive high flows in the channels 
could result in the vibration of the fuel and the unacceptable upward drag on control rods.  

Although boiling onset by itself does not trigger any harmful effect, it necessarily 
occurs before any potentially damaging thermal effect. In addition to these requirements, the 
thermalhydraulics design should ensure that the fuel cladding surface temperature is low 
enough to limit corrosion effects, and that the fuel temperature is well low below a level which 
could allow fission products to distort the fuel via fuel blistering or excessive swelling. The 
thermalhydraulics considerations under upset conditions will be mentioned in detail in section 
4.3.6. 

 
4.3.5 Reactor control and protection system 
 
1) Reactor control rods 
 Three different neutron absorption materials are widely used for reactor control and 
protection system; hafnium (for HANARO, JRR-3M, TRR-II, FRM-II), silver-indium-
cadmium (for RRR, ETRR-2, CRCN/RPM-1), and B4C (for the offered Russian research 
reactor). Hafnium offers some advantages over B4C. B4C must be contained in a watertight can 
to prevent the release of tritium to the pool water and to prevent the dissolution of B4C by 
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coolant. This will result in contamination of the pool water if the container leaks, with potential 
radiation exposure to the reactor operators. 

 The fuel-follower control rods used in the JRR-3M and proposed for TRR-II have some 
disadvantages for reactor operation such as complication of control algorithm and possible 
failure of fuel section while dropping control rods. The control rods for the TRIGA reactor 
consist of a poison section followed by a hollow low absorption section. When the control rod 
is withdrawn, the hollow follower section is moved into the core. The hollow follower section 
represents a relatively large non-fuel volume in the core that can induce a local neutron flux 
peak. In order to avoid inducing a local neutron flux peak, some research reactors in review 
like the HANARO, CRCN/RPM-1, RRR move absorber sections in the water gap between the 
fuel assemblies or the offered Russian research reactor uses aluminum displacer as a follower 
section of a poison section.  

 
2) Accessibility 
 Control rod drive mechanisms are mounted either above or beneath the reactor core. 
The control rod drive mechanisms placed beneath the core offer the better accessibility to the 
core from the pool top. From the point of view of the operating staff, the accessibility to the 
core is very important, however, this is exchanged by additional penetrations of the pool below 
the core level, thus increasing the possibility of accidental pool drainage. It should also be 
noted that the welding point between the absorber and the connecting rod require careful 
management due to irradiation damage.  
 
3) Control and protection systems 
 In almost all current research reactors the reactor protection system is physically 
separated from the reactor control system. The digital computers based on control system have 
the capacity both for normal start-up and shutdown, emergency shutdown; and for monitoring 
of various parameters from reactor instrumentation and experimental apparatus. The protection 
system can initiate a fast shutdown to protect the reactor against abnormal conditions that could 
lead to fuel damage. The single failure criterion, redundancy and diversity are usually 
employed to design the protection system in order to ensure that a single failure in the system 
can not prevent the system from fulfilling its safety function when required and each postulated 
initiating event can be detected by at least two different ways, if physically possible.  

 
4) First and second shutdown systems 

Fast reactor shutdown by simultaneously inserting all control rods into the reactor core 
under abnormal conditions is actuated by the reactor protection system, the so-called first 
reactor shutdown system. In case that the first reactor shutdown system is unavailable, the 
secondary reactor shutdown system will be initiated to interrupt the chain reaction. The first 
reactor shutdown system is physically separated from the secondary reactor shutdown system. 
The secondary reactor shutdown system can either rapidly drain off heavy water in the reflector 
vessel (like in CRCN/RPM-1, RRR, JRR-3M) or inject a neutron-absorbent solution of 
gadolinium nitrate into the gap between core and reflector (like in ETRR-2) to make the reactor 
sub-critical. The HANARO has shutdown rods for a second shutdown system, which are the 
same as control rods but different maneuvering system.  
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4.3.6 Reactor Safety 
 
1) Inherent safety features 
 
Reactivity coefficients 

The coolant temperature reactivity coefficient is determined from cross section sets 
where the temperature and density of the coolant are varied simultaneously along the saturation 
line. The coefficient is expressed as a reactivity change per degree change of coolant 
temperature. 

The coolant void reactivity coefficient is determined from cross section sets where the 
coolant temperature is held constant and the density is varied over a wide range to simulate 
various levels of coolant voiding. The reactivity coefficient is expressed as a reactivity change 
per percent of volume voided. 

The fuel temperature reactivity coefficient is determined from cross section sets with 
the fuel meat at different temperatures. The reactivity coefficient is expressed as a reactivity 
change per degree change in fuel temperature. 

 In the aspect of safety, the reactor core design should use negative feedback 
coefficients (inherent safety feature) to minimize the consequences of accident conditions. 
When all reactor feedback coefficients are negative, the core can be self-regulating in the event 
of loss of the control system. For example, reduction in coolant density induced by a rise in 
temperature or by formation of vapor voids causes less neutrons to be slowed down to thermal 
velocity, resulting in less neutrons available to produce nuclear fission and, in turn, a drop in 
reactor power. 
 

Reactor cooling  
 
a) Normal operation and shutdown heat removal 

For the upflow system, upward natural convection flow takes place along the same path 
as the forced convection flow for heat removal at shutdown. The flow is due to the difference 
between the cold and hot water columns in the primary heat transport system (PHTS). For the 
downflow system, downward forced convection cooling is maintained for normal operation 
through the core, whereas upward natural convection is employed through the core for heat 
removal during a normal shutdown. The flow must reverse from downflow to upflow in going 
from forced to natural circulation. 

Thus, no flow reversal for the upflow system is required for decay heat removal during 
the changeover from forced to natural circulation. In the upflow system, pumps equipped with 
flywheels will gradually run down, producing a smooth transition from forced to natural 
convection cooling. This is an inherent safety feature. With the downflow system, the pumps 
need continuing operation until decay heat is low enough to be removed by natural circulation. 
Reactor safety in the downflow system should be demonstrated with regards to flow stagnation 
in the core during this transient case. Introduction of foreign materials into the core should be 
prevented because the possibility of the channel flow blockage is relatively high in the 
downflow system. 
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b) Upset conditions 
 Thermalhydraulics considerations during upset conditions are given to determine the 
safety of all types of research reactors. A high neutron flux reactor such as the multipurpose 
research reactor has a maximum surface heat flux of up to 3 MW/m2.  Such heat fluxes can be 
removed quite satisfactorily using forced flowing water during normal operating conditions. 
Should any upset condition occur, the reactor would shut down immediately and decay heat 
could then be removed by natural circulation. If, however, the surface heat flux became too 
high or the core flow too low during an upset condition, then overheating of fuel could occur. 
This overheating would occur quite suddenly at a particular set of thermalhydraulic conditions. 
The threshold at which it occurs is usually called the critical heat flux. Therefore, the main 
objective in designing an inherently safe reactor is to avoid overheating of the fuel during any 
conceivable upset conditions. 

 For the pool type reactor, a loss of coolant accident (LOCA) is very unlikely to occur as 
long as the primary heat transport system piping penetrates the pool wall near the pool water 
surface. However, as all current pool type reactors have beam tubes that penetrate the pool wall 
at approximately the core mid-plane, adequate measures should be installed to ensure that a 
rupture of a beam tube does not lead to drainage of the pool. Some research reactors have 
additional penetrations of the pool containment below the core for control rod drives. These 
additional penetrations require an extra measure of safeguards against pool drainage.  

Other upset conditions anticipated at the pool type reactor are the loss of primary 
pumps, loss of secondary side cooling and loss of pool water. The performance and limitations 
of the upflow and downflow systems for these transient conditions are discussed in the 
following part. 

The most likely upset event is a loss of electric power. The reactor will shut down and 
the pumps equipped with flywheels will gradually run down until a smooth transition from 
forced to natural convection cooling takes place. For the upflow system, it is easy to determine 
the required pump rundown time by matching the achievable natural convection cooling rate 
with the decay heat rate. However, the downflow system reverses its direction of flow during 
the changeover from forced to natural convection cooling. Hence, the downflow system must 
ensure inherent safety when flow stagnation occurs during the changeover. Usually in the 
downflow system, auxiliary pumps must be continued operating for several hours in order to 
remove the main part of the decay heat after a shutdown of the reactor (as applied to the design 
of JRR-3M, TRR-II, etc.). In the design of the offered Russian research reactor, the decay heat 
removal after reactor shutdown is provided firstly by the forced flow from the reactor pool to 
the emergency cooling tank and then by natural circulation thanks to opening flap valves. 

In the event of an instantaneous loss of secondary side cooling, the reactor could only 
trip because of a high core exit temperature. In the downflow system, boiling could occur in the 
low pressure water line because the core exit temperature during the transient could exceed its 
saturation temperature due to its small safety margin. Furthermore, the flow reversal process 
from forced to natural circulation could result in a prolonged stagnation period during this short 
term transient. Following this short critical period, it would take a long time for the pool water 
to reach the saturation temperature, and so boiling of the pool water is not of concern. Even 
then, decay heat could be effectively removed by saturated pool boiling conditions until the 
decay heat decreased sufficiently to the level where heat losses to the environment dominate. 
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A loss of pool water accident will lead to a reactor trip because of the low pool water 
level. In this event, because the PHTS is functioning as normal, adequate cooling is ensured 
until the pool water drains below core level. In addition, the emergency core cooling system 
will be available to function when the core is not covered with water. 

 
2) Engineered safety features 

Engineered safety features are related to systems important to safety, provided to ensure 
the safe shutdown of the reactor or heat removal from the core or to limit the consequences of 
anticipated operational occurrences and accident conditions. Three engineered safety systems 
are discussed in this section, including emergency core cooling system, confinement/ 
containment and emergency control room. 

 
Emergency core cooling system [Emergency water supply system]  
 The emergency core cooling system (ECCS) has the function to keep always the core 
temperature within specified safety limits during all transient and shutdown conditions, 
including situations created by a breach of the reactor coolant system boundary. Generally the 
interests of ECCS designs in a power reactor and a small and medium research reactor are quite 
different. As a research reactor usually has a large heat sink of reactor pool, the main function 
of ECCS of a research reactor is to maintain the core to be covered with pool water during all 
operational conditions. It usually consists of ECCS tank and recirculation pumps of the pool 
water. In this aspect, emergency water supply system (EWSS) may be proper terminology 
compared to ECCS in research reactors. In some research reactors such as HANARO, 
CRCN/RPM-1 and RRR, the ECCS is a passive system, i.e. water is injected into the core by 
gravity. In other research reactors, like ONRC, the ECCS delivers water from the primary 
coolant system delay tank to the reactor structure by using battery-powered pumps. In design 
of the offered Russian research reactor, the ECCS is composed of a collecting tank and return 
pumps which are to collect and return the coolant of the primary circuit leakage.  

 
Confinement/Containment 
 Reactor building (generally encompassing the building structures, ventilation system, 
engineered safety features, penetrations, etc.) is designed to provide either a confinement or 
containment function. The choice of confinement or containment is based on the reactor 
facility design, operating characteristics, accident scenarios and location. The terms of 
confinement and containment are defined as follows: 

 
- Confinement: confinement systems control the airflow through the reactor building 

and release the reactor building air in a controlled manner at a location that allows 
for dilution and diffusion of the radioactive material before it comes in contact with 
the public. Confinement systems prevent an uncontrolled release to the environment 
of radioactive effluents resulting from operation by a system of ducts, louvers, 
blowers, exhaust vents, or stacks. 

 
- Containment: containment systems are designed to prevent the rapid, uncontrolled 

release of radioactive materials to the environment. The containment is designed to 



 69

control the release to the environment of airborne radioactive material released in 
the reactor building even if the accident is accompanied by a pressure surge or a 
steam release within the building. The thick walls of the containment may also help 
mitigate the direct radiation exposure during certain accidents. The design bases for 
the containment include the postulated peak pressures, the duration of the event, the 
pressure versus time envelope, the time during which containment integrity must be 
maintained while recovery from the event is implemented, limits on leakage or 
controlled release from the containment to the environment, the quantity of failed 
fuel, and the quantity and type of released radioactive material. 

 
Two following requirements should be taken into account for the design of the reactor 

building: 
 

- Safety requirements: the building is at the same time the third barrier against the 
uncontrolled release of radioactive materials towards the environmental and 
physical protection of the reactor building against postulated external events.  

 
- Operational requirements: an adequate building should provide large enough areas 

for easy arrangement of reactor components and for experimental devices. 
Moreover in a research reactor, operators and users are working inside the reactor 
building when the facility is on. In addition to these requirements, the design of a 
reactor building has to pay attention to the possible evolution of the number and 
type of experimental equipment which may be installed in the future, with enough 
margins to enable their installation, even if their characteristics are not well defined 
when freezing the main building dimensions. 

 
Emergency control room 

The emergency control room (ECR), remote from the main control room (MCR), is 
designed to act as an alternative control room if an access to the main control room during an 
accident is impossible. In this case, the operators are able to assure and monitor the safe 
shutdown of the reactor from the ECR. A manual trip of reactor should be provided for each 
shutdown system to be used if required. Manual control of containment/confinement is also 
provided to initiate isolation if require. The displays for important safety parameters of the 
reactor facility should be equipped in the ECR. The installation of ECR is recommended by 
IAEA [8]. Some research reactors under consideration such as RRR and the offered Russian 
research reactor included the ECR in the reactor design as an engineered safety feature. 

 

3) Fuel failure detection 
In order to detect fuel failure some research reactor designs provide either the 

continuous monitoring of fission products in the primary heat transport system circuit or the 
activity monitoring in the reactor ventilation system. 

 
4) Biological shielding 

All research reactors under consideration are pool type reactors that employ a 
combination of light water and heavy concrete for biological shielding. The height of pool 
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water above the reactor core and primary heat transport system design determine the level of 
activity to which operation personnel working over the pool top are exposed. From a health 
hazards point of view, it is desirable to make the height of the water column above the core as 
high as possible to provide maximum shielding. However it becomes more difficult to use the 
tools for fuel handling and experiments as their length increase. Therefore, some compromise 
is required between the depth of water to provide reasonable shielding and the manageable 
length of tools. In radial, the biological shield consists of light water and heavy concrete. For 
JRR-3M and TRR-II designs, the iron shield is employed to the top of the reactor pool, which 
prevents foreign objects introduced into the reactor pool and also restricts access to the core or 
reflector regions with the reactor operating at full power.   

 
4.3.7 Experimental facilities 

In general, the experimental facilities for research reactors can be divided into three 
categories: facilities located in the core, facilities located in the reflector and beam tubes. The 
experimental facilities for the utilizations of research reactors are summarized as follows: 

 
- vertical irradiation channels which may be installed in the core and reflector and 

used for target irradiation for radioisotope production, material testing and other 
studies; 

- rabbit channels which are connected to the pneumatic transfer system or the 
hydraulic transfer system of the laboratory for neutron activation analysis and RI 
production; 

- large volume irradiation channels which are used for sample irradiation for neutron 
transmutation doped silicon production; 

- loop channels which are used for material testing and nuclear fuel testing; 
- irradiation holes which are used for installation of cold neutron sources; 
- radial and tangential beam tubes which are used for research, neutron radiography, 

prompt gamma neutron activation analysis, BNCT, etc.; and  
- thermal columns etc. 

 
4.3.8. Other facilities 
 

In the current research reactors, the following facilities have been also provided: 
 
- a service pool which is used to store spent fuel assemblies and irradiated materials, 

and a transfer canal. The service pool is connected to the reactor pool by means of a 
transfer canal. This canal is designed to provide a passage for the transfer of fuel 
assemblies and other irradiated materials from the reactor pool to the service pool; 
to provide biological shielding during transfer of fuel assemblies and other 
irradiated material from the reactor pool to the service pool; and to provide the 
means to isolate the service pool from the reactor pool during reactor shutdown if 
the partial draining of the reactor pool is required for maintenance or inspection 
purposes. 
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- a reactor pool hot water layer system which is used to  protect personnel against 
radiation from the pool water. It can have a function of continuous skimming of the 
water surface to improve optical quality and reactor pool water level control and 
make-up during normal operation. 

 
- several hot cells which are placed in the reactor hall beside service pool or beside 

reactor pool in order to facilitate the manipulation of irradiated materials as well as 
of radioisotopes produced in the reactor. 

 
 
 

4.4. Costs of construction, operation and maintenance 
 

 In general, the research reactors have many different designs in reactor type, power, 
core configuration, installed systems etc. in accordance with their utilization purposes, and 
consequently the construction and operation costs of the research reactors are also remarkably 
different.  

At present, the nuclear society is facing very difficult situations in public acceptance 
and strengthened regulatory aspects, and any country that has a plan to construct a research 
reactor wants a high performance and high safety reactor with a low or reasonable cost. 
Therefore, a comprehensive understanding of the overall characteristics of the research reactors 
including the construction and operation costs is necessary for a cost effective investment.  

We may have several ways to classify the research reactors, but the reactor power has 
the largest effect on the design and its construction and operation cost. For example, a research 
reactor with a power of more than 2 MW usually adopts the forced convection cooling system, 
while a reactor with less than 2 MW could be cooled by a natural convection cooling system. 
So the classifications of research reactors according to their powers are preferable. Table 4.3 
shows the comparison of the characteristics of research reactors with different powers [27]. A 
rough idea on the construction and operation costs is given together with the major features of 
the operation and utilization of the classified groups. It is noted in the table that one can also 
divide a reactor group (more than 10 MW) into a middle reactor group and a large reactor 
group with a very high neutron flux such as the HFR at ILL. What should be noted for the 
construction and operation costs is that they are dependant on each country’s conditions such 
as engineering, equipment and construction costs.  

For more information, a preliminary cost evaluation for the breakdown systems of a 
20 MW research reactor, based on KAERI’s experience, is presented in Table 4.4. Site 
preparation cost is not included in the table. The cost of site preparation, heavily depends on 
the geographical conditions and land price of the site, and is normally estimated to be 20~30% 
of the total cost of a reactor project. A more precise estimation should be done at an early stage 
of the basic engineering and safety system classifications. The table also includes the necessary 
cost to install the experimental facilities for the utilization of a research reactor. This kind of 
cost evaluation for the breakdown structure of the plant is required to construct a policy for 
developing and localizing the nuclear technology. Works for the detailed cost evaluations and 
benefits assessment should be done during the feasibility study. 
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Table 4.3 Comparison of the characteristics of research reactors with different powers 

  
Power 1 W ~ 10 kW 100 kW ~ 1 MW 2 MW ~ 5 MW More than 10 MW  

Features of 
facility 

· Consider only temp. rise 
during long time 
operation for core 
cooing  

· No need for containment 
function due to small 
source term 

· Negligible fuel burn-up 
and Xe poison effect, 
and the possibility of 
reactivity accident are 
extremely rare due to 
very low excess 
reactivity.  

· Core cooling by natural 
circulation, so systems 
such as cooling system 
and reactor protection 
system are simple. 

· Generally, no concern 
on core cooling after 
reactor shutdown, and 
also less concern on 
seismic design 

· Reactor building with  
confinement  function 

· Forced cooling system is 
necessary to core 
cooling.  

· Fuel integrity is maintained 
even in the rapid loss of 
coolant flow. And pool 
water is enough for 
continuous core cooling.

· In case of inadvertent 
operation, the fuel integrity 
can not be maintained. So 
reactor building should 
have the function of 
confinement of radioactive 
materials together with 
various safety features.  

· Core power density is 
higher than that of power 
reactor. So core cooling is 
necessary for safety 
during scheduled period 
after reactor shutdown.  

· Necessary for 
containment or 
confinement function 
against accident  

Feature of 
Safe 

Operation 
 

· Manual treatment of the 
fuel can be possible  
when source term of  
fuel is very low.  

· In critical assembly, 
facility to prevent 
criticality accidents is 
necessary together with 
management system.  

· Operate continuously 
with small supplement 
due to small change of 
excess reactivity 

· With TRIGA type fuel,  
high safety on reactivity 
transients and relatively 
easy safety 
management can be 
got. 

· Fuel reloads due to burn-
up is necessary once per 
several years.  

· Safety management after 
reactor shutdown is fairly 
simple compared to the 
reactors with power more 
than 10 MW 

· Small Xe build-up, and 
reactor is operable  
everyday 

· Coolant purification system 
is necessary. 

· Fuel reload is necessary 
every 6 months to a year, 
and fuel management 
such as storage and 
security as well.  

· Continuous operation for 
several days to several 
weeks considering for  the 
effects of Xe buildup and 
thermal cycle.  

Feature of 
utilization for 

R&D 

· Low neutron flux, but low 
risk in safety allow 
flexible experiments. 

· Simple experiments can 
be done such as NAA, 
neutron measurement, 
biological effects on 
radiation, etc. However, 
as Rx power increases, 
more various 
experiments of NAA and 
NR can be possible, and 
also simple neutron 
beam experiments 
allowable. 

· Rx physics experiments 

· Can be located at the 
place easy to reach, 
and also be utilized for 
standard NAA with 
considerable neutron 
flux 

· Limited application to 
neutron beam research 
and RI production 

· Practical utilization for 
BNCT 

· Rx with power of 2-10 MW 
can be applicable to most 
of utilization areas 

· Basic and preliminary 
research for beam 
experiments and 
irradiation tests before 
carrying out  regular tests 
with high beam facility. 
(Medium size reactor 
plays a role of providing 
utilization demands for 
large size reactor)  

· Irradiation tests under 
more severe conditions 
than those of reactors at 
developed stage are 
possible. 

· Provide strong and high 
thermal and cold neutron 
beam, which are used to 
study material research 
and life science etc.  

· Utilization for industry and 
medical services  

Education and 
training 

· Criticality exp., Operation training, reactivity 
measurement, dynamics of RR, NAA, NR, temp. 
coefficients, neutron beam research, material 
irradiation etc. 

· Most of experiments are possible, but special cares on 
safety and countermeasures are necessary at 
experiments.  

Construction 
cost 15 ~ 25 M$ 

15 ~ 25 M$ 
+ Cooling system (3 M$) About 80 M$ ∼ Several 100 M$ 

Operating 
cost 

· 15 M$ including labor 
(personnel) costs 

· Around 10 staff including 
qualified persons for 
reactor operation and 
radiation management 
etc. 

· Costs for left cell + 
costs for operating 
cooling 
system(electricity, 
water, etc), radiation 
and radioactive waste 
managements, etc.. 

· Several 10s staff 
· Necessary for several M$ 

excluding personnel 
(labor) costs 

· Several 10s staff 
· Necessary for several M$ 

excluding labor costs 
· Additional fuel cost in 

proportion to power and 
operating days 
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Table 4.4   Preliminary Estimated Construction and Operating Costs, Installation Cost 
of the Experimental facilities for a 20 MW Research Reactor 

 
Reactor  

Systems Functions and Services Preliminary Costs
(Millions US$) 

  Heavy water cooling  
and associated  
systems 

 Storage, Cooling, Purification etc. 4 

  Primary cooling and  
Auxiliary systems 

 Water treatment and purification, water 
 processing, beam holes cooling, int. 

  sump, coolant makeup, etc 
20 

  Buildings & HVAC 
( Heating, Ventilation  
and Air Conditioning) 

  Containment, Storage pools, Reactor pool, 
  Laboratories, Offices, Normal HVAC 
Emergency ventilation system 

23 

  Electrical systems   Normal and class 1E, including diesel 
  generators, inverters and batteries 6 

 Instrumentation 
  and control systems 

  Nuclear instrumentation, control and  
  protection, radiation monitoring, control 
  room and process instruments 

8 

 Fire protection  
system   Fire monitoring, gas and water, extinguishers 2 

  Reactor structure   Fuel elements, reflectors, control and 
  safety rods, core support structure, Chimney 16 

 Engineering and 
 Management 

  Design, analysis, procurement, construction,  
licensing and  Commissioning 15 

Estimated Total Construction Cost 94 
Estimated Operating Cost (for fuel and maintenance)  

excluding labor cost 3.5 

Experimental Facilities 

Purposes Facilities Preliminary Costs
(Millions US$) 

  Neutron Beam  
Research 

 HRPD, NRF, FCD, SANS, TAS 
 CNSF(Cold neutron source facility) 

15 
30 

 Irradiation Tests  Capsules 
 FTL(Fuel test loop)  

3 
15 

 RI production  Hot cells (3 concrete H/C, 10 lead brick H/C) 
 HTS (Hydraulic Transfer System) 20 

 NAA  PTS (Pneumatic Transfer System)  0.5 

 BNCT  BNCT facility 4.0 

 Si production  NTD System 1.5 

Estimated Total Installation Cost 89 
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5. SUMMARY and RECOMMENDATIONS 
 

Activities involved in a new research reactor construction project can be roughly 
divided as follows:  

 
- activities at a pre-feasibility study stage (stage 1); 
- activities at a feasibility study stage (stage 2); 
- activities at a design stage (stage 3); 
- activities at a construction stage (stage 4); and 
- activities at a commissioning stage (stage 5) 
 

Activities at stage 1 have been implemented under the national project (No. 03-
B03/17/2002/HD-DTDL) and the co-operated research between KAERI and VAEC (according 
to the bilateral co-operation programme) for the pre-feasibility study on a new research reactor 
for Vietnam. The purpose of this stage is to investigate the necessity of a new research reactor 
through a survey on the demands, technical and financial aspects. The results of the pre-
feasibility study on a new research reactor have been described in this report, and can be 
summarized in brief as below.  
 
 
Necessity of a new research reactor 
 
o A new high performance multipurpose research reactor is required for 

Vietnam;   

- To continue the services which the DNRR has done. DNRR becomes obsolescent with a 
lack of ability.  

- To satisfy the increasing demands for the utilization of a research reactor.   

- To support the national nuclear power development program 

- To enhance the development of the science and technology in Vietnam. The nuclear 
technologies provide essential tools and technical information for the advanced 
technologies.  

- To improve the nuclear technologies and infrastructures including the human resources 
established through the DNRR  

- To have an opportunity for experiencing the localization of the nuclear power technology 
by learning the know-why of the technology in advance 

  

o Considering the national economy growth of Vietnam and the active due 
service period, a new research reactor should have at least more than 10 
MWth power  

- To meet the increasing user’s demands  

- To correspond to the national nuclear power development after 2010, especially, the 
commencement of the first nuclear power plant in Vietnam by 2017 – 2020. 
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Review of the research reactors 
 
From the review of various research reactors with around 10~30 MW in operation but 

less aged and under construction or under planning, the overall characteristics of the reactor 
designs have been summarized. Based on this study, the important technical characteristics to 
identify a new research reactor for Vietnam were specified as described in Chapter 3. Those are 
reactor power level, reactor type, coolant, moderator, reflector, cooling method, fuel type, 
primary and secondary cooling systems, experimental facilities, engineered safety features, 
auxiliary facilities, etc., which should be investigated in detail for several selected reactors 
during the feasibility study. When a reactor design concept is proposed, the necessary analyses 
such as the neutronic and thermalhydraulic calculations should be carried out for the 
conceptual research reactor. 

 
 

Considerations for the feasibility study 
 
For the next feasibility study of stage 2, the following activities should be included. As 

the activities at the remaining stages (i.e. stage 3, 4, and 5) are dependent on the results of the 
previous stages, they are not mentioned in this report. 
 

- Joint study between VAEC and a foreign technical partner in order to identify a proposed 
multipurpose research reactor for Vietnam; 

- Assessment of the capability of the Vietnam industry, technology transfers and potential 
suppliers; 

- Joint study between VAEC and a foreign partner in order to establish a preliminary plan of 
designing and constructing a new multipurpose research reactor for Vietnam. 

 
 
o Assessment of the type of a reactor to be introduced 

After determining several candidate research reactors, concentrated work should be 
done to compare the advantages and disadvantages of each reactor for both the technical and 
other aspects. Such assessment results will provide a proposed candidate reactor and also 
provided the detailed technical characteristics described in chapter 3.  
 
 
o Assessment of the localization potential 

In order to prepare for constructing a new research reactor, it is necessary to assess the 
localization potential for the design, engineering, construction and component fabrication etc.  
Local participation in the construction of a nuclear research reactor would mean using the 
material and manpower resources within the country. The assessment of the localization 
potential will determine the participating degree of the local industries, transferred technologies 
and potential suppliers for a proposed research reactor. Localization may be classified into 3 
parts; 1) Technical field fully supported within the country, 2) Technical field partly supported 
within the country, 3) Technical field where the introduction of technology from a foreign 
country is necessary. 
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o Establishment of an implementation plan and a schedule  
A preliminary plan for designing and constructing a new multipurpose research reactor 

should be included in the feasibility study stage. It must describe the scope of the work in detail 
and the responsible organizations and their functions at the design stage, construction stage and 
commissioning stage for a new research reactor, and the project period to completion. 
Manpower requirements as well as the finances for the implementation of the project should 
also be determined together with the strategy and total management plan for a successful 
project.  

 
  

o Manpower requirements  
Considering the activities at the feasibility study stage, manpower requirements for 

implementing this stage are proposed as follows: 
 

- Technical personnel who are involved in the assessment and selection of a new research 
reactor will be required. They will participate in both the national project and the joint 
study with a foreign technical partner on the identification and evaluation of a proposed 
conceptual reactor. 

 
- Engineering personnel who will participate in the national project and the joint study with a 

foreign technical partner, if possible, are needed. They will be involved in the assessment 
of the capability of the Vietnam industry, technology transfers and potential suppliers; 

 
- Project management personnel are also required. They will join with a foreign partner in 

order to establish a preliminary plan for the work scope and a detailed implementation plan 
for a new research reactor project. 

 
 
o  International cooperation  

International cooperation is one of best ways to overcome the lack of technology and 
experience in the developing countries. For an effective international cooperation, various 
aspects such as technical, cultural and geographical points and the cooperation status etc. 
should be considered. In those regards, it is recommended to continue the feasibility study on a 
new research reactor for Vietnam in co-operation with KAERI under the bilateral co-operation 
program between KAERI and VAEC. This proposal is based on the following reasons: 

 
- Korea has sufficient experiences in design, construction and operation of nuclear power 

plants and research reactors. Particularly, the HANARO is known as one of reactors which 
are most actively being utilized over the world.  

- Korean industry, especially nuclear industry can meet the demands of construction of a 
research reactor and technology transfer. 

- Korean nuclear professionals and technicians have excellent expertise and experience in 
nuclear science and technology fields. 

- KAERI is currently designing a new multipurpose research reactor. 
- The bilateral co-operation program between KAERI and VAEC is making valuable 

advances.  
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APPENDIX: MAIN CHARACTERISTICS OF RESEARCH REACTORS REVIEWED 
 

Parameter HANARO CRCN/RPM-1 ETRR-2 RRR JRR-3M FRM-II ONRC TRR-II OFFERED 
REACTOR

General data                   

  Reactor power (MW) 30 20 22 20 20 20 10 20 25 

  Owner KAERI CRCN AEA ANSTO JAERI TUM OAEP INER - 

  Designer KAERI CRCN/INVAP INVAP INVAP JAERI FRAMATOM GA INER RUSSIA

  Site Daejeon Permambuco Cairo Lucas Heights Tokai Munchen Ongkarak   - 

  Korea Brazil Egypt Australia Japan Germany Thailand Taiwan - 

  First criticality 1995 Planned 1998 Planned: 2005 1990 2004. 2 Planned Cancelled - 

  Reactor type Open pool Open pool Open pool Open pool Open pool Open pool Open pool Open pool Open pool

  Coolant/moderator H2O/H2O H2O/D2O H2O/H2O H2O/H2O H2O/H2O H2O/H2O H2O/H2O H2O/H2O H2O/H2O

  Coolant & moderator connected Yes No Yes Yes Yes Yes No Yes Yes 

  Reflector Heavy water Beryllium/D2O Beryllium Heavy water Beryllium/D2O Heavy water Beryllium/D2O D2O Beryllium

  Flow direction in core Upwards Upwards Upwards Upwards Downwards Upwards Downwards Downwards Downwards

  Control rods drive location Above core Below core Below core Below core Below core Above core Above core Below core Above core

Core data                   

  Core working dimensions (cm) ~46 x 70 24x40x70 (2) 40 x 48 x 80 35 x 35 x 61.5 ~54 x 77 11.8x24.3x70 40 x 40 x 56 49 x 49 x 60 56x54x60

  Core volume (m3) 0.12 0.134 0.154 0.075 0.229 0.025 0.089 0.144 0.088 

  Grid array 7 x 9 5 x 6 6 x 5 4 x 4 37 1 6x6 5 x 6 7 x 7  

  Number of fuel assemblies 20/12 30 29 16 26(6) 1 30 25 up to 130

  Number of control plates or rods 8 8 6 5 6 1 CAR (5SOR) 4 6 14 

  Absorbing material Hf Ag-In-Cd Ag-In-Cd Ag-In-Cd Hf Hf B4C Hf B4C 
  Core fuel load (kg U-235)  8.9 17.475 11.7 6.25   8.1   11.8 7.5 

  Cycle length (days) 28 25 19 29 28 52 42 32 23 

  Avg. Extraction burn-up (%) 56 > 50 61 46.3     50 > 60 60 

  Total reactor power (MW) 30 20 22 20 20 20 10 20 25 

  Out-of-core power (MW) 2.5   1.4 1.2           
 



 

 
 

APPENDIX: MAIN CHARACTERISTICS OF RESEARCH REACTORS REVIEWED (Continued) 
 

Parameter HANARO CRCN/RPM-1 ETRR-2 RRR JRR-3M FRM-II ONRC TRR-II OFFERED 
REACTOR

Out-of-core fraction (%) 8.3  6.4 6      

Neutron flux (n/cm2/s)          

max. thermal n flux (in core) 4.5x10e14  2.7x10e14 3.5x10e14 3.0x10e14  1.5x10e14 1.5x10e14 <3.0x10e14

max. fast n flux (in core) 2.0x10e14 2.9x10e13 2.2x10e14 2.1x10e14 2.0x10e14 5.0x10e14  3.6x10e14 2.7x10e14 

max. thermal n flux (in rflector) 2.1x10e14 4.0x10e14  3.2x10e14 1.2x10e14 8.0x10e14 5.2x10e13 2.7x10e14 1.5x10e14 

Fuel data          

Fuel type Rod with fin Plate Plate Plate Plate Curved Plate Rod Plate Plate 

Fuel material U3Si U3Si2 U3O8 U3Si2 U3Si2 U3Si2 U-ZrHx-Er U3Si2 UO2 

Fuel enrichment - (% U-235) 19.75 19.75 19.7 19.7 19.75 93 19.7 19.75 19.7 

Fuel density (g/cm3) 3.15 4.8  4.8 4.8 1.5 – 3 0.6 4.8 - 

Number of fuel plates/assemly 36/18 19 19 21 21 113 16 21 - 

Active length (cm) 70 70 80 61.5 77 70 56 60 60 

Fuel meat thickness (mm) 6.35/5.49 (dia.) 0.7 0.7 0.61 0.51 0.6 13.8 (OD) 0.51 ~1 
Fuel plate thickness (mm) 7.87 (dia.)     

fin=1.02x0.76
1.5 1.5 1.35 (in) and 

1.5 (ext) 
1.27 1.36 13 (OD) 1.27 ~2,4 

Coolant channel width (mm) 2.5 2.7 2.7 2.45 2.35 2.2  2.58 2.5 

Cladding material Al Al Al Al Al Al Alloy 800H Al Al 

Core hydraulics data          

Coolant flow rate (m3/hr) 2530 2000 2000 1900 2400 1000 1300 2200 ~2000 
Coolant velocity in core (m/s) 7.3 5.2 4.7 8.2 6.2 17 4.8 6.2 - 

Core pressure drop (kPa) 209  49 240    85 24 

Power/Coolant flow rate (MJ/m3) 42.7 36 39.6 38  72 27.7 32.7  

Number of PCS pumps 2 4 4 2 (1 standby) 2  2 2  
Number of primary HXs 2 2 2 2 (1 standby) 2  2 2  



 

 
 

APPENDIX:   MAIN CHARACTERISTICS OF RESEARCH REACTORS REVIEWED (Continued) 
 

Parameter HANARO CRCN/RPM-1 ETRR-2 RRR JRR-3M FRM-II ONRC TRR-II OFFERED 
REACTOR

Core thermal data          

Inlet temperature (oC) 35 40 40 38 35 37 37 40 40 

Outlet temperature (oC) 45 48.5 50 47 42 52 49 47.6  

Core power density (kW/L) 250 149 140 280 156 807 112 139  

Maximum/average heat flux ratio 1.8  3 3   2.4 2.5  

Reactor Pool data          

Internal pool diameter (m) 4  4.5 4.5 4.5  4 4.5 5 

Internal pool height (m) 13.4  12 14.1 8.5 14 10 11.5 13.75 

Reactor pool volume (m3) 150  190.8 224 15.9  115 160 235 

Power/Pool volume (kW/m3) 200  115 89 1257  87 125 128 

Utilization Facilities          

In-core irradiation positions 7 8 1 None 5 None 2 5 5 

Out-core irradiation positions 24 26+70 26 42 12 7 31 15 30 

Horizontal beam tube - radial None 2 2 None None 10 2 None 4 

Horizontal beam tube - tangent 7 4 2 5 9 2 inclined 4 9 2 

Vertical beam tube 0 1 None  None  None None None 

Thermal colume None None 1 None None 1 0 0 None 

Pressurized test loops 1 1 2 None None None None None 1 
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