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1. Introduction  
 

The HANARO Cold Neutron Research Facility (CNRF) Project has been embarked in July 

2003. The CNRF project has selected as one of the radiation technology development project 

by National Science and Technology Committee in June 2002. In October 2002, the 

investigation for the validity of the HANARO CNRF Development and its demand survey has 

been performed. It concluded that more than 50% of the neutron beam utilization demands cold 

neutron and CNRF would be a national research facility for the basic science, nano- and bio-

technology research. The project planning for the construction of CNRF followed and specified 

the annual development plan and the project strategy for its effectiveness and consistency. The 

project planning also clarified the project objective, solidified the necessity of the project, 

analyzed the domestic technology levels in every area, and predicted the applicability and 

impacts on the related technologies. The user group meetings contributed to this planning 

project output.  

In this report, the output of the second project year is summarized as a basic design of 

cold neutron source and related systems, neutron guide, and neutron scattering instruments. 

The construction of guide hall has a separate budget source but should be in close interaction 

with cold neutron project. 

 

1.1 Project Objective and Scope 
 

The objective of Cold Neutron Research Facility Project is to install cold neutron source, 

neutron guides and neutron instruments. The gain factor of cold neutron source will be more 

than 10 in average and 20 at maximum and the related systems includes He refrigerator and 

vacuum system. In the current stage, three neutron guides and six instruments including three 

re-located from the reactor hall will be arranged but more guides and instruments are expected 

in the next stage. Through user group meetings, the prioritization of the instrument development 

has been established and 40m-SANS (Small Angle Neutron Spectrometer), Cold-TAS (Triple 

Axis Spectrometer), and DC-TOF (Disc Chopper Time-of-flight) have the highest priority in this 

stage. The 8m-SANS operating in the reactor hall will be improved to 12m and re-located to the 

guide hall with vertical type REF (Reflectometer) and horizontal type Bio-REF. The 

manufacturing technology of m=1 Ni neutron guide will be developed and then the super mirror 

whose m is more than 2 will be pursued. This means about 120 m of guides for SANS and REF 

will be installed with in-house made. Also in-pile plug and guide, main shutter guide, neutron 

bender, and neutron splitter will be installed, which needs more than 130 m of neutron guide. 
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The user promoting program and the utilization technology development are proceeding in 

parallel.  

 

1.2 Design Requirement, Principle and Criteria 
1.2.1 User Requirements 
 

1)  The purpose of the cold neutron source is to increase the available neutron flux delivered to 

instruments in the cold neutron range practically from 4 to 12 Å. Optimization is to be 

based on the neutron brightness (/s/㎠/steradian/Å). The gain factor on brightness for these 

wavelengths should be comparable to existing cold sources of similar geometry (∼10 to 20 

at 7Å).  

 

2)  The cold source shall be optimized to maximize the yield of neutrons with energy less than 

5 meV, in the direction of cold neutron beam port.  

 

3)  There should be no significant degradation of the thermal spectrum at near experimental 

holes as measured after the cold source installation.  

 

4)  Installation and testing of the cold neutron source shall be scheduled so as to cause 

minimum disruption to the existing reactor utilization programs. 

 

1.2.2 Safety Requirements 
 

1)  The change in reactivity due to the introduction or removal of liquid hydrogen in or from the 

moderator cell shall be within the allowable limit specified in the safety analysis report for 

HANARO.  

 

2)  Special measures shall be taken to ensure that any pressure shock or vibration due to 

abnormal behavior inside the vacuum chamber shall not adversely affect the integrity of the 

reflector vessel or the reactor structure.  

 

3)  Provision shall be prepared to protect the moderator cell from overheating in the event of 

the cryogenic system failure or loss of moderator circulation. The vacuum chamber shall be 

automatically filled with He gas to enhance the heat transfer from the moderator cell to the 

outside through the wall of vacuum chamber. The Helium gas for the emergency flooding 

shall be maintained properly pressurized for timely injection into the vacuum chamber.  
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4)  The radiation level in the reactor pool top area shall not exceed the reactor trip setpoint, 

2.5mR/hr during the normal operation of cold neutron facility.  

 

5)  Expected maximum releases of radioactivity from the cold neutron facilities when added to 

routine HANARO gaseous releases shall not exceed the requirements of the HANARO 

Safety Analysis Report. In addition, radiation protection issues will be evaluated according 

to the as low as reasonably achievable (ALARA) principle.  

 

6)  The HANARO Safety Analysis Report shall be revised to reflect the inclusion of the cold 

neutron research facilities in the chapter 11. The licensing will be proceeded as an 

amendment to the existing HANARO Safety Analysis Report.  

 

7)  The leak rate of the reactor building shall be less than the existing allowable limit, 570 m3/hr, 

even after the completion of the CNS installation.  

 

1.3 Project Schedule 
 

This project has a period of five years from July 2003 as shown in Figure 1-1. Preceded 

by three years of conceptual study since 1995, one year of conceptual design period is 

arranged in the first year of the project for understanding previous study, mobilizing and 

allocating staff, and performing initial calculations. Also prepared are classification of structures, 

systems, and components and applicable codes and standards. During first half of the second 

project year, the design requirements for the basic design of cold source systems and neutron 

guide will be prepared for the bid process. The neutron guide and instrument layout in the guide 

hall has been settled and passed over with the design requirements of the guide hall including 

the power, utility, and general requirements to the guide hall construction group.  

The heat load measurement, first performance test of thermo-siphon, and measurement of 

CN hole diameter had planned from the beginning of the first project year, started in the middle 

of the first project year, and the measurement or test report had done in December 2004. Those 

were the key measurements and test to confirm the analysis, to give the basis for the second 

step of experiment, and to provide the firm data for the basic design. The feasibility of 

manufacturing moderator cell and vacuum chamber have been tested in the second year and 

those have been using in the second performance test of thermo-siphon which have prepared 

and conducted for 15 months since September 2004.  
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Figure 1-1 Project schedule 

 

The interface with the existing HANARO systems such as process system, I&C, and 

electrical system had been fully investigated and reflected in the cold neutron source system 

design by January 2005. The layout and the detail design of CNS equipment island will be 

finalized by the middle of third project year. The technical specification of He refrigerator have 

been prepared since the beginning of the second project year and it will be planned to have a 

contract in December 2005. 

The procurement and manufacturing starts from September 2005 and the construction 

acceptance test will be in January 2007. The guide hall will be completed in December 2007. 

The safety analysis and the first contact with the licensing body starts in the second 

project year and the safety analysis report will be submitted by the end of April 2006. The SAR 

will be reviewed by licensing body for a year before approval which followed by an inspection 

before operation. The operation starts in June 2008. 
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2. Basic Design of Moderator Cell 
2.1 Calculation Method and Modeling 
 

The analysis for the conceptual design of the HANARO CNS moderator cell is performed 

using the MCNP-4C code [1], a general purpose Monte Carlo coupled neutron and photon 

transport code developed at the Los Alamos National Laboratory (LANL).  It has the necessary 

capacity for a complex 3D model of HANARO CNS and includes continuous energy cross 

sections, thermal scattering kernels for various materials. 

The ENDF/B-  based cross sections provided by the LANL are used except the liquid Ⅵ

hydrogen and liquid deuterium.  There are various scattering kernels for liquid hydrogen and 

liquid deuterium such as MCNP-4 default library, ENDF/B-VI.2 compound unofficial library, IKE 

library etc. But these libraries shouldn’t be best available at fewer than 20K in our decision.  

New libraries for liquid hydrogen and liquid deuterium, which were developed by Nuclear Data 

Evaluation Lab in KAERI using NJOY97 in 1999, are used as shown in Figure 2-1, 2-2. 
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Figure 2-5 Scattering cross-section of liquid hydrogen 
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Figure 2-6 Scattering cross-section of liquid deuterium 

 

The cross section for liquid ortho-hydrogen is about 60 barns at 5 meV and that of para 
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hydrogen is less than 1.5 barns at the same energy as shown in the Figure 2-1.  The sharp 

drop of para-hydrogen cross section below 50 meV is due to spin coherence, and the second 

drop below 3 meV is due to intermolecular interference.  For ortho-deuterium, the cross section 

is about 7 barns and that of para- deuterium is about 6 barns at the 5 meV as shown in the 

Figure 2-2.  The drop in the cross section below 3 meV is due to intermolecular interference. 

 

To compare with the hydrogen cross sections, case calculations were done with the 

ENDF/B-Ⅵ.2 compound unofficial cross section and the KAERI cross section as shown in 

Figure 2-3.  The difference between the results is about 3% on the whole and the result of the 

KAERI cross section is lower at less than the 5 Å.   
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Figure 2-7 Comparison of XS 

 

Table 2-1 Wavelength of interest 

Instruments Wavelength [Å] 

Backscattering 6~12 

40M-SANS > 4.0 

DC-TOF 2~9 

SPIN Echo > 4.0 

TAS 2.4 ~6.1 

40M-SANS > 4.0 

Bio-REF 4.07, 5.5 

V-REF 4.75 

12M-SANS > 4.0 

 

The wavelength of interest as defined by the proposed cold neutron instruments is 
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presented in the Table 2-1.  The HANARO CN instrument group also examined the use of the 

Very cold neutron and Ultra cold neutron.  The Very cold neutrons and the Ultra cold neutrons, 

however, are only utilized for the study of the neutron interferometer and the neutron lifetime in 

the field of the fundamental neutron physics.  Although all the cold neutron fluxes are important, 

this study resulted in that the target wavelengths of the cold neutron in the HANARO CNS are 

around 2 ~12 Å for the scattering instruments. 

The CNS will be installed in a CN vertical hole located in the heavy water reflector tank. 

The CN vertical hole is positioned in 51.93 cm apart from the core center. 

To reduce the calculation time, we have developed a coupled MCNP model by using the 

Surface Source writing option.  The full core calculation was done by K-code option criticality 

calculation.  From this calculation, the surface source for the CNS was obtained as shown in 

the Figure 2-4. The surface source records all neutrons across the selected surface.  

The surface of this model includes only the surrounding of the CN vertical hole and the CN 

Beam tube. 

 

 
Figure 2-8 Surface source and coupled model 

 

2.2 Moderator Selection 
 

The MCNP calculations were carried out to determine the CNS moderator that would 

maximize the cold neutron flux. Case calculations were done at a 6.5cm cylindrical moderator 

cell with the liquid hydrogen or liquid deuterium in the CN vertical hole. 

The inner radius of the CN hole, made of Zircaloy, is 8 cm. The moderator cell is placed in 

the vacuum chamber which has 7.45 cm inner radius and 0.5 cm thickness. The light water film 

exists inevitably between the vacuum chamber and the inner wall of the CN hole.   

The cylindrical moderator cell filled with the liquid hydrogen or the liquid deuterium is 
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made of Al 6061.  Its inner radius is 6.5 cm, while its outer radius is 6.7 cm and its height is 

21.2 cm.  Therefore, the thickness of the light water film is about 0.05 cm.  
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Figure 2-5 Neutron spectra of para-H2 and ortho-D2 along wavelength 

 

It was found in the Figure 2-5 that the thermal spectrum peak was shifted to the cold 

neutron energy region for the liquid hydrogen but was not for the liquid deuterium. 

The typical dimension for the liquid deuterium is 30~50 cm in diameter [2], and this large 

size is essential because the deuterium has a mean free path one order larger than the 

hydrogen.  However, the HANARO CN hole has the radius of only 8 cm so the thermal neutron 

cannot be cooled down fully at the liquid deuterium source.  Pursuant to the reported merit of 

the liquid deuterium addition into the liquid hydrogen [3], the small amount of the liquid 

deuterium addition enables the extracted cold neutron flux to increase.  However, the addition 

of the deuterium into the hydrogen was not effective due to the small size of the HANARO CN 

hole.  Based on these backgrounds, it has been decided to use liquid hydrogen as a moderator 

for HANARO CNS.  

 

2.3 Nuclear Design of Moderator Cell 
 

The design requirements to optimize the moderator cell are as follows.  

 

1) Maximizing the cold neutron flux and minimizing the heat loads  

2) The cold neutron flux with the wavelength between 2~12 Å  

3) Simple in manufacturing. 
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The performances of the CNS were analyzed at the entrance of the CN guide with the 

parameter of the brightness.  

The important design parameters considered in the basic design of moderator cell are 

summarized in Table 2-2. 

      

Table 2-2 Design parameters of moderator cell 

Items Sub-items Design Parameter Units 

Nominal reactor power 30 MWth 

Moderator fluid H2 (2 phases) - 

Volume of the M/C 2.795 ℓ 

Volume of the inner cavity in the M/C 0.986 ℓ 

Mass of moderator in M/C (20%void) 110 g 

Diameter 130 mm 

Height 230 mm Outer shell 

Thickness 1 mm 

Height 150 mm 

Dimension of 

the moderator cell 

cavity 
Thickness 1 mm 

Nuclear heat load in moderator  629 W 

Non nuclear heat load (estimation) 300 W 

Thermal flux (unperturbed) 1.25E14 n/cm2-s 

Distance from the core center to the CNS center 519.3 mm 

Distance from the OR5 to the CNS center 187.5 mm 

Material Al 6061 T6 - 
Moderator cell 

mass (cavity/outer) 130/320 g 

Material Al 6061 T6 - 
Transfer tube 

mass (inner/outer) 100/260 g 

Material  Al 6061 T6 - 
Vacuum chamber 

Mass  30,000 g 

at 1.5atm, 21.8K 

Liquid density  68.643 g/ℓ Hydrogen properties 

Gas density  1.9112 g/ℓ 
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2.3.1 Moderator Cell Shape Optimization 
 

The available volume of the liquid hydrogen is restricted because of its large absorption 

cross-section.  To solve this problem, most moderator cell shapes are a small cylinder, cavity 

type or double cylinder type. Therefore, various shapes were considered to the cold neutron 

moderator cell as shown in the Figure 2-6. 

The moderator diameter was selected as 130 mm to maximize the moderator surface area 

and to see more thermal neutrons.  To select the best shape, the MCNP calculations were 

conducted with the various options. The result indicated that the double cylinder type and the 

double cylinder with open cavity would be suitable for the HANARO CNS. To select the 

moderator cell shape, the parametric calculations were conducted on a double cylinder type to 

evaluate the effect of the ortho/para ratio and the various inner cylinder shapes. 

 

 

Figure 2-6 Various CNS moderator cell type 

 

As shown in the Figure 2-7, it is found that the cold neutron brightness of less than 5meV 

increases by about 27% through just changing the ortho/para ratio from all para hydrogen to 

50% para hydrogen for the double cylinder type with a 2cm radial thickness.  Also, when the 

inner cylinder shape is changed into an open cavity shape towards the CN beam tube, the 

brightness of the cold neutron flux is increased by up to 22 %.  It is assumed that the open 

cavity may reduce the up-scattering of the cold neutrons directed into the CN beam tube and 

this type of the moderator cell has more moderating ability compared with the double cylinder 

type moderator cell. 
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Figure 2-7 Effect of the ortho/para ratio on the various inner cylinder shapes 

 

The cavity is filled with the hydrogen vapor.  So, a large fraction of cold neutron will 

have a larger chance of leakage to beam tube. Other research institutes do not have 

assurance on ortho/para ratio, control and measurement of the ortho/para ratio during operation.  

Only PNPI said that they could monitor the ortho/para ratio and measure exactly [4].  

The ortho/para ratio is assumed to be in the range from 50% ortho to 65% ortho hydrogen 

from the CNS operation experience of other institutes as shown in Table 2-3 and it is found that 

the cold neutron flux spectrum changes when the ortho/para ratio was changed with the 

dependence on the different geometry as like the evaluations performed at NIST, ORNL [5].   

 

Table 2-3 Other institutes ortho/para ratio 

 para/ortho ratio 

CMRR 50/50 

NBSR 
more than 50%ortho 

(designed by 65% ortho) 

TRR 65/35 

CARR 50/50 

 

Accordingly, the ortho/para hydrogen ratio of the HANARO CNS is assumed to be 50% 

otrho hydrogen.  Because the peak brightness of the radial thickness lies between 2.5 cm and 

3 cm in the double cylinder with open cavity, the case calculation were conducted on a double 

cylinder with open cavity type to optimize the radial thickness of the liquid hydrogen. 
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Figure 2-8 Optimization of the radial thickness 

 

Obviously, the optimum thickness of the liquid hydrogen is 3cm as shown in the Figure 2-8.  

However, the difference between 2.5cm and 3cm is less than just 2% despite of about 6% mass 

increase.  Although the maximization of the brightness is the main target, to minimize the 

hydrogen mass is also important in the viewpoint of the heat load.  Consequently to minimize 

the hydrogen mass, the center of the inner cylinder was shifted towards the CN beam tube by 

0.5cm as shown in the Figure 2-9 considering the cold neutron moderator cell orientation.      

3cm

2.5cm

original center

2.5cm 
double cylinder with cavity 

2.5cm, 0.5cm shifted double 
cylinder with cavity  

Figure 2-9 Double cylinder with open cavity 

 

The top and bottom liquid hydrogen should exist to get better brightness of cold neut

ron.  The optimization of axial thickness was conducted by changing the axial thickness of the 

outer cylinder with a double cylinder with open cavity type.  The inner cylinder radius and 

height were kept constant and the height of inner cylinder was 15cm.  The case calculations 

were conducted on a double cylinder with open cavity type to optimize the axial thickness of the 

liquid hydrogen and the result is shown in Figure 2-10. 
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Figure 2-10 Axial thickness calculation 

 

These results indicated that the higher brightness could be obtained by increasing the 

axial thickness but its effect of the thickness increase became saturated.  Moreover, the 

increased hydrogen inventory led to the increase of the heat load.  

 

Table 2-4 Results of axial thickness calculation.  

Thickness (cm) Brightness Ratio H2 mass Ratio 

1cm 3.96E+11 0.960 0.76 

2cm 4.07E+11 0.986 0.88 

3cm 4.12E+11 1.000 1.00 

4cm 4.17E+11 1.012 1.12 

5cm 4.20E+11 1.018 1.24 

6cm 4.23E+11 1.026 1.35 

7cm 4.25E+11 1.030 1.47 

8cm 4.25E+11 1.031 1.59 

 

As shown in Table 2-4, it was found that the change from 3cm to 8cm leads the benefit of 

about 3 % increase on the cold neutron flux, despite of 59% mass increment.  Consequently, 

the decision of the axial thickness was made to 3cm in terms of the heat load and the required 

liquid hydrogen amount. 

The inner cylinder is open toward the CN beam tube to minimize the possibility that the 

cold neutron can get the energy by up-scattering.  To optimize the height of the inner cylinder, 

sensitivity analyses were conducted by changing the height of the double cylinder with open 
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cavity.  As shown in Table 2-5, Although the results lies within the range of the error, the 

optimum point of cold neutron brightness is found in a 15cm height which is consistent with the 

CN beam tube height.  The open cavity of the inner cylinder is aligned with the CN beam tube 

horizontally; it is assumed that the open cavity of the inner cylinder may increase the area is 

facing that the CN beam tube. 

  

Table 2-5 Change of the height for the inner cylinder 

 The upper part of inner cyl.  The lower part of inner cyl. 

Origin (15cm) 0 Origin (15cm) 0 

+0.5cm 0 -0.5cm -0.4% 

+1cm -0.8% -1cm -1% 

 

To select the inner cylinder shape, sensitivity analyze was conducted by changing the 

bottom shape.  The inner cylinder is filled with the hydrogen vapor in case of the open bottom 

and the vacuum is in case of the closed bottom inner cylinder.    

  The brightness of the hydrogen vapor case is 2.7% higher than that of the vacuum 

case but the spectrums on the basis of the brightness are not much different as shown in the 

Figure 2-11.   

To cooling the Al window surface facing to the CN beam tube, the vapor case has the advantage 

of the vacuum case as well as the brightness.  The natural convection of the hydrogen vapor in 

the inner cylinder can cool down the temperature on the Al window surface facing to the CN 

beam tube.   

Accordingly, the inner cylinder has an open bottom and is filled with the hydrogen vapor. 
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Figure 2-11 Case calculation of the inner cylinder shape 
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2.3.2 Effect of Void Fraction 
 

HANARO CNS thermosiphon loop consists of a hydrogen buffer tank, a condenser, a 

moderator transfer tube and the moderator cell.  HANARO CNS adopts two-phase 

thermosiphon loop driven by natural circulation.  When a heat load is applied to the moderator 

cell, the liquid hydrogen evaporates and produces bubbles in the moderator cell.   
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Figure 2-12 Effect of void fraction  

  

 Unfortunately, the bubbles reduce the liquid hydrogen density, which results in a change of the 

effective moderator thickness.  The calculations were done to decide the operation limit for the 

two-phase void fraction.  

 

Table 2-6 Effect of void fraction 

void fraction Brightness Ratio 

0 4.00E+11 1.000 

10 3.97E+11 0.992 

20 3.90E+11 0.973 

30 3.70E+11 0.924 

40 3.50E+11 0.875 

50 3.14E+11 0.785 

60 2.71E+11 0.676 

80 1.60E+11 0.400 

100 4.39E+10 0.110 

 

According to the Table 2-6 and Figure 2-12, it is shown that the brightness went down 
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rapidly as the void fraction increase.  At the 20% void fraction, the brightness is not much 

different from that of the single phase (0% void fraction), the difference of brightness is just 

2.7%.  As these reason, other facilities probably had decided around 20%. 

Though the simulation and the mock-up test for the two-phase flow were required, the void 

fraction target is determined to less than 20%.  To avoid the flooding phenomenon [6] and 

compensate for the 20% void fraction, the upper part of the moderator cell is modified to have a 

more space. 

 

Table 2-7 Comparison of void fraction [7,8,9,10,11] 

Reactor Void fraction 

MBSR (NIST-USA) Less than 20% 

JRR-3M (JAERI-Japan) 34% 

WWR-M (PNPI-Russia) subcooled at 12MWth, At 18MWth just 15% 

CARR (CIAE-China) 20% 

TRR-  (INERⅡ -Taiwan) Upper regions-30~35%, lower region-20~25% 

 

The CNS moderator cell based on these concepts is shown in the Figure 2-13 and the 

height of the CNS moderator cell is 232 mm.  

 

Figure 2-13 Double cylinder type with an open cavity 

 

2.3.3 Gain Factor and Maxwellian Distribution  
 

The gain factor is defined as the ratio of brightness with a cold neutron moderator cell and 

without a cold neutron moderator (only pool water is there).   The calculated gain factor is 

shown in the Figure 2-14.  The target of the gain factor is larger than 10 and the calculated 

value is about 33.4 less than 4meV.   
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Figure 2-14 Gain factor 

 

The Maxwellian neutron distribution at the entrance of the CN beam tube is shown in the 

Figure 2-15.  The flux is described by two temperatures, 26.264K and 125.18K.  The flux is 

shifted towards the cold region and the peak lies between 4meV and 6meV.     
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Figure 2-15 Maxwellian neutron distribution 

 

2.4 Nuclear Heating Rate and Neutron Flux 
 

The heat removal capacity of moderator cell is essential information for cold neutron 

source design.  In order to determine the capacity of refrigerator, we must know the nuclear 

heating rate at CN hole of HANARO.  Nearly all the energy absorbed in a material placed in 

the radiation field of a research reactor appears in the form of heat.  This nuclear heating in 

research reactors arises from the interactions with gamma-rays, fast and thermal neutrons.  
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The heating rate can be estimated by calorimetry, ionization chambers and chemical dosimeters.  

Ionization chambers require precise calibration, and the materials that may be used are much 

more limited than in calorimeters, while they are more sensitive, and they can give an 

instantaneous, continuous measure of the absorbed dose rate.  Chemical dosimeters have no 

lead wires into the reactor, but it is not suitable for obtaining the gamma-ray dose rate in 

structural materials [12]. 

Calorimetric dosimeters have advantages for high-dose applications.  The operation of 

the calorimeter is possible by measuring the total amount of energy that is deposited as heat in 

a thermally isolated mass.  The measurement of the temperature rise in calorimetric dosimeter 

provides a direct measurement of the full energy imparted to matter by radiation.  The 

thermocouples and the thermistors are sufficiently sensitive and small-sized to measure the 

temperature change with sufficient accuracy and precision [13].   

In HANARO, the nuclear heating rate and the neutron flux at the CN hole had been 

measured in collaboration with PNPI (Petersburg Nuclear Physics Institute) [14].  In that 

experiments, the IC-gray chamber developed in PNPI had been used, but there were several 

questions in the experimental method, calibration and reporting of results.  Therefore, in this 

work, we measured the nuclear heating rate at the CN hole of HANARO by using the 

calorimetric method.  We have designed and manufactured a calorimeter, and measured the 

nuclear heating rate at CN hole with it.  In addition to the measurement of the nuclear heating 

rate, the thermal neutron flux in the CN hole, which is one of the important parameters in the 

design of the cold neutron source, was measured by the cobalt wire activation method.  The 

measurements will be very useful in designing the moderator cell of cold neutron source of 

HANARO. 

 

2.4.1 Design and Fabrication of Measurement Device 
 

Figure 2-16 is the schematic representation of the heating rate measurement facility at CN 

hole of HANARO.  This device was originally designed to be applicable for heating rate 

measurements in other vertical irradiation holes of HANARO.  The device is composed of a 

calorimeter sensor, an air containing aluminum sleeve for fitting the sensor to CN hole, 

aluminum weight and lead wire assembly.  

Figure 2-17 shows the detailed layout of the sensor part of calorimeter for measuring the 

nuclear heating rate at CN hole of HANARO.  The outer diameter of sensor is 56 mm.  The 

calorimeter sensor consists of a cylindrical Al sample, Al container, Al pipe for positioning the 

neutron flux monitor, two thermocouples and the electric heater for a calibration.  The sample 

is separated by an air gap from the Al container surrounded by an air containing Al sleeve.  The 
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longitudinal center of Al sample is equal to the center of reactor core.  The calibration heater 

allows one to determine the thermal resistivity, and this calibration gives a simulation of the heat 

transfer of the calorimeter over the temperature range and under the irradiation condition.  

The cylindrical sample which would be heated by radiation was made of Al6061, and its 

diameter and length was 19.3 and 49.9 mm, respectively.  The cylindrical geometry was 

chosen for ease of application and for space requirements.  The reduced sample mass 

including the aluminum volt for sample fixing and the electrical heater for calibration is 39.345 g.  

The expected heating rate of the sample with that mass is about 20 W at the reactor power of 

30 MWth. 

The outer diameter of the aluminum pipe for neutron flux measurement is 12 mm.  The 

cobalt wire sample is dropped through this pipe.  After irradiation, it is withdrawn, and its 

activity is measured with calibrated HPGe detector system in order to obtain the neutron flux.     

AlN detector developed in other project was included for the irradiation experiment. 

 

Figure 2-16 Schematic representation of the heating rate measurement device at CN hole  
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Figure 2-17 Detail layout of the sensor part of calorimeter 
 

Figure 2-18 is the schematic diagram of the electric power supply system and the 

instrumentation module for the electric power and the temperature measurements.  The two K 

type thermocouples are used in this experiment in order to measure the temperatures of sample 

and container. 
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Figure 2-18 Schematic diagrams of the electric power supply system and the instrumentation 

module for the electric power and the temperature measurements 

 

2.4.2 Heating Rate and Neutron Flux Measurements 
 

After calibration experiments, the nuclear heating rates at CN hole were measured at 

three reactor powers of 1, 4 and 8 MWth.  The data reduction method in these experiments 

was almost same as in the calibration experiment.  Simultaneously with the heating rate 

measurements, the cobalt wire irradiations were performed at the reactor powers of 1 and 8 

MWth for neutron flux measurements.  The activities of withdrawn cobalt samples were 

measured using HPGe detector system as shown in the Figure 2-19 [15, 16, 17].  The 

diameter of cobalt wire was 0.05 mm, and its self-shielding effect was negligible.  

The reactor power was determined by subtracting the power of pumps in the cooling 

system from the measured thermal power.  In order to investigate the linearity of reactor power, 
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the count rates of fission chamber installed at ex-core neutron irradiation facility were measured 

with the reactor power.  From the experiment, it was confirmed that the measured values at the 

reactor power of 5 MWth or more were required to predict the heating rate at 30 MWth.  

 

 
Figure 2-19 Gamma-ray spectroscopy system with HPGe detector 

 

The nuclear heating rates per unit sample mass measured at three reactor powers are 

shown in the Figure 2-20, and the measured data and the expected value at 30 MWth are 

represented in Table 2-8.  
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Figure 2-20 Nuclear heating rates per unit sample mass measured at three reactor powers 
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Table 2-8 Measured and expected nuclear heating rates at CN hole 

 

Uncertainty of the measurements is within 3.8%, and the uncertainty in temperature 

measurement is a main contribution.  The thermocouples have some thermal insulation 

between them and the sample.  Power from radiation interaction is generated in the 

thermocouple, and this power leaks to the sample and also leaks through the thermocouple 

lead wire.  For the instrument like this experiment, it can be considered that the thermocouple 

reading agrees with the true temperature of the sample within 1% [18].  

The measured nuclear heating rate per unit mass of Al sample at 8 MWth reactor power is 

0.143 W/g, from which, the heating rate at 30 MWth is expected to be 0.494 W/g.  This value is 

very useful for designing the moderator cell of cold neutron source of HANARO. 

The neutron fluxes at CN hole measured at 1 and 8 MWth reactor powers by cobalt wire 

activation method and the expected value at 30 MWth are represented in Table 2-9.  The 

measured neutron flux at 8 MWth is 2.314×1013 n/cm2sec, from which, the neutron flux at 30 

MWth is expected to be 7.450×1013 n/cm2sec. 

 

Table 2-9 Measured and expected neutron fluxes at CN hole  

 

Reactor 

power 

[MWth] 

Container 

temperature 

[ ]℃  

Sample 

temperature

[ ]℃  

Temperature 

difference 

[ ]℃  

Nuclear heating 

rate at sample 

[W] 

Heating rate per 

sample unit mass 

[W/g] 

1.18 31.167 63.284 32.118 0.697 0.018±0.00068 

4.20 37.051 122.592 85.540 3.000 0.076±0.0023 

8.48 40.158 177.220 137.062 5.618 0.143±0.0041 

29.30 

(30 MWth) 
   19.411 0.494 

Reactor 

power 

[MWth] 

Co-wire 

weight 

[mg] 

Irradiation 

time [sec] 

Saturated activity 

per nuclei [Bq] 

Neutron flux 

[n/cm2sec] 

1.18 0.252 1800 1.224×1010 3.294×1012 

8.48 0.395 600 8.602×1010 2.314×1013 

29.30 

(30MWth) 
   7.450×1013 
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The neutron fluxes shown in Table are Westcott neutron fluxes which are deduced by 

dividing the saturated activity per cobalt nuclei by 2200 m/sec radiative capture cross-section.  

Therefore, they may be overestimated about several percents due to the effects of epithermal 

and fast neutrons.  This can be compensated by the cadmium ratio which would be determined 

by calculation with MCNP.   

 

2.4.3 Heat Load Analysis 
 

     The heat sources can be divided into two categories, prompt and delayed. As the code 

does not deal with delayed components, the calculation techniques about delayed components 

are described in detail. 

     The nuclear heating calculations of CNS were performed by using MCNP-4C, a Monte 

Carlo neutron and photon transport code developed at Los Alamos National Laboratory [19]. 

MCNP has been widely used and validated at HANARO. A basic core model for this analysis is 

a HANARO full core model, in which the average core burn-up is 29.41 %U-235. To simulate the 

burn-up core, total 142 nuclides including fission products and actinides are used. The nuclides 

selected are appropriate for the transport of photon as well as neutron. 

     As the CNS facility is assumed to operate regardless of the core condition, the core 

condition giving the maximum heat load should be selected. The most severe condition is found 

out that the outer core close to the CN hole is loaded with a fresh fuel. 

     Aluminum alloys is a major material in CNS structure. Al is a tedious element in the 

nuclear heating analysis due to its neutron activation product, Al-28.  Al-28 has a half-life of 

2.25 minutes, and is present in its equilibrium concentration at short operation of the reactor. 

The beta particles emitted in its decay have its continuous energy spectrum, but can be 

simplified as an average energy of 1.247 MeV [20]. Because the range of such electrons is 

quite short compared to the dimensions of Al structures, it is assumed that 100% of the electron 

energy is deposited in Al structures. The production rate of Al-28, which equals the rate of decay, 

can be determined directly by MCNP. The flux tally is used to calculate the neutron reaction rate, 

Al-27(n, γ)Al-28, which determine the energy deposited by beta particles. 

     MCNP does not track the creation of radioisotopes nor the radiation emitted in their decay, 

but these heat sources must be determined so as not to underestimate the heat load. The 

delayed gamma rays are emitted from neutron activation products and fission products. The 

delayed gamma rays from neutron activation products are complicated and dependent on its 

environment. As HANARO fuel and CNS structure use a large amount of Al, delayed gamma 

from the decay of Al-28 should be considered. The complex geometry model urges to modify 

the Al cross section library, in which the photon production data for Al is expanded on gamma 
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ray emitted in the decay of Al-28.  

     The delayed gamma from fission products is main heat source. To simulate the gamma 

ray, two-step procedure is used. The delayed gamma rays are generated proportional to the 

power distribution of the fuel rod. The gamma source distribution is obtained from KCODE mode. 

Gamma transport at SDEF mode gives us the heating from the delayed gamma. The F. C. 

Maienschein formula [21], N(E) = 7.4 exp(-1.10E)[MeV-1] is adopted to calculate the delayed 

gamma, where E is the energy of photon. 

 

Several moderator cells for HANARO CNS have been studied [22].  Figure 2-21 shows 

the MCNP model of a moderator cell, which is best for HANARO CNS. 

 

 

Figure 2-21 CNS modeling for the MCNP calculation 

 

     This model is called a double cylinder with open cavity. Liquid hydrogen (LH2) is adopted 

as a cold neutron moderator. Cavity filled with gas hydrogen (GH2) gives more chance for cold 

neutrons to stream out to CN beam tube. 

     The nuclear heating rate of CNS is summarized at Table 2-10. Gamma is most significant 

heat source at Al structures. Neutron heating is more prominent at hydrogen. As most heating is 

generated at Al structure, thickness of Al structure is important. Total nuclear heating to be 

removed is 629.0 Watt. Others are hydrogen and tube above 60 cm, which is the height of the 

D2O reflector from the core center. 
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     Figure 2-22 shows the axial distribution of the nuclear heating. Compared the power 

distribution of the fuel in the core, the heating rate reduces slowly due to more axial leakage of 

neutron. 

 

Table 2-10 Nuclear heating rate 

Specific heating rate (Watt/g) Heating rate (Watt) 
         Class. 

 

 

Component 
Neutron Gamma Beta Sum Mass Heating 

Tank 0.0034 0.4238 0.1503 0.58 360.6 208.2 

Cavity 0.0039 0.4786 0.2389 0.72 127.1 91.7 

Tube 0.0019 0.2264 0.0857 0.31 422.2 132.6 

LH2(tank) 0.9828 0.9482 - 1.93 87.5 168.9 

GH2(cavity) 0.8607 0.7782 - 1.64 2.4 4.0 

LH2(tube) 0.5243 0.4580 - 0.98 9.8 9.6 

Others    - 661.4 13.9 

Total - - - - 1670.9 629.0 
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Figure 2-22 Axial distribution of the nuclear heating 
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     Figure 2-23 shows the radial distributions of the nuclear heating. The region close to the 

core is high. The heating from neutron reduces rapidly compared to the heating from gamma. 

The region far away from the core is not the lowest from characteristics of the cavity. 

 

 

Figure 2-23 Radial distribution of the nuclear heating 
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3. Basic Design of In-pool Assembly 
3.1 Materials Selection 
 

A cold neutron source has been designed for installation in the CNS vertical hole of the 

research reactor, HANARO.  The in-reactor components of the cold source consist of a 

moderator cell containing the liquid hydrogen and a surrounding vacuum chamber.  The 

materials for in-reactor components of the cold neutron source are required to have good 

mechanical, nuclear, and thermal properties in order to withstand exceptional service conditions.  

It is extremely important to choose proper materials for the in-reactor components of the cold 

source.  In this report, we have surveyed the materials used in-reactor components of the 

foreign cold sources and have described the reasons and factors underlying the choice of the 

materials for construction of the in-reactor components of the HANARO cold source.  

 

3.1.1 General Materials Consideration  
 

The table 3-1 shows a list of materials used for the construction of reactor-based cold 

source moderator cell and vacuum chamber worldwide.  Most of moderator cell materials are 

5xxx and 6xxx Al alloys, and stainless steel (A286) is used in Orphee and JRR-3M reactors [1, 

2].  Al alloys and Zircaloy are mainly used as vacuum chamber materials.  From the physical 

point of view, the priorities for the cold source material are low cross sections for neutron 

absorption and scattering to minimize losses of neutrons within the source, and low rate of 

nuclear heating to reduce the cooling requirements at the source.  From the engineering point 

of view, the materials should be compatible with the moderator medium, should have 

satisfactory mechanical properties at cryogenic temperatures, and should be easily available, 

workable, machinable, and weldable.  Moreover, the materials should sustain the neutron 

irradiation damage at the cryogenic temperature and the low level of radio-activation is needed 

for ease of post-service handling and disposal.  

 

3.1.2 Materials Selection for the Moderator Cell  
 

Magnesium and its alloys have generally low strength and low ductility, and their ductility is 

reduced to less than about 5% at low temperatures.  Due to its hexagonal crystal structure, its 

mechanical properties are anisotropic.  The anisotropic swelling and distorts were reported 

under neutron irradiation at about 60  in Mg alloys [1]. ℃  Magnesium is also prone to aqueous 
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corrosion.  It is assumed that the material tend to have corrosion cracking by hydrogen 

absorption.  

Even though the effect of hydrogen on Zircaloy under irradiation at cryogenic temperature 

is not well known yet, the risk of the hydrogen embrittlement should be considered.  Several 

reports pointed out the risk of the hydrogen embrittlement of Zircaloy [1, 2].  The original 

moderator cell made by Zircaloy in ILL had a problem with the hydrogen embrittlement.  

Moreover, mechanical properties of HCP structured material degrade at the cryogenic 

temperature compared to the room temperature. 

 

Table 3-1 Reactor based cold neutron sources and their construction materials 

Reactor Moderator cell Vacuum chamber Moderator and Pressure 

DIDO, Harwell ZW-1 (Mg alloy) Zircaloy-2 L-H2 20K, 1.0 atm 

FRJ2, Julich Al-3Mg (Al5754) Al-3Mg(Al5754) L-H2+L-D2 20K, 1.4 atm 

HFR, ILL, Grenoble Al (99.5%) Zircaloy-2 L-D2 25K, 1.5 atm 

DR3, RISO Al-3Mg Al-3Mg Supercritical 25-35K, 15 atm

Orphee, Saclay A286 AG3 NET(similar to 5052) L-H2 20K, 1.2 atm 

EL3, Saclay Al-3Mg - L-H2 20K 

NBSR NIST Al6061 T6 Al6061 T6 L-H2 21.7K, 1.5 bar 

HFBR, Brookhaven Al6061 Al6061 L-H2 24K, 5 atm 

RRI, Kyoto A5052 A5052 L-H2 25K, 2 atm 

JRR-3M, JAERI A286 Al6061 L-H2 20K, 1.2 atm 

FRM-II, Munich Al6061 Zircaloy-4 L-D2 20K, 1.5 atm 

HFIR, ORNL Al6061 Al6061 - 

 

Authentic stainless steel has good mechanical properties at cryogenic temperature and is 

the most widely used structural material for the cryogenic application.  However, the density of 

the stainless steel is three times larger than that of Al alloy and its thermal conductivity is only 

around 10% of that of Al alloy.  The degree of nuclear heating scales with the mass and the 

density of the material.  The low density materials are more advantageous than high density 

materials in manufacturing.  Therefore, the vessel should be made thin with a material of low 

density and high thermal conductivity.  

Aluminum has the best combination of physical and engineering properties to satisfy the 

requirements for a moderator cell.  Aluminum has low density, high thermal conductivity, and 

relatively low neutron absorption cross section.  It has good compatibility with the hydrogen.  It 

can be fabricated easily, has good mechanical properties at cryogenic temperature, and has 

good tolerance on radiation damage. 
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The 5xxx Al alloy and 6061-T6 Al alloy are the most widely used alloys in the cold neutron 

source.  The 5xxx Al alloy has better weldability than 6061-T6 Al alloy.  However, the welding 

of 6061-T6 Al alloy is not difficult considering the recent welding technology.  The corrosion and 

cracking were observed in the moderator cell made by AG3 NET in Orphee reactor at a thermal 

neutron fluence of 8-9x1026n/m2 [1].  The similar result was reported in HFR reactor at Petten at 

a thermal neutron fluence of 4.5x1026n/m2.  The HFIR HB-4 beam tube made of 6061-T6 Al 

has withstood up to the thermal neutron fluence of about 3x1027n/m2 without any signs of 

cracking or corrosion.  These results show that the 6061-T6 Al alloy has superior irradiation 

tolerance to 5xxx Al alloy. 6061-T6 Al alloy is used as a moderator cell material in FRM-II and 

HFIR reactor.  Consequently, the 6060-T6 Al alloy is the best material for moderator cell in the 

HANARO reactor. 

 

3.1.3 Materials Selection for the Vacuum Chamber  
 

The properties at cryogenic temperatures and the liquid hydrogen environment are 

important for the moderator cell materials.  However, for vacuum chamber materials, only room 

temperature properties under irradiated condition are important factors.  It means that 

disadvantages of Zircaloy-4 alloy for moderator cell material do not apply for vacuum chamber 

materials.  Thus, the Zircaloy-4 alloy and 6061-T6 Al alloy are two candidate materials for a 

vacuum chamber.  HFIR chose the 6061-T6 Al alloy for a vacuum chamber material, while 

FRM-II chose the Zircaloy-4 alloy for a vacuum chamber material.  

Applying the temperature rise equation (∆T = qt2/2k) between walls, the wall thickness of 

Zircaloy-4 alloy should be only 19% of the thickness of 6061-T6 Al alloy in the aspect of the 

same temperature rise by nuclear heating.  This is a big disadvantage of Zircaloy-4 alloy 

compared with 6061-T6 Al alloy.  However, the temperature rise in a vacuum chamber is not 

related to the extra cooling demands on the refrigeration system.   

Comparing the neutron cross section, the absorption cross section of Zr is smaller than 

that of Al, while the scattering cross section of Zr is smaller than that of Al.  In order to precisely 

compare the effect of neutron cross section between Zr and Al on the neutron flux, a computer 

simulation is needed regarding both scattering and absorption of neutrons.  Figure 3-1 shows 

the calculated cold neutron flux with vacuum chamber thickness for 6061-T6 Al and Zircaloy-4 

alloys. The neutron flux decreases by 1.8% for 1mm increase in the thickness. Comparing the 

neutron flux for both alloys with same thickness, the 6061-T6 Al alloy is more beneficial than 

Zircaloy-4 due to lower total neutron cross section.  

The ASME pressure vessel code recommends that maximum stress inside the vessel 

should not exceed 2/3 of the yield strength or 1/3 of the ultimate tensile strength, whichever is 
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the smaller. Applying this code, maximum stress of Zircaloy-4 is 25% higher than that of 6061-

T6 Al alloy. The cold neutron flux increases with decreasing the vacuum chamber thickness. 

When hydrogen-oxygen chemical reaction occurs, the vacuum chamber has to withstand the 

reaction pressure. The detonation pressure is the guide pressure for deciding the thickness of 

the vacuum chamber. The strength data shows that the thinner vacuum chamber can be made 

by Zircaloy-4. Moreover, the UTS of 6061-T6 Al alloy weld is only 55% of that of parent material 

[5, 12]. The welding process is essential for fabrication of the vacuum chamber. The Zircaloy-4 

weld has same strength level compared to the parent material in case of applying EB welding. 

But the neutron flux decrease with chamber thickness is only 1.8% for 1mm increase in 

chamber thickness. If the structural safety of the vacuum chamber made by 6061-T6 Al alloy 

with 1-2mm thicker than that made by Zircaloy-4 alloy is satisfied with the detonation pressure, 

the 6061-T6 Al alloy could be chosen as a vacuum chamber material. 

 

 

Figure 3-1. Calculated cold neutron flux with vacuum chamber thickness 

for 6061-T6 Al and Zircaloy-4 alloy. 

 

Concerning procurement, machinability, and cost, 6061-T6 Al alloy is definitely better than 

Zircaloy-4 alloy. Consequently, the properties of 6061-T6 Al alloy are better than those of 

Zircaloy-4 alloy as vacuum chamber materials except lower strength. It is of importance to 

conduct the careful structural analysis and the vacuum chamber design that the highly stressed 

region of the chamber is not located in weld part applying 6061-T6 alloy as vacuum chamber 

material. 
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3.1.4 Conclusions  
 

The 6061-T6 Al alloy was selected as both a moderator cell and a vacuum chamber. For 

applying the 6061-T6 Alloy as vacuum chamber, careful structural analysis and the vacuum 

chamber design are to be performed due to weak strength of weld part. 

 

3.2 In-pool Assembly Design and Layout 
3.2.1 Design Requirements 
 
1. The hydrogen shall be contained by a combination of barriers so that no single failure would 

result in the infiltration of air or water contacting the hydrogen. This shall be accomplished by 

a combination of a high-integrity hydrogen boundary surrounded by a vacuum and a vacuum 

chamber. Under abnormal operating conditions (including conditions of degraded hydrogen 

system cooling, loss of vacuum barrier, loss of inert gas barrier, loss of off-site power, or 

hydrogen leakage), at least one containment barrier shall exist. 

2. Materials selected for use in the hydrogen system shall be compatible with the extremely low 

temperature environment and be resistant to hydrogen embrittlement during the expected 

service life. 

3. Vacuum chamber that comprises the primary hydrogen barrier shall be designed and 

fabricated using the guidance of the ASME Section III, Boiler and Pressure Vessel Code. 

Piping that comprises the primary hydrogen barrier shall be designed and fabricated 

following the guidance of ASME B31.1, Power Piping. 

4.  The vacuum chamber shall be designed to withstand the external pressure produced by any 

break on the wall of reflector vessel. The vacuum chamber shall be designed to withstand a 

hydrogen-oxygen reaction that could occur in the event air was introduced into the vacuum 

chamber concurrent with a release of hydrogen. 

5. A comprehensive overpressure protection scheme must be incorporated in the design to cope 

with any explosion or accidents leading to overpressure in the hydrogen loop. 

6. The in-pool assembly including its support structures shall be seismically qualified by testing 

or analysis for the design basis earthquake (DBE). 

7. The in-pool assembly shall be located in the reactor pool to minimize interferences with the 

existing structures or in-pool work like fuel handling. A proper penetration scheme shall be 

provided both to minimize the interferences and to assure the best performance of cold 

neutron source. 

8. All of the components or systems shall be designed to incorporate the ease of replacement 

and maintenance 
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3.2.2 In-pool Assembly Design and Layout 
 

The in-pool assembly (IPA) consists of a vacuum chamber which is installed in the vertical 

hole (CN hole) and the transfer tubes connected to the system tubes.  

There are three kinds of transfer tubes composed of one vacuum chamber, 2 helium tubes 

and one hydrogen tube as shown in Figures 3-2, 3-3 and 3-4. The vacuum chamber made of 

stainless steel is connected with the vacuum chamber by bolt joint. The helium tubes and 

hydrogen tube are made of stainless steel for the upper parts above the bimetal and made of 

AL6061-T6 for the lower parts. The in-pool assembly includes the flexible tubes connected 

between the upper part of IPA and the flanges at the end of system tubes supported on the 

three platforms of the reactor pool liner. 

 

 

Figure 3-2 Vertical layout of IPA and transfer tubes 

 

The IPA is supported at the grid plate, chimney flange and lower track backing plate. The 

flexible part of transfer tubes are supported at the flange joints at both ends. The rigid part of the 

transfer tubes, as parts of systems, are supported at the three brackets installed on the 

platforms of the pool liner.  

 

6.48m 
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Figure 3-3 Horizon layout of IPA and transfer tubes 

 

The heat exchanger, made of AL6061-T6, in the vacuum chamber is hanged by 4 rods 

from the upper flange and horizontally supported by two spacer plates as shown in Figure 3-5. 

The moderator cell is hanged with the heat exchanger as one assembly and horizontally 

supported two spacer plates as shown in Figure 3-6. The material of support rods and spacer 

plates should be decided to have very low heat transfer rate. The stainless bayonet of the heat 

exchanger is a kind of bellows for absorbing the dimensional change due to temperature 

variation. 

The installation flange of the vacuum chamber as shown in Figure 3-7 is for mounting the 

IPA on the chimney flange by pins and bolts. The upper flange of the IPA is for mounting the 

transfer tubes with the vacuum chamber by bolts. The whole assembly of the vacuum chamber 

is made of AL6061-T6. 

 

The important design parameters considered in the basic design of In-pool assembly are 

summarized in Table 3-2. 
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Table 3-2 Design parameters of in-pool assembly  

Item Design parameter 

Moderator circulating system Two-phase thermo-siphon 

Fluid analysis tool CFD Code  

Moderator cell (M/C) 6061-T6 Al alloy 

Material Vacuum chamber 

(V/C) 
6061-T6 Al alloy 

Outer diameter 132 mm 

Length  230.2 mm M/C dimension 

Thickness  1 mm 

Outer diameter 159 mm 

Length  3214 mm 

Vacuum 

chamber 

dimension 
Thickness  5 mm 

Primary stress 16.7 MPa Calc. M/C 

Stress Intensity Secondary stress 41.4 MPa 

Primary stress 4.72 MPa Calc. V/C 

Stress Intensity Secondary stress 39 MPa 

Max. Diameter of CN hole 156.68~156.74mm 
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Figure 3-4 Upper part of IPA 
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Figure 3-5 Heat exchanger of IPA 

 

 

Figure 3-6 Lower part of IPA 
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Figure 3-7 Vacuum chamber 

 

 
3.3 Structural Analysis of In-pool Assembly 
 

The in-pool assembly (IPA) means a vacuum chamber with pipe joints and supporting 

mechanics.  The vacuum chamber consists of a moderator cell, transfer tube and a heat 

exchanger.  The vacuum chamber will be inserted into the vertical hole located in the reflector 

tank as shown in the Figure 3-8.  The vacuum chamber must fit to the configuration of the 

vertical hole. The thickness of the vacuum chamber is most important thing for better neutron 

efficiency.  The thickness of material has close relation with strength of the material.  The 

structural analyses for the in-pool assembly were carried out.  The loads considered in the 

analysis are normal operation, shut-down operation, detonation pressure, seismic and thermal 

expansion loads.  

 

3.3.1 Configuration of In-pool Pressure Assembly 
 

The thickness of the moderator cell should be thin to decrease the absorption of neutron 

and γ-heat rate and the configuration is designed as the spherical, elliptical or cylinder type to 

increase the mechanical strength. 



 40

            
Figure 3-8 Conceptual design of the moderator cell and the vacuum chamber for HANARO 

 

The main body of moderator cell is a cylindrical type and the upper and the lower head is 

half-elliptical. Since the moderator cell is installed inside the vacuum chamber, the size of the 

vessel should be properly designed to the size of the vacuum chamber [3]. The analysis model 

of the moderator cell is presented in the Figure 3-9. The moderator cell is composed of inner 

cylinder and outer cylinder and the inner cylinder is supported with the guide strip. The vacuum 

chamber encloses the moderator cell and its function is to protect reactor structure from the 

accident of hydrogen explosion. The heat of vacuum chamber generated by the neutron heating 

is eliminated by the circulation of water outside vacuum chamber.  

 

 
Figure 3-9 Analysis model of the moderator cell 

 

Hydrogen flows into the inside of the moderator cell and the inner pressure is maintained 

1.5atm. The static pressure generated by the depth of the water filled up above in lower part to 

vacuum chamber is applied to the outside as 2 atm. The lower part of the vacuum chamber 



 41

enclosing the moderator cell is designed to hemi-spherical cap. The vacuum chamber extends 

upward and has 3.2 meters length. The thickness of vacuum chamber is 5 mm and the inside of 

the tube is maintained as the vacuum.  

 

3.3.2 Structural analysis of In-pool Pressure Vessel 
3.3.2.1 ASME Code Acceptance Criteria 

It is necessary to minimize the thickness of the moderator cell within the extent to satisfy 

the stress intensity allowable limits. The vacuum chamber should be designed to endure the 

high pressure loads by the fracture of the moderator cell and the overpressure of cover gas. The 

detail analyses for the moderator cell and the vacuum chamber will be carried out after deciding 

the loads through the thermal hydraulic analysis. The materials of the moderator cell and 

vacuum chamber are Al 6061-T6.  Although the design of these pressure vessels apply ASME 

Section III, ND for safety class 3 components, ASME Section III, NB and ASME Code Case N-

519 will be used in these analysis according to the regulation of ASME Section III, NCA-2134 

and the condition of a very low temperature[4].     

 

3.3.2.2 Combined Load  
The applied loads for the structures are generally classified to normal operation load, 

abnormal operation load, accident load and test load. The normal operation, second shut down 

system operation, hydro-pressure test and the detonation pressure by the hydrogen leakage are 

considered to evaluate the structural integrity of the vacuum chamber, in addition, seismic and 

thermal expansion loads are considered. 

 

Table 3-3 Combined load cases 

Load Cases 

No Content 
Pressure 
Design 

load 

Temp. 
SSS* 
action 

Aluminum
Growth 

ten years

Seismic 
event 

Pressure 
during 

detonatio
n 

Own 
weight 

Service
level 

1 Design load O O O   O A 

2 
Detonation 
& seismic 

event 
 O O O O O C 

3 
Hydrostatic 

test 
    O O B 

*SSS: Second Shutdown System without primary cooling system 

 

The combined load cases required for the analysis are presented the in Table 3-3. In case 
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of the combined load, it was conservatively supposed that the seismic loads were 

simultaneously occurred to both the maximum pressure load which was the most severe loading 

condition and the maximum thermal load. 

 

3.3.2.3 Stress and Buckling Analysis of In-pool Pressure Vessel 
 The maximum stress intensity of the moderator cell was occurred at the discontinuous 

region between the body and the head of the moderator cell as shown in Figure 3-10. The value 

of the primary local membrane stress calculated through thickness in such region was 16.7MPa, 

which was much smaller than 144.8MPa (1.5Sm) of the allowable stress intensity limits for the 

AL6061-T6. The maximum stress intensity of the primary plus secondary stress was also 

41.4MPa, which was much smaller than the allowable limits of 289.5MPa (3Sm). The analysis 

results are related to 2 mm thick moderator cell and it is necessary to minimize the thickness of 

the moderator cell by the detail analysis after this [5]. 

  The heat generated in the vacuum chamber due to the neutron heating is eliminated by 

the circulation of the water in the outer surface of the vacuum chamber and the hydrostatic 

pressure of 2 atm is applied to outer surface filled with water. The vacuum chamber has to be 

used as a pressure boundary not to damage the reactor vessel in case of hydrogen-oxygen 

reaction. 

In this analysis, the structural integrity of the vacuum chamber was evaluated to the both cases 

of which the detonation pressure are 30atm and 60atm. In case of the detonation pressure of 30 

atm, the primary membrane stress intensity was calculated to 48.3MPa as shown in Table 3-4 

and this value is smaller than the allowable limits (Sm) of the parent material, 96.5MPa. The 

thermal stress due to neutron heating was calculated to 80.5MPa assuming the temperature 

difference was 50K and this value is much smaller than allowable limits (3Sm) of 289.5MPa. 

Thus the vacuum chamber with thickness of 5mm was evaluated to have the structural integrity 

for the combined load.  

   In case of the detonation pressure of 60atm, the analysis result as shown in Table 3-8 

verified that the primary membrane stress intensity of 96.7MPa is greater than the allowable 

limits (Sm) of 96.5MPa and the primary plus secondary stress intensity of 180.2MPa is smaller 

than the allowable limits (3Sm) of 289.5MPa(In this analysis, because of considering the steady 

static pressure of 60atm in the inside surface of vacuum chamber, it was conservatively 

calculated.) Considering that the stress is concentrating at the lower hemispherical region of the 

vacuum chamber as shown in the Figure 3-11, a proper provision shall be prepared to reduce 

the stress concentration. 

 Buckling analysis is very important because the vacuum chamber is a long type structure. 

The critical buckling pressure (Pcr) is calculated to evaluate the buckling stability using the linear 



 43

elastic analysis. The calculated buckling load is usually larger than the actual buckling load 

because of not considering the nonlinearity and the initial defect in the linear elastic analysis, 

but the analysis method can exactly predict the buckling mode. Buckling analyses of the 

vacuum chamber were accomplished to the both cases of which the detonation pressure were 

30atm and 60atm.  

 

Table 3-4 Results of the stress analysis for the vacuum chamber 

Stress 

categorization 

Detonation

Pressure

Calculated 

stress intensity

Allowable 

limits 
Remark 

30atm 48.3MPa Primary 

stress 60atm 96.7MPa 

96.5MPa 

(Sm) 

30atm 130.3MPa Primary+Secondary 

stress 60atm 180.2MPa 

289.5MPa

(3Sm) 

* The bending 

stresses due to 

the discontinuity 

are included in 

the secondary 

stress. 

 

The calculated critical buckling pressures were 6.9MPa and 6.93MPa, respectively. These 

are larger value than the operating pressure of 3.04MPa(30atm) and 6.08MPa(60atm), 

respectively. The buckling load factors were also calculated to 2.27 and 1.14, respectively. 

Hence the buckling stability of the vacuum chamber was verified. Figure 3-12 is the result of 

buckling analysis for the detonation pressure of 60 atm. 

 

     

Figure 3-10 Stress intensity distribution             Figure 3-11 Stress intensity distribution of 

moderator cell                                     vacuum chamber 
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Figure 3-12 Buckling mode shape of vacuum chamber for the detonation pressure of 60atm 

             (1st mode) 

 

3.3.2.4 Fatigue and Fracture Evaluation  
   Evaluation of fatigue for moderator cell and vacuum chamber should be carried out with 

consideration of cyclic stresses and their occurrences during lifetime. Assessment of fatigue 

damage using fatigue curve data in ASME code (Section II or Code Case N-519) should be 

carried out later on once the design operating conditions are to be determined.  

   When moderator cell and vacuum chamber are subjected radiation environment, the strength 

will be increased while the probability of brittle fracture will be increased from viewpoint of 

fracture integrity due to the decrease of toughness and ductility. In addition, the failure mode 

under irradiation environments will be changed from rupture to brittle fracture.  

   If the design transient loadings are to be determined, fracture assessment can be carried out 

using the US API procedure which employs the failure assessment diagram (FAD) method. The 

factors used in API procedure are 1.6 for design, 1.4 for crack length and 1.4 for toughness.  

   Evaluation of Leak Before Break (LBB) on moderator cell is necessary but since the operating 

transients are not prepared yet, it should be carried out later. LBB assessment will determine 

whether leak occurs and leak can be detected before guillotine break occurs. If it is guaranteed 

from assessment that there is enough time in detecting the leak and repairing the cracked part, 

application of the LBB methodology can be justified. Through application of the LBB concept, 

reduction of cost and simplification of the system are expected. Since a structure subjected to 

neutron irradiation can generally experience abrupt propagation of crack, LBB assessment is 

recommended. For the potential parts where LBB can occur, leak can be monitored using mass 
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spectrometer. It is necessary to implement the sensors in a design of a structure so that leak 

monitoring may be possible during in service condition [6].  

 

3.3.3. Conclusion 
 

A preliminary structural analysis has been done to confirm the appropriateness of the 

basic mechanical design and material, Al 6061-T6, to be used for the moderator cell and the 

vacuum chamber.   

 

3.4 Measurement of CN Hole Dimension 
3.4.1 Measurement Method 

 

The in-pool assembly (IPA) is installed in a vertical hole (CN hole) of the reflector vessel. The 

tube for CN hole of the reflector vessel was directly welded to the nose of a horizontal beam 

tube for cold neutron researches. The design dimension of the CN hole is an Ø160mm x 

1200mm. It has a center hole, Ø42mm on the grid plate at the bottom of the CN hole, and a 

flange welded to the aluminum chimney at the top of the CN hole. The CN hole was deformed 

during manufacturing due to the welding on the horizontal beam tube as shown in the Figure 3-

13. Due to the manufacturing deformation, the diameter of the hole was reduced by about 3mm 

at the nose of the CN beam tube, and the concentricity was changed to match those of the grid 

plate hole and the chimney flange.  

 

 

 

Figure 3-13 Section view of CN hole 

The vacuum chamber, which contains the cold neutron source, should be installed in the CN 
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hole with a light water film as thin as possible for a better efficiency of the beam. Therefore it is 

necessary to know the shape of the CN hole, especially the diameter and eccentricity at the 

elevation of the beam nose, for the design and installation of the vacuum chamber. 

Unfortunately the as-built dimensions did not have a detailed shape of the CN hole such as the 

diameter, straightness and concentricity. Thus, the diameter, straightness and concentricity were 

measured in 2004, in the year of 9 years of reactor operation. 

The measurement was done by a few special tools and a stable working platform to measure 

the hole located at 12m below the water level. The mechanical dial gauge, as a measurement 

probe, was used to obtain the precise and reliable data from the measurement under the 

radiation field. The assembly of the measurement tool includes a dial gauge which runs 

vertically on two linear motion guides mounted on a robust shaft. The tool can also be rotated 

on a centering shaft in a circumferential direction, at each 15 degrees as shown in Figure 3-14. 

Therefore, it can measure the radius of the CN hole in the vertical and circumferential directions. 

The positioning of the dial gauge was done by a manipulation at the pool top with a reference 

rule and position guide as shown in the Figure 3-14.  

 

 
Figure 3-14 Measurement concept of the CN hole shape 

 

3.4.2 Measurement Results and Verification 
 

The reading of the dial gauge having a resolution of 0.01mm was possible with 

a radiation resistance camera. Figure 3-15 shows the radius data at the beam nose and 

opposite area along the axis of the CN hole. Figure 3-16 shows a top view of the radius at the 

elevation of the beam nose. The shape of the CN hole based on the measured values is similar 

to the as-built information. The validity and accuracy of the measurement results were 

confirmed by an insertion test of plug gauges in the CN hole, that the accuracy of the 

measurement data is better than 0.11mm in diameter. Figure 3-17 is the thickness of the light 
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water film if a maximum tube is installed in the CN hole. The water thickness at the nose is 

almost zero. It tells us that the water film at the beam nose can be minimized if we install a 

proper size of the vacuum chamber.   

 

 
Figure 3-15 Radius of the CN Hole - side view 

 

 

Figure 3-16 Radius of the CN hole at the beam nose – top view 
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Figure 3-17 Thickness of water film around a maximum tube, Ø156.6 mm 

 

3.5 Water Film and Installation Concept 
3.5.1 Thickness of Water Film  

` 

For the installation and replacement work, there should be a proper clearance between 

the vacuum chamber and the CN hole. Therefore the proposed idea is to install a slightly 

smaller tube but to lean the vacuum chamber against the beam nose on purpose to minimize 

the water film. Figure 3-18 shows the thickness of the light water at the beam nose when the 

diameter of the vacuum chamber is Ø156.0 mm. About 85% of the beam area maintains a water 

thickness less than 0.25mm. Thicker water film at the edges is unavoidable unless the shape of 

the vacuum chamber simulates the local deformation of the nose at the edges. 
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Figure 3-18 Thickness of water film at beam nose with a proposed vacuum chamber 
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3.5.2 Installation Concept 
 

Three are three fixing points for the vacuum chamber to set at the desired position with a 

minimum thickness of water film. The vacuum chamber assembly will have spring mechanisms 

at the grid plate hole and the chimney flange to obtain a proper horizontal force which results in 

a contact between the vacuum chamber and the beam nose when it is inserted as shown in 

Figure 3-19. Then the vacuum chamber assembly should be firmly bolted at the chimney flange 

to be fixed horizontally and vertically while the bottom is free to move in the vertical direction, in 

grid plate hole, while maintaining a proper horizontal force in the beam nose direction. 

 

     
 

Figure 3-19 Installation concept to minimize the water film 
 

About 1.5m above the chimney flange, a clamp will be installed on the reactor chimney 

wall to support the vacuum chamber assembly only in the horizontal direction. Figure 3-20 

shows a conceptual configuration of the vacuum chamber mounted at the chimney flange, 

chimney wall and the grid plate hole.  

 

   
 

Figure 3-20 Mounting of the vacuum chamber at chimney and grid plate 
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For the realization of the minimum water thickness, the installation and mounting concept 

will be verified by measurements and rehearsals with a dummy chamber assembly in a mock-up 

facility which simulates the real dimensions for the grid plate hole, CN hole, CN flange, and 

track backing plate.  

 

3.6 Shielding of In-pool Assembly 
 

The IPA with the two-phase thermo-siphon loop mainly consists of moderator cell, transfer 

tube, condenser, vacuum chamber, connecting pipe between the condenser and the buffer tank 

as shown in Figure 3-21.  The hydrogen and helium pipes can be a path of radiation leakage 

by radiation streaming.   

During the reactor operation, the required radiation level on the top area of the pool is less 

than 2.5mR/hr.  The elevation of the top of the pool is the 12.4m and the water gap between 

the reflector tank and the top of the pool is 10.4m.  The 10.4m water gap is a good radiation 

shielding; therefore, the additional shielding material is not necessary at normal operation.    

    

 

Figure 3-21 In- pool assembly 
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 When the maintenance of the CNS IPA is necessary, the reactor and CNS system will 

be shut down and the pool water will be drained until the 1st floor to access the CNS IPA.  

During the maintenance, the radiation level on the 1st floor should be less than 2.5mR/hr.  

Although the pipes are paths of the radiation streaming, the radiation level will be less than the 

required level because the reactor will be already shut down at that time.  To evaluate the 

radiation streaming, a hand calculation was done.  To avoid the radiation streaming even if the 

full power core operation, there is no problem if the pipes between the condenser and the 1st 

floor are designed with bends more than 550 degree.   

 To evaluate the radiation streaming exactly, the analysis of the IPA activation due to the 

impurity and MCNP calculation are on progress.         

 

3.7 Inspection of Fabricated Moderator Cell 
3.7.1 Microstructure Examination  
 

The samples were cut from the weld zone of the fabricated moderator cell by a wire 

electrical discharge machining.  The weld zone is located in the middle of the sample with size 

of 10mm x 15mm.  The samples were mounted and polished using alumina powder.  The 

polished samples were etched in 5 wt% NaOH solution at room temperature for 30 seconds.  

The microstructural analyses were performed using the camera with macro lenses and optical 

microscope.  For analyzing heat affected zone(HAZ), the hardness was measured using 

Vickers hardness tester. 

 

 

Figure 3-22 Macrostructure of EB weld zone in the moderator cell 

 

     Figure 3-22 shows the macrostructure of the sample.  The width of weld zone is uniformly 
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measured as 3mm in the whole sample.  In macrostructure, the traditional solidified 

macrostrucutre is observed in weld zone and no heat affected zone is appeared as shown in 

Figure 3-22.  Figure 3-23 shows the optical micrograph of the sample.  The large grains are 

observed in the center of the weld zone and small grains are observed in the weld zone 

adjacent to base metal.  In addition no defects such as small voids and the heat affected zone 

are observed in Figure 3-23. 

Figure 3-24 shows the hardness profile across the electron beam weld zone in Al 6061 T6 

alloy.  The hardness profile shows that the hardness increases rapidly across the boundary 

between the weld zone and the base metal.  The hardness decrease for existence of heat 

affected zone is not observed in the hardness profile.  

 

 
Figure 3-23 Optical micrograph of EB weld zone in the moderator cell 

 

 
Figure 3-24 Hardness profile across the electron beam weld zone in Al 6061 T6 alloy 
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3.7.2 Tensile Test   
 

The test samples with the width of 3mm were cut from the weld zone and the base metal 

of the fabricated moderator cell by a wire electrical discharge machining.  The weld zone is 

located in the middle of the sample and the dimension of the tensile specimen is shown in 

Figure 3-25.  The tensile tests were performed using MTS 810 machine and the tests were 

performed at room temperature and -196℃ for two times respectively.  During the tensile test 

preformed at -196℃, the test sample was maintained in liquid nitrogen filled bath for 5minutes 

before tensile test.  0.2 offset is used to obtain the yield point in the stress-strain curve.  

 
Figure 3-25 Dimensions of tensile specimen 

 

Table 3-5 shows the tensile test results. All weld specimens were ruptured at weld zone. 

The tensile strength, yield strength and elongation of the weld and base metal samples at -

196℃ are higher than those at room temperature. These results show the characteristics of 

face centered cubic structured materials such as aluminum alloys and 300 series stainless 

steels.  These data also show the structural stability of 6061 T6 alloy for cryogenic applications. 

 

Comparing the strengths of the weld and base metal specimens, the yield strength and 

tensile strength of the weld specimen are 1/2 and 2/3 of those of the base metal specimen 

respectively. Table 3-6 shows the typical mechanical properties of TIG welded 6061 T6 Al alloy 

and the base metal.  Comparing the mechanical data shown in Table 3-5 and 3-6, the 

experimental strength is lower than reported strength and the experimental elongation is higher 

that reported elongation for base metal. This result shows that the fabricated moderator cell 

dose not have the reported strength.  It is assumed that the fabricated material was softened 

by thermal effect during fabrication.  The microstructure obtained from T6 thermal treatment is 

modified by thermal effect, and the materials shows lower strength compared to conventional 

T6 treated materials. The increase in elongation is another strong evidence of the softening of 

the fabricated materials. The hardness data is convinced as the other evidence of softening.  

The hardness data of the base metal shown in Table 3-6 is lower than reported data by 20%. 
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Table 3-5 Mechanical properties of the experimented weld and base metal specimens 

Ave.YS Ave.UTSRoom 

Temperature 
YS(MPa) 

(MPa) 
UTS(MPa)

(MPa) 
Elongation(%) Ave.Elong.(%)

Base metal-1 210 209 227 228 44.8 45  

Base metal-2 208   229   24.8*    

Weld-1 99 99 164 163 11.4 13 

Weld-2 100   162   14.2   

              

Liquid 

Nitrogen 

Temperature 

YS(MPa)   UTS(MPa)   Elongation(%)   

Base metal-1 266  256  316  309  49.8  52  

Base metal-2 247    302    54.7    

Weld-1 146  137  231  228  15.1  19  

Weld-2 127    225    22.0    

*  This data was exempted from averaging because of specimen problem.  

** Elongation data for welded specimen was obtained from whole gauge length, the length of weld part is 
only 2mm  

 

Table 3-6 Mechanical properties of the reported weld and base metal specimens 

RT YS(MPa) UTS(MPa) Elongation(MPa) 

Base metal 276  309  16.5  

Weld(TIG weld) 140  165  - 

 

                    (a)                                                        (b) 

Figure 3-26 Tensile specimens before and after the tensile test; (a) before, (b) after 
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The tensile strength/yield strength ratio of the as experimented weld specimen is much 

larger than the reported data.   

Figure 3-26 shows the tensile specimens before and after the tensile test.  There is a 

thinner part near the weld zone of the sample.  The notch effect is occurred in thinner part of 

the sample during the tensile test and the stress is concentrated in the thinner part, thus the 

tensile strength/yield strength ratio of the experimented weld specimen is much larger than the 

reported data. 

The fabrication process should be modified in order to avoid the strength decrease by 

softening effect.  The shape of the weld part should be also modified to avoid notch effect.  

The experimented UTS(EB weld)/UTS(base metal) ratio of 2/3 is higher than the reported 

UTS(TIG weld)/UTS(base metal).  This result shows that the EB weld process, which is used 

for fabrication of the moderator cell, is more superior than TIG weld process. 
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4. Thermo-siphon Mock-up Test 
 

The cold neutron source (CNS) is a facility to moderate the thermal flux into the cold 

neutron flux by collision with the moderator where the cold neutron beam is connected.  During 

neutron moderation, the heat load has been generated on the moderator and its cell by 

radiation and the moderator has boiled off through the heat load.  The evaporated gas flows 

toward the heat exchanger, is fully liquefied, and flows back to the moderator cell.  In order to 

properly remove the heat generated on the moderator cell, the two-phase natural convection of 

the moderator is applied maintaining within certain designated level, kept above the top of the 

beam tube, in the moderator cell under various thermal loads of the nuclear reactor.  Also, this 

moderator circulation is called thermo-siphon, which is driven by the density difference in the 

loop.  

Liquid hydrogen is selected as a moderator in the HANARO-CNS facility in terms of its 

mean free path in the already determined dimension of the CN hole.  Owing to its flammability, 

it is difficult to handle and utilize the liquid hydrogen at approximately 20 K and at the pressure 

of 1.5 atm without any understating and experience.  In addition, the use of liquid hydrogen 

should be well taken care of in the safety aspect of the research reactor because of any 

potential hydrogen-oxygen chemical reaction. 

Besides, since the thermo-siphon phenomenon is mainly dependant on the system 

geometry [1], the purposes of the thermo-siphon test are summarized below: 

Firstly, to validate In-pile Assembly (IPA) design concepts on natural convection of the 

moderator with the experience of cryogenic system and to understand the normal operation 

including initial moderator filling, cooling down, warming up, and the abnormal operation such 

as loss of the electrical power, refrigerator malfunction; 

Secondly, to design the control and instrumentation system and to confirm the IPA design 

parameters;  

Lastly, to comprehend the safety aspect of CNS facility in the potential abnormal operation. 

 

4.1 Purposes of the Mock-up Test 
 

Before conducting the mock-up tests, it is necessary to present the specific reasons why 

we need those tests.  Through surveying on many published and reported cases of other CNS 

facilities, we can deduct what is applicable to the HANARO and what kinds of the mock-up tests 

should be done before installation and operation of the CNS facility.  The purposes of the 

mock-up tests can be categorized into three concepts: for operation of the CNS facility, for the 
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detailed design, and for the safety assurance. For contentment with following purposes, the 

mock-up apparatus should be manufactured to conduct all test plans.  

 

One of the major purposes in the fulfillment of the mock-up test is to acquire the 

knowledge in the operation of the CNS facility.  Since liquid hydrogen is working in the thermo-

siphon loop at the temperature of 20 K, it is necessary to experience operation of cryogenic 

system.  Therefore, the cryogenic fluid, such as argon, has been used in the first mock-up test 

instead of liquid hydrogen.  Based on the results and experience from the first thermo-siphon 

mock-up test, the hydrogen will be utilized as a moderator in the second mock-up test.  In 

addition, the mock-up tests are expected to provide information with regard to not only the 

normal operation procedure such as the initial liquid fill, cool down, reactor start-up, reactor 

shut-down, and CNS system warm-up after the refrigerator shut-down, but also the abnormal 

operation, for example, refrigerator malfunction.  Lastly, through the mock-up test the IPA 

design concepts can be validated on the natural convection of the moderator including feasibility 

of manufacture and installation of In-pile assembly in the reactor. 

 

Several design parameters, for example, buffer tank size, required moderator fill in the 

moderator cell with 20 % void fraction, initial pressure of the buffer tank and so on, should be 

confirmed through the mock-up test for the detailed design.  Furthermore, when the moderator 

is circulated in the thermo-siphon loop, it is required to confirm that there are no flooding 

phenomenon in the moderator cell and transfer tube, 90% liquid level in the moderator cell, and 

proper removal of the heat load from the moderator and its cell.  Lastly, the control and 

instrumentation system can be developed for the CNS facility from the operating logic of the 

mock-up test. 

 

The dynamic characteristic of the system may be evaluated in terms of variation of coolant 

helium flow rate, and the moderator evaporating time in the refrigerator malfunction.  In 

addition, it is necessary to analyze the effect of sudden cryogenic coolant inlet into the vacuum 

chamber to prevent the temperature increase of the thermo-siphon loop in the standby mode. 

 

4.2 Small-scale Mock-up Test 
 

As a preliminary stage to conduct the second full-scale thermo-siphon mock-up test with 

the hydrogen, a cryogenic thermo-siphon with liquid argon as its working fluid was built to 

simulate thermal hydraulic phenomena of the CNS system for HANARO.  Its main purpose is 

the visual observation the thermal hydraulic phenomena in the mock-up apparatus, mainly 
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made of reinforced glass except the condenser and coolant tank.  Also, the experimental 

investigation first demonstrates the normal operation of the cryogenic thermo-siphon at 1.5 atm. 

The temperature, pressure, and void fraction are measured continuously to examine the thermal 

state during under various heat load conditions in the moderator cell.  

The features of test apparatus are to use the single transfer tube because of the difficulty 

of manufacturing the double transfer tube using the reinforced glass, and to substitute the shell 

& tube type heat exchanger as a fin type heat exchanger since the latent heat of liquid nitrogen 

is used to liquefy the evaporated argon instead of the cryogenic helium gas.  

 

 

 

 

 

 

 

 

 

      (a) 40 W (1.27 atm)                 (b) 60 W (1.46 atm) 

 

 

 

 

 

 

 

(c) 70 W (1.57 atm)            (d) 80 W (1.69 atm)         (e) 90 W (1.81 atm) 

Figure 4-1 Visualization of evaporator under various heating power 
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After the argon gas is filled in the test loop at the pressure of 3 atm, the cryogenic mock-

up thermo-siphon was well cooled down from the ambient to operating temperature without 

major design faults.  

The vacuum insulation method was adequately implemented for the stable operation of 

cryogenic thermo-siphon under around 10-5 torr of the vacuum level considering with the cryo-

pumping effect.  The background heat leak within the whole system is approximately 8 W.  

The stable heat transfer performance of cryogenic thermo-siphon using liquid argon was 

directly observed through the visualization process.  The Figure 4-1 shows the bubbling 

patterns for various heat input powers in the moderator cell.  

Up to the heat load of 200 W, which is a designed value, there was no flooding 

phenomenon in the designed single transfer tube, which might obstruct stable fluid circulation in 

the thermo-siphon.  

The self-regulation of the thermo-siphon was achieved regardless of buffer tank. The 

response is delayed due to the extra volume of buffer tank, but the buffer tank seems to be 

necessary for a safety reason.  The Figure 4-2 shows typical temperature variation history 

during self-regulation process.  As the heating power in the evaporator increases from 60 W to 

100 W, the condenser cooling capacity also changed accordingly with some time delay.  This 

time delay is associated with the buffer tank because the condenser’s cooling capacity control is 

triggered by the pressure measurement of the thermo-siphon.  Clearly the case without buffer 

tank indicates faster response as shown in the Figure 4-2 (b).  
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(a) With buffer tank 
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(b) Without buffer tank 

Figure 4-2 Self-regulation tests with or without buffer tank 

 

The capacitance measurement of cryogenic two-phase argon in the moderator cell 

showed that the void fraction could be instantaneously evaluated during the whole experimental 

processes.  However, as shown in the Figure 4-3, theoretical prediction of the void fraction 

using previously researched correlations does not produce satisfactory results.  
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Figure 4-3 Void fraction of the moderator cell under various load conditions 

 

From above mentioned results, the cryogenic mock-up thermo-siphon using liquid argon 
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was successfully designed and fabricated for visualization with glass dewar to examine several 

potential problems of CNS.  Stable operation results with less than 20 % void fraction were 

obtained under various load conditions without flooding phenomenon in the single transfer tube. 

Self-regulation of the thermo-siphon was experimentally investigated for the cases with and 

without buffer tank.  Active control of the condenser’s cooling capacity always insured stable 

self-regulation characteristic.   

 

4.3 Full-scale Mock-up Test 
 

A full-scale mock-up test using liquid hydrogen as a working fluid is a major step in the 

validation of HANARO CNS basic design.  Unlikely to the conceptual design stage, as a final 

shape of a moderator cell, the moderator cell is designed as a double cylindrical type with an 

open cavity described in the section 2.3.  In order to achieve the mentioned purposes, the 

thermo-siphon facility is manufactured similarly to the HANARO-CNS facility expect the 

provision of heaters to simulate the nuclear and non-nuclear heat on the moderator cell and 

installation of measuring tools.  The test will be conducted under the CNS operating condition 

as same as possible. Additionally, the hydrogen-oxygen chemical reaction should be carefully 

considered during all tests. 

 

4.3.1 Thermal Hydraulic Analysis  
 

     The two-phase thermo-siphon in the HANARO-CNS facility should show stable operation 

under the condition of no flooding in the transfer tube so as to extract the steady cold neutron 

flux from the moderator cell.  In the HANARO CNS, the transfer tube is a double type.  A 

double tube, which has separated paths for gas flow and liquid flow, is more favorable than a 

single tube in terms of the smooth flowing condensed moderator in the inner tube from 

experimental results of JRR-3M [8].  When the cross sectional area ratio of an inner tube for 

liquid to an annulus for gas is in the range of 0.2 to 0.3, the flooding phenomenon limit was 

presented to be well increased.  The major design parameters for the transfer tube are shown 

in the Table 4-1. 

Table 4-1 Major design parameters of the transfer tube 

Heat load [W] Ai/Aan C 

1100 0.23 0.88 

Inner tube Outer tube 

ID [mm] OD [mm] ID [mm] OD [mm] 

18.5 20.5 35 37 
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The heat exchanger for the HANARO CNS is a shell and tube type heat exchanger, 

connected to a double transfer tube and coolant helium inlet and outlet tubes, and a connecting 

pipe coupled with the buffer tank. The schematic diagram of a heat exchanger is shown in the 

Figure 4-4.  

       

(a) Three dimensional diagram  (b) Vertical sectional view 

Figure 4-4 Schematic diagram of a heat exchanger 

 
Figure 4-5 Layout of tube in a heat exchanger 

Center tube 
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Evaporated H2

Condensed H2 

To buffer tank 

To moderator cell
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In a heat exchanger, the evaporated hydrogen from the moderator cell flows toward the 

upper plenum through the outer transfer tube then into the 25 tubes presented in the Figure 4-5. 

The evaporated hydrogen re-liquefies inside tubes and flows down to the lower plenum, then 

flows into the moderator cell through the inner transfer tube. 

The whole system of heat exchanger is made of Aluminum 6061-T6.  The cooling 

capacity of the heat exchanger should be large enough to remove the heat load of thermo-

siphon loop as well as maintain the required liquid level in the moderator cell during the normal 

operation of the CNS facility.  Therefore, the heat exchanger requires a sufficient heat transfer 

surface area.  
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=           (Eq.4-1) 

 

Where N is the number of tubes, lmT∆  is the logarithmic mean temperature difference in 

a cross-flow, and F is a correction factor.  The evaporated hydrogen is condensed at the 

saturation temperature, TH2,o=TH2,i.  When the phase change of one fluid happens in a heat 

exchanger, the temperature change of it is negligible, i.e. F=1. The logarithmic mean 

temperature difference presents as follows: 
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In here, oHeiH TTT ,,21 −=∆ , and iHeoH TTT ,,22 −=∆ . 

In the case of a shell and tube type heat exchanger, the overall heat transfer coefficient is 

represented: 
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The evaporated hydrogen condensation in a tube is assumed as a laminar film 

condensation [9],  
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In here, all properties of liquid hydrogen should be evaluated at the film temperature, Tf = 

(Tsat+Ts)/2, except latent heat.  In general, the above equation is estimated 20 % less so 0.943 

becomes 1.13.  

The heat transfer through the wall of a tube made of Aluminum is a thermal conduction; 

therefore, a heat transfer resistance is  
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The forced convection correlation for helium flow in the shell side of a heat exchanger, 

developed by Giarra Tano & Arp, can be used under the temperature of 4 ~ 20 K and the 

pressure of 3 ~ 20 atm [10].  
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From the Eq. 4-5 to 4-7, the overall heat transfer coefficient can be calculated upon the 

dimension of a heat exchanger, shown in the Table 4-2.  

 

Table 4-2 Dimension of the shell and tube type heat exchanger 

Tube side Shell side 

Number 25 Inner Diameter 127 mm 

Outer Diameter 15.875 mm Baffle numbers 10 

Thickness 2.1 mm % Cut 19 

Length 780 mm Spacing [c/c] 33.45 mm 

Pitch 19.8 mm 30° Length 1000 mm 
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The diameter of a connecting tube between the buffer tank and the heat exchanger is 

relevant to the fluidity of hydrogen while hydrogen is liquefied at the CNS facility on or 

evaporated at the CNS facility off.  The slow volume change does not make large frictional 

pressure drop while hydrogen gas flows into the moderator cell or into the buffer tank.  In the 

case of loss of cooling, on the other hands, the quick volume expansion might happen by the 

nuclear and non nuclear heat load before the reactor shuts down.  Inhere, the critical flow at 

the entrance of connecting pipe should be avoided in order to prevent occurrence of a jet flow at 

the exit of connecting pipe caused by flow through a too small diameter of a pipe in comparison 

with immediate volume expansion quantity.  

The critical flow is created at the critical pressure ratio [11].  
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Inhere, P1 is the formed pressure in the space before the connecting pipe, and 

hydrogen can be treated as a ideal gas so 
v

p

C
C

=γ .  If the system can be maintained 

below the critical pressure ratio, the effect of the critical flow may be ignorable.  To reduce the 

critical pressure, Pc, is to take a diameter of a tube large enough so the final pressure at the exit 

of connecting pipe can be minimized.  

Based on the API-520, the critical flow can not occur above certain minimum cross-

sectional area.  
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Where W is the fluid velocity flowing through the pipe, T is a temperature at P1, Z is a 

compressibility factor, Kd is the exhaust effective factor, and Kb is a capacity correction factor.  

Also, 
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The diameter of a connecting pipe is chosen larger than a diameter of minimum cross-

sectional area so no critical flow occurs in any case.  
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4.3.2 Full-scale Mock-up Test  
 

At present, the mock-up test using the liquid hydrogen is faced on the two options: use of 

refrigerator or use of the liquid helium cold box by the evaporation latent heat as a cooling 

method.   

In advanced, the detail information on the full-scale mock-up test with the first option, use 

of a refrigerator, is presented as follows [12]. 

The major requirements for the LH2 full-scale test are as follows: refrigerator with the 

capacity of more than 1.5 kW@14K, laboratory where the use of hydrogen can be allowed, 

enough test space (floor area and height) for necessary period of time, and laboratory near 

KAERI for the convenience of test staff.  

 

 

Figure 4-6 Schematic diagram for thermo-siphon test using liquid hydrogen 

 

There is the best candidate location for this test: the KEPRI (Korea Electric Power 

Research Institute) site.  The KEPRI has a separate building for the pilot plant, which is now 

idling.  They are happy to lend this pilot plant with the experience they have accumulated from 

the plant configuration to the operation.  The cooling capacity of refrigerator is 350W at 15K; 

however, this cooling capacity can be increased up to 850~900W if the pre-cooling system by 

nitrogen is induced.  The compressor is operated at approximately 200 psig through the 

provision of the cooling water, 120 l/min at 291 K.  Its LN2 tank capacity is 5 tons with the LN2 



 67

absorber.  The cold box is jacketed by the liquid nitrogen and compressed N2 for the pneumatic 

valve.  

The Figure 4-6 shows a schematic diagram for the thermo-siphon test. The cryogenic 

refrigerator facility demarcated by solid-lined box in the Figure 4-6 should be available at the 

test location.  The remaining facilities such as H2 handling system, vacuum system and helium 

blanket system, etc., should be designed and properly installed at the test location.  Including 

the In-pool assembly (IPA), all the components and systems to be used for the testing should be 

prepared in full-scale and as close to real products as practicable.  Hopefully, some of the parts 

may be served as operating spares after the completion of the planned testing.  Considering 

that some components like IPA may have a delay in fabrication due to unexpected technical 

problems, a deliberate procurement plan should be established based on the schedule.  

 

The IPA is one of the most important part to be verified its effectiveness to the design 

concept, such as natural convection of the moderator and practicability of manufacturing and 

installation in the reactor pool, through the full-scale thermo-siphon test.  

The IPA will be designed and fabricated based on the general ideas as follows:  

- Best quality and workmanship as specified in the design requirement.  

- Same materials as a real product, except the vacuum containment.  

(i) Moderator cell: aluminum 6061 

(ii) Condenser: aluminum 6061 

(iii) Connecting pipe: aluminum 6061 

(iv) Vacuum containment: aluminum 6061  

- Same dimension and thickness as a real product.  

- Instrumentation (temperature and pressure) on inlet and outlet side of moderator loop. 

The helium refrigerator currently installed at KEPRI will be used for the HANARO thermo-

siphon test in joint operation.  All of the necessary control and instrumentation system for the 

refrigerator will be provided as a package.  The connecting pipe to the IPA and required flange 

including installation work should be provided by the KAERI testing group.  It should be noted 

that the IPA be located so that the interface to the current refrigerator system would be minimum.  

The vacuum system serves to obtain and maintain vacuum in the vacuum containment for 

thermal insulation of the cryogenic IPA.  It consists of vacuum box, connecting pipeline, 

vacuum pumping station (molecular pump for normal operation and mechanical pump for initial 

vacuum), helium supplying and flooding system and pressure sensors as the indicative.  The 

vacuum box and outer section of its connecting lines should be filled with helium to avoid any 

possibility of H2 reaction with oxygen in the air.  In addition, the He flooding system should be 

provided to protect any damage of the moderator cell from overheating induced by cryogenic 
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system failure.  

Instead of the helium refrigerator, the thermo-siphon test can be carried out using the 

liquid helium in the cold box in order to condense the evaporated hydrogen from the moderator 

cell.  The schematic diagram is in the Figure 4-7.  To reduce the consuming amount of the 

liquid helium, the helium gas should be circulated in the closed loop from the heat exchanger to 

the cold box.  As the additional equipment, the cryogenic gas compressor is required to 

circulate the helium gas in the closed loop as shown in the Figure 4-7.  Except the cooling 

method, the IPA and test system is as identical as the mentioned previously.  

 

 
Figure 4-7 Schematic diagram of the test facility using the liquid helium in a cold box 

 

All hydrogen-containing components shall be completely surrounded by helium blankets to 

prevent hydrogen-air contact in case of H2 leakage. The H2 handling system consists of 

hydrogen buffer tank, pressure and vacuum sensors, valves (including rupture disc), gas 

analyzer, vacuum pump for effective initial charge, and vacuum-insulated pipes and connecting 

materials. 

The hydrogen buffer tank should have enough capacity to accommodate the gaseous 

moderator. It might be difficult to manufacture the buffer tank in a real size and material at the 

test stage. If possible, other options to substitute the role of buffer tank should be investigated. A 

special attention shall be given to the handling of the H2 gas. If the buffer tank is located in the 

closed area, a proper ventilation system will be required.  

As already expressed in the previous paragraph, the He blanket system is to provide a 
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kind of gap to separate the H2 from the air to avoid H2-O2 reaction.  The system consists of He 

cylinder, connecting pipes, rupture disc and pressure sensors. The helium pressure in the gap 

should be accurately and continuously monitored as long as the H2 is charged in the test loop, 

because variation in the gap pressure may stand for a possible leakage of H2 from inside or air 

from outside. The pressure sensors are carefully specified and selected to ensure accurate 

indication of the pressure change.  

The vent system is required to transport the H2 gas from any of the hydrogen-containing 

systems including vacuum and He blanket system to a safe area for release to the atmosphere. 

This system shall provide inert dilution gas (N2) for leaked H2 routed to the release area.  The 

vent system shall be designed to prevent the formation of the H2 gas and to arrange a scheme 

against the back flow of outside air into the ventilation system. A vent from the He refrigerator 

shall be physically independent of the main H2 ventilation system.  

The major function of the Instrumentation and Control (I&C) system is as follows:  

- to monitor the pressure and temperature of the H2 moderator  

- to monitor the pressure of the vacuum and He blanket system  

- to provide interlocks and control signals to ensure safe operation of the test loop at 

all the time. 

The main control system is a PC-based system with windows-interfaced software. But the 

He refrigerator will be controlled by the dedicated computer system. The design interfacing 

between the PC system and the He refrigerator computer should be carefully considered for 

appropriate reaction against the following abnormal events during test operation:  

Loss of He refrigerator  

Loss of vacuum  

Loss of He blanket (Abnormal pressure variation)  

Abnormal temperature of moderator  

Abnormal pressure of moderator  

Mechanical failure of vacuum containment  

H2 leakage  

One test will be carried out for about 3 months. The test activities will be categorized in 

two parts, which are “Normal operation test” and “Abnormal operation test.”  Each test includes 

the following mode of operations. Detail test procedures will be developed in the future. 

Normal Operation Cycle Test  

Shut-down → Warm-up mode → Normal operation → Cool-down mode 

   

Abnormal Operation Test  

Heat load variation test  
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Cooling capacity variation test  

Emergency stop and re-start operation test  

In addition, other kinds of test will be decided more specifically during the first mock-up 

test. 

In order to fulfill the mock-up test using liquid hydrogen, the components containing liquid 

hydrogen in the system should meet the safety requirements because of the physical 

characteristics of the hydrogen.  The liquid hydrogen may easily explode under the condition 

that the hydrogen concentration in the hydrogen-oxygen (or air) is within the flammability limit, 

which is wider than any other fuel gas.  The safety requirements for the hydrogen system are 

as follows.  

(1) Under normal operating conditions, the hydrogen shall be contained in the combination 

of barriers so that even one single failure would not result in air’s or water’s being in contact with 

hydrogen or being cryogenic-condensed on the outer surface of a cryogenic hydrogen vessel. 

Under abnormal operating conditions, at least one containment barrier shall exist. 

(2) Materials selected for use in the hydrogen system shall be compatible with the low 

temperature environment and shall be resistant to hydrogen embrittlement. Quality 

requirements for the hydrogen system materials shall be comparable to those currently in use 

for the reactor primary coolant pressure boundary material.  

(3) Very high purity hydrogen and inert gas shall be used in the cold source to preclude 

oxygen contamination of either the primary liquid hydrogen or the inert gas blanket system.  

(4) The vent system shall be designed to prevent the formation of an explosive cloud or 

the back-flow of air into the vent system. In the event of an ignition of the hydrogen in the vent 

system, no reactor safety system will be affected to the extent that its safety function is not 

performed.  

(5) Vessels that comprise the primary hydrogen barrier shall be designed and fabricated in 

accordance with Section VIII of the ASME Boiler and Pressure Vessel Code. Piping that 

comprises the primary hydrogen barrier shall be designed and fabricated in accordance with 

ASME B31.3, Chemical and Petroleum Plant Piping.  

(6) When the pressure of the helium refrigerator system is lower than the hydrogen system, 

there must be a leak detection device for the hydrogen leak from the heat exchanger.  Also, 

pressure relief device shall be required to avoid the pressure buildup in the system due to 

hydrogen.  

 

4.4 Conclusion 
 

The thermo-siphon mock-up tests have been discussed in terms of not only practical 
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necessities for the HANARO-CNS facility but also technical strategies and feasibility of various 

kinds test for understanding phenomena in the thermo-siphon and for the design of in-pile 

assembly.  The purposes of the mock-up tests are as follows: 

Firstly, since use of the liquid hydrogen in the cold neutron source requires the new 

technology and experiences in the cryogenic field, such experience in the cryogenic fluid will be 

attained through the first mock-up test using liquid argon in the aspect of the operation and 

understanding;  

Secondly, it is necessary for the design of CNS thermo-siphon to understand the fluid 

phenomena and the design parameters, for examples, flooding limit, the liquid level in the 

moderator cell, the void fraction, self-regulation, no liquid in the inner shell and so forth, which 

can only be confirmed through the mock-up test;   

Thirdly, the mock-up tests are expected to provide information with regard to the normal 

operation procedure and the countermeasure against the abnormal event.  Moreover, the 

control and instrumentation system can be developed and verified for the CNS facility on the 

basis of the operating logic of the mock-up test; 

Lastly, the mock-up test can give the understanding of thermo-siphon in the aspect of the 

CNS facility safety so as to evaluate how physically damaged the CNS facility is under the 

simulated abnormality, for example, the refrigerator failure and the dynamic characteristic of the 

in the condition of the sudden coolant inlet or refrigeration loss, etc. 

To satisfy the above purposes, the mock-up test apparatus should be manufactured to be 

able to conduct all designed tests.  It is necessary for the HANARO with little operating 

experience in the cryogenic field to comprehend the fluid transport phenomenon at a low 

temperature.  With the mock-up test using a cryogenic fluid other than hydrogen, we can 

understand the cryogenic transport phenomena and have the operating experience through the 

experimental results without any safety concern using hydrogen.  Accordingly, the first mock-up 

test will be implemented to use the liquid argon as a working fluid in the small-size transparent 

apparatus.  Then, the second mock-up test will be conducted the full-scale mock-up test using 

hydrogen based on the earlier experience in the cryogenic field.  This mock-up test gives 

safety concern and costs caused by using liquid hydrogen; however, it has the good advantage 

that we can have real experience in the operation of thermo-siphon loop using hydrogen, which 

is the same fluid as a moderator in the real CNS facility. 
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5. Systems and Structures for Cold Neutron Source 

 

The primary purpose of the system design for the cold neutron source is to ensure that the 

reactor safety systems and the overall safety level of the reactor are not adversely affected by 

the cold neutron source or any of its systems. The secondary purpose is to ensure that on-site 

personnel and equipment also are not adversely impacted by the cold neutron source or any of 

its systems. The ultimate safety goal for effects on the reactor is to have a sufficiently low 

probability that fuel will be damaged or a nuclear safety function lost because of the cold 

neutron source or any of its equipment.  

 

The safety of the cold neutron source facility is being guaranteed by multiple approaches. 

Adequate conservatism is being given to the design of the liquid hydrogen boundaries to ensure 

a high integrity boundary. Major safety considerations are concentrated on hydrogen safety and 

radiation safety. A quality assurance program is in place to control design, analysis, 

procurement, fabrication, installation, commissioning and operation of the facility. A step-wised 

development testing is being carried out as a part of the design. 

 

     The design of the cold neutron source should be guided as much by safety aspects as by 

the needs of user’s group. The design objective is an efficient system, which can be operated 

safely with regard to the reactor and personnel. The needs of the users’ group will be: (a) 

maximum gain in cold neutron flux, (b) good operational reliability. The governing safety aspects 

will be: (a) reactor safety, (b) personnel safety, (c) facility protection against damage. 

 

The safety design philosophy for the cold neutron source is a defense-in-depth approach 

that provides several means to avoid any accidental contact between hydrogen and air and also 

provides the means to mitigate a hydrogen release, given that an accidental release is assumed 

to occur. The principles of conservatism, simplicity, redundancy, fail-safe design, and passive 

safety features are included in the design as much as possible. 

 

5.1 Classification of Structures, Systems and Components 

 

The CNRF construction project consists of a lot of items and services to provide safe, 

reliable, and powerful cold neutron source. Protective function will be used for mitigating 

accidents or off-normal initiating events that may occur during cold neutron source operation. 
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The safety related systems and components should be designed, fabricated, installed, and 

operated in accordance with the specific codes and standards to assure that the facility can be 

operated without undue risk to the health and the safety of the public. These systems and 

components interact with non-safety-related systems and may fail when they are called upon or 

be in a failed state for other reason. So the classification is needed to identify such systems and 

components that are related to safety. The guidelines for safety classification are given first. 

Also the criteria for determining the seismic category and quality class are provided.[1][2] 

 

5.1.1 Safety Class 
 

The safety classification of CNRF project is based on the MOST Rule 2002-21, “Safety 

Class and the Applicable Standards to Nuclear Reactor Facilities” that is a Korean version of 

ANSI N51.1-1983(R1988), “Nuclear safety criteria for the design of stationary pressurized water 

reactor plants.” Three safety classes (SC-1, SC-2, SC-3) are established and are relied upon to 

accomplish nuclear safety functions. A fourth safety class, non-nuclear safety (NNS), is defined 

for the equipment, not included in the SC-1, SC-2 or SC-3 that is not required to accomplish 

nuclear safety functions. The nuclear safety function means any function that is necessary to 

ensure:  

 

a. The integrity of the reactor coolant pressure boundary 

b. The capability to shut down the reactor and maintain it in a safe shutdown condition 

c. The capability to prevent or mitigate the consequences of plant conditions that could 

result in potential offsite exposures that are comparable to the guideline in the MOST 

technical standard for location, structure, and facilities of nuclear reactor plants. 

 

Because the CNRF uses H2 as a working fluid, the danger of H2-air reactions should be a 

dominant factor in considering reactor and personnel safety. Provision for this particular 

accident shall be considered in the classification process. The classification provides a rational 

basis for determining relative stringency of design requirements applicable to equipment. The 

safety class definitions specified in the MOST Rule 2002-21 served as the basis for the safety 

classification of HANARO CNRF. 

 

5.1.1.1 Safety Class 1 (SC-1) 
SC-1 shall apply to pressure-retaining portions and supports of mechanical equipment that 

form part of the reactor coolant pressure boundary (RCPB) whose failure could cause a loss of 

reactor coolant in excess of the reactor coolant normal makeup capability and whose 
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requirements are within the scope of the ASME Boiler and Pressure Vessel Code, Section III. 

 

5.1.1.2 Safety Class 2 (SC-2) 
SC-2 shall apply to pressure-retaining portions and supports of primary containment and 

other mechanical equipment, requirements for which are within the scope of the ASME Boiler 

and Pressure Vessel Code, Section III that is not included in SC-1 and is designed and relied 

upon to accomplish the following nuclear safety functions. 

 

a. Provide fission product barrier or primary containment radioactive material holdup or 

isolation. 

b. Provide emergency heat removal for the primary containment atmosphere to an 

intermediate heat sink, or emergency removal of radioactive material form the primary 

containment atmosphere (e.g., containment spray).  

c. Introduce emergency negative reactivity to make the reactor sub-critical (e.g., boron 

injection system) or restrict the addition of positive reactivity via pressure boundary 

equipment. 

d. Ensure emergency core cooling where the equipment provides coolant directly to the 

core (e.g., residual heat removal and emergency core cooling).  

e. Provide or maintain sufficient reactor coolant inventory for emergency core cooling 

(e.g., refueling water storage tank). 

 

5.1.1.3 Safety Class 3 (SC-3) 
SC-3 shall apply to equipment, not included in SC-1 or -2 that is designed and relied upon 

to accomplish the following nuclear safety functions:  

 

a. Provide for functions defined in SC-2 where equipment, or portions thereof, is not within 

the scope of the ASME Boiler and Pressure Vessel Code, Section III.  

b. Provide secondary containment radioactive material holdup, isolation, or heat removal.  

c. Except for primary containment boundary extension function, ensure hydrogen 

concentration control of the primary containment atmosphere to acceptable limits.  

d. Remove radioactive material from the atmosphere of confined spaces outside primary 

containment  (e.g., control room or fuel building) containing SC-1,-2,or-3 equipment.  

e. Introduce negative reactivity to achieve or maintain sub-critical reactor conditions.  

f. Provide or maintain sufficient reactor coolant inventory for core cooling.  
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g. Maintain geometry within the reactor to ensure core reactivity control or core cooling 

capability (e.g., core support structures).  

h. Structurally load-bear or protect SC-1,-2,or-3 equipment.  

i. Provide radiation shielding for the control room or off-site personnel.  

j. Ensure required cooling for liquid-cooled stored fuel (e.g., spent fuel storage pool and 

cooling system).  

k. Ensure nuclear safety functions provided by SC-1,-2,or-3 equipment (e.g., provide heat 

removal for SC-1,-2,or-3 heat exchangers, provide lubrication of SC-2 or -3 pumps, 

provide fuel oil to the emergency diesel engine).  

l. Provide actuation or motive power for SC-1,-2, or-3 equipment.  

m. Provide information or controls to ensure capability for manual or automatic actuation of 

nuclear safety functions required ofSC-1,-2, or-3 equipment.  

n. Supply or process signals or supply power required for SC-1,-2,or-3 equipment to 

perform their required nuclear safety functions.  

o. Provide a manual or automatic interlock function to ensure or maintain proper 

performance of nuclear safety function required of SC-1,-2, or-3 equipment.  

p. Provide an acceptable environment for SC-1,-2, or-3 equipment and operating 

personnel.  

 

5.1.1.4 Non-Nuclear Safety (NNS) 
NNS shall apply to equipment that is not included in SC-1,-2, or –3. This equipment is not 

relied upon to perform a nuclear safety function. 

 

5.1.2 Seismic Category 
 

Structures, components and systems, which are essential to the reactor safety shall be 

designed and properly qualified to maintain dedicated safety functions and/or structural integrity. 

Three (3) seismic categories – Seismic Category I, Seismic Category II, and Non-seismic are 

adopted based on the function of safety. 
 

5.1.2.1 Seismic Category Ⅰ 

The structures, components and systems classified to seismic category I shall maintain its 

safety function as well as the structural integrity during and after Safe Shutdown Earthquake 

(SSE). Also they shall be well-kept within the elastic stress limits under the effect of the 

Operating Basis Earthquake (OBE). The components of SC-1, 2, 3 shall be categorized to the 
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seismic category I. The Seismic Category I structures, components and systems are defined at 

those necessary to ensure the followings.  

 

a. The integrity of the reactor pressure boundary 

b. Capability to shutdown the reactor and maintain it in a safety shutdown condition. 

c. Capability to withstand the SSE, OBE and other applicable loads without loss of 

function. 

 

The procurement specification for Seismic category Ⅰ structures, components and 

systems shall describe that OBE is 1/2 of SSE. And the suppliers of those Seismic category 

Ⅰitems shall be designed, fabricated, installed, and tested according to the specification 

requirements. The Seismic category Ⅰ structures, components and systems shall be sufficiently 

isolated or protected from other structures to ensure that their integrity is maintained at all times.  

 

5.1.2.2 Seismic Category II  
     The seismic category II structures, components, and systems are defined to those that are 

not seismic category I structures, components, and systems, and which are not safety related, 

but whose failure and physical proximity to safety related structures, components, and systems 

could prevent the safety related structures, components, and systems from performing their 

intended safety functions. The seismic category II structures, components, and systems shall be 

designed to maintain their structural integrity under loads induced by the SSE. 

 

5.1.2.3 Non-seismic Category (Commercial) 
     Non-seismic category structures, components, and systems not classified to seismic 

category I and II shall be designed with no seismic requirements.  

 

5.1.3 Quality Class 
 

Quality class is designated to design, fabricate, install, and test the safety related 

structures, components, and systems in accordance with the standards that are appropriate for 

their intended safety function. Quality classification is generally consistent with safety 

classification. 

 

5.1.3.1 Quality Class Q  
Quality class Q shall apply to structures, components, and systems that are classified as 

safety class 1, 2 or 3.  
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a. Quality class Q shall apply to structures, components, and systems which refer 10 CFR 

50 Appendix B, ASME/ANSI NQA-1 or other equivalent one as an applicable codes 

and standards.  

b. For quality class Q structures, components, and systems, quality assurance program 

requirement in 10 CFR 50 Appendix B, CSA Z299.1 or other equivalent one shall be 

applied. 

 

5.1.3.2 Quality Class T 
Quality class T shall apply to structures, components, and systems that,  

 

a.  whose failure could reduce the functioning of any safety feature ( Q class) to an 

unacceptable safety level, or  

b.  are essential to the reliability of reactor operation, or  

c. contain radioactive material. 

 

For quality class T structures, components, and systems, selected QA program 

requirement of quality class Q or QA program requirement of applicable codes and standards 

shall be applied. 

 

5.1.3.3 Quality Class S 
Quality class S shall apply to all structures, components, and systems that are not 

classified as quality class Q or T. There is no specific QA program requirement for quality class 

S structures, components, and systems but the manufacturer will confirm to well accepted 

industrial standards or manufacturer’s QA requirements. 

 

5.1.4 Electrical Classification 
 

For the clearance of application, the safety class of electrical equipment is classified as 

either Class 1E or non-Class 1E. Safety Class 3 electric equipment is Class 1E in electrical 

classification. And Safety Class 3 electrical equipment shall meet the requirement of Class 1E of 

industry codes and standards listed in the Rule 2002-21 of MOST or ANSI/ANS-51.1-

1983(R1988). 

 

5.1.4.1 Class 1E 
The safety classification of the electric equipment and systems that are essential to 
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emergency reactor shutdown, containment isolation, reactor core cooling, and containment and 

reactor heat removal or that are otherwise essential in preventing significant release of 

radioactive material to the environment. The design of Class 1E electrical equipment conforms 

to 10 CFR 50, Appendix A, and follows the guidelines of applicable Regulatory guides and IEEE 

standards.  

 

5.1.4.2 Non-Class 1E 
 All electrical equipment that is not designated Class 1E is non-Class 1E. The guidelines of 

applicable Regulatory Guides and IEEE standards with regard to isolation and separation are 

followed to ensure that failures in non-Class 1E electrical system do not impair the safety 

function of Class 1E electrical systems. 

 

5.1.5 Relationship between Safety Class and Code Class 
 

All pressure containing components in Safety Class 1, 2, and 3 are designed, 

manufactured, and tested in accordance with the Korea Electric Power Industry Codes and 

Standards (KEPIC) or of the ASME Boiler and pressure vessel Code, Section III. Components in 

the NNS class are designed and constructed with appropriate consideration of the intended 

service using applicable industry codes and standards. The relationship between safety class 

and code class is shown in Table 5-1. 

  
Table 5-1 Relationship between safety class and code class 

Safety Class 
Code Class 

(Korean Std.) 

Code Class 

(Int’l Std.) 

Code Class 

(Others) 

SC-1,-2,-3 

Mechanical  
MN ASME Section III   

SC-2,-3 

Structure 
MN,SN ASME Section III 

ACI 349 , 

ANSI/AISC N-690  

SC-3 Electrical EN IEEE 279,308,603   

NNS - - Industry standards 

MN : Nuclear Mechanical 
SN : Nuclear Structural 

EN : Nuclear Electrical 
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5.1.6 Classifications and its Bases 
5.1.6.1 Classification 

The CNS equipment has been classified according to the guidelines provided in previous 

chapters to three categories such as safety, quality, and resistance to seismic events. The 

classification of the major components for HANARO CNS is listed in Table 5-2. [3] 

 

Table 5-2 Classification 

Structures, Systems and Components Safety 
Class 

Quality 
Class 

Seismic 
Class Remarks 

In-Pool Assembly (IPA)    Sec. 5.1.6.2-a 

  - Moderator cell NNS T II  

- H2 connecting pipes and couplings NNS T II  

- Condenser(Heat Exchanger) NNS T II  
- Vacuum chamber 
- Extended pipe & flange SC-3 Q I  

- Support structures NNS T II  

Hydrogen System (HS)    Sec. 5.1.6.2-b 

 - H2 buffer tank (outer vessel) NNS T II Leak-tight 

- H2 transfer line to IPA(outer pipe) NNS T II Leak-tight 

- Hydrogen box NNS T II Leak-tight 

- Valves inside the hydrogen box NNS T Non  

- Valves outside the hydrogen box NNS S Non  

- Protective measuring sensors NNS T Non  
- H2 Metal hydride unit 
- Metal hydride unit support 

NNS 
NNS 

T 
T 

Non 
II  

- H2 vacuum pump & valves NNS S Non  

- Field instruments & indicators NNS S Non  

- Gas analyzer NNS S Non  

- Hydrogen gas detector NNS S Non  

Vacuum System (VS)    Sec. 5.1.6.2-c 

  - Vacuum box NNS T II  

  - Roughing pump NNS S Non  

- Turbo molecular pump NNS T Non  

- Valves inside the vacuum box NNS T Non  

- Valves outside the vacuum box NNS S Non  

- Protective measuring sensors NNS T Non  

- Connecting pipe to IPA(outer pipe) 
- Isolation valve NNS T II  

- Hydrogen gas detector NNS S Non  

- Field instruments & indicators NNS S Non  
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Table 5-2 Classification (continued) 

Structures, Systems and Components Safety 
Class 

Quality 
Class 

Seismic 
Class Remarks 

Gas Blanket System (GBS)    Sec. 5.1.6.2-d 

- Pressure relief valves for 5 blanket 
compartments(He-I,II, N2-I,II,III) NNS T Non  

- Gas supply line & valves NNS S Non  

- Sensors & indicators NNS S Non  

- N2 tank 
- N2 supply pipe & valves NNS S Non  

- He supply pipe & valves NNS S Non  

- Vacuum pump & valves NNS S Non  

He Refrigerator System (HRS)    Sec. 5.1.6.2-e 

- Cold box NNS S Non  

- Compressor NNS S Non  

- Oil removal system NNS S Non  

- He buffer tank NNS S Non  

- Connecting pipe from cold box to IPA NNS T II  

- Measuring sensors & indicators NNS S Non  

- Control computer & panels NNS S Non  

- Gas analyzers NNS S Non  

Instrumentation & Control System    Sec. 5.1.6.2-f 

- CNS protective instrumentation NNS T Non  

- CNS main control computer & panels NNS T Non  

- Radiation monitoring system NNS S Non  

- General instrument/control devices NNS S Non  

Exhaust System (ES)    Sec. 5.1.6.2-g 

- Disposal tank NNS T II  

- Vacuum discharge pipe & valves NNS T II  

- Connecting pipes & valves NNS S Non  

- Hydrogen gas detector NNS S Non  

- N2 supply pipe & valves NNS S Non  
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Table 5-2 Classification (continued) 

Structures, Systems and Components Safety 
Class 

Quality 
Class 

Seismic 
Class Remarks 

Electrical System    Sec. 5.1.6.2-h 

- Protective instruments & controls NNS T Non  

- General instruments/control devices NNS S Non  

- Control computer systems NNS T Non  

- Instruments and controls for refrigerator, 

vacuum & blanket system 
NNS T Non  

- Radiation monitoring system NNS S Non  

- Process equipment NNS S Non  

- Building services NNS S Non  

Neutron Guide System    Sec. 5.1.6.2-i 

  - Shutter mechanism NNS T I  

- Shielding assembly NNS T II  

- In-pile guide/plug NNS T I  

- Out-of-pile guide NNS S II  

- Guide vacuum system NNS S Non  

Civil Structures    Sec. 5.1.6.2-j 

- CNS equipment island NNS Q I  

- Reactor building penetration NNS Q I  

 

5.1.6.2 Bases for Classification 

a) In-pool assembly 

The entire design philosophy of the CNS is to prevent the possibility of oxygen entering 

the hydrogen boundary. Although all hydrogen systems are surrounded by gas blankets 

introduction of air into the insulating vacuum space shall be properly analyzed. This scenario, 

which goes well beyond the maximum credible accident, serves as the design basis accident for 

the HANARO cold neutron source. The vacuum chamber of the in-pool assembly is regarded as 

an ultimate pressure boundary. The vacuum chamber must be shown to be able to withstand 

the maximum pressure generated by hydrogen-oxygen reaction, which is considered to be an 

incredible scenario. Based on this safety philosophy, the design pressure of the vacuum 

chamber has been determined to 3000 kPa. The vacuum chamber shall be classified to the 

highest level of safety and quality, which is the SC-3 and quality Q respectively. But the other 

components organizing the in-pool assembly, such as moderator cell, heat exchanger and 
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transfer tube etc., need not to be a safety class, because the vacuum chamber exists outside as 

an ultimate barrier. However, considering their importance to the system operation, the internal 

structures and components should be seismically qualified to maintain their integrity during and 

after an earthquake, e.g., seismic category II. 

 

b) Hydrogen System 

The hydrogen system consists of 2 parts – in-pool components and out-of-pool 

components. As mentioned previously, the in-pool components are the moderator cell, the heat 

exchanger and the transfer tube. The in-pool components belong to the scope of the in-pool 

assembly. The out-of-pool components, which are a hydrogen buffer tank, a hydrogen box and 

connecting pipes, valves etc., do not have to be a safety class. They just need to maintain the 

structural integrity at all times including earthquake to avoid any release of hydrogen to outside 

or infiltration of air into the hydrogen boundary. The outer boundary of the out-of-pool 

components should be classified to seismic category II for prevention of hydrogen leakage to 

outside. The seismic analysis should indicate that the structures bordering the hydrogen system 

should not allow any leakage. The hydrogen storage facility like metal hydride or gas storage 

unit should be installed with and supported by a seismic-qualified steel structure, which means 

seismic category II, to prevent any physical damage. 

 

c) Vacuum System 

The vacuum system serves to obtain a high vacuum in the vacuum chamber for thermal 

insulation of cryogenic components. The system consists of pumping station, valves and gauges, 

connecting pipes etc. Considering the loss of vacuum accident will not be directly connected to 

the reactor or CNS safety, no immediate action is required if the hydrogen boundary and others 

are kept intact. The whole vacuum systems are classified to non-nuclear safety. If the hydrogen 

leaks in the vacuum chamber it comes out through the vacuum line to outside or the outside air 

may comes in the vacuum chamber. To avoid this incident, the main vacuum pipe, vacuum box 

and other components establishing the vacuum system boundary should be seismically 

qualified. 

 

d) Gas Blanket System 

All hydrogen-containing components are completely surrounded by gas blankets to 

prevent hydrogen-oxygen contact. The blanketing itself is not directly connected to the safety 

function but acts as an important protective barrier. Its major compartments should be 

seismically qualified to maintain their integrity i.e., classified to the seismic category II.  
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e) He Refrigeration System 

The entire refrigeration system is classified as a non-nuclear safety-related and non-

seismic category. This is because failure of the refrigeration system has no impact on nuclear 

safety status of the reactor. The reactor will automatically and safely shutdown on loss of 

moderator cooling due to the failure of the refrigeration system. The whole system will be 

designed, fabricated and installed in accordance with the manufacturer or industrial standards. 

Exceptionally, the cold pipe connecting the cold box to the in-pool assembly should be 

seismically qualified based on that every structure to be installed in the reactor pool must 

maintain its structural integrity during and after an earthquake. 

  

f) Instrumentation & Control System 

All cold source instrumentation shall be designed to fail-safe i.e., depressurization and 

hydrogen inventory expulsion into the buffer tank should result automatically upon any 

instrumentation or controller failure. In addition, any instrumentation and control equipment 

interfacing with the HANARO reactor shutdown mechanism shall be designed to fail in a manner 

that the resulting signal ensures reactor shutdown. As already specified previously, the vacuum 

chamber shall be designed to absorb the maximum pressure shock resulting from the worst 

case of the design basis accident. Although the CNS protective instrumentation have failed to 

trip the reactor on the time of request, the result of the accident shall be entirely contained within 

the vacuum chamber, and do not adversely affect the reactor or any reactor safety system 

function. It should be noted that reactor shutdown by the CNS protective instrumentation is to 

protect the CNS facilities not the reactor. Based on the fail-safe feature and safety philosophy 

mentioned above, the CNS instrumentation and controls do not have to be classified to safety 

class or seismic class 

 

However, the CNS protective instrumentation serves the function of reactor shutdown then 

the necessary equipment should be a good quality level in order to enhance reliability and to 

reduce the potential for spurious shutdown. Also, safety design requirements like redundancy, 

independence, diversity and fail-safe etc., shall be applied to the design of the CNS protective 

instrument and control. 

 

g) Exhaust System 

Its purpose is to collect all the discharge gas from the system components like vacuum 

pumps, safety relief valves etc, and safely control a guided-venting into the reactor hall. The 

function served by this equipment is not directly related to the reactor safety and the ventilation 

system need not be a safety class. But the portions associated with the guided-venting may 



 85

treat any hydrogen leaks then must keep its structural integrity against an earthquake. 

 

h) Electrical System 

The electric power supply to the equipment and instrumentation serves no nuclear safety 

function as they are required to fail in such a way as to promote reactor shutdown automatically 

i.e., fail-safe design feature. The electrical systems are to be NNS and non-seismic. The quality 

level of the electrical system for the CNS protective instrumentation shall be a high quality level 

to enhance reliability and performance. 

 

i) Neutron Guide 

As applied to the other existing beam facilities around the reactor, the neutron guide and 

necessary mechanical parts have no direct connection with the reactor safety. However, the 

neutron guide transports radiation through it and the radiation must be properly shielded to 

avoid any uncontrolled exposure. The in-pile assembly and the primary shutter shall be 

seismically qualified as the seismic category I, while the neutron guide in the bunker and the 

secondary shutter shall be seismically qualified as the seismic category II. The neutron guides 

in the neutron guide hall will not be seismically qualified. 

 

j) Civil Structures 

There are two civil structures, which are the CNS Equipment Island and the reactor 

building penetration. These civil structures are not related to the reactor safety. Judging that the 

CNS Equipment Island accommodates a lot of equipment, which should keep its integrity and 

function during and after SSE, it must be seismic class I and the best quality class. The reactor 

building penetration is very important in the confinement concept of the reactor building and leak 

through the penetration is not allowed. The part of the penetration should be also classified to 

the seismic class I.  

 

5.1.7 Applicable Codes and Standards 
 

Industry codes and standards shall be utilized in the design, fabrication, and installation of 

structures, components, and systems where such codes and standards are available and 

applicable. For equipment and design conditions that are not covered by the applicable codes, 

appropriate criteria for stress, deformation, fatigue and other limits shall be established and 

utilized by the designer for each event, if needed. In order to meet the nuclear safety criteria, 

the normally operating systems and mitigating systems for various events shall be designed to 

appropriately conservative limits. Safety classes are established for components of these 

systems based on their importance in meeting the nuclear safety criteria for the spectrum of 
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events. ASME Boiler and Pressure Vessel Codes, Sec. III, Division 1 for pressure retaining 

components provide different quality levels of construction. Different allowable stress levels 

(different service limits) for pressure retaining components provide different margins to failure 

and hence different reliability levels for the pressure retaining function. For the non-nuclear 

safety components, ASME Boiler and Pressure Vessel Codes, Sec. VIII and/or B 31.1 can be 

applied. 

The following general criteria shall be used by the designer; 

 
a. Correlation of safety class with ASME Sec. III classes: 

-  ASME III class 1 design rules shall apply to safety class 1. 

-  ASME III class 2 design rules shall apply to safety class 2. 

-  ASME III class 3 design rules shall apply to safety class 3. 

 

b. Design Loadings: 

Design loadings shall be established in the design specification. The design limits of the 

appropriate subsection of ASME III shall not be exceeded for the design loadings 

specified. 

 

c. Operating Basis Earthquake (OBE): 

The magnitude of the OBE shall be determined based on the considerations in 10 CFR 

100, Appendix A. The OBE is that earthquake which, considering the regional and local 

geology and seismology, and specific characteristics of local subsurface material, could 

reasonably be expected to affect the plant site during the operating life for the plant. It is 

the earthquake, which produces the vibratory ground motion for which those features of 

the nuclear power plant necessary for continued operation without undue risk to the 

health and safety of the public are designed to remain functional. 

 

d. Safe Shutdown Earthquake (SSE): 

The magnitude of the SSE shall be determined based on the considerations in 10 CFR 

100, Appendix A. The SSE is that earthquake, which is based upon an evaluation of the 

maximum earthquake potential considering the regional and local geology and 

seismology and specific characteristics of local subsurface material. It is that earthquake, 

which produces the maximum vibratory ground motion for which the nuclear safety-

related structures, systems, and components are designed remain functional. 
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5.2 Hydrogen System 
5.2.1 Design Features 

 

The hydrogen system (HS) consists of an In-Pool Assembly (IPA) connected to the 

hydrogen buffer tank through adequate piping and valve manifold. The IPA includes a moderator 

cell and a condenser with a transfer tube. The moderator cell contains the liquid hydrogen to be 

used to moderate the thermal neutrons to neutrons with a lower effective temperature and 

longer wavelength, which is called a cold neutron. 

The heat, which is generated by neutrons and gamma rays in the liquid hydrogen and its 

aluminum container, is removed by boiling of the liquid. The hydrogen vapor generated in the 

moderator cell goes up to the condenser through the transfer tube, where it is re-liquefied and 

returned to the moderator cell by the gravity force, i.e., thermo-siphon. 

The condenser is cooled by the cold helium gas from the helium refrigeration system 

(Refer to the chapter 5.5). A hydrogen buffer tank, maintained at room temperature, has 

sufficient volume to accommodate the entire gaseous hydrogen inventory with the refrigerator 

stopped and with the system at 298 K at a system pressure of less than 315 kPa. Table 5-3 

shows the design parameters of hydrogen system. 

 

Table 5-3 Design parameters of hydrogen system 

Item Sub-item Parameter Unit 

Nominal reactor power 30 MW 

Moderator fluid H2 (2 phases) - 

Type of arranged CNS Vertical thermo-siphon - 

Oxygen 3.4 ×10-4 Volume% Impurity of moderator

Nitrogen 2× 10-2 Volume% 

Volume of the M/C 2.926 Liter 

Volume of the cavity in the M/C 0.974 Liter 

Mass of moderator in M/C (20% void fraction) 109.8 g 

Temperature of the cold moderator 21.8 K 

Diameter [1] 130/132 mm 

Height 232 mm 

Dimension of 

the moderator cell 

Outer shell 

Thickness  1 mm 
[1] In case of the thickness in 1.2mm, considering specific heat load  
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Table 5-3 Design parameters of hydrogen system (continued) 

Arc Diameter 74.8 mm 

Longest width 100 mm 

Height 150 Mm 

Dimension of 

the moderator cell 

Inner cavity  

Thickness 1 mm 

Inner tube – ID/OD 16/19 mm 

Outer tube – ID/OD 34/38 mm 

Dimension of  

the transfer tube 

Length 906 mm 

Nuclear heat load [1] 629 W 

Non-nuclear heat load (estimation) [1] 300~350 W 

Thermal flux (unperturbed) 1.25E14 n/cm2-s 

Distance from the core center to the CNS center 519.3 mm 

Distance from the OR5 to the CNS center 187.5 mm 

Total hydrogen mass in IPA 308(309) g 

Volume of the buffer tank 1.3 m3 

Pressure in the buffer tank after H2 loading at 298 K 315 kPa 

Pressure of the buffer tank at CNS on 152 kPa 

Pressure in the vacuum chamber at warm condition 1.3×10-3(1x10-5) Pa(torr) 

Mass flow rate 50~60 g/s 

Pressure 202.6 kPa 

Tin 14 K 

Tout Depending on mass flow rate K 

Helium properties for 

refrigeration 

He quantity in the H/X 36.25 @14K 

2.55 @ 202.6 kPa 

g 

Liter 

Expected refrigeration power [2] 1500 W 

Type of heat exchanger Shell-tube - 

Length of tubes and shell 880 mm 

Tube diameter ID/OD 9.4/12.7 mm 

Shell diameter 127/131 mm 

Center tube diameter 34/38 mm 

No of tube (Pt=15.87mm, 30°) 38+1 EA 

Number of baffle 14 EA 

%cut (single segmental) 28.30  

Dimension of the 

heat exchanger [4] 

Heat exchanger total length 1100 mm 
[2] Maximum heat load with a refrigeration margin  
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Table 5-3 Design parameters of hydrogen system (continued) 

Type Integrated - 

Total Height w/o V/C 2220 mm 

Total Height with V/C 2685 mm 

Thermo-siphon scale 

Max. Heat load  1100 W 

Mass flow rate 2.5 g/s Operating range of 

Thermo-siphon Mean temp. in M/C 21.82 K 

Operation Time for moderator filling 

(estimation) 

Less than 5 Hr 

Material Al 6061 T6 - Moderator cell 

mass (cavity/outer) 127/390 G 

Material Al 6061 T6 - 

mass (inner/outer) 164/282 G 

Adaptor with HX 92 G 

Volume in the inner tube 0.0265 ℓ 

Transfer tube 

Volume in the outer tube 0.0576 ℓ 

Material  Al 6061 T6 - 

Mass 13,200 G 

Volume on the coolant side 5.1 ℓ 

Heat exchanger  

Volume on the hydrogen side 5.5 ℓ 

Material  Al 6061 T6 - 

Mass with top plate(S.S) 48,876 G 

Thickness 5 Mm 

Volume 55.52 ℓ 

Vacuum chamber  

Free volume 36.16 ℓ 

ID of the tube  40 Mm 

Length (1st case /2nd case) [3] 19,607/13,107 Mm 

Material  Al6061 T6 & 

Stainless steel 

- 

Piping 

Joining place of two different 

metal 

Inside vacuum chamber - 

at 1.5atm, 21.8K 

Liquid density  68.643 g/ℓ 

Hydrogen properties 

Gas density  1.9112 g/ℓ 
[3] 1st case: in case of installing the buffer tank on 3rd floor of the CNS equipment island 

2nd case: in case of installing the buffer tank on roof floor of the CNS equipment island 
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5.2.2 Design Requirements 
 

1) The whole hydrogen boundary shall establish an entire closed loop system. The IPA 

components such as a moderator cell, a transfer tube and a condenser - are encased within 

a vacuum chamber, which shall be designed as per the ASME pressure vessel code in order 

to withstand the hydrogen-oxygen reaction.  

2) The hydrogen buffer tank, its connecting pipe and valves are completely surrounded by the 

inert blanket gas like helium or nitrogen. All of these design features should be clearly 

guaranteed that no air infiltrates into the hydrogen boundary, and then there is no oxygen gas 

to be combined chemically with the hydrogen gas.   

3) The HS is a complete closed loop, namely there is no provision for the direct venting of the 

hydrogen gas to outside. Any possible pressure transient should be safely absorbed by the 

capacity of the hydrogen buffer tank.   

4) The volume of the hydrogen buffer tank based on the system operating pressure and the 

inventory of the liquid hydrogen in the moderator cell is about 1.3 m3 under the condition of 

315 kPa(a) bar and 298 K. Total hydrogen mass in the whole system including a moderator 

cell, a condenser, connecting pipes and a buffer tank is less than 325 g (175mol).   

5) The HS is designed to be passively safe, simple to operate, and require little maintenance, 

minimizing gas handling. There is no credible scenario in which the reactor or the reactor 

building can be damaged by an accidental release of hydrogen. 

6) Components belonging to any of the multiple hydrogen boundaries inside the reactor 

building shall be seismically qualified or shall be shown by analysis to maintain hydrogen 

containment integrity following a SSE. 

7) Very high purity hydrogen gas shall be used in the cold neutron source to preclude oxygen 

contamination of the primary hydrogen system. 

8) There are two different design pressures for the components of the hydrogen system. The 

vacuum chamber as a safety barrier must maintain its structural integrity even at the worst 

design basis accident. The design pressure of the vacuum chamber shall be 3000 kPa. 

Differently, the internal part like the moderator cell does not require that much high design 

pressure. The hydrogen boundary is designed so that it can withstand its integrity against 

the maximum operating pressure. Adding some margin to the maximum operating pressure, 

315 kPa(a), the design pressure of the moderator cell, connecting pipes and valves and the 

inner vessel of the hydrogen buffer tank has been determined to 500 kPa(a). Figure 5-1 
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shows the different application of the design pressure to be applied to hydrogen boundary. It 

is said that the outer-most barrier of the system schematics shall have the design pressure 

of 3000 kPa to properly act against the worst design basis accident. 

S

Vacuum Box

Hydrogen Buffer Tank

Hydrogen Box

Vacuum Chamber

MC

HX

3000 kPa
3000 kPa

500 kPa

3000 kPa

3000 kPa

500 kPa

 

Figure 5-1 Design pressure of CNS components 

 

5.2.3 System Description 

5.2.3.1 System Configuration 

The flow sheet diagram for the hydrogen system is shown in Figure 5-2. The hydrogen 

system consists of the following components: 

- Vacuum chamber containing a moderator cell, a transfer tube and a condenser 
- Valve manifold in the hydrogen box 
- Hydrogen buffer tank 
- Connecting pipe lines 
- Metal hydride storage unit 
- Loading/unloading equipment 
 

The CNS thermo-siphon loop is connected to the hydrogen buffer tank through the valve 

manifold. In accordance with the passive safety concept, the connecting pipelines between the 

thermo-siphon loop and the hydrogen buffer tank must be opened all the time to guarantee an 
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unrestricted movement of the hydrogen gas. 

The valve manifold contains the fittings and valves V101~V103 that connect the hydrogen 

buffer tank to the thermo-siphon loop, as well as loading/unloading equipment. Moreover, the 

valve manifold contains instrumentation for control and protection. The valve manifold is placed 

inside the hydrogen box, which is filled with nitrogen blanket gas. The buffer tank (N2-I) and all 

equipments in the hydrogen box (N2-II) are surrounded with nitrogen blanketing. However, the 

pipeline between IPA and the hydrogen box is surrounded with helium blanketing (He-I). 

Conclusively, any part of the HS is not in contact with atmospheric air. 

     The hydrogen buffer tank will be designed in the stainless steel, with double wall 

construction to implement the gas blanket surrounding the entire hydrogen volume. The 

nitrogen blanketing gas fills the annular space. The volume of the hydrogen buffer tank based 

on the system operating pressure and the inventory of the liquid hydrogen in the moderator cell 

is about 1.3 m3 under 3.2 bar and 298 K. 

The line, which connects to the external equipment, has two valves V104 and V105. As 

indicated in Figure 5-2, all of these valves are located in the nitrogen blanket. In normal 

operation, V104 and V105 are all closed with the connecting lines filled with helium to avoid any 

possibility of hydrogen-air mixture. The metal hydride storage unit would be connected to V104 

and V105 and the pipeline between V104 and V105 and the hydride system valves, V106 and 

V107, is filled with helium. 

The loading/unloading operations are performed through the line with the valve V108 and 

the special removable manifold. The special removable manifold consists of a set of vacuum 

pump, a valve V108 and a pressure indicator. The removable manifold would be connected to 

the disposal tank. The disposal tank will be used for collecting the vented gas from the hydrogen 

system and the vacuum system. The volume of the disposal tank will be decided based on the 

working pressure and the entirely vented gas volume of the processing system. 

 

All of the actuated valves in the hydrogen system must be the pack-less and bellows-

sealed type and all of the actuator must be the type of spring-return and electro-pneumatic.  

The valves in the hydrogen box must be electro-pneumatic type with fail-safe position. All 

pneumatic actuators are operated with nitrogen instead of air to prevent the entry of air to the 

hydrogen box. Solenoid valves of the electro-pneumatic type are placed outside hydrogen box 

to minimize potential fire sources and allow proper pneumatic actuator venting. 
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Figure 5-2 Flow sheet for the hydrogen system 
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5.2.3.2 System Operation 

There are three (3) operation modes: (1) Shutdown, (2) Start-up, and (3) Normal 

Operation. Each operation mode can be summarized as below. 

1) Shutdown Mode (SD mode) 

The SD mode is compatible with the reactor shutdown. The helium refrigeration system is 

also stopped and all of the hydrogen is remained in the hydrogen buffer tank at ambient 

temperature. But the gas blanket system should be available even during the SD mode to avoid 

any possible in-leakage of air into the hydrogen boundary. The process condition would be as 

follows: 

- system pressure : 315 kPa(a) 

- gaseous hydrogen temperature : 298 K (room temperature) 

- helium refrigeration system : stopped 

- reactor : shutdown 

 

2) Start-up Mode (SU mode) 

The helium refrigeration system must be working at its full capacity. It should be noted that 

prior to the reactor start-up, most of the hydrogen gas in the buffer tank must move into the 

thermo-siphon loop. As the helium refrigeration system is operating at normal condition, all of 

the hydrogen gas is gradually changed into the liquid state then stayed in the moderator cell. 

The process condition would be as follows: 

- initial system pressure : 315 kPa(a) 

- final system pressure : 152 kPa(a) 

- helium  refrigeration system : operating at full capacity 

- reactor : shutdown 

 

3) Normal Operation Mode (OP Mode) 

The moderator cell is already filled with sub-cooled liquid hydrogen during the SU mode. 

The two-phase thermo-siphon may be occurred according to the nuclear heat generation with 

the reactor power increasing. The reactor may be operating at any power condition during the 

OP mode. As the thermo-siphon loop works in steady-state and stable condition, the cold 

neutrons are now available at the end of the scattering instruments in the guide hall. The 

process condition would be as follows: 



 95

- system pressure : 152 kPa(a) 

- helium refrigeration system : operating at full capacity 

- reactor : operating at a certain power 

 

5.2.3.3 Component Description 

1) Hydrogen Buffer Tank 

A hydrogen buffer tank, maintained at room temperature, has sufficient volume to 

accommodate the entire gaseous hydrogen inventory with the refrigerator stopped and with the 

system at 298 K at a system pressure of less than 315 kPa(a). The volume of the hydrogen 

buffer tank based on the system operating pressure and the inventory of the liquid hydrogen in 

the moderator cell is about 1.3 m3. The design pressure of the hydrogen buffer tank is 500 

kPa(a) as shown in Figure 5-1. 

2) Metal Hydride Unit 

There is no provision for hydrogen venting in this system. As mentioned before, the 

hydrogen buffer tank is the only room to store the gaseous hydrogen at warm condition. If the 

hydrogen system must be emptied of the hydrogen to allow maintenance on a component or for 

any special treatment, this will be done by absorbing the entire inventory into a metal hydride 

storage unit. A commercial hydride unit could be the best option we can take. The units have 

been very convenient and easy to use, and they are portable. The unit is removable from the 

system unless it is being used. Retrieval of the hydrogen gas from the metal hydride unit shall 

require a heater, which may not be supplied by the manufacturer. Considering that there is very 

little chance of pumping out of the hydrogen gas, we may not need to retrieve the hydrogen gas 

from the unit then charge into the system. The metal hydride unit would be used only for 

permanent storage. 

 

3) Hydrogen box 

The hydrogen box contains valves and instruments. The nitrogen gas is filled in the box for 

blanket. A pressure relief valve will be installed for protection of the box from the abnormal 

pressure build-up. The discharge side of the pressure relief valve will be connected to the 

disposal tank through pipe for the guided-venting concept. The design pressure of the hydrogen 

box is 3000 kPa as shown in Figure 5-1. 

4) Instrumentation 

The instrumentation is mainly related to pressure measurements. There are also valve 
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position indications. The triplicate pressure transmitters will be used for shutdown of the reactor 

in case of an abnormal condition. Two out of three voting logic produces a shutdown signal. 

 

5.2.4 Design Constraints 
5.2.4.1 Interconnecting Pipes 

The hydrogen transfer tube from the hydrogen buffer tank, which is installed on the CNS 

equipment island, shall be routed into the reactor pool then connected to the condenser by 

using a flange coupling. The Figure 5.3 shows the IPA and its connecting pipelines - helium feed 

lines, a vacuum line and a hydrogen line. All these pipes shall not have any interference with the 

existing components or structures in the reactor pool. 

The connecting pipes will have a flange to joint the IPA with the outside system like the 

hydrogen buffer tank, vacuum system, and cold box. Each flange should be leak-tight and a 

well-prepared provision should be suggested to detect any leakage from the flange joint. A 

pressure monitoring of the space of the double gaskets could be a possible option for the leak 

detection. 

The vacuum camber is classified to the safety class 3 then designed and fabricated by the 

requirements of the ASME Sec.III. According to the ANSI/ANS 58.14 “Safety and Pressure 

Integrity Classification Criteria for Light Water Reactors”, items that do not perform a safety-

related function and are connected to or interface with safety-related items may be classified 

non-safety related if an evaluation justifies an assertion that a failure in the non-safety related 

items will not prevent accomplishment of s safety-related function of the safety-related items. 

The safety-related functions are: 

(1) ensure the integrity of the reactor coolant pressure boundary 

(2) ensure the capability to shutdown the reactor 

(3) ensure the capability to prevent or mitigate the consequences of accidents that could 

result in potential offsite exposures comparable to the guideline exposures of 10 CFR 

100.11 

     Four connecting pipes are to be installed between the vacuum chamber and the outside 

components, which are a pipe to hydrogen box, a pipe to vacuum box and two pipes for cold 

helium. It is clear that any failure of these pipes will not adversely affect the three (3) safety-

related functions mentioned above. These pipes are classified to non-safety grade and directly 

connected to the safety components, vacuum chamber through the special-designed flanges. It 

should be noted that the flanges shall be a part of the vacuum chamber. A proper justification 

should be prepared for the joint of non-safety components with safety components without any 
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physical isolating barrier. 

 

5.2.4.2 In-pool Assembly 
The in-pool assembly consists of a vacuum chamber which is installed in the vertical hole 

(CN hole) and the pipes connected to the system extended to the elevation of the first 

platform(at EL6.48m) on the pool liner. The in-pool assembly is interfered with the center hole 

on the grid plate, the CH hole of the reflector vessel, the CN flange on the chimney base plate, 

and the lower track backing plate of the control absorber unit # 3 on chimney wall. It also 

interferes with the system pipes mounted on the pool liner. 

The lower end of the vacuum chamber should be designed based on the as-measured 

dimensions and position of the hole on the grid plate.  

The diameter of the vacuum chamber should be designed based on the as-measured 

dimensions of the CN hole of the reflector vessel.  

The mounting flange of the vacuum chamber should be designed based on the as-

measured dimensions and position of the CN flange on the chimney base plate.  

The mounting bracket for the upper part of the vacuum chamber should be designed 

based on as-measured position of the lower track backing plate of the control absorber unit #3 

on chimney wall. 

The pipes of the in-pool assembly are connected by flange joints at the elevation of the 

first platform (at EL6.48m) on the pool liner. 

 

5.2.5. System Specification 
 

1) Design Classification 

- Safety Classification: NNS  

- Seismic Classification: Seismic category II 

- Quality Classification: T 

 Although the HS is classified in the seismic category II, it should be clearly guaranteed that 

any hydrogen leakage will not occur even under an earthquake condition. The classification 

details are summarized in Table 5-2.  

 

2) Design Features 

- System design life: 40 years 

- Operating modes: Shutdown / Start-up / Normal Operation 

- Hydrogen release and air in-leakage avoidable by helium gas blanketing 
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- Valve actuation by means of pressurized nitrogen gas 

- Physical protection of the entire hydrogen components to avoid any external accidental 

damage. 

 

3) Process Parameters 

- Hydrogen warm pressure: 315 kPa(a) 

- Hydrogen cold pressure: 152 kPa(a) 

- Hydrogen average warm temperature: 298K 

- Hydrogen average cold temperature: 21.6K 

- Total hydrogen inventory: 325 g 

 

4) Mechanical Design Conditions 

- Vacuum Chamber design pressure: less than 3000 kPa(a) 

- Hydrogen box design pressure: 3000 kPa(a) 

- Hydrogen buffer tank design pressure (inner vessel): 500 kPa(a) 

- Design pressure for internal components of the IPA like the moderator cell, heat exchanger, 

transfer tube: 500 kPa(a) 

- Connecting pipe (inner pipe) and valves: 500 kPa(a) 

- Connecting pipe (outer pipe) : 3000 kPa(a) 

  (includes the first valve and its connecting pipe to the outer-most jacket) 

 

5) Equipment Location 

- The hydrogen buffer tank and the hydrogen box are located within the CNS equipment 

island in the reactor building. 

- The in-pool assembly containing the moderator cell, transfer tube and condenser is 

installed in the reactor pool. 

- All equipments and pipelines of the hydrogen system should be designed to avoid any 

possible damage by the fire in the CNS equipment island and around the pool top. 
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Figure 5-3 Schematic view of IPA to be installed in reactor pool
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5.3 Vacuum System 

5.3.1 Design Requirements 

 

1) The vacuum level for the cryogenic insulation shall be at least lower than 1×10-5 torr during 

the CNS normal operation. The complicate shape of the in-pool assembly may make it 

difficult to keep a uniform vacuum distribution. It is desirable to establish a higher vacuum 

level, up to 1×10-6 torr, if possible. 

2) The 65 mm pipeline connects the vacuum pumping sets and valves manifold array to the 

vacuum chamber. The diameter was adopted by considering the pipe length and the desired 

vacuum level. It is required to continuously maintain the required vacuum pressure during 

normal operation. 

3) The vacuum system shall make the required vacuum through two high vacuum pumping sets, 

one is on standby. The pumping set array shall be completed with a set of valves, fittings and 

pipelines known as a vacuum manifold. The vacuum pumps discharge through the disposal 

tank in the reactor hall. The disposal tank will be used for collecting the vented gas from the 

vacuum pumps and other systems. 

4) A pipeline called the main vacuum pipeline shall connect the vacuum pumping sets and the 

manifold to the vacuum chamber through the flange. This pipeline shall be surrounded with a 

helium blanket (He-II). If required, the vacuum chamber can be filled with helium gas through 

the main vacuum line. The vacuum pumps and the manifold shall be placed within a box 

filled with nitrogen gas (N2-III). The box can be respectively divided into two or three parts for 

considering an easy maintenance of the vacuum pumps. The helium blanket (He-II) shall 

surround the vacuum pipeline to isolate the vacuum space from the air and/or water. And the 

nitrogen blanket (N2-III) shall be used to isolate the vacuum box from the air. 

5) The vacuum box is directly connected to the vacuum camber through the double-wall pipeline. 

When a H2-O2 reaction accident occurs in the vacuum chamber, the build-up pressure would 

be quickly transferred to the vacuum box through the connecting pipeline. As we discussed 

in the previous chapter, the vacuum pipe and the vacuum box forming the outer barrier of 

the possible hydrogen boundary shall have the design pressure of 3000 kPa as shown in the 

Figure 5-1. However, the components only for vacuum system operation like the inner pipe, 

valves and vacuum pumps etc., need not to have the high design pressure. Considering that 

the vacuum system is always operating under atmospheric pressure, the design pressure 

would be about 300 kPa(a). 
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5.3.2 Design Features 

 

The main function of the vacuum system is to act as a thermal insulation for the cold part 

of the in-pool assembly and to act as a safety barrier against the irruption of liquids and/or 

gases from the outside. The thermal insulation is of relevance to the performance of thermo-

siphon in the in-pool assembly. Table 5-4 shows the design parameters of the vacuum system. 

  

Table 5-4 Design parameter of the vacuum system 

Status Parameter Remark 

Vacuum containment volume 55.52 liter 0.05552 m3 

Pipe line volume 39.25 liter 
diameter 50 mm 
length 20,000 mm 

Free volume 36.20 liter 0.0362 m3 

Surface of vacuum chamber 1.55 m2  

Surface of inner equipment 0.97 m2  

Initial pressure 760 Torr Atmosphere 

Low vacuum pressure 1×10-3 Torr By Dry Pump 

Process pressure 1×10-5 Torr By Turbo Molecular Pump 

Ultimate pressure 1×10-8 Torr By Turbo Molecular Pump 

Roughness of Pipe inner surface 
(STS304) < 5µm 

Assuming that it is polished  
by electro polishing method 

Roughness of chamber inner surface 
(AL6061-T6) < 10µm 

Assuming that it is polished  
by mechanical method 

Length 1157 mm Bottom part 
of chamber (A) Diameter 141 mm 

Refer to Figure 5-4 

Length 1520 mm Top part 
of chamber (B) Diameter 261 mm 

Refer to Figure 5-4 

Length 20,000 mm Pipe line 
to pump (C) Diameter 65 mm 

Vertical 10m 
Horizontal 10m 

Chamber 
(AL6061-T6) 

≤ 1.00×10-8 
Torr liter/sec cm2 After 1 hour pumping 

Out-gassing rate 
Pipe 

(STS304 or 304L) 
≤ 1.35×10-9 

Torr liter/sec cm2 After 1 hour pumping 

Dry Pump 3.08 liter/sec BOC Edward STP 301 
Pumping speed 

TMP 280 liter/sec BOC Edward XDS 10 

moderator cell 3.5 mm Refer to Figure 5-5 Critical 
flow gap heat exchanger 5.0 mm Refer to Figure 5-6 
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Figure 5-4 Schematic view of the vacuum containment 
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Figure 5-5 Section view of the moderator cell in IPA 

 

 

 

Figure 5-6 Section view of the condenser in IPA 
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5.3.3 System Description 

5.3.3.1 System Configuration 

The flow diagram for the vacuum system is shown in the Figure 5-2. The vacuum system 

consists of a vacuum pump station and its associated valves. All of the pumping sets are 

duplicated for operational flexibility.  

Every pumps and valves are placed in the vacuum box filled with nitrogen blanket gas.  In 

order to detect any possibility of hydrogen gas in the vacuum box, a hydrogen gas detector 

must be installed on the vacuum box. It intends to find out the some hydrogen leakage through 

the moderator cell or the hydrogen transfer tube in the vacuum chamber. 

A block valve V201 in the main vacuum pipeline is placed in the helium blanket (He-II) 

while the other valves, V202 to V205, are located in the vacuum box filled with nitrogen (N2-III).  

The vacuum box belongs to the Gas Blanket System. A pipeline called the main vacuum 

pipeline connects the vacuum pumping sets and the manifold to the vacuum chamber through 

the flange. This pipeline is surrounded with a helium blanket (He-II).  

Gas sampling for the vacuum space will be done in the normal operation. The gas sampling 

operation is performed by a hydrogen analyzer through the branch line to be set between the 

vacuum box and the disposal tank. If any symptom of leakage from inside (H2) or from outside 

(air) is detected, the cold neutron source operation will not be allowed until the problem 

detected will be clearly resolved. Instrumentation is mainly related to pressure measurements 

as well as valve position indication. When the main vacuum line pressure is higher than 10-1 torr 

(T.B.D.), the protection logic triggers reactor shutdown signal, indicating that there is a severe 

vacuum leak that the pumping set can not control. 

 

5.3.3.2 System Operation 

The vacuum pump will be operated by means of two vacuum pumping sets. One of the 

pumping sets is in operation while another is on standby. Even though the required vacuum 

level is obtained, the vacuum pumps must be always operated at every operation mode to 

prevent any possibility of nitrogen gas or air into the vacuum chamber. The operation of the 

vacuum system is summarized in accordance with the each operation mode. 

 

1) Shutdown Mode (SD mode) 

The SD mode is compatible with the reactor shutdown. Because most of the hydrogen is 

stored back to the hydrogen buffer tank or the metal hydride unit at ambient temperature, it dose 

not need any cryogenic insulation in the IPA and then the vacuum system can be also stopped 
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during the SD mode.  

2) Start-up Mode (SU mode) 

The helium refrigeration system must be working at its full capacity prior to the reactor start-

up. At this time most of the hydrogen gas in the buffer tank must move into the thermo-siphon 

loop. As the helium refrigeration system is operating at normal condition, most of the hydrogen 

gas is gradually changed into the liquid state then stayed in the moderator cell. So, it should be 

noted that the required vacuum pressure is achieved prior to the start-up of the refrigerator. 

3) Normal Operation Mode (OP Mode) 

The moderator cell is already filled with sub-cooled liquid hydrogen during the SU mode. 

The two-phase thermo-siphon may be occurred according to the nuclear heat generation with 

the reactor power increasing. In order to get the thermo-siphon loop in steady-state and stable 

condition, the vacuum system must be keeping continuously its vacuum pressure during the 

OP mode.  

 

5.3.3.3 Component Description 
1) Vacuum Pump 

Vacuum is achieved by means of two vacuum pumping sets, one of them made up by 

P201 and P203 (high vacuum and primary, respectively) and the other made up by P202 and 

P204. One of the pumping sets is in operation while the other is on standby. The pumping set 

array shall be completed with a set of valves, fittings and pipelines known as a vacuum manifold. 

The primary pump is a dry pump (oil-free and scroll-type). The displaced volume in the 

suction is about 4.16 l/s, while the ultimate pressure is about 1.2×10-2 torr. The high vacuum 

pump is a turbo molecular pump with a volume displacement of 230 l/s, while the ultimate 

pressure is about 3.75×10-8 torr. 

2) Vacuum Box 

A vacuum box contains pumping equipments as well as the manifold and instrumentation.  

All the equipments within the vacuum box filled with nitrogen gas (N2-III) are placed allowing 

easy maintenance and disassembling operations. The vacuum box may be respectively divided 

into two or three parts for considering an easy maintenance of the vacuum pumps.  

 

General vacuum pumps are normally operated in the ambient temperature around 5 ~ 

40 ℃. If it is out of the operating temperature range, the performance of pumps may be 
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gradually degraded. Solenoid valves of the electro-pneumatic type are placed outside the 

vacuum box to minimize potential fire sources and allow proper pneumatic actuator venting. 

 

3) Disposal Tank 

The disposal tank will be used for collecting the vented gas from the vacuum chamber.  

The vacuum pumps discharge through the disposal tank into the reactor hall. The volume of the 

disposal tank will be decided based on the working pressure and the entirely vented gas volume 

of the processing system. Refer to section 5.6 for details. 

 

4) Vacuum Manifold 

All the valves are electro-pneumatically actuated with nitrogen gas to prevent the 

possibility of air / hydrogen mixtures. All valve manifolds assist the vacuum pumping sets to 

allow all contemplated operations.  

5) Instrumentation 

The instrumentation is related to the CNS control and monitoring system. The 

instrumentation is mainly related to pressure measurements as well as valve position indication. 

6) Miscellaneous 

The pipeline connects the vacuum pumping sets and valves manifold array to the vacuum 

containment. The diameter shall be adopted considering the length of pipe and the required 

vacuum level. The main vacuum line is connected to a flange by means of a special removal 

connector around EL(+) 6.5m in the reactor pool. 

 

5.3.4 Design Constraints 
 

It seems not easy to maintain the required vacuum level because the main vacuum 

pipeline connecting the in-pool assembly to the vacuum pump station will be about 25 meters 

long. There are a few options to solve this constraint. First, the connecting pipeline must be 

routed as short as possible and to incorporate the concept of the ion pump with proper sizing. 

Second, a kind of cryo-pump can be installed in the in-pool assembly instead of using the ion 

pumps. The second option may lead to an additional complexity in fabrication of the vacuum 

chamber. A comprehensive calculation and sizing is required in the beginning of the design 

stage. 
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To confirm that the desired vacuum level will be achieved by the current design concept 

using a dry pump and turbo molecular pump, it is required to evaluate the effectiveness of the 

pumping velocity. The performance of the vacuum system mostly depends on the conductance 

within the vacuum chamber, its connecting condition to the pipe, and the length from the 

chamber to the vacuum pump. Based on the condition of the component proposed in the 

concept design step, a preliminary calculation on the vacuum system had been carried out to 

evaluate the appropriateness.  

The volume of vacuum chamber was conservatively estimated as 100 liters in 

consideration of a possible design change in the upcoming detailed design for the IPA. And, in 

accordance with their layout in reactor pool, the length of the pipelines was assumed about 20 

m, while their diameter is assumed as 65 mm (inner diameter: 0.0669 m). The volume of the 

pipeline may be estimated in 70.3 liters. So the total vacuum volume is assumed about 170.3 

liters. It is assumed that the scroll type dry pump has a pumping velocity of 4.16 l/s, while the 

ultimate pressure is 1.2×10-2 torr and that of the turbo molecular pump reaches 230 l/s, while 

the ultimate pressure is 3.75×10-8 torr. The Input data for the calculation are summarized by 

Table 4-3. 

The evacuation time to reach the required vacuum of a 1×10-6 torr level was calculated as 

about 15 minutes. But, it does not consider the out-gassing rate of the vacuum containment and 

pipeline materials. If considering the out-gassing rate and other conditions, it would be expected 

that the evacuation time may be remarkably increased. Conclusively, it would be sure that the 

current design is good enough for achieving the desired vacuum level within a reasonable time. 

The preliminary calculation indicates that the ion pump or cryo-pump is not required. 

Gases and/or liquids that could enter the in-pool assembly would produce a frozen layer 

on the CNS thermo siphon loop surface which behaves as a vacuum cryo-pump. Pressure 

variations would not be detected, since all the liquids or gases are frozen, with the exception of 

helium. The irradiation of this uncontrolled layer could produce hazardous elements by a 

transmutation. Gas sampling and analysis during a CNS shutdown operation could serves to 

detect these elements.  

 

5.3.5 System Specification 

 

1) System Classification 

- Safety Classification: Non-Nuclear Safety (NNS) 

- Seismic Classification: Seismic category II 

- Quality Classification: T 
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The classification details are summarized in the Table 5.2. 

2) Design Features 

- System design life: 40 years 

- Reactor operation with cold neutron source stopped 

- Operating mode: Shutdown / Start-up / Normal Operation 

- Hydrogen release and air in-leakage avoidable by helium and nitrogen gas blanketing 

- Valve actuation by means of pressurized nitrogen gas 

- Physical protection of the entire hydrogen components to avoid any external accidental 

damage 

3) Process Parameters 

- Vacuum level for the normal operation: below 10-5 torr 

4) Mechanical Design Condition 

- Design pressure of the vacuum box: 3000 kPa(a) 

- Design pressure of pipeline (outer pipe): 3000 kPa(a) 

- Design pressure of pipeline (inner pipe) and valves: 300 kPa(a) 

5) Equipment Layout 

- All pumps are located in the CNS equipment island. As previously mentioned in the design 

constraints, the turbo molecular pump should be located as close to the vacuum chamber 

as possible to achieve the required vacuum easily. 

 

5.4 Gas Blanket System  
5.4.1 Design Features 
 

The major function of the Gas Blanket System (GBS) is to separate the hydrogen from 

eventual contact with air or water. The GBS is a static system, i.e. there is no gas circulating 

during normal operation. For blanketing purposes, either helium or nitrogen gas fills the different 

volume of blanket.  

Since all the related components are highly water-tight, no frequent pressure variation is 

expected. The system surveillance by using the pressure variation will be an effective 
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monitoring way to find out a certain leakage. The hydrogen pressure should be always higher 

than the atmospheric pressure to avoid any air infiltration into the hydrogen boundary.   

 

5.4.2 Design Requirements 
 

1) To realize the effective leakage monitoring, the normal operating pressure of the blanket gas 

should be higher than the atmospheric pressure but lower than the hydrogen pressure. The 

pressure of the helium and nitrogen blanket gas is respectively 130 kPa and 120 kPa.  

2) It is easily expected that the change of the blanket pressure indicates an outbreak of leakage. 

The pressure increasing means a leakage from the inside, i.e., hydrogen release to the 

blanket area, while the pressure decreasing means a leakage from the outside, i.e., air 

infiltration into the blanket area. 

3) There are two blanket gases used in the system, namely nitrogen and helium. The helium is 

the best one for the blanketing purpose, because the helium is the only gas that does not 

freeze at very low temperature. Every blanketing volume will be filled with nitrogen except 

two pipelines, which are connected from the vacuum chamber to the hydrogen box and the 

vacuum box. 

4) Nitrogen is used as pressurized gas for actuating the control valves placed in the hydrogen 

environment to prevent the possibility of air contamination. The similarity with air as to leak 

behavior allows the use of standard equipment.  

5) The valve manifold is placed inside the hydrogen box, which is filled with nitrogen blanket gas 

of the gas blanket system. The hydrogen buffer tank and all equipments in the hydrogen box 

are surrounded with nitrogen blanketing. But, the pipeline between IPA and the hydrogen box 

is surrounded with helium blanketing (He-I). Any part of the HS is not in contact with 

atmospheric air. 

6) Every pump and valve will be placed in the vacuum box filled with nitrogen blanket gas. A 

block valve V201 in the main vacuum pipeline is placed in the helium blanket (He-II) while the 

other valves, V202 to V205, are located in the vacuum box filled with nitrogen (N2-III). A 

pipeline between the vacuum pumping sets and the vacuum chamber is surrounded with a 

helium blanket (He-II). 

 

5.4.3 System Description 
5.4.3.1 System configuration 

The gas blanketing area is divided into a few separate compartments as shown in the 

Figure 5-2 with an independent gas supply line to avoid common-cause failure. 

 

- Hydrogen main pipe between the IPA and the hydrogen box: He-I 
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- Hydrogen box: N2-I 

- Hydrogen buffer tank and connecting pipe: N2-II 

- Vacuum main pipe between the IPA and the vacuum box: He-II 

- Vacuum box: N2-III 

 

5.4.3.2 System Operation 
Nitrogen and helium have different pressure levels in accordance with their function and 

location. It is required that the blanket pressure should be lower than that of hydrogen but 

higher than the atmospheric pressure. 

In addition, the nitrogen blanket pressure should be lower than the helium blanket 

pressure to prevent the nitrogen from streaming into the vacuum chamber, where it would be 

frozen by very low temperature. Based on these requirements the pressure settings are as 

follows. 

 

- Helium blanket areas: 130 kPa(a) 

- Nitrogen blanket area: 120 kPa(a) 

- Helium in the pipes for isolation: 130 kPa(a) 

 

The blanket jacket is the last barrier to isolate the hydrogen from outside. By on-line 

sampling of the blanket gas and analysis, it is clearly confirmed that no hydrogen gas is leaking. 

During normal operation, the hydrogen box and the vacuum box are the most probable 

candidates of the hydrogen leakage.   

Gases from both the blanketing boxes are pumped alternatively by a roughing pump 

through the detector. Should there be a symptom of hydrogen leakage during normal operation, 

the cold neutron source operation should be stopped and a proper measure including 

investigation of the leakage should be taken in a timely manner. 

The direction of the pressure transient implies the direction of the leakage. When the 

blanket pressure is increasing it means leakage from inside. On the other hand, when the 

pressure is decreasing it means leakage from outside. The transients in most cases are 

expected to be smooth and preceded slowly.   

The operator can take a corrective action to resume the pressure level in the blanketing 

zone. But a high pressure in either blanketing boxes indicates a possibility of hydrogen leak.   

If hydrogen is really leaking into the blanket zone, the hydrogen system pressure will drop 

below its nominal pressure (152 kPa for cold operation or 315 kPa for warm operation) as well 

as the blanket pressure goes higher than the nominal pressure, 130 kPa (a). Whenever both of 

the pressure transients are established at the same time the reactor should be automatically 

shutdown. 
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5.4.3.3 Component Description 
1) Feed pipeline 

Each feed pipeline has a block valve and a pressure measuring device will be installed on 

the feed pipelines downstream the block valve. A discharging branch with valves is used for 

venting the blanket area. The down-stream of the valve is connected to the disposal tank. The 

helium or nitrogen supply line has a self pressure-regulating valve to obtain the required 

pressure and a safety relief valve that discharges over-pressurized gas into the disposal tank. 

Nitrogen for valve actuation is supplied from the nitrogen tank in the Figure 5-2. 

The volume of the nitrogen tank should be decided so that it should supply the nitrogen 

gas during a certain amount of period in the event of a loss of nitrogen supply. The pressure of 

the nitrogen for valve actuation is 600 kPa (a). 

 

2) Sampling branch 

A sampling branch with valves from the each feed pipeline will be provided for sampling 

and analysis upon request. The sampling branch will be connected to the feed pipe downstream 

the block valve.   

 

5.4.4 Design Constraints  
 

The protection against hydrogen leakage thanks to the gas blanket system is based on 

the monitoring of pressure differential between atmosphere (1 bar), gas blanket (1.2 or 1.3 bar), 

and hydrogen (1.5 bar). This concept should be studied accurately taking into account every 

operating condition and transients to make sure that the small pressure differential will remain in 

the good way. The accuracy of the pressure instruments must be guaranteed so that the 

nominal fluctuation of the pressure signal may not give a spurious alarm or confusion to the 

system operation.  

 

5.4.5 System Specification 
 

1) System Classification  

- Safety Classification: Non-Nuclear Safety (NNS)  

- Seismic Classification: Non-Seismic category  

- Quality Classification: S except protective measuring sensors T 

 

2) Design Features  

- System design life: 40 years  

- Either helium or nitrogen will be used as a blanketing gas  
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- Monitoring of the pressure differential is a way of checking the blanket integrity. 

- Nitrogen is used as pressurized gas for actuating the control. 

- On-line gas monitoring and analysis will be provided.  

 

3) Process Parameters  

- Helium blanketing gas pressure: 130 kPa (a)  

- Nitrogen blanketing gas pressure: 120 Pa (a)  

- Valve actuating nitrogen pressure: 600 kPa (a)  

 

4) Mechanical Design Condition  

- Design pressure of blanketing barrier: Refer to each chapter. 

- Design temperature: 60°C  

 

5) Equipment Layout  

- The blanketing valve manifold is located in the CNS equipment island.  

- The helium and nitrogen supply tank are placed outside the reactor building  

- The nitrogen accumulator tank for valve actuation is installed in the CNS equipment island 

 

5.5 Helium Refrigeration System 
5.5.1 Design Features 

 

The helium refrigeration system (HRS) is to cool down and liquefy the gaseous hydrogen 

to a sub-cooled state in the condenser in order to establish the thermo-siphon. The HRS must 

remove the heat load which is imposed on the condenser through the thermo-siphon. The HRS 

for a cold neutron source has to: 

 

- cool the system from room temperature down to liquid hydrogen temperature 

- keep it cold for long periods of time 

- avoid any pollution of the moderator fluid 

- control cryogenic power according to heat load by the reactor 

- avoid freezing the moderator fluid 

- perform all these duties automatically 

- keep the refrigerator operating even though a momentary interruption of the electrical 

power supply happens. 
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5.5.2 Design Requirements 
 
1) Table 5-5 shows the performance requirements for the helium refrigeration system.  
 
Table 5-5 Performance requirements for the He cryogenic refrigeration system 

Items Unit Requirements Remarks 

Refrigeration capacity Watts 1500  

He mass flow rate at compressor g/sec 50~60 

Supply temperature at cold box K 14 

Return temperature at cold box K  

He Mass flow rate at cold box g/sec 50~60 

Supply pressure at cold box kPa (a) 200 

Return pressure at cold box kPa (a) ≥ 180 

- To be confirmed by 
manufacturer 

- Flow rate and temperature 
are inter-related each other 

- Pressure difference 
depends on the design of 
the heat exchanger. 

 

Vol. of He side in H/X Liter 5.1  

Type of H/X  Shell & tube  

Inlet pipe diameter mm 25 To Be Determined 

Outlet pipe diameter mm 25 To Be Determined 
 
2) The refrigerator shall be capable of removing all heat from the cold neutron source including 

moderator cell and associated components for reactor full power operation and have a 

safety margin demonstrated to be acceptable. Uncertainties in calculation, measurement, 

possible reactor power transients shall be considered in deciding the capacity of the 

refrigerator. 

3) The system shall be designed to ensure safe operation at all times. Postulated failures of the 

refrigerator shall not affect reactor safety. 

4) It is required that the operating pressure at the helium side should be higher than the 

pressure at the hydrogen side during the normal operation mode. If not, adequate means for 

detecting hydrogen in the helium refrigerant gas shall be provided, in the event of a heat 

exchanger leak. In addition, adequate pressure relief scheme shall be provided on the 

helium side to deal with the higher pressure source from the hydrogen side, in the event of a 

heat exchanger tube break. 

5) Measures shall be taken to ensure that vibration and noise from the refrigerator compressor 

are not transmitted to the adjacent components or structures. The compressor shall be 

located on isolated foundations as a possible way of vibration isolation. 

6) The helium refrigeration system shall not be required to function during and following a DBE 

and thus does not require seismic qualification. 

7) The helium refrigerator shall adopt an independent computer control system and it shall give 
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an automatic control scheme to act against the variation of the heat load and proper 

indications of malfunctions and, in extreme cases, reactor trip signal. 

8) The system design shall facilitate maintenance and replacement of all components 

9) There are three (3) operation modes for the HANARO CNS : (1) shutdown, (2) start-up and 

(3) normal operation. The HRS shall cope with each operating mode without operator’s 

intervention. The start-up of the HRS should be established by a simple procedure, with no 

or only a little operator’s assistance. 

 

5.5.3 System Description 
5.5.3.1 System Configuration 

The HRS consists of a compressor station containing a main compressor, an oil removal 

system and gas control system, helium buffer tank and a cold box with its control system 

cabinet including a turbine expansion, heat exchanger, heater and  connecting pipes and 

valves as shown in Fig. 5-7. The operator interfaces like a monitor and printer are attached to 

the cold box control cabinet. In addition, an insulating vacuum pumping set will be installed for 

thermal insulation of the cold box. Instrumentation and controls will be also provided for 

automatic system control. 

 

5.5.3.2 System Operation 
The helium compression module is composed of an oil lubricated screw type compressor, 

an oil removal system and a gas management system. The helium refrigerant gas is 

compressed to a high pressure (≥10 bar and 300K). The oil included in the high pressurized 

helium is removed through the oil removal system. The removed oil is returned to the 

compressor by an oil pump. The high pressurized helium is then cooled down to around a 

temperature to 25K through the heat exchanger. The helium refrigerant gas again goes through 

an adsorber to remove the remaining humidity and impurities then finally passes to the 

expansion turbine. At this last stage, the helium gas becomes a cryogenic state of around 202 

kPa(a) bar and 14K. The temperature of the cryogenic helium rises up to around 18K and its 

pressure drops by 20 kPa(a) by passing through the condenser of the in-pool assembly. The 

helium gas heated up by the hydrogen moderator passes the regenerative heat exchanger then, 

the temperature rises up to 300K. 

The CNS operation mode is closely related with the operating status of the reactor. Table 

5-6 summarizes the relationship between the CNS, the helium refrigerator and reactor. 

It is important to understand how the HRS manages the heat load variation during normal 

operation. In general, the HRS incorporates 3 different methods in a comprehensive 

combination based on the reactor operating condition.  
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Table 5-6 CNS operation modes 

Modes 

System 
Shutdown (SD) Start-up (SU) Normal (NO) 

Reactor Shutdown Shutdown Operation 

Hydrogen 
Vapor in the 
buffer tank 

Liquid in the 
moderator cell 

Liquid in the 
moderator cell 

He Refrigerator Stop Operation Operation 

 

The first method is to use the electric heater to be installed in the return line. The control 

system turns it on or off in accordance with the variation of the heat load. For example, if the 

reactor power reduces, then the system increases the heater capacity to compensate the 

amount of power loss. This control method is easy to implement and has a very fast response 

characteristics but expects an unstable oscillation. It is recommended to use the heater control 

method for a small amount of variation. 

The second method is to control the turbine speed by regulating the flow rate of the helium 

gas. If it is required to operate the reactor at low power for start-up or specific physics test, the 

turbine speed control method will be desirable. When the heat load reduces more than 10% 

from its nominal value, the control algorithm open the turbine bypass valve to reduce the helium 

flow rate then the turbine speed accordingly reduces. The valve control will be done by the PID 

control algorithm. 

The last method is to compressor motor speed control with VFD (Variable Frequency 

Driver). This is recommended to be used in case of a bigger heat load variation. As mentioned 

previously, when the helium flow rate should be reduced more than the required limit under the 

turbine speed control algorithm, the compressor bypass valve should be opened and the 

compressor motor will be appropriately regulated to a certain lower speed in order to reduce the 

system pressure as well as helium flow rate at the main pipe. 

The electric heater control and the turbine speed control is a relatively fast response while 

the compressor speed control with the VFD is a slow response. The system control algorithm 

shall properly reflect these characteristics in the software implementation process and shall be 

verified its performance during the system commissioning. In summary, the system controller 

shall act in the following procedures when the heat load is reducing: 

 

1) to turn the heater on and increase its capacity as much as the variation 

  (If the variation keeps going above the limit of the heater capacity) 

2) to reduce the turbine speed by opening the turbine bypass valve as the helium 
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temperature goes down. 

  (If this situation lasts longer) 

3) to regulate the compressor motor speed by VFD scheme 

 

 

Figure 5-7 Simplified loop diagram of helium refrigeration system 
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5.5.3.3 Component Description 
1) Screw Compressor 

The important design characteristics of the screw compressor are as follows: 

    - No valves make it robust and reliable 

    - Direct oil injection offers good lubrication of the rotors, low discharge temperature, 

better leak tightness giving a higher efficiency etc. 

 

Due to their simple design and the small number of moving parts, screw compressor is 

very reliable. It is said that various units have operated perfectly for more than 40000 hours 

continuous running, without any intervention. 

 

2) Oil Removal System 

This is directly connected to the discharge port of the compressor. The main volume of oil 

is separated from the helium gas simply by gravity. A kind of mesh filter is used at the outlet to 

decrease the oil content in helium before the final oil removal system. At the outlet of the oil 

separator, the helium is still hot and is cooled in a water-cooled heat exchanger then re-injected 

into the bearings and the casing of the compressor. Final oil separation is obtained by coalescer 

filters, which collect the tiny droplets on very small diameter fibers. The formed oil drops 

downward through the filtering media, and is collected in the lower part of the filter. This oil is 

automatically recycled to the inlet of the compressor. The very small quantity of remaining oil 

vapor is adsorbed on a special activated charcoal bed. A filter stops any solid particles, which 

could come from the activated charcoal. 

 

3) Helium Buffer Tank 

The helium buffer tank is connected to the gas control module. It is used to maintain a 

constant pressure into the refrigeration helium cycle loop whatever the temperature is. 

Charge/discharge valves and mass monitoring devices will be equipped in the HRS circuit. The 

capacity of the buffer tank and its maximum working pressure will be determined during detail 

design stage by manufacturer.  

 

4) Cold Box 

The cold box contains all the components of the refrigerator, which work at low 

temperature and which have to be thermally insulated. There is one or a few high efficiency heat 

exchanger in the cold box. One of the most important components is an expansion turbine. The 

high pressure helium is expanded through the turbine. During this expansion, the temperature of 

the helium gas decreases. The cooled and expanded helium then comes into the in-pool 

assembly to cool off the hydrogen of the thermo-siphon loop.  
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The cryogenic valves are extended stem control valves driven by room temperature air-

operated actuators. All connections should be welded for excellent and permanent leak-

tightness. Thermal insulation of these cold components is achieved by using a combination of 

super-insulation and vacuum. The multi-layer insulation material must be in a high vacuum 

environment. There are also many room temperature components like valves, regulators, 

pressure and temperature sensors, heater, filters. etc. 

 

5.5.4 Connected Systems 
 

The supplied electrical power is as follows; about 200 KW motor power of the compressor, 

the electrical power of the heater and cold box and the electrical power of the controller system 

by UPS.  The supplied conditions of the cooling water should meet some requirements, the 

inlet temperature must be less than 32 °C, the outlet temperature is less than 37 °C, the flow 

rate for the compressor is 14.8 m3/h, and the flow rate for the cold box should be 0.6 m3/h.  

The pressure of the instrument air is above 6 bar and the dew point temperature is -30 ℃ and 

the consumption rate is 6 Nm3/h.  

 

5.5.5 Design Constraints 
 

1)  In case that the distance form the condenser to the cold box is getting longer, heat loss in 

the connection line is increased proportionally and the length between the condenser and 

cold box should be as short as possible. 

2)  The helium buffer tank must be made and installed by the Korean laws and regulations 

relative to the high pressurized gases. 

 

5.5.6 System Specification 

 

1) System Classification 

- Safety Classification: Non-Nuclear Safety (NNS) 

- Seismic Classification: Non-seismic category 

- Quality Classification: S 

The classification details are summarized in Table 5.3. 

2) Design Features 

- System design life: 40 years 
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- Easy and safe operating procedures in automatic control scheme 

- Operating mode: Stop / Normal Operation 

- Comprehensive control algorithm to act against the heat load variation 

- High reliability of the components 

3) Process Parameters 

- Nominal cooling capacity: 1500 watts 

- Helium inlet temperature: 14 K 

- Helium outlet temperature: about 18 K 

- Nominal helium flow rate: 50~60 g/sec 

- CNS helium inlet pressure: 202 kPa(a) 

- CNS helium outlet pressure: To be determined by a manufacturer 

4) Equipment Layout 

- The cold box will be located in the 3rd floor of the CNS equipment island. 

- The helium compressor module (oil removal system, helium buffer tank, gas analyzer) will 

be located in the 1st floor of the auxiliary building which is placed at the northern side of 

the reactor building. 

- The helium pipelines from the compressor will be routed through the opening at the 

northern wall of the reactor building and connected to the cold box. 

- The control computer of the HRS will be located in the 2nd floor of the CNS equipment 

island 

 

5.6 Exhaust System 
5.6.1 Design Features 

As explained in the other sections, the hydrogen could be safely handled with appropriate 

procedures, unlike the deuterium as moderator. The hydrogen will be easily diffused into the air 

as long as its concentration is being maintained lower than 4%. A design concept of the exhaust 

or ventilation system for cold neutron source is quite different from plant to plant. 

The FRM-II incorporates a complicate exhaust system physically separated with the 

reactor ventilation system. It contains a disposal tank for mixing the discharging gas from the 

vacuum pumps with continuously supplying-nitrogen gas. The mixed gas is being sent to the 
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outside stack by pressure difference. A tritium monitor is installed in the end of the exhaust pipe. 

When the monitor gives a high alarm, the reactor will be shutdown for radiation safety. 

On the contrary, the OPAL has a different concept. All the exhausting gas from the cold 

neutron systems or facilities like vacuum pumps, gas blanket system etc, are directly discharged 

into the reactor hall, which eventually managed by a reactor ventilation system.  

The NBSR in NIST has a complete closed loop concept. The whole cold neutron 

components including hydrogen system, vacuum system and gas blanket system are encircled 

within pressure containment. No pressure relief valve in the hydrogen system was installed and 

even the vacuum pumps are placed in the sealed containments. They do not exhaust to the 

reactor room or outside. There is very little gas for the pumps to exhaust. Conclusively, the 

NBSR does not have an exhaust or ventilation system. 

The HANARO cold neutron source adopts an exhausting concept to the reactor hall like 

the OPAL but installs a disposal tank like the FRM-II. But the operation concept is different from 

the OPAL or the FRM-II. All the discharging pipes from the CNS systems like vacuum pumps, 

relief valves of the gas blanket compartments or exhausting pumps for each system preparation, 

etc, are connecting to the disposal tank. A hydrogen gas detector will be installed in the disposal 

tank and continuously monitor the hydrogen concentration in the collected gas of the disposal 

tank. It can be said that the disposal tank functions as an intermediate station for final purge into 

the reactor hall. The final purge into the reactor hall must be done if no hydrogen gas exists in 

the disposal tank. The guided venting concept to the reactor hall could be reconsidered 

depending on the vacuum system design. 

 

5.6.2 Design Requirements 
 

1)  Every pipe for discharging hydrogen, vacuum or blanketing gas shall be connected to the 

disposal tank with proper valves. 

2)  Any reverse flow from the disposal tank to the system shall not be allowed. A concept of 

check valve may be applied in the design to avoid the reverse flow. 

3)  The pipe from the vacuum pumps and the disposal tank itself shall be seismically qualified 

to avoid any accidental release of hydrogen gas during an earthquake. The design pressure 

of the disposal tank shall be same as the one of the hydrogen buffer tank. 

4)  A hydrogen gas detection and alarm function shall be provided. An appropriate automatic 

action or interlock should be provided to avoid any hydrogen release into the reactor hall. 

5)  A control logic shall be designed that when a pressure in the disposal tank reaches a 

predefined setpoint a discharge valve shall be automatically opened to deplete the inside 

gas to the reactor hall. This action should be conditioned with the hydrogen gas detection 
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system. 

 

5.6.3 System Description 

5.6.3.1 System Configuration 

The exhaust system consists of a disposal tank, hydrogen gas detection system and pipe 

and valves. A nitrogen gas supply to the disposal tank may be required to dilute the hydrogen 

concentration when a high hydrogen alarm occurs.  

 

5.6.3.2 System Operation 
1)  The disposal tank is always opened, during normal operation, to the connecting pipes from 

the vacuum pumps unless a high hydrogen alarm exists. When a high alarm occurs, the 

vacuum system stops and the vacuum isolating valve should be closed, then reactor should 

also shutdown. 

2)  When the gas pressure in the disposal tank increases higher than 1.5 barg (To Be 

Determined), a discharge valve will be opened and the inside gas will be discharged into 

the reactor hall by a pressure difference. The discharge valve will be closed as soon as the 

pressure drops below the setpoint. 

3)  The other pipes from the systems, except the pipe for vacuum pumps can be opened only 

during reactor shutdown. These pipes are used for preparation of system start-up, making 

initial vacuum for gas charging, etc. Appropriate remote valves will be installed in the 

connecting pipelines. 

4)  The hydrogen gas detection system is operating in continuous basis. The detection system 

will be a off-line type, which extracts a small amount of gas through a 1/4 inch tube, 

analyses it then returns it back into the tank. When the hydrogen concentration increases 

higher than 3% (T.B.D), the detection system sends an alarm to the computer system.  

5)  The control computer system will forcefully close the tank discharge valve as well as the 

vacuum pump discharge valve at the same time. If a detail investigation indicates that a real 

hydrogen leak is expecting, a CNS stop and reactor shutdown should be required. 

6)  A nitrogen gas should be supplied into the disposal tank for dilution of the hydrogen 

concentration. When the hydrogen concentration is lowered enough, the diluted gas could 

be discharged into the reactor hall based on the procedure. 

7)  If it is not possible to decrease the hydrogen concentration enough for purging into the 

reactor hall, a metal hydride unit may be required to absorb the hydrogen gas in the 
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disposal tank. An appropriate sampling port and valve manifold shall be provided for the 

application of the metal hydride unit. 

 

5.6.3.3 Component Description 

1) Disposal Tank 

The disposal tank will be installed in the third floor of the CNS equipment island to make 

the connecting pipes as short as possible. The longer connecting pipe we have, the higher 

possibility of gas trapping in the midst of the pipe we will have. The specification of the disposal 

tank is as follows: 

- Design pressure: 500 kPa(g) 

- Material: stainless steel 

- Volume: 2 tons (T.B.D) 

The above specification may be changed in the detail design phase. The disposal tank 

has three connecting points for inlet and outlet of the gases. The connecting pipes from the 

system for exhausting gas will be connected around the middle point of the tank height while the 

discharging pipe should be placed at the top of the tank. Another point is for nitrogen supply in 

case of high hydrogen concentration. The connecting pipe for the nitrogen supply will be located 

at the bottom of the tank. 

2) Hydrogen Gas Detection System 

The hydrogen gas detector will be an off-line type. The sensitivity should be high enough 

to discriminate a small amount of the hydrogen gas. The detail specification will be determined 

in the detail design phase. The hydrogen gas detection system shall have analog and discrete 

outputs for computer display and alarm function. 

 

5.6.3.4 Instrumentation 

A pressure transmitter should be installed in the tank to monitor the inside gas pressure. A 

high pressure signal will be logically interlocked with the discharge valve operation. All the 

remote valves to control the discharging gas movement from the system should send their 

position status to the computer system. 
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5.6.4 Design Constraints 

 

The initial preparation of the vacuums will be established by using a specially-prepared 

vacuum pump, P301 in Figure 5-2. When the normal vacuum pump takes the control and 

reaches a steady-state condition, there is very little gas for the pumps to exhaust. Due to the 

lack of the driving force, the discharging gas from the vacuum pump may not reach the disposal 

tank. It is not desirable that the discharging gas is trapped in the midst of the connecting pipe. 

Especially, should there be a pressure build-up in the disposal tank, it may deepen. A provision 

should be prepared to get easy movement of the discharging gas into the disposal tank. 

 

5.6.5 System Specification 

 

The system for the CNS is classified as the NNS, Seismic category II, and T class. The 

classification details are summarized in the table 5-2.  

As the design features, the system will be designed to expect to be under the good 

condition for 40 years. Also, the exhaust gas of system will be safely discharged into the reactor 

hall.  

A normal operating pressure becomes a process parameter in the CNS system.  

The disposal tank whose design pressure is 500 kPa(g) will be installed in the 3rd floor of the 

CNS equipment island. The hydrogen gas detection system will be also installed in the 3rd floor 

of the CNS equipment island.  

 

5.7 Instrumentation and Control System  
5.7.1 Design Feature 

 

The instrumentation and control (I&C) system of the CNS facility includes the signal 

measurements and controls for the facility operation, the shutdown of the HANARO and the 

CNS main components, the information supply to the operator, the devices for auto or manual 

operation and the devices for the radiation monitoring. The instrumentation and control system 

for the cold neutron source consists of a shutdown system, a control and monitoring system and 

a radiation monitoring system (RMS). The I&C system uses a digitalized computer control 

system, which monitors all field signals from the various systems like the cryogenic refrigeration 

system (CRS), the hydrogen moderator system (HMS), the vacuum system (VS), the gas 

blanket system (GBS), the exhaust ventilation system (EVS), etc. The I&C system is designed 

to achieve the following objectives;  
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- Shutdown of the reactor and the cold neutron source facilities.  

- Accomplishment of safe and accurate control functions in the moderator thermo-siphon and 

process behavior  

- Provision of sufficient and various monitoring and alarming functions.  

- Comprehensive support for start-up, operation, maintenance and shutdown of the facilities.  

- Monitoring of the environment including radiation and explosive gases.  

- Interface with the HANARO reactor systems.  

 

5.7.2 Design Requirements 
 

The I&C system is designed to satisfy the following functions.  

 

1)  The process parameters of the CNS facility are measured and provided, which is needed 

for control, information display and shutdown function. The measurement devices are 

composed of the sensors and the transmitters. 

2)  Process control: The CNS facilities are controlled by a computer control system. When the 

operating conditions are reached to the steady state for the normal operation, the steady 

state should be maintained regardless of the reactor power variation. The computer control 

system is composed of the input device receiving the signals from the transmitters, the 

computer control devices processing the control algorithms, the output device transmitting 

the control signals to the process components. The process components can be controlled 

by the local control panel and can be controlled by the manual and auto modes. The 

operator can manipulate the controlled device by the soft-control method. 

3)  Information display and monitoring: The CRT display of the operator workstation has a class 

to provide the operating conditions rapidly to the operator. The CRT display provides the 

functions such as the operating history storage, the trend display, the monitoring and the 

alarming for the operating status. 

4)  Shutdown: When the measurement signals are exceeded to the trip signals, the reactor and 

the CNS facility should be shutdown safely. 

5)  The selection of the hardware architecture for the instrumentation and control system 

should be based on the design criteria as follows: simplicity; reliability; performance; 

availability; maintenance; expandability; standardization; modularity; flexibility. The overall 

system block diagram of the I&C system is shown in the Figure 5-8. 

6) All CNS instrumentation and operation controllers shall be designed to "fail safe." The 

hydrogen warm-up and transfer into the buffer tank shall occur automatically upon the loss of 

control function (including failure due to a DBE).  

7) Any instrumentation interfacing with the HANARO reactor safety system shall be designed to 
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fail (seismically or non-seismically) in a manner such that the resulting signal ensures 

reactor shutdown. 

8) The CNS control system shall be designed to ensure that any single failure should not lead 

to the loss of the reactor shutdown capability and the damage to the reactor safety. The 

single failure criterion shall be implemented by the concept of redundancy and 

independence. 

 

5.7.3 System Description 
 

There are three operation modes for the cold neutron source: (1) Shutdown, (2) Start-up, 

and (3) Normal Operation. The instrumentation and control system has two system control 

modes:  (1) Manual and (2) Auto. And there will be two permission modes: (1) Local and (2) 

Remote modes. Operation is performed in three locations, the reactor control room, the CNS 

instrumentation room in the reactor hall, and the auxiliary control room in the CNS auxiliary 

building, to support the flexible operation policies. Usually the shutdown and start-up operation 

are done at the CNS instrumentation room in the reactor hall via Manual-mode while the normal 

operation is done at the control room via Auto-mode. Two operator workstations (one is for 

master operation, another is for backup operation) are installed in the reactor control room.  

 

The digital control system can be designed to support all operation modes by either of the 

control modes. Usually the shutdown and start-up operation are done at the CNS 

instrumentation room in the reactor hall via Manual-mode while the normal operation is done at 

the control room via Auto-mode. 

 

5.7.3.1 Control and Monitoring System  
The control and monitoring system is designed to control and monitor to the facilities as 

automatically as possible. The control and monitoring system is the nuclear non-safety system 

and does not effect to the reactor safety in case of system failure. Most of the control functions 

are accomplished by the digitalized main computer control system by an automatic control 

mode.
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Figure 5-8 Overall system block diagram of the I&C system. 
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The main computer control system has a control function for the control and monitoring 

system as well as the shutdown system. Manual mode is also provided for operational flexibility. 

The main control computer system shall be a digitalized computer and have a powerful network 

function with other controllers. The main control computer system shall be duplicated for 

improving the operation reliability. While one control computer is operating, the other one shall 

be on hot standby mode. When a failure is detected in the operating server, all functions are 

transferred to the hot standby system.  

 

An independent digital control system shall be provided for the control and monitoring of 

the cryogenic refrigeration system by a refrigerator supplier. The main computer control system 

should communicate with the refrigerator control system by using of same communication 

protocol. All the controllers and the HMI (Human Man Interface) systems are connected 

together by a redundant network system to constitute an integrated system. To support 

monitoring and data acquisition, data sever system is connected to the control network. Data 

sever system collects and saves the data and offers the retrieving function for trending and for 

servicing the internet application. Any computers can monitor the process and use saved data 

by the person who have permission to access. An active control selection function for the 

operator workstations should be equipped for preventing the duplicate control.  

 

All of the measurement and control devices in the CNS facility are designed by the fail-

safe concept. The hydrogen pressure, the inlet and outlet pressures of the compressor, the 

turbine rpm and the flow of the condenser are the main controlled parameters and should be 

maintained constantly by the feedback control system during the normal operation.  

 

HMI system is a PC-based operator workstation using general operating software. The 

HMI system installed in the reactor control room are used for the integral operation of all 

facilities including the CNS, the reactor, the FTL, etc. Most functions are controlled with 

automatic algorithm in the controller except start-up and shut-down. The HMI system 

cooperated with the control and monitoring system has general functions such as alarm 

handling; report generation; event recording; facility control; supervision interface; data 

communication; status and self-diagnosis. 

 

5.7.3.2 Shutdown System  
The shutdown system is not classified to a safety related system but it should have high 

reliability, considering the importance of dedicated function, which is to shut down the reactor in 

case of some abnormal conditions in order to protect components or systems of CNS facility [4]. 
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The block diagram of the shutdown system is shown in Figure 5-9. Main purpose of the reactor 

trip is not to protect reactor but to protect CNS facilities.  

 

It is the basic assumption that any dangerous condition to the reactor will not occurred due 

to any events in the CNS facility including hydrogen explosion in the vacuum chamber. The 

vacuum chamber will be designed to keep the physical integrity for all the design base events 

including explosion, heating, and static pressure of water in the reactor pool. The shutdown 

system is also to shut down the CNS facilities by shutdown the CNS system itself. The logic 

implementation should be designed by a fail-safe concept. The parameters to shutdown the 

CNS facility will be selected through the analysis of operating condition and design limits of 

components.  

 

A reactor trip signals are generated in both the shutdown panel and the main control 

computer system in order to have diversity in shutdown function. The measurement sensors 

and the transmitters are composed of the independent triple redundancy devices in the 

shutdown system. The shutdown logics in shutdown panel and the main control computer 

system are composed by 2 out of 3 coincidence logic in order to improve the reliability of the 

protective function. The reactor trip signals caused by CNS facility are connected to the 

dropping of the control absorber rod belonged to the HANARO RRS (Reactor Regulating 

System), which is classified the non-safety system. The state of the shutdown function is 

maintained until the operator recovers it manually.  

 

5.7.3.3 Radiation Monitoring System  
The CNS RMS (Radiation Monitoring System) measures and monitors the radiation of the 

Cold Neutron Experimental Building. The RMS system will be composed of the gamma detector 

(4ea), the neutron detector (2ea), the alarm unit, the local display unit, the digitalized RMS 

control computer, and the radiation monitoring software, etc. The CNS RMS is the nuclear non-

safety system and does not effect to the reactor safety in case of system failure. However, the 

RMS server shall be duplicated for improving the operation reliability. While one RMS control 

computer is operating, the other one shall be on the hot standby mode. When a failure is 

detected in the operating server, all functions are transferred to the hot standby server. The 

RMS computer system is installed in the health physics room located in the Cold Neutron 

Experimental Building. 
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Figure 5-9 Block diagram of the shutdown system. 

 

5.7.4 Interface System  
5.7.4.1 Reactor Shutdown System Interface  

The reactor and the CNS main devices should be shut down automatically for the 

abnormal conditions in the CNS facility. There are two types of reactor shutdown system in the 

HANARO reactor. One is the reactor protection system (RPS), which is the nuclear safety grade, 

another is the reactor regulating system (RRS), which is the NNS grade. The reactor trip signals 

from the CNS facility are interfaced with the RRS system because the shutdown system from 

the CNS is classified to NNS. Thus, the reactor trip signals caused by the CNS facility are 

connected to the control absorber rod drop system belonging to the RRS.  

 

5.7.4.2 Operator Workstation Interface 
There are several control systems to control the utilization facilities and reactor itself in the 

HANARO reactor. The operator workstations installed in the reactor control room are used for 

the integral operation of all facilities in the reactor as well as CNS facility. Thus the main control 

computer should communicate with the operator workstation in the reactor control room by 

using of same communication protocol. 
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5.7.4.3 RMS System Interface 
The CNS RMS system is interconnected to the existing HANARO RMS system using LAN. 

The CNS RMS control computer system is able to communicate with the HANARO RMS system 

by using of same communication protocol. 

 

5.8 Electrical System 
5.8.1 Design Feature 

 

The off-site power is fed from the main substation of KAERI with one 6.6kV feeder through 

the office building in the CNRF site. The on-site electrical power system is divided into four 

classes, as same with the HANARO, the based on the reliability of power sources as follows.  

- .dirg ytilitu morf deilppus rewop lacirtcele CA laicremmoC :4 ssalC  

- rotareneg leseid ybdnats a yb pu dekcab rewop lacirtcele CA ycnegremE :3 ssalC   

- Class 2: UPS AC electrical power backed up by batteries  

- seirettab yb pu dekcab rewop lacirtcele CD :1 ssalC 

There are no safety grade equipments in the electrical system as described in the system 

classification. Each power class has various voltages and supplying voltages are dependent on 

the capacity of the equipments. Large capacity equipments use high voltage to economize 

cabling cost and to reduce physical size of the equipment itself.  

 

5.8.2 Design Requirements 
 
1) The cold neutron systems and facilities shall be designed to minimize their unavailability due 

to the electrical failures. 

2) The performance of the existing electrical system for HANARO shall not be degraded due to 

the inclusion of the new electrical systems for the cold neutron source. 

3) The major component or devices important to safety shall be equipped with an 

uninterruptible power supply and/or diesel generator. 

4) Any electrical failure shall not cause an uncontrolled hydrogen or radiation release to 

atmosphere. 

5) Active components for the cold neutron source shall be designed to act into the safe 

condition in case of electrical failure. 

 

5.8.3 System Description 
 

Most components are supplied by the class 4 power system if they are not safety related. 

The class 4 normal electrical power system consists of switchgears, load centers, motor control 
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centers, and distribution panels. The system distributes power to the all plant loads (motors, 

heaters, lightings, etc.). Class 3 power supplies the essential loads that are needed to protect 

personnel during the off-site power failure. The class3 emergency power comes from the 

existing reactor building. But the capacity is limited with 100KVA at 460V, 3phases. The class 1 

and class 2 power systems have 30 minutes back-up capability using the battery. 

The electric power for instruments and controls related with reactor trip or CNS protection 

is supplied by Class 1 and Class II power supply systems to prepare for loss of commercial 

electric power. The CNS operation and reactor trip system are not interrupted by instant loss of 

commercial electric power less than about 50 msec. The class I & II uninterruptible power 

supply system supply to the CNS facility as well as CRNF to avoid of locating batteries inside of 

CRNF building.  

All cables materials in the reactor building shall have flame retardant either cross-linked 

polyethylene or ethylene propylene rubber insulation with an outer jacket of hypalon or 

equivalent. Cables expecting to be exposed to very low temperature shall have appropriate 

features to withstand against the temperature. Cables located inside of the reactor pool shall be 

protected by water resistant raceways with air purging function to avoid accumulation of 

humidity. 

Hydrogen leak detectors and fire detectors shall be installed in the confined area 

containing hydrogen.   

 

5.8.4 Interfaces with Existing Systems of HANARO 
 

The emergency power, 100kw maximum, comes from the existing diesel generator with 

460V, 3pahses, 60Hz. Communication system shall be connected to both the reactor building 

and the CNRF building. Fire detection and alarm system also shall be connected to the reactor 

building to evacuate people as soon as possible. Monitoring and surveillance system for the 

electrical system shall be provided in the control room of laboratory building. 

 

 

5.9 CNS Equipment Island 

5.9.1 Design Feature 
 

The systems and components for cold neutron research facility are located in the 3 

different places based on the dedicated functions. As discussed in the previous chapter, while 

the in-pool assembly is located in the reactor pool, the helium compressor station will be placed 

in the auxiliary building outside the reactor building, considering that it produces vibration and 
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big noise during operation. The remaining parts, which have a limitation on the length of the 

connecting pipe for the required performances, shall be installed in the CNS equipment island in 

the reactor building. The hydrogen buffer tank, vacuum pumps and valves, helium cold box and 

instrumentation and control systems etc., are accommodated in this CNS equipment island. As 

shown in Figure 5-10, the CNS equipment island will be located in the west side of the reactor 

pool.  

The CNS equipment island is a 3-story steel structure. The ground floor is reserved for the 

concrete shielding block of the neutron guide system. The neutron guide goes to the neutron 

guide hall to be located in the direction of the north-west side of the reactor building. It 

penetrates through the reactor wall of the west side so interfaces with the CNS equipment 

island at the bottom floor. There should be an enough space for the shielding as well as 

maintenance of the neutron guide facilities at the bottom floor. The second floor will be occupied 

by instrumentation and electrical equipment. The most critical devices for CNS operation, such 

as the cold box, hydrogen and vacuum components shall be located in the third floor of the CNS 

equipment island.[4] 

A few pipelines from the in-pool assembly will be routed into the CNS equipment island 

and connected to the pumps, tanks or valves installed there. As shown in the previous pictures, 

the CNS equipment island is apart from the reactor pool side. It is required that the vacuum 

pump should be as close to the in-pool assembly as possible to assure its performance. In 

addition, the pipeline between the in-pool assembly and the hydrogen buffer tank should be 

routed as short as possible to lower the possibility of the hydrogen leakage. Based on this 

requirement, a connecting bridge is being considered as shown in Figure 5-11. 

 

5.9.2 Design Requirements 
 

(1) The CNS equipment island shall be seismically qualified as per the requirement specified in 

the section 5.1.2. It shall be classified to on-nuclear safety (NNS), seismic category I and 

quality class T. 

(2) The CNS equipment island shall be designed to minimize the interferences with the existing 

structures or facilities in the reactor hall.  

(3) An appropriate height and space of each floor shall be reflected on the structure design to 

avoid any problem in installation or maintenance work. The ground floor occupied by the 

concrete shielding should have an enough space for maintenance of the in-pile assembly 

and the primary shutter of the neutron guide system. 
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Figure 5-10 Location of the CNS equipment island 

 

 
Figure 5-11 3-dimensional view of the CNS equipment island 
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(4) The over bridge connecting the CNS equipment island to the reactor pool structure shall be 

properly installed as shown in Figure 5-11. The over bridge shall not be an obstacle to the 

crane’s access to the scattering instrument located just below. 

(5) Appropriate airflow to ensure a rapid hydrogen/air mixing and transportation is provided in 

the rooms containing hydrogen tank or lines. 

(6) The third floor shall be designed as a fire-free zone. Physical barrier or proper measures 

shall be provided to block propagation of any fire originated outside into the room for the 

hydrogen equipment. 

(7) The equipment arrangement of the second and third floor is shown in Figure 5-12 and 5-13. 

The equipment arrangement will be finalized in the detail design stage. 

 

 

Figure 5-12 Second floor of CNS equipment island 
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Figure 5-13 Third floor of CNS equipment island 

 

5.9.3 Design Constraints 

 

All the hydrogen components are to be installed in the third floor of the CNS equipment 

island. There is a matter of issue to be considered in the architectural design of the room from 

the standpoint of fire. As specified in the previous chapter, the hydrogen boundary will be 

enclosed by the gas blanket, as a concept of double barrier to block possibility of H2-O2 mixture. 

Nevertheless, it may have to be assumed that hydrogen could be leaked out and mixed with air 

by double failure then a deflagration or fire would occur in the room. Based on this scenario, the 

room may have to be widely opened in the air to reduce the possibility of hydrogen cloud at a 

small confined space. It may minimize the degree of the fire. On the other hand, the fire caused 

by the conservative scenario mentioned above easily spreads out in the reactor hall if the room 

would be not physically isolated. Another concern is that a fire originated outside the room must 

not be transferred into the hydrogen equipment in the room, which may build up the inside 

hydrogen pressure. To avoid the fire propagation to the room, a physical isolation of the 

hydrogen equipment room should be required. 

Considering the situation stated above, it would be a possible option that the equipment 

room will be designed as a fire-free zone with a physical protective wall, on condition that well-
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reviewed ventilation for the room shall be provided.  
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6. Safety Analysis and Licensing Procedure  
6.1 Safety Issues and Safety Analysis 
 

The safety function that has to be provided in cold neutron facility is classified into two 

categories; protection from the impact on the reactor and reactor protection system and 

protection of cold neutron facility itself. The former may be caused by the hydrogen and air 

chemical reaction and the latter by the refrigerator failure. The safety functions that have to be 

provided against the hydrogen and oxygen chemical reaction are to prevent the mixture of 

hydrogen and oxygen and to maintaining integrity of vacuum chamber in the event of hydrogen 

and oxygen chemical reaction. Whether the reactor is to be shut down in case of refrigerator 

failure depends on the continuation of other utilization around the reactor. If no shutdown of the 

reactor is allowed, emergency He injection system would be required. When the cause of 

refrigerator failure can be fixed in a short period time, the reactor does not have to be shut down 

but it can be run down to a certain level of low power. The only reactor trip parameter from cold 

neutron facility would be high or low hydrogen pressure. The reactivity insertion would be within 

the design basis of the reactor. 

The initiating events are identified first and for the events that might give an impact to the 

core, the deterministic analysis will be performed when its consequences are not minor. The 

probabilistic safety analysis may be performed to screening the events that have to be 

considered in the safety analysis. The potential events can be classified into abnormal events or 

accidents; the former includes refrigerator failure and insulating vacuum failure and the latter 

includes hydrogen leak, rupture of the moderator cell, oxygen and hydrogen mixture, and air in 

the insulating vacuum. 

 

6.2 Licensing Procedure 
 

When the HANARO operation is approved, the cold neutron production facility is classified as 

one of the utilization facility in safety analysis report chapter 11. Hence, it is appropriate to 

process licensing of the installation and operation of the cold neutron source as a modification 

of HANARO Operation Permit. The procedure for the modification of the operation permit is 

equivalent to the procedure for the operation permit and the required documents are the 

modified parts of the documents that have been submitted on the request of operation permit. 

According to Atomic law article 33, the licensing documents for permit of research reactor are 

Description of the purpose of the reactor facility, Description of the installation and operation 

capability for reactor facility, Environmental impact report, Technical specification, Safety 
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Analysis report, Quality assurance plan for design, construction, and operation, Emergency plan 

for radiation management. The safety analysis report for cold neutron facility would be given in 

chapter 11 of HANARO safety analysis report. 

The concept of 10CFR50.59 Changes, tests and experiment may be adopted for the 

licensing of cold neutron source, which are as follows;  

A proposed change, test, or experiment shall be deemed to involve an unreviewed safety 

question  

(i) if the probability of occurrence or the consequences of an accident or malfunction of 

equipment important to safety previously evaluated in the safety analysis report may be 

increased; or  

(ii) if a possibility for an accident or malfunction of a different type than any evaluated previously 

in the safety analysis report may be created; or  

(iii) if the margin of safety as defined in the basis for any technical specification is reduced. 

When a change to reactor introduces a new hazard not covered by the safety analysis 

report of the existing reactor, an Unresolved Safety Question is defined. The analysis, test data, 

and evaluation to address the Unresolved Safety Question should be submitted to show that 

design features, operational features, procedures, and safety system are sufficient to assure 

that the new hazard does not change the safety basis of the reactor. 

The approval can be issued in one step for construction and operation permit at the same 

time after the review of safety report with updated conceptual design of basic design as it was 

for HANARO licensing. The safety analysis report will be updated after the commissioning. The 

technical committee can be organized to review the safety report after the review by licensing 

body. The international experts can be appointed when there is no appropriate personnel within 

the country. 

 
6.3 Abnormal Case Assessment 
6.3.1 Background 
 

Hydrogen as a moderator for a cold neutron source is cooled by cryogenic helium gas 

supplied from a helium refrigerator to make a thermo-siphon loop. If the helium refrigerator may 

not supply cryogenic helium gas to a moderator cell, the CNS can operate no more. While 

HANARO operates normally, the temperature of the moderator cell made of aluminum will rise 

by nuclear heat generation. The temperature of the moderator cell has to maintain below 150°C, 

because material property of aluminum changes above 150°C. So a measure against it is 

needed to make sure the safety of the CNS. 

It has been considered that the vacuum chamber surrounding an in-pile assembly of the 
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CNS is filled with helium gas when the helium refrigerator is malfunctioning condition. The in-

pile assembly has a temperature gradient in longitudinal direction due to the local distribution of 

nuclear heat generation rate as shown in the Figure 2-28. The longitudinal temperature gradient 

of the in-pile assembly may generate natural circulation of helium gas in the vacuum chamber, 

which is expected to cool down the in-pile assembly. 

A thermal analysis is required to make sure that only the natural circulation of helium gas 

can maintain the temperature of the moderator cell below 150°C during HANARO operation. In 

this study, a 3-dimensional thermal analysis is conducted to find out the feasibility of this idea 

using a commercial CFD (Computational Fluid Dynamics) code, CFX-5.7. 

 

6.3.2 Analysis Strategy 
 

Fig. 6.3-1 shows the in-pile assembly including the moderator cell, a transfer tube and a 

shell & tube type heat exchanger equipped in the vacuum chamber. The in-pile assembly has a 

very complex geometry and is symmetrical, which makes mesh generation very difficult and 

requires massive computational meshes. To reduce too heavy computation load, 2-step analysis 

was performed in this case.  

At first, a conduction model ignoring natural convection is considered. If cryogenic helium 

gas does not be supplied to the heat exchanger, all hydrogen in the moderator cell becomes 

gas phase. The vacuum chamber is filled with helium gas. The conduction model assumes that 

heat from the in-pile assembly by nuclear heat generation is transferred to the outside of the 

vacuum chamber through those two gases layer by only conduction. Because the conduction 

model does not solve a momentum equation, much less computing power is required, which 

allows the conduction model to include all parts. 

As shown in Figure 6-1, the heat exchanger occupies so almost whole part II that natural 

circulation of helium gas may be very insignificant. And the heat exchanger and the moderator 

cell are connected with a long slim annulus tube which has a large resistance and prevents 

hydrogen gas from circulating between them by buoyancy. Those reasons allow us to cut off 

part II from full model. In second step, just part I is used to make CFD model including natural 

circulation model. 

 

6.3.3 Modeling and Boundary Condition 
 

The vacuum chamber diameter ∅156mm will be installed in a CN irradiation hole diameter 

∅160mm. There locates 2mm thick light water film between the vacuum chamber and the CN 

irradiation hole. The CN irradiation hole has five ∅30mm holes, four of them at lower and one 

upper side wall where reactor pool water flows through. To estimate a convective heat transfer 
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coefficient as a boundary condition for the outside of the vacuum chamber, following equations 

are employed. It is assumed that the outside surface temperature of the vacuum chamber is 

80°C and an average temperature of reactor pool water running around the vacuum chamber is 

42°C.  

 
3/1Pr)(10.0 GrNu =                                  (Eq. 6-1) 
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Obtained convective heat transfer coefficient by Eq. 6-1 and Eq. 6-2 are h=1002W/m2K 

and h=1288W/m2K, respectively. A lower value is taken at an angle of conservative sense. From 

this estimation, the vacuum chamber outside surface is put convective heat transfer coefficient 

distribution, linearly increasing from bottom to top in range of 100W/m2K to 1000W/m2K. 

In analysis step 2 where the analysis model includes only part I (moderator cell and 

transfer tube) as shown in Figure 6-1, the temperature is given on the interface between part I 

and Part II as a boundary condition from the calculation results of step I. 

CFX, the commercial CFD code based on the control volume method, can simulate fluid 

and heat flow in complex geometry. Figure 6-2 shows computational mesh around the 

moderator cell, and about 2-milion tetrahedral type meshes are used. All meshes are built by 

ICEM-CFD 5.0 
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Part I : Moderator Cell

Natural Conv.
h=100 - 1000W/m^2 K
q'=axially changing distribution

Part II : Heat Exchanger

Natural Conv. 
h=1200W/m^2 K
q'=0W/m^3

 

 

Figure 6-1 Schematic of in-pool assembly 

 

 

 

 

 

Figure 6-2 Computational mesh 
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6.3.4 Analysis Results 
 

step 1 : conduction model 

 

The conduction model means that all heat released from the in-pile assembly is cooled 

down by only conduction heat transfer through the gas layers of helium and hydrogen to the 

outside of the vacuum chamber cooled by reactor pool water. 

Figure 6-3 shows temperature distribution of the vacuum chamber including the in-pile 

assembly when HANARO is normally operated at 30MWt. The temperature contour appears in 

order which look like a solid temperature contour because of considering only conduction effect. 

The maximum temperature reaches about 950°C which is located on the inner shell of the 

moderator cell. The outer shell of the moderator cell also has very high temperature in range of 

850°C to 650°C which much exceeds the melting point of aluminum, 600°C. On the contrary 

temperature of the heat exchanger is no more than 80°C.  

 

 

 

Figure 6-3 Temperature distribution cooled by conduction at 30MWth 

 

step 2 : natural circulation model 

 

To find out temperature variation with HANARO operation power, CFD analysis are 

performed for four cases, 100%, 50%, 25% and 10% of full power. Nuclear heat generation rate 

of the in-pile assembly and local distribution are obtained by MCNP code analysis[1] only for full 
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power. Nuclear heat generation rates of the other cases are obtained from assuming that 

nuclear heat generation rate is linearly proportional to reactor power. 

 

  

 

(a) 100% (30MWt)            (b) 50% 

 

  

 

(c) 25%         (d) 10% 

 

Figure 6-4 Temperature distribution with HANARO operation power 

 

As CFD analysis results, the temperature distributions of the in-pile assembly with change 

of HANARO operation power are shown in Figure 6-4. The maximum temperature is located on 
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the inner shell with regardless of change of reactor power, because it has the maximum heat 

generation rate and hydrogen gas trapped inside of it is cooled hardly due to too low heat 

transfer rate. 

In spite of the case of 100% full power, the maximum temperature reaches about 740°C 

which is much lower than that of the conduction model. This means that natural convection of 

helium gas transfers much more heat to the vacuum chamber cooled by reactor pool water.  

Estimated the maximum temperature of the moderator cell with change of reactor power is 

graphed on Figure 6-5. When the reactor power is 50% of full power, the maximum temperature 

is expected to reaches about 390°C. about 220°C at 25% power, about 10°C at 10% power. 

These CFD prediction results show that it is hard to maintain the moderator cell temperature 

below 150°C just by natural circulation cooling of helium gas except very low power. 

 Figure 6-6 shows helium gas flow field in the vacuum chamber. At the high power (100%, 

50%), flow of helium gas around the transfer tube is very active, but around the moderator cell 

is weak because helium gas is heated and rises before reaching lower side of the moderator 

cell. When the reactor power becomes low, descending helium gas penetrates into bottom side 

and rise up by buoyancy. So flow around the moderator cell look like more active at low power. 

There is no fixed temperature gradient in vacuum chamber filled with helium gas due to 

flow mixing, but temperature contour in the moderator cell and the transfer tube shows gradient 

along longitudinal direction which looks like that of the conduction model. This is closely 

connected with the flow field. Temperature contour with fixed gradient can be seen in conduction 

state. Velocity vectors in the moderator cell and the transfer tube as shown in Figure 6-7 take 

account for the reason. The flow in the moderator cell and the transfer tube does not make up 

natural circulation because of a long slim annuls tube. Ii seems to be a very sluggish and local 

flow. The hydrogen gas, therefore, transfers heat to its neighboring by locally generating the 

very small scale flow.    
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Figure 6-5 Maximum temperature variation with HANARO operation power 
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(a) 100%          (b) 50%    (c) 25%     (d) 10% 

 

Figure 6-6 Velocity vectors distribution in vacuum chamber (helium gas filled region) 

 

 

 

(a) 100%         (b) 50%          (c) 25%           (d) 10% 

 

Figure 6-7 Velocity vectors distribution in moderator cell (hydrogen gas filled region) 
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6.3.5 Conclusions 
 

Helium gas injection into the vacuum chamber to cause natural convection for cooling has 

been considered as the measures of the abnormal condition when cryogenic helium gas cannot 

be supplied to the moderator cell of the CNS for the reason of helium refrigerator malfunction. 

CFD method is employed to find out the feasibility of this idea. 

The prediction results of CFD analysis suggest that it is impossible to maintain the 

moderator cell temperature below 150°C only with natural circulation of helium gas in the 

vacuum chamber during HANARO operation. If reactor would be operate low power less than 

10% of full power, the moderator cell could not exceed the criteria temperature of aluminum.  

In consequence, an emergency measures must be considered when hydrogen in the 

moderator cell is not cooled by cryogenic helium gas any more due to the helium refrigerator 

malfunction. 

 

6.4 Hydrogen-Oxygen Chemical Reaction 
6.4.1 Experiment Data 

 

As a moderator to moderate thermal neutrons into cold neutrons with the desired 

wavelength, the liquid hydrogen is filled in the moderator cell at 21.6 K.  Since the hydrogen 

has to undergo the purification process stage to have as low oxygen and nitrogen concentration 

as possible before introduction of hydrogen in the in-pool assembly, the probability of hydrogen-

oxygen chemical reaction is extremely low.  Even though the all contained oxygen is gathered 

at one position somehow and then the reaction is initiated in the system, the effect of the 

chemical reaction on the in-pool assembly is negligible.  However, the cases of the leakage on 

the in-pool assembly, vacuum system, hydrogen system, and buffer tank should be differently 

treated so the analysis of the effect of hydrogen-oxygen chemical reaction by means of the 

intrusion of oxygen in the system should be conducted.   

As shown in Table 6-1, hydrogen should lie in the range between low flammable limit and 

upper flammable limit to react with the oxygen in the gas cloud.  In the case of premixed gas 

cloud in the above range, hydrogen and oxygen chemical reaction can initiate easily by the 

spark with 0.1 ~ 0.3 mJ, i.e. combustion or deflagration.  This explosion may develop into 

detonation in the case of existence of the ignition energy, 2 MJ, or of the physical obstacles to 

increase the turbulence of flame and gas cloud.  During the chemical reaction, the formed 

maximum pressure has been affected by initial pressure of premixed gas cloud, ignition vessel 

volume and its geometrical shape, ignition position in the vessel, turbulence of gas cloud and so 

on.   
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Table 6-1 Flammable range for fuel-air mixture at 1 atm and 25  [1]℃  

Concentration(%)      0   10    20   30    40    50   60   70    80   90   100 

Hydrogen                     

 

 

According to the reference [2], after ignition, the maximum pressure is approximately 6.8 

bar in the vessel filled with the gas cloud with the stoichiometric composition; on the other hand, 

the produced pressure is obtained differently in the ignition vessel, filled with the stoichiometric 

gas cloud, connected to the pipe coupled with the different size vessel as shown in Table 6-2.  

The explosion pressure in two vessels connected with the pipe is measured two or three times 

larger than that in a single vessel.  The experimental results shown in Table 6-2 can be larger 

under the following circumstances: a smaller diameter of a connecting pipe between two 

vessels, and the location of ignition point away from the entrance of the connecting pipe in the 

vessel.   

 

Table 6-2 Explosion pressure in two vessels connected with a pipe  

(tube length: 10 m, diameter: 400 mm, ignition energy: 10 J) 

Single vessel Two vessels connected with a pipe 
 

V = 1 ~ 5m3 V = 1m3 V = 5m3 

Gas 

cloud 
Direction 

Pmax 

[bar] 

KG 

[bar-m/s]

Pmax 

[bar] 

KG 

[bar-m/s]

Pmax  

[bar] 

KG 

[bar-m/s]

1m3
→5m3 13.2 800 16.8 10259 

Hydrogen 
5m3
→1m3 

6.8 550 
18.4 6400 10.0 1208 

 

In general, the pressure in a vessel is reported less than 10 bar during the explosion; 

furthermore, the pressure on the wall of a cylindrical vessel is stated no more than 25 ~ 30 bar 

although the explosion develops into detonation [3].  In this case, the whole system involved in 

the explosion process should be filled with the gas cloud in the ranger of flammable limits.  In 

other words, even if the explosion process has undergone the detonation by means of the gas 

cloud turbulence in one vessel, the detonation is terminated in the other vessel filled with a gas 

cloud below the flammable limit.  

The HANARO CNS system is manufactured with the multi protective system as to reduce 

the possibility of invasion of oxygen within the system, described in the chapter 5 in detail.  

Basically, the CNS system has to fail several times in terms of the protection system in order to 

LFL UFL
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meet hydrogen with oxygen.  On the consideration of hydrogen-oxygen chemical reaction 

effect on the CNS facility, therefore, although the oxygen may be intruded into the vacuum 

system or buffer tank somehow and then the chemical reaction may be initiated, the maximum 

pressure is expected less than 20 bar on the basis of above experimental results.  Also, though 

one part of system has detonation, the resulted pressure is assumed less than 30 bar at 

maximum since the probability of gas cloud existence in the whole system is much too low.  

In the following section, design pressure for the systems is discussed in terms of how to 

determine it based on the hypothetical scenario. 

 

6.4.2 Design Pressure of the Vacuum Chamber 
 

Detonation of the hydrogen and oxygen mixture with the stoichiometric concentration is 

considered the worst designed accident in the in-pool assembly (IPA) for avoiding any physical 

impact on the reactor integrity. In the initial condition, the temperature of the mixture is 298K at 

the pressure of 1 atm. Inhere the possibility of penetration or intrusion of air into the IPA then 

mixing air with hydrogen is not taken into account.  

The safety of reactor is guaranteed under any accident in the CNS; therefore, the vacuum 

chamber should withstand against the explosion of air and hydrogen mixture.  

To analyze the effect caused detonation in the vacuum chamber, it should be divided into 

two independent problems: first, determination of explosion load affecting the vacuum chamber 

wall and second, determination of the stress-deformation state of the vacuum chamber affected 

by the dynamic force.  For the second problem solution, it is assumed that the explosion load 

P(t) affecting the vacuum chamber decreases exponentially with the time, 

)/exp()( . θtPtP ref −∆=                                (Eq. 6-3) 

where t  is time, θ  is time of half-drop in the load, and ∆Pref is pressure in the reflected 

detonation wave. 

For the analysis of the detonation effect on the vacuum chamber, it is required to set up 

the hypothetical scenario for the initiation of detonation.  

In case of the sealing problem in the pipelines connected to the IPA, the combustible 

hydrogen and air mixture may be formulated and the detonation wave may onset under the 

possible ignition source. If the tube diameter is not less than some critical value, dcr, a plain 

wave of gas detonation coming out the pipe into the larger volume may initiate a continuous 

detonation wave inside it. For the stoichiometric composition of the hydrogen and air mixture, 

dcr is 20cm [4]; dcr is much larger in other composition. In the HANARO-CNS, the pipe 

diameter of the hydrogen supplying is approximately 36mm, less than critical diameter; 
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therefore, the initiation of detonation is impossible when detonation wave comes out the pipe 

into IPA.  

However, the detonation may be initiated through the turbulent detonation wave from the 

pipe when the hydrogen and air mixture is already well premixed then turbulent. If the mixture is 

under the atmospheric pressure and room temperature at that moment, the load and the time of 

half-drop in the load should have respectively Pmax=15.8 bar and θ= 0.22ms [5]. The pressure 

in the reflected detonation wave is as follows at γ=1.2: 

barPP masxref 99.374/)121715( 2 =++++=∆ γγγγ        (Eq. 6-4) 

During detonation, the pressure of above calculated value is created in the vacuum 

chamber. The stress has a proportional to the deformation with the Young’s modulus of the 

material. Moreover, the deformation of the vessel caused by the internal build-up pressure, 

much less than the deformation stemmed from the tensile strength, does not proceed to the 

permanent plastic deformation within the elasticity limit. 
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Figure 6-8 Explosion load change after the onset of detonation 

The explosion load is represented in Figure 1 from Eq. 6-3 and Eq. 6-4. 

When the vacuum chamber is exposed under this transition of the explosion load, shown 

in Figure 6-8, it is discussed how the vacuum chamber undergoes in the view point of 

deformation against the explosion load, an above-mentioned second problem. In the design 

model for this discussion, it is assumed that the detonation in the vacuum chamber is initiated 



 150

somehow and that the vacuum chamber wall is affected by the axisymmetric detonation wave. 

From the papers [6,7,8], the calculations based on the idealized models of thin cylindrical 

vessel affected by the axis-symmetric load gives a reliable result for the amplitude of the first 

deformation half-wave within the limits of the material elasticity. In such idealized model, the 

vacuum chamber is considered as a one dimensional object, and displacements do not depend 

on the spatial coordinates. For the cylindrical containment, the equation of the wall movements 

is as follows: 

h
tPw

dt
wd

ρ
ω )(2

2

2

=+            (Eq. 6-5) 

where )(tP is equal to Eq. 6-5,  

w  is the displacement of vacuum chamber wall,  

    ω2(=E/ρR2 ) is square of the basic cyclic frequency of the cylindrical vessel, 

    E is Young’s module, 

h  is the thickness of vacuum chamber, 
ρ  is the density of the chamber. 

 

The vacuum chamber for the HANARO-CNS can be divided into two parts: lower part of it, 

located inside the CN hole in the reflector tank; upper part of it, located above the reflector tank 

and beside the chimney.  The lower part of the vacuum chamber is an axisymmetric cylinder; 

however, the upper part of it looking like an elliptical cylinder is assumed as an axisymmetric 

cylinder for avoiding the calculation complexity. In general, the axisymmetric cylinder can 

withstand much higher pressure load than the elliptical cylinder in the identical cross-sectional 

area; accordingly, the safety factor will applied on the calculation results for the compensation of 

this assumption. The values for Eq. 6-5 are shown in Table 6-3.  

 

Table 6-3 Vacuum chamber dimension and physical properties 

 Upper part cylinder Lower part cylinder 

Thickness, h [mm] 5 5 

Radius, R [mm] 131 73 

Young’s modulus, E [bar] 7.77XE05 7.77XE05 

Density, ρ [g/cm3] 2.7XE06 2.7XE06 

 

Under w(0)=u(0)=0, the solution of Eq. 6-5 is as follows: 
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              (Eq.6-7) 

By substituting each parameter to each value, in the Table 1, for the upper part of vacuum 

chamber in Eq. 6-6 and 6-7, the displacement and its velocity are shown on time in the Figure 6-

9 and 10. Also, for the lower part of vacuum chamber in an identical way, the displacement and 

its velocity on time are presented in Figure 6-11 and 6-12.  

The maximal displacement at the time of 0.35 ms is respectively 4.542E-02 mm for the 

upper part and 8.474E-03 mm for the lower part. The maximal deformation at 0.35ms is 

0.034 % for the upper part and 0.011% for the lower part through following a below equation, Eq. 

6-8. 

Rw /maxmax =ε                                 (Eq. 6-8) 

REhPeqv /maxε=                           (Eq. 6-9) 
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Figure 6-9 Displacement of the upper part vacuum chamber on time 
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Figure 6-10 Displacement velocity of the upper part vacuum chamber on time 
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Figure 6-11 Displacement of the lower part vacuum chamber on time 
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Figure 6-12 Displacement velocity of the lower part vacuum chamber on time 

 

Through the deformation, the equivalent static pressure can be evaluated. Since Eq. 6-9 

presents the relation between the deformation and equivalent static pressure, the following 

results are respectively 10.08 bar and 6.09 bar. On these values, the pressure will be 30 bar by 

applying the safety factor of 3 as mentioned above. Inhere there is no reference to determine 

how much to compensate the effect of different geometry on the above calculation so the safety 

factor sets to 3.  

If the vacuum chamber is designed under the design pressure of 30 bar, the vacuum 

chamber can be a physical safety barrier to absorb the deformation resulted from the detonation 

load for the reactor protection.   

Based on these results, the outer vessel of all components which are connected with the 

hydrogen system, such as the vacuum chamber, vacuum box, hydrogen box, buffer tank, 

pipelines and so on, and which are surrounded by the blanketing gas will have been designed 

under the design pressure, 30 bar, to withstand the hydrogen and air explosion for personnel 

and reactor safety.  
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7. Cold Neutron Experimental Building 
 

The project for construction of the Cold Neutron Experimental Buildings started on January, 

2004 and now is in preparation of construction. The project is scheduled to be completed within 

the end of 2007.  

 

There are three (3) cold neutron-related buildings – the Cold Neutron Experimental 

Building, an auxiliary building and an office building, which are located near the HANARO 

reactor building as shown in the Figure 7-1. The laboratory building consists of the guide hall 

(northern part) and the experimental rooms. The dimension of the each building is as follows: 

 

-   Laboratory building: 65m x 56m 

• Guide hall: 65m x 47m 

• Experimental rooms: 65m x 9m (3 stories with basement) 
- Office building : 35m x 23m (2 stories with basement) 
- Auxiliary building : 30m x 16m (2 stories) 
 

Neutron Guide Hall

Pump

Cooling

RIPF IMEF

Culvert

Reactor

Site Boundary

Office

Building
Aux.

Building

Tower

House

Building

 
Figure 7-1 Plot plan for the cold neutron experimental building 
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7.1 Design Features 
 

The Cold Neutron Experimental Building is not related to any reactor safety function but 

only accommodates neutron beam instruments. Even though the building itself is categorized to 

non-nuclear safety class, it should be seismically qualified, as seismic category II as described 

in the section 5.1.2, to prevent any possible damage to the nearby safety-grade reactor building 

during and after an design-basis earthquake. Considering seismic interference, the Cold 

Neutron Experimental Building is physically separated from the reactor building. The separation 

distance is about 7 meters. The auxiliary building and office building are also classified to non-

nuclear safety and non-seismic category. Unlikely, since the auxiliary building is 9 meter apart 

from the reactor building, it needs not to be seismically-qualified. 

 

The cold neutron guide hall is connected to the reactor building through the neutron 

guides. The guide hall does not contain any radiation source inside. However, when the reactor 

is in operation and the neutron guides are opened, there is a possibility of radiation risk in the 

guide hall. For this reason, the guide hall shall be classified into a radiation zone.  

 

It does not have any special licensing requirements connected to the nuclear safety. The 

licensing will be established based on the radiation protection and building integrity point of view. 

The licensing of the Cold Neutron Experimental Building will be proceeded as a kind of 

amendment to the site and building, which is documented in the existing HANARO safety 

analysis report. 

 

7.2 Design Requirements 
7.2.1 Radiation Protection 
 

The laboratory building is physically separated from the reactor hall except that the cold 

neutron guides pass through both buildings to deliver the cold neutron to the scattering 

instruments to be installed in the neutron guide hall. As shown in the Figure 7-2, the guide 

bunker is extending from the reactor hall to the guide hall for shielding. The inside of the guide is 

always completely sealed and maintained at a high vacuum condition, no activation is expected. 

When the vacuum fails the primary shutter will be automatically shut to block the neutron beam. 

Even though the guide hall does not contain any radiation source, it is clear that a radiation 

shielding against the gamma and neutron scattered from the neutron guides will be required to 

keep experimenter’s radiation exposure as minimum as possible. 

 



 157

Considering that the maximum permissible dose rate for radiation worker is 1 mSv/week, 

shielding criteria for the HANARO neutron guide hall was decided to 0.25 mSv/week (6.25 

μSv/hr), which is 25% of the maximum permissible dose rate.  

 

Figure 7-2 Floor plan of the guide hall 

 

7.2.2 Shielding 
 

The shielding design is focused on the neutrons and gammas from the neutron guides. 

The shield bunker is divided into two (2) parts – a concrete bunker in the reactor hall and a 

concrete bunker in the guide hall. The bunker in the reactor hall including the in-pile assembly, 

primary and secondary shutter and the dedicated neutron guides shall be built by a high-density 

concrete for better shielding, while the bunker in the guide hall may be built by a normal 

concrete with the thickness of about 1.5 meters. The shielding design will be finalized once the 

shielding calculation has been finished. The guide bunker shall be designed that the radiation 

level at the outer surface of the guide bunker should not exceed 6.25 μSv/hr at any condition.  
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Figure 7-3 Shielding design for neutron guides 

 

7.2.3 Building Design 
 

Figure 7-2 shows the floor plan of the guide hall. There are two gates in both sides of the 

hall. In the southern part of the guide hall, the experimental rooms for sample preparation, 

sample environments and machinery work will be prepared. The electric distribution room is 

located at the northeast part of the hall. 

 

Table 7-1 shows the experimental room list in the laboratory building. An administration 

office, a control room, a heath physics office and a clothing room are located in the first floor. 

There are over-bridges connecting the laboratory building to the Radioisotope building as well 

as the office building.  

 

Reactor Hall 

Guide Hall 



 159

Table 7-1 Experimental room list in the experimental building 

Floor Rooms(from west to east) 

Basement Biology sample preparation lab. 

Chemical experiment lab. 

Cryogenic equipment lab. 

High field electro magnet lab. 

Machining shop 

Room for tools 

Storage room 

1st floor Truck access area 

Administration office 

Machinery control room 

Health physics office 

Health physics laboratory 

Clothing room 

Entrance to the reactor 

2nd floor Bio sample preparation and biology lab. 

Chemical sample preparation and chemistry lab. 

Thin film sample preparation and thin film lab. 

Physics sample preparation lab. 

Physical measurement lab. 

Measurement and control lab. 

3rd floor Tools and storage room 

Neutron radiography image lab. 

Neutron radiography sample preparation lab. 

X-ray experiment lab. 

Clean room 

Detector development lab. 

NAA measurement lab. 

NAA experiment lab. 

 

The auxiliary building has two floors. The first floor is reserved for installation of electrical 

facilities and process equipment. The second floor is for the helium compressor station, which 

consists of a helium compressor, oil removal system, helium buffer tank and a lot of valves and 

pipe works. The Figure 7-4 and 7-5 shows the equipment arrangement of the auxiliary building. 
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Process Equipment Room

Battery Room

GUIDE
HALL

Technical Gallery for 
Pipes, Cables

REACTOR HALL

Electrical Room

 

Figure 7-4 Equipment arrangement of first floor (basement floor) 

 

GUIDE
HALL

REACTOR HALL

Compressor

Oil Removal System

Helium Buffer Tank

Control Panel

Gas Management System

 

Figure 7-5 Equipment arrangement of second floor (ground floor) 
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7.2.4 Radiation and Access Control 
 

The Cold Neutron Experimental Building is categorized as a radiation zone, where only 

external radiation is of concern. Radiation worker or experimenters who intend to enter the 

guide hall must keep in mind radiological safety rules and wear personnel dosimeter. The health 

physics department should manage an occupational exposure history based on a radiation 

safety control procedure, which is following the general procedure applied to the reactor side. 

 

There is an access control facilities at every gate to the guide hall. Contamination control 

is achieved through the use of personnel monitors at all the exits. Any material that has been 

irradiated must be surveyed and cleared before removing it from the guide hall. There will be a 

periodic surveillance for contamination. A new survey is required if there is a change in the 

shielding at any time. 

 

The guide hall contains scattering instruments and neutron guides. These neutron guides 

are connected to the reactor by the neutron beam. When the reactor is in operation and the 

neutron beams are open, there is a radiation risk on the experimental areas. For this reason, 

there are 4 gamma detectors and 2 neutron detectors in the guide hall. The gamma detectors 

have a measuring range of 0.1 μSv/hr to 100 mSv/hr. The neutron detectors are 0.1 μSv/hr to 

1000 mSv/hr. Radiation alarm triggers when the radiation reaches 12.5 μSv/hr. The secondary 

shutter at the end of the concrete bunker will shut as soon as the radiation alarm occurs. 

 

The entrance to the reactor hall is provided in the east side of the laboratory building. This 

entrance serves as a kind of buffer zone for access from/to the reactor building as well as the 

Radioisotope Production Building. The Figure 7-7 and 7-8 depict the passage to the adjacent 

buildings. 
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Figure 7-6 Passage from experimental building from/to reactor building 

 

 

 

Figure 7-7 Passage from RI building from/to reactor building 
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8. Project Plans 
8.1 Quality Assurance Plan 
 

8.1.1 Study on the Foreign Standards and Regulations  
 

Quality assurance standards and regulations applicable to the research reactors and 

associated facilities in advanced countries were investigated and reviewed as follows:  

 

In USA, ANSI 15.8 “Quality assurance requirements for the research reactor” is applied 

for the research reactors and associated facilities. This standard was enacted in 1975 and used 

until it was drastically changed in 1995. Research reactors are quite different from the power 

reactors in terms of their impact to the public safety and health in case of accidents. Therefore, 

QA requirements are applied only to limited items that are important or related to the safety in 

research reactors, because it may mitigate less influence to public health and safety than the 

power reactors.  

The quality assurance program applied by the owner or operator to research reactor 

activities is to be consistent with the importance of these activities to safety and reliability. 

Activities included in the QA program shall be, as a minimum, those related to the reactor safety 

and protection system, engineered safety features, and the applicable radiation monitoring 

systems.  

The program applies in a graded manner to those items and activities which could affect 

the quality of structures, systems, and components of research reactor facilities. Activities 

affecting quality include siting, designing, purchasing, fabrication, handling, shipping, receiving, 

storing, cleaning, erecting, installing, repairing, maintaining, modifying, inspecting, testing, and 

operating. All of the program provisions established during the design and construction phase 

remain in place, but will change the level of implementation appropriate to support facility 

operations. The majority of these controls provide documentation attesting to the facility quality 

to support the application for an operating license or permit. The operating phase license or 

permit imposes additional requirements related to the conduct of operations.  

 

In European countries, International Atomic Energy Agency (IAEA) Nuclear Safety Series 

No. 35-G1, G2, S1, S2 are used for research reactors.  

The main objective of IAEA Safety Series No. 35-S1 “Code on the Safety of Nuclear 

Research Reactor: Design” is to provide a safety basis for the design of a research reactor and 

for the assessment of the design. Another objective is to cover certain aspects related to 
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regulatory supervision, siting and QA, as far as these are related to the activities for the design 

of a research reactor. The requirements and recommendations embodied in this standard shall 

be applied to the design of new research reactors and shall also be applied to existing research 

reactors to the extent that is reasonably practicable, for example in major new experiments and 

modifications. The term research reactor covers the reactor core, experimental facilities and all 

other facilities relevant to either the reactor or its experimental facilities located on the reactor 

site. Quality assurance programs are established and implemented from the design stage, 

based on the requirements of IAEA Nuclear Safety Standard 50-C-QA and Safety Guide 50-SG-

QA6.  

IAEA standard 50-C-QA “QA for Safety in Nuclear Power Plants and Other nuclear 

installations” is the QA requirements applicable to the nuclear generating plant, and the details 

are quite similar to the requirements of American standards: ASME NQA-1, or ANSI 15.8.  

 

Result of the study revealed that there are no separate quality standards and regulations 

applicable to the associated facilities, but the same standards and regulations applicable to the 

research reactors are used for the associated facilities of research reactors.  

 

8.1.2 Study on the Foreign Practices of Application 
 

 In case of the cold neutron facility, HB-4, at ORNL in USA, safety classification was made 

based on the ANSI 52.1 "Nuclear Safety Criteria for the Design of Stationary Boiling Water 

Reactor Plants" as a Safety Class 1, 2, 3 and a Non-safety Class. This standard establishes the 

nuclear safety criteria and functional design requirements of structures, systems, and 

components of stationary pressurized water reactor power plants. Operations, maintenance, 

and testing requirements are covered only to the extent that they affect design provisions. 

Quality classification was also defined as Quality Level 1, 2, 3 and 4, based on the 

USNRC Regulatory Guide 1.26 “Quality Group Classifications and Standards for Water-, Steam-, 

and Radioactive-Waste-Containing Components of Nuclear Power Plants.” Quality Level 1 

applies ASME Code rules and the graded quality assurance requirements are applied for 

Quality Level 2, 3 and 4, respectively. 

The most strict Quality Level 1 is applied to Safety Class 1 items which are very important 

items requiring highest reliability in their performances. These items include the equipment 

located inside the reactor vessel, components of the primary coolant pressure boundary, reactor 

protection system and items whose failure may interfere safe operation of the facility, or cause a 

severe damage to the experiments. 

Quality Level 2 is applied to Safety Class 2 items which are important and require high 
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reliability in their performances. These items include the radioactive decay heat removal system, 

emergency core cooling system and related instrumentation, or items whose failure may cause 

a severe impact to the facility, or damage to the experiments. 

Quality Level 3 is applied to Safety Class 3 items which require reliability higher than that 

of the industry in their performances. These items include the cooling system of reactor building, 

residual heat removal and the emergency core cooling system, instrument and control items to 

monitor radioactive leakage from the primary coolant system, and the reactor accident alarm 

system. 

Quality Level 4 is applied to Non-safety Class items which require performance and the 

reliability to the level of the industry. Quality Level 4 items are those which are not included in 

the Safety Class 1, 2, or 3 and require industrial standard quality. 

  

In Australia, the safety classification and the quality classification of the research reactor 

facilities are similar to those of the USA. Safety Class 1, 2, 3 and Quality Level A, B, C are 

categorized in terms of safety and quality, respectively.  

Safety Class 1 items include the primary coolant system and components which shall 

assure nuclear safety, and the most severe Quality Level A is applied. 

Safety Class 2 items include the primary coolant system and components which may give 

important impact to the nuclear safety and the less severe Quality Level B is applied.  

Safety Class 3 items are the system and components that are not included in the Safety 

Class 1 and 2, and the industrial quality level is applied.  

 

8.1.3 Quality Assurance Plan  
 

Quality assurance activities include the planned and systematic activities necessary to 

ensure that the structures, systems, and components perform satisfactorily in service. A QA 

program is the documentation, in the form of a manual and procedures, establishing systematic 

measures of performance in compliance with the requirements of applicable standards. A QA 

program shall be established to allow graded applications dependent upon the importance of 

systems, components, or structures to the safety, i.e. safety and quality classes.   

 

8.1.3.1 Safety and Quality Classifications 
Quality Class is designated to design, fabricate, install, and test the safety-related 

structures, components, and systems in accordance with the standards that are appropriate for 

their intended safety function. Quality classification is generally consistent with safety 

classification. Safety and quality classification of the CNS project followed the same definition of 
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the existing HANARO design concept. Safety Class is defined as SC-1, SC-2, SC-3 or Non-

Nuclear Safety Class, and Quality Class is defined as Q, T or S. 

Quality Class Q shall apply to systems, structures or components that are classified as 

SC-1, SC-2 or SC-3 and 18 Criteria of 10CFR50 App. B, ASME/ANSI NQA-1, or KEPIC QAP 

are applied. Vacuum chamber and pipe joint (flange) in the in-pool assembly (IPA) is designated 

as Quality Class Q. 

Quality Class T shall apply to systems, structures or components that are classified as 

NNS Safety Class, but whose failure could reduce the functioning of any safety feature (Q 

Class) to an unacceptable safety level, that are essential to the reliability of reactor operation, or 

that contain radioactive material, and 9 of 18 Criteria of 10CFR50 App. B, ASME NQA-1, or 

KEPIC QAP are applied. Hydrogen system, vacuum system, CNS protective instrumentation & 

electric system and CNS building structures are designated as Quality Class T. 

Quality Class S shall apply to all systems, structures or components that are not classified 

as Quality Class Q or T. There is no specific QA program requirement for Quality Class S 

structures, components, or systems but the manufacturer will confirm to well-accepted industrial 

standards or manufacturer’s QA requirements.  

 

The relationship between safety and quality related classifications is shown in the Table 8-

1 below. 

 

Table 8-1 Safety and Quality Related Classifications 

Safety Class 

(HANARO, ANS 51.1) 

Quality Class

(HANARO) 

Code Class 

(KEPIC, ASME)

Seismic Category 

(R.G 1.29) 

Quality Level

(R.G 1.26) 

SC-1 1 A 

SC-2 2, MC B 

SC-3 

Q 

3, CS 

I 

C 

T NNS 

S 

N/A Non-Seismic D 

 

8.1.3.2 Quality Assurance Program for the CNS Project 
As a result of the investigation of international standards and foreign practices, it is 

concluded that the QA requirements for the cold neutron source facility in advanced countries 

follow the standards of ASME NQA-1, ANSI 15.8, or IAEA Safety Standard 50-C-QA.  

Fortunately, HANARO QA system also followed the standards of ASME NQA-1, KEPIC 

QAP and ANSI 15.8, and the HANARO QA program may be used for the cold neutron source 

(CNS) project. The QA program for the CNS project could be prepared separately. But, it is 
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finally decided to follow the existing HANARO QA program, QA Manual and QA procedures, 

with some amendments of HANARO organizations and responsibilities in the program manual 

reflecting CNS project organizations.  

However, HANARO QA program is focused in the operation stage, while the CNS project 

is in the design stage. So, the CNS project shall review design control and document control 

measures, and develop or revise procedures as needed, to ensure QA activities being 

performed in compliance with the applicable standards and regulations, as follows:  

- ensure that design requirements are incorporated appropriately in the design document  

- assure mutual cooperation system between organizations  

- ensure that design changes are incorporated properly in design and procurement stage  

- assure documents and records are handled in accordance with the applicable procedures, 

at the design, design verification and procurement stage.  

 

To establish QA program for the CNS project, the existing HANARO QA program was 

revised incorporating above needs. QA Manual for HANARO Operation [HANQAM] was revised 

to incorporate above needs. Chapter 1 thru 18 was revised to reflect responsibilities of the CNS 

organization. Also, Chapter 1 was revised to include the CNS organization in the KAERI 

Organization Chart and Chapter 2 was revised to specify the CNS project in the scope of 

applications of the QA Manual. QA procedures such as QAP-HA-6.2 “Document control 

procedure for the HANARO operation” are also revised to reflect supplementary definitions, 

process and the CNS organizations.  

 

8.2 Project Management 
 

In order to smoothly manage the project for the development of cold neutron facility and 

utilization technology, the systematically administrated documenting system has built to control 

the documents which have been producing during carrying out the project.  

The technical documents, produced during the project period, have basically been 

controlled under the quality assurance procedure for HANARO operation. If any deviation 

occurs in its application, the deviation has been written separately as the managing method of 

the official document specifically applied for the CNRF project.  During conducting the project 

with the service company, furthermore, all technical documents, minutes, reports, determined 

items, and action items have been produced in the form of document by the service company 

under the control of the documenting system.  This documenting system covers the role for 

transferring the documents between each organization. 
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Official documents on the contract 

These documents should be produced when describing the main contract items between 

each organization such as the work scope, the project period, and the contract amount of the 

contract as well as transferring the contract change or the chief decisions with respect to the 

operation and conduction of the project.  This kind of document should be dispatched or 

received with the signature of each organization’s contract representatives or delegates and 

administrated according as each organization regulation. 

 

Documents of the design service 

The documents of the design service should be used instead of the official documents on 

the contract so as to effectively promote the overall service work, to smoothly communicate 

between KAERI and the service company, and to quickly transfer and exchange documents, 

decision and so on.  Accordingly, the document of the design service should be applied when 

the general service document, all design documents, and the subject of discussion or 

cooperation relevant to the service are dispatched and received.  

 

Supporting documents  

Except the above mentioned official documents, other documents can be validated in the 

form of aid documents as a second method so that each organization can swiftly transfer their 

intention and make decisions.  The assistant documents are minutes, Facsimile, E-mail and so 

on.  These documents can be valid when they are transferred and exchanged between two 

organizations with the official documents. 

 

Numbering system for the project document 

During performing the project for the development of cold neutron facility and utilization 

technology, all materials produced by KAERI should follow the numbering system written in the 

QAP-HA-6.2 “Document control procedure for the HANARO operation” of the quality assurance 

procedure for HANARO operation, which are the technical requirements, such as Instruction, 

Procedure and Drawing etc, and the technical documents described that the action gives an 

effect on the quality and that the requirement prescribes the quality. 
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