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Summary 
 

I. Project Title 

Feasibility Study of the Thermo-siphon Mock-up Test 

 

II. Objective and Importance 

Described is the feasibility of the thermo-siphon mock-up test for the HANARO-CNS 

facility.  The purposes of the mock-up tests are discussed in detail as the three concepts: for 

the detailed design, for the operation of the CNS facility, for the safety assurance of itself.   

 

III. Scope and Contents 

The feasibility in the commitment of the thermo-siphon mock-up test is discussed in this 

report.  The exemplary cases of the mock-up test in other countries are shown in order to know 

what is applicable to the HANARO-CNS system and what kinds of mock-up tests should be 

done.  Before conducting the mock-up tests, it is necessary to present the specific purposes for 

what we should fulfill the series of mock-up test, that is the confirmation of the design, safe 

operation of the CNS system, and validity of its safety.  This report considers the two stages of 

mock-up tests in terms of the experimental schedule and plan.  As the first stage, the small-

size mock-up test using Argon will be implemented to obtain the experience in the cryogenic 

fluid and to understand the basic concept of the CNS thermo-siphon.  In the second stage, two 

kinds of mock-up tests are discussed: the full-scale mock-up test using liquid hydrogen or the 

integrated final test using hydrogen outside the reactor after the full-scale mock-up test using 

Freon gas. 
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IV. Results 

 In this report, the feasibility of the mock-up test for the HANARO-CNS facility is 

discussed in three aspects: confirmation of the design, safe operation of the CNS facility, and its 

safety.  To meet these aspects in the installation and operation of the CNS facility, a series of 

mock-up test will be planned and conducted.  

 

V. Proposal for Applications 

The contents discussed in this report will be the basis or the guide lines for the mock-up 

test.  In addition, the results of the mock-up test will be the foundation for the safe operation of 

the HANARO-CNS facility.  
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1. Introduction 

 

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

neutron flux by cryogenic moderator where the cold neutron beam is connected.  The heat load 

has been generated in the moderator cell by radiation.  In order to properly remove the heat 

generated from the moderator, the natural convection of the moderator is applied to maintain 

the two-phase moderator with a certain liquid level in the moderator cell and to flow the vapor 

into the heat exchanger to condense it into the liquid phase, which flows back into the 

moderator cell.  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.  It is difficult to 

handle and utilize liquid hydrogen at approximately 20 K and at the pressure of 1.5 atm without 

any understanding and experience on thermo-siphon.  In addition, use of liquid hydrogen 

seems dangerous in the safety aspect of the CNS facility because of any potential accident 

caused by lack of experience or misunderstanding the system.   

There lie the purposes why the thermo-siphon mock-up test should be conducted;  

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 basic concept of the 

CNS thermo-siphon as well as 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 based on the experience of 

the mock-up test and to confirm manufacturing feasibility of the IPA agreed with the required 

design parameters;  
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Lastly, to comprehend thermo-siphon in the safety aspect of the CNS facility so as to 

estimate how large physical damage gives the CNS facility in the potential abnormal operation.   

Accordingly, the performance of the thermo-siphon mock-up test is expected feasible if its 

results agree well with the desired purposes of the mock-up tests for the CNS facility. 
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2. Thermo-siphon mock-up test in other countries  

 

Generally, most nuclear research reactors have done several mock-up tests for installation 

of their CNS facility and published its results.  Even though the results of each mock-up test 

have been reported, it is necessary to conduct the mock-up test of its own since each CNS 

facility of the research reactor is different from others in terms of its geometry, a phase state of 

moderator and its configuration in installation.  Through investigating its mock-up tests with the 

characteristic of each research reactor, it is known what kinds of mock-up tests was done, what 

purposes the mock-up tests was conducted with, and what kinds of experimental results should 

be obtained through the mock-up tests.   Referring this survey of mock-up tests in other 

countries, we are able to know what kinds of mock-up tests or considerations are necessary for 

the HANARO-CNS facility. 

 

 NBSR (National Bureau of Standards Reactor, USA) [1], [2] 

Originally, the NBSR-CNS facility used ice deuterium for moderating the thermal neutrons.  

However, they have changed ice deuterium into liquid hydrogen as a moderator with several 

reasons: more nuclear heating with larger quantity of liquid deuterium, production of tritium by 

neutron absorption, and high cost for maintaining liquid deuterium with high purity.  The CNS 

moderator cell filled with the two-phase hydrogen is arranged horizontally in the NBSR.  Before 

reconstructing the CNS facility, the full-scale mock-up test using liquid hydrogen was especially 

focused on validation of system maintenance with less than 20 % void fraction in the moderator 

cell at the boiling point of liquid hydrogen and on demonstration whether there is a fluctuation or 

disturbance in the moderator cell by liquid hydrogen boiling.  Through the mock-up test, they 

have confirmed the stable fluid transport phenomenon with less than 20 % void fraction.  In the 
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case of the NBSR-CNS facility, the purpose of the mock-up test was not for the design 

parameter of the In-pile assembly (IPA) because of the experiences in the past operation and 

installation of the CNS facility using liquid deuterium. 

 

 HFIR (High Flux Isotope Reactor, USA) [3], [4] 

In the HFIR, the CNS facility whose moderator is supercritical fluid hydrogen is arranged 

horizontally; therefore, this system allows single phase to circulate in the thermo-siphon loop.  

For installation of the CNS facility, they have performed the full scale mock-up test using liquid 

hydrogen with purposes: to demonstrate system safety in the practically simulated normal or 

abnormal operation condition, to provide the benchmarking data for the computer model, to 

validate accurate operation of system design using supercritical fluid hydrogen as a moderator, 

and to obtain the developed C&I system including the principles of safe scram system and so 

on.  Generally, the objective of this mock-up test was to obtain information for operating the 

CNS facility.  After the first mock-up test, they planned to test the final manufactured CNS 

facility on the HFIR site before installation of the CNS facility in the HFIR.  

 

 HFR (High Flux Reactor, France) [5] 

Like the CNS facilities of the USA, the CNS facility in HFR is also horizontally arranged 

with the cylindrical moderator cell.  In the first full-scale mock-up test, the working substances 

are water and air instead of liquid deuterium. This experiment was mainly focused on the 

determination of the moderator cell configuration with the stable two-phase flow in the loop, a 

low pressure drop along the cell axes, and large liquid volume in the moderator cell.  In 

addition, fluid dynamics in the natural convection loop was analyzed to find the system 

dimension.  Based on the results of the first mock-up test, the second stage full-scale mock-up 
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test was done using liquid deuterium with the objectives: to confirm the large quantity of liquid in 

the moderator cell, which should be more than 80 % volume, to measure the upper wall’s 

temperature in the moderator cell, which should be less than 200 K, and to validate the safety of 

the natural convection loop under operation.  In consequence of two full-scale mock-up tests, 

the parameters for design were determined and the safety of the thermo-siphon system was 

demonstrated. 

 

 JRR-3M (JAERI Research Reactor, Japan) [6], [7], [8] 

In terms of the vertically arranged moderator cell, the configuration of the IPA facility in 

JRR-3M is similar to that of the HANARO except the radically slanted transfer tube.  Using 

Freon-113 as a working fluid, the two stages of the full-scale mock-up tests have been 

experimented on the validation of the thermo-siphon performance in the IPA configuration with 

the 3 ° angle slanted transfer tube owing to the insufficient reported information on it.  

Accordingly, the purposes of those tests were essentially to comprehend the liquid storage 

characteristic in the moderator cell, to analyze heat transportation features for the operation of 

the IPA facility, and to figure out the thermal hydraulic properties, such as a moderator transport 

phenomenon in the loop, the pressure drop in the moderator cell, the void fraction and so forth.  

From the experimental results of those, the major operation condition of the thermo-siphon was 

found out without flooding and dry-out phenomena.  In fact, because of the space limitation of 

the reactor pool, the detailed design for the CNS facility had been done before the mock-up 

tests were carried out.  Therefore, unlike other CNS facilities, the purpose of the mock-up tests 

was not for the CNS facility design but the validation of the designed CNS facility.  After 

completing those tests, the operating test outside the reactor, using liquid hydrogen, was 

conducted using the utilities for the IPA facility before the installation in the reactor in order to 
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validate the control and characteristic of the CNS facility parameter and demonstrate the 

thermo-siphon performance in the loop at last. 

 

 

Table 1. Summary of mock-up tests in other CNS facilities 

 

Reactor Kind Main Purpose Feature 

NBSR 
- Full-scale mock-up test 

using liquid hydrogen 

- Validation of the stable 

operation with the void 

fraction less than 20 %  

- Existence of the 

experience of CNS 

facility using iced 

deuterium 

HFIR 

- Full-scale mock-up test 

using liquid hydrogen 

- Final test on the site 

before installation 

- Demonstration of the 

system safety and the 

operation 

- configuration of the I&C 

system 

- Use of the supercritical 

hydrogen as a 

moderator 

 

HFR 

- Full-scale mock-up test 

using air and water 

- Full-scale mock-up test 

using liquid deuterium 

- Determination of the design 

parameters 

- Validation of safe operation 

with the liquid more than 

80% volume in the cell 

 

JRR-3M 

- Two stages of full-scale 

mock-up test using Freon-

113 

- Integral test outside the 

reactor using hydrogen 

- Comprehension of the 

thermal hydraulic properties 

- Experiment on the operation 

condition in the thermo-

siphon loop 

- In-pile assembly 

configuration with the 

3˚angle slanted 

transfer tube 
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As shown in the table 1, fulfillment of the mock-up test helps to obtain the operating 

conditions and to determine the design parameter for the detailed design of each CNS facility.  

Unlikely to the NBSR with the experience using iced deuterium, it is necessary for the HANARO 

without any operating experience in the cryogenic field to comprehend the fluid transport 

phenomena 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.  As 

most research reactors, summarized in the table 1, have done for the CNS-facility, the 

HANARO is required to implement the full-scale mock-up test for the design, manufacture, and 

installation of the CNS facility in itself.  
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3. Purposes of the thermo-siphon mock-up test 

 

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.  Regardless of kinds of mock-up test done 

under any condition, the results of the mock-up test should be enough to understand the CNS 

thermo-siphon in terms of the operation, the fluid phenomena and so on.  The purposes of the 

mock-up tests can be categorized into three concepts: for operation of the CNS facility, for the 

detailed design, and for the safety assurance.  For contentment with following purposes, the 

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

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

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 the cryogenic system.  

Because cryogenic fluid, such as argon, will be used in the first mock-up test, it will be enough 

to conduct the experiment in the cryogenic environment to get the experience.  In addition, this 

mock-up test is 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 turn-off, but also the abnormal operation, for example, 

refrigerator malfunction and loss of refrigerator.  

Several design parameters of the in-pile assembly, 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, are to 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 phenomena in the moderator cell and transfer tube, and that there will be 
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approximately 90% liquid level in the moderator cell and with proper removal of the heat load 

from the moderator cell.  In addition, 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.  Lastly, the control and instrumentation system 

can be developed for the CNS facility from the operating logic of the mock-up test. 

The mock-up test can give the understanding of thermo-siphon in the aspect of the CNS 

facility safety so as to evaluate how large physical damage is given to the CNS facility in the 

simulated abnormal operation condition.  For example, the dynamic characteristic of the 

system may be evaluated in terms of variation of coolant helium flow rate or its inlet temperature, 

and the evaporation time of the moderator in the refrigerator malfunction.   
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4. Mock-up test plan 

 

The purposes in conducting the mock-up test are discussed in the previous section.  To 

content these purposes, the mock-up test should be planed and manufactured to be able to 

conduct all designed tests.  Since the HANARO does not have any experience to handle the 

cryogenic fluids, it would not be easy to conduct a full-scale mock-up test using hydrogen, which 

is easily inflammable, before doing any pre-experiment.  If the mock-up test is conducted with 

one of cryogenic fluids, safer than hydrogen, we can understand the cryogenic transport 

phenomena and have the operating experience through the experimental results.  Therefore, 

the first stage mock-up test will be implemented using the liquid argon to simulate the fluid 

phenomena of liquid hydrogen without any safety concern.  

 

The operating experience in the cryogenic field, the detailed design of its system and the 

safety assurance of its system are important reasons for the mock-up test.  For the detailed 

design of the IPA among those important items, it is necessary to validate IPA design concepts 

on natural convection of the moderator in the thermo-siphon loop.  There are a lot of factors 

which influence the performance of thermo-siphon and the function of the CNS: the diameter of 

a transfer tube, the pressure in the moderator cell, the liquid level in the moderator cell, heat 

balance between irradiated heat and released heat to the condenser, the void fraction, no liquid 

in the inner shell and so forth.  It is not, furthermore, easy to decide the design parameter as 

considering these factors without the mock-up test since these factors are usually dependant 

upon the geometry of the system.  All possible calculation will be done so as to do the effective 

and practical mock-up test.  There are five major tests that have to be performed in the mock-

up test.  
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The diameter of a transfer tube without flooding phenomenon should be investigated 

because the obtained cold neutron flux is fluctuating or the thermo-siphon is not working 

normally if there is a flooding phenomenon.  The parameter of this experiment is the diameter 

of a transfer tube to check the flooding phenomenon.  Through the test, we can get the relation 

of the allowable heat flux to the evaporation rate at the flooding point and to the diameter of a 

transfer tube.  Consequently, through this mock-up test we can decide the diameter of a tube 

between the moderator cell and the condenser in the IPA avoiding the flooding phenomenon.  

 

The concept of self-regulation is to maintain the certain level of liquid moderator in the 

moderator cell under any change of the condition by establishing the heat balance between the 

moderator cell and the condenser.  The cooling capacity should be at least 30% larger than the 

heat load on the moderator cell in terms of heat balance.  The self-regulating characteristic 

depends on the geometry of the moderator cell so that it should be conducted in the full-scale 

moderator cell.  The flooding test should be preceded before doing this test because this test is 

done in the condition of no flooding.  The test apparatus requires a buffer tank for a working 

fluid; therefore, we obtain the correlation between the pressure variation of the buffer tank and 

the liquid level of the moderator, and also the relation between pressure change of the buffer 

tank and heat change according to time change.  Through those relations, the system will show 

the self-regulating characteristic.  

 

The void fraction is one of important operating parameters so that the relationship 

between the pressures in the moderator cell and the desired void fractions should be well 

understood.  The reason is that the void fraction, approximately less than 20~30 %, affects the 

efficiency extracting the cold neutron flux. The control parameters for this test could be the flow 
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pattern, the pressure of the system, and surface condition.  In this test, to use the moderator 

cell made of glass, it is necessary to use fragments, SiO2, to produce bubbles.  In that sense, 

the moderator cell is made black by the chemical treatment to make its surface rough in JRR-

3M.  The void fraction can be calculated from the ratio of the collapsed liquid level to the two-

phase mixture level in each point of the moderator cell.  The collapsed liquid level is obtained 

from the measured differential pressure divided by liquid density and gravity in low-flow 

conditions [9].  

 

No liquid in the inner shell had to be confirmed so that the inner shell is full of vapor 

because some amount of liquid in the inner shell causes the cold neutron flux to decrease.  

This experiment is conducted by varying the heating rate; therefore, it is necessary to confirm 

no liquid in the inner shell according to the various heating rate.  In this experiment, the kind of 

a working fluid is not of importance; hence, we can apply directly the result from the test with 

even Freon to the hydrogen system. 

 

The pressure of the buffer tank is related to the heat flux to the moderator cell; in addition, 

the heat exchanger has a relation with the heat flux to the moderator cell.  However, the 

pressure variation of the buffer tank and the heat exchanger are independent each other.  For 

operating the CNS facility, the relation between the pressure of the buffer tank and the heat 

exchanger is useful, which can be obtained from the processor test. 
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4.1 The first mock-up test using argon as a working fluid 

 

At the low temperatures, about 77 K, the first mock-up test using liquid nitrogen as a 

coolant and liquid argon as a moderator in the thermo-siphon loop will be implemented in the 

small-size, transparent apparatus.  This mock-up test will be progressed following a flow-chart 

in the figure 1 [10].  As shown in the figure 1, in order to acquire experience in the cryogenic 

fluid, the mock-up test will be designed and manufactured to be experimented at the cryogenic 

temperature.  Through conducting the cryogenic experiment in the thermo-siphon loop, the 

results will be analyzed to understand the dynamic characteristic of the thermo-siphon.  Next, 

the analyzed results will be compared with the expected results of the full-scale mock-up test 

and be applied into the HANARO-CNS facility.  Then, the relevant cryogenic technology can be 

acquired for the liquid hydrogen thermo-siphon loop.  In addition, the experimental or analytical 

results from this mock-up test will be the fundamental data for the detailed design of the 

HANARO-CNS facility as well as for the full-scale mock-up test.  

Because the experimental apparatus is decided to be made of reinforced glass to observe 

the cryogenic fluid phenomena in the thermo-siphon loop, it is difficult to apply the scaling law to 

the first mock-up test using argon due to high pressure.  Therefore, the results of this mock-up 

test may not be enough to install and operate the CNS system in the reactor so the full-scale 

mock-up test should be performed to satisfy the earlier-mentioned purposes.  Accordingly, we 

expect that the next full-scale mock-up test will give us much valuable information, which might 

not be available data through the small-size test, and that the operating experience in the 

cryogenic fluid through this mock-up test facilitates the operation of the CNS facility.  

As the first stage of the overall mock-up test plan, the cryogenic thermo-siphon test will be 

fundamentally performed to set up the experimental procedure in the cryogenic thermo-siphon 
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apparatus and to confirm of the natural convection concept on the cryogenic thermo-siphon loop. 

Then, the test will be progressed more deeply and complementarily in terms of confirmation of 

the initially charged moderator amount in the moderator cell, observation on the liquid level 

variance in the moderator cell under the change of the heat load on the moderator cell, 

investigation of the flooding limit on the increase of the heat load to know the minimum size of 

the transfer tube, measurement of the void fraction in the moderator cell under the given heat 

load, and confirmation of the moderator condition inside the inner shell of the moderator cell. 

 

 

Figure 1. Technical flow chart of the first mock-up test 

 

As the next test plan, there will be the comparison and examination between the test results and 

the existing equation, whose relationship will be applied into the CNS facility design, and then 

the additional tests will be conducted if the experimental results are not sufficient.  The overall 

Design & manufacture of cryogenic 
thermo-siphon system for experiment

Conducting cryogenic  
thermo-siphon experiment 

Comparison analysis between 
experimental results and expected 

results of full scale mock-up 

Study on the applicable research 
results for HANARO-CNS facility 

Acquirement of relevant technology 
on the liquid hydrogen thermo-siphon

Dynamic characteristic 
 analysis on thermo-siphon 
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plan of the mock-up test, discussed above, is shown with the time schedule in the table 2. 

 

Table 2. Experimental schedule on the first mock-up test 

Monthly Schedule 
 Experimental Content 

7 8 9 10 11 12

Fundamental test on the cryogenic thermo-siphon       

Detail and supplementary test        

Additional test and Discussion of the test results        

Application of the results into the CNS design        

 

In order to successfully develop the cryogenic thermo-siphon for the highly moderated 

cold neutron flux, the experimental apparatus should be designed with the consideration of the 

following five phenomena.  The inclusive research with regard to the phenomena described 

below will be performed through the mock-up apparatus in this stage of mock-up test.  If the 

results from this fundamental experiment are not enough for the fulfillment of the second mock-

up test, the research of an individual phenomenon will be conducted in the complementary 

experimental apparatus as mentioned before.  

 

The flooding limit can be predicted through the experimental equation with ease.  

Therefore, the flooding phenomenon will be observed in the transfer tube with several heat 

loads higher than 211 W.  In the Wallis’ equation, the value of Cw is depending on the shape of 

the tube ends and the way in which the liquid and gas are added and extracted; in the case of 

the smooth edge, the value is 0.88~1.  In this mock-up apparatus made of the reinforced glass, 

the edge connected between the tube and the moderator cell is smooth; therefore, the flooding 
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is predicted to occur at the heat load 300 W.  If the measured value is different from the 

estimated value in the design stage, the experiment will be conducted in an additional apparatus 

by considering the density ratio, which is the most important parameter, for the prediction of the 

flooding limit in the liquid hydrogen thermo-siphon.  

 

Whether it is liquid or vapor, the state in the inner shell will be observed in the variation of 

the heat load.  At the beginning of the test, the liquid is filled in the inner shell and then the 

liquid level in the inner shell becomes lower as increasing the heat load; in the end, the inner 

shell is predicted to be almost filled with the moderator vapor.  In this mock-up apparatus, the 

separate heating systems in the inner and outer shell control the heat load on each shell 

independently so that the minimum heat load to make the state of in the inner shell vapor will be 

estimated.  

 

The void fraction in the moderator cell is the crucial factor in the evaluation of cold neutron 

flux.  In general, the basic experimental equation is suggested on the basis of the drift flux 

model to predict the void fraction; however, some experimental constants should be determined 

through the experiment.  In this mock-up test, the void fraction can be visually observed 

through the glass; on the other hand, there is the limit of the estimating accuracy of the void 

fraction because of the round shape of the moderator cell and the image processing problem.  

Therefore, the measurement of the partial pressure at three levels in the moderator cell is also 

considered with the image processing method as shown in the figure 2.  In addition, the 

measurement of the capacitance between the two electrodes is being investigated to measure 

the void fraction.  It is possible to predict the void fraction change in the variation of the 

operating pressure and the heat load; hence, the equation for the void fraction will be introduced 
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and then the experimental equation with regarding to the void fraction for the real CNS facility 

will be introduced. 

 

 

 

 

 

 

 

         Known : 1H , 2H , 3H , 1h , 2h , 3h , fρ , vρ  
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Figure 2. Measurement of the partial pressure for the void fraction 

 

The change of the void fraction in the liquid moderator gives an effect on the liquid level.  

Therefore, this research will be conducted about the variation of the heat exchanger 

temperature on the heat load change and the liquid level considering the void fraction change. 

 

To obtain the experience in the operation of the cryogenic thermo-siphon system, several 

tests will be conducted with their own objective.  For example, the test will be conducted 

whether the buffer tank is isolated from the IPA facility or not to observe the effect of the buffer 

tank on pressure in the IPA.  Also, in order to get the operation procedure, the test will be 

conducted in turn of the initial moderator fill in the moderator cell, cool down of the system, 
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reactor on (heater on), reactor off (heater off), and warm-up after the refrigerator turn-off as 

observing the phenomena in the IPA in every step.  

 

The figure 3 shows a schematic diagram for the thermo-siphon test using liquid argon and 

liquid nitrogen as a moderator and coolant, respectively.  Instead of utilization of the cryogenic 

refrigerator system, the argon gas, evaporated by the heat load in the moderator cell, is 

condensed in the heat exchanger using the latent heat of the liquid nitrogen.  Therefore, the 

test system can be simplified as shown in the figure 3.  The thermo-siphon loop is located in 

the vacuum chamber, made of the reinforced glass to observe the fluid phenomena inside, to 

maintain two-phase argon circulation in the thermo-siphon loop at the cryogenic temperature.  

 

 

Figure 3. Schematic diagram of the first mock-up test using liquid argon 

⑪

① ② 

③

④

⑤
⑥

⑦
⑧

⑨

⑩

 Mass flow meter            ①

 Mass flow meter            ②

 Relief valve                ③

 Pressure gauge             ④

 Ball valve                  ⑤

 Buffer tank                 ⑥

 Pressure regulator          ⑦

 Argon bombe      ⑧          

 Vacuum gauge            ⑨

 Vacuum pump              ⑩

 DAQ system               ⑪

 Power supply⑫  

⑫

P

P



 24

4.2. The second full-scale mock-up test 

 

In the full-scale mock-up test, there is a choice between the liquid hydrogen and the Freon 

as the working substance in the thermo-siphon loop.  In the case of the liquid hydrogen, the 

mock-up test is conducted at the cryogenic temperature, approximately 21 K; the hydrogen-

oxygen chemical reaction should be considered during the experiments.  On the other hand, 

the mock-up test using the Freon is conducted around the room temperature so the results from 

the mock-up test can be obtained with ease and observed through the sight glass.  In addition, 

if the full-scale mock-up test using Freon is conducted, the integrated final test using hydrogen 

and the same system, for the real CNS facility, will be conducted outside the reactor to validate 

the performance of the IPA facility at the cryogenic temperature.  From now on, two kinds of 

the full-scale mock-up test are discussed in the terms of the basic concept, and the plan.  

 

4.2.1 Mock-up test using the liquid hydrogen 

The mock-up test using the liquid hydrogen has the meaning in the fulfillment of the 

operation in the same system as the HANARO-CNS facility except the radiation of the neutron 

as the heat load on the moderator cell.  The detail information on the full-scale mock-up test 

using the liquid hydrogen is following [11]. 

 

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.  
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There is the best candidate location for this test: KBSi (Korea Basic Science Institute).  It 

has 1.5 kW@4K refrigerator and they are willing to support this test with their experience on 

superconductor experiment.  The refrigerator will be shared with the superconductor 

experiment and the scheduling for the use should be well defined. It is located within 15 minutes 

drive distance and has enough space.  The use of hydrogen is, however, a very sensitive issue 

and they want to avoid the extra effort for the use of hydrogen with the liquid pressure more 

than 2 kg/cm2 and with the gas pressure higher than 10 kg/cm2.   

 

The superconducting test facility has a large vacuum cryostat (LVC) whose dimension is 6 

m radius and 7.9 m high and two helium refrigerator or liquefier: One is made by Linde, shown 

in the figure 4, whose capability is the refrigeration power of 1500 W and the liquefying ability of 

270 ℓ/hr with the nitrogen cooling. The other is made by PSI whose capability is the cooling 

power of 200 W and the liquefying ability of 70ℓ/hr.  It also has background Magnet Systems: 

One is MC (main coil) whose specification is ± 8 T with 3 T/s ramp up and down.  Another is 

BC (blip coil) whose specification is additional 1 T with 20 T/s ramp down.  The other is CC 

(cancellation coil) for protecting MC from quench.  There are three species of power supply, 

such as 40 kA DC, 25 kA Bipolar, and 50 kA Superconducting Transformer.  Cryogenic Gas 

Consumption is 4000 liter/day in the case of liquid nitrogen for PSI refrigerator, LVC, valve box, 

and current lead box, and 80 liter/hr in the case of liquid helium for a pair of 50 kA AMI current 

leads.  

 

The figure 5 shows a schematic diagram for the thermo-siphon test. The cryogenic 

refrigerator facility demarcated by solid-lined box in the figure 5 should be available at the test 

location.  The remaining facilities such as H2 handling system, vacuum system and helium 
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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.  

 

 

Figure 4. Helium refrigerator system 
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Figure 5. Schematic diagram for thermo-siphon test using liquid hydrogen 

 

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 or zircaloy-4  

- Same dimension and thickness as a real product.  

- Instrumentation (temperature and pressure) on inlet and outlet side of moderator loop. 
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The helium refrigerator currently installed at the KBSi 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 indicative in the figure 5. 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 

system failure.  

 

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 
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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 

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. 
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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  

- 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. 
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 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.  
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(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.  
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 4.2.2 Mock-up test using the Freon  

Before carrying out the mock-up test using the Freon, the first mock-up test will be 

conducted at the cryogenic temperature, approximately 91 K, as mentioned above.  Even 

though this mock-up test does not match the scaling laws for the full-scale CNS system, it is 

necessary to conduct the first mock-up test so as to provide the foundation for the second full-

scale mock-up test and the CNS facility.  

Hence, the conducted first mock-up test has the validity in terms of following: 

(1) Possible to obtain experiences in the cryogenic system 

(2) Feasible to test the operation procedure for the cold hydrogen loop 

(3) Helpful to understand how to conduct or design the full-scale mock-up test 

(4) Useful to figure out the cryogenic flow phenomena 

 

Due to the manufacturing and experimental difficulty of the mock-up made of the 

reinforced glass, which should withstand the high pressure, 6.9 atm, the scaling law could not 

be applied in the first mock-up test during the scale down from the real CNS system.   

When the same scaling parameter is not utilized in the full-scale and small-scale system, 

some experimental results from the small-scale test cannot be applied into the analysis of the 

phenomena in the full-scale test with high accuracy.  Accordingly, the first mock-up test using 

liquid argon and liquid nitrogen as working fluids may not predict correctly the flow phenomena 

inside the thermo-siphon loop for the real CNS facility, such as void fraction, flooding limit, self-

regulating characteristic, and so forth.   

Therefore, it is necessary to conduct the full-scale mock-up test using whatever the 

working fluid is to comprehend the thermo-siphon phenomena.  In the full-scale mock-up test, if 

the Freon-gas is selected as a working substance in the thermo-siphon loop, there are several 
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advantages in the commitment of the mock-up test as follows: 

(1) easy to experiment the mock-up test fulfilled around the room temperature 

(2) not dangerous to deal with the Freon-gas in comparison with the liquid hydrogen 

(3) uncomplicated to apply the scaling laws into the Freon-gas mock-up test in order to 

predict the phenomena in the liquid hydrogen thermo-siphon loop 

(4) possible to test the proposed instrumentation and control system concept for the CNS 

facility even though the working fluid is not the liquid hydrogen 

(5) simple to manufacture the mock-up apparatus without any safety problem caused by use 

of liquid hydrogen. 

 

The following list in the table 3 is composed of the preliminary required experimental 

apparatus to conduct the mock-up test using the Freon as a moderator.   

The boiling temperature of the Freon gas is approximately 50 ℃; therefore, the test facility 

can be simplified in comparison of the hydrogen mock-up test because of no requirement of the 

cryogenic refrigerator system.  Accordingly, water, whose temperature is constant, is sufficient 

to condense the evaporated Freon gas in the heat exchanger into liquid Freon, flows back into 

the moderator cell.  In this mock-up test apparatus, the fluid circulation phenomena will be 

observed through the sight glasses, located at the moderator cell, and upper and bottom part of 

the transfer tube.   

The temperature inside moderator cell will be measured to figure out the pressure of the 

thermo-siphon loop and to understand the situation inside of inner shell under the variation of 

the heat load.   

As this mock-up test is setting up in terms of specified plan, the experimental apparatus is 

listed in the table 3.  
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Table 3. Required apparatus for the mock-up test 

 

Item Detail apparatus Usage 

Cylindrical cell - 

Heater rods Provide the heat to the moderator cell 

Band heater Provide the heat to the outer surface of the cell 

Watt meter Supply the power to the band heater 

Thermocouple 
Measure the temperature at the bottom part and 

upper part of the moderator cell 

Differential Pressure 

Transducer 

Measure the liquid level in the capillary tube 

connected on the moderator cell to estimate the 

void fraction 

Power supply 
Supply the power to the differential pressure 

transducer 

Pressure transducer Measure the pressure in the moderator cell 

Sight glass on the 

capillary tube 

Observe the size of the bubble and take a 

picture of the bubble 

Vacuum valve Maintain the initial vacuum in the moderator cell

Moderator cell 

 

Vacuum pump Make the initial vacuum in the moderator cell 

Inner tube Flow path for the condensed liquid 

Outer tube Flow path for the evaporated gas 

Flange 
Connect the transfer tube and the moderator 

cell 

Sight glass 
Observe the flooding phenomena of inside 

transfer tube 

Transfer tube 

Spring Fix the inner tube inside the outer tube 

Shell-tube heat 

exchanger 

Remove the heat from the evaporated 

moderator 

Pressure transducer 

(with digital indicator)
Measure the pressure of the supplied coolant 

Level sensor 
Measure the condensed liquid level at the 

bottom liquid storage part of the heat exchanger

Heat exchanger 

Thermocouple Measure the inlet and outlet of the coolant 
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Table 3. Required apparatus for the mock-up test (continued) 

Item Detail apparatus Usage 

Supply tank 
Temperature-constant bath to supply the coolant 

to the heat exchanger 

Level sensor Measure the coolant in the tank 

Solenoid valve 
Control the coolant flow-rate as the set-point of 

the Level sensor 

Water pump Transfer the coolant  

Water filter Remove contaminants from the water 

Heater 
Maintain the coolant at the constant 

temperature 

Thermocouple 
Measure the temperature of the supplied 

coolant 

Digital indicator 

controller 

Temperature controller of the coolant supply 

tank 

Flow meter 
Control the coolant flow-rate toward the heat 

exchanger 

Supply tank of the 

coolant or chiller 

Meter Supply the power to the coolant supply tank 

Acryl chamber 
Make the thermo-siphon system under the 

adiabatic condition 

Vacuum pump Make adiabatic condition in the acryl chamber  Acryl chamber 

Thermocouple Measure the temperature in the acryl chamber 

Buffer tank Initial inventory or prepare the emergency 

Pressure transducer Measure the pressure in the buffer tank Buffer tank 

On-off valve Close the buffer tank from the system 

Control program 
Control the system and present the all measured figures from the 

instrumentation and control system 

Control panel 

Include the PC / Monitor and all of control switches,  such as main 

power switch, water pump switch, temperature controller of the coolant, 

vacuum pump switch, heat load controlling switch and so on  

Supporter Fix the thermo-siphon system in the acryl chamber 
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The overall schedule of the second mock-up test is planned as shown in the table 4 in 

order to provide precious information in the design, safety assurance, and operation of the CNS 

facility in the research reactor, HANARO.  To manufacture the mock-up apparatus, the 

preliminary calculation is preceding to simulate the hydrogen fluid phenomena in the thermo-

siphon loop by means of the consistent scaling law.  From that stage, the technical 

specification and the requirement will be made with the consideration of the first mock-up test 

results.  Through the technical specification on the basis of the results of preliminary 

calculation, the mock-up equipment will be installed and the experiments conducted to finish the 

detailed design of the IPA facility and to get the operating experience for the control and 

instrumentation system.  The detailed test plan will be organized as the second stage mock-up 

test will be progressed.  

 

The figure 6 shows a schematic diagram for the thermo-siphon test using Freon gas and 

water as a moderator and coolant, respectively.  The thermo-siphon loop should be under an 

adiabatic condition so that it is necessary to make vacuum in the chamber for the insulation of 

the loop.  Including the thermo-siphon loop, all components and systems to be used for the 

testing should be prepared in full-scale on the basis of the scaling law between its working 

substance and liquid hydrogen.  
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Table 4. Schedule of the Freon mock-up test 

 

2004 2005 
Experimental content 

7 8 9 10 11 12 1 2 3 4 5 6 
Note

            
Preliminary calculation  

            
 

            Application of the 1st 

mock-up test results             
 

            Requirements and 

Technical specification             
 

            Thermo-siphon mock-

up design             
 

            Manufacture of the 

mock-up apparatus             
 

            Installation of the 

mock-up apparatus             
 

            
Experiments 

            
 

 

 

2005 2006 
Experimental content 

7 8 9 10 11 12 1 2 3 4 5 6 
Note

            
Experiments 

            

 

            
Analysis & Report 
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Figure 6. Schematic diagram for thermo-siphon test using Freon gas 
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4.2.3 Integrated final test outside the reactor 

The integrated final test outside the reactor will be conducted for the confirmation of the 

CNS facility performance before its installation in the reactor.  The helium system for the CNS 

facility will be used for liquefying the hydrogen in the integrated test.  In addition, to simulate 

the heat load on the moderator cell by radiation, the electric heater will be introduced to work 

the thermo-siphon and to test the performance of the helium system as well as the vacuum 

system. 
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5. Conclusion 

 

The thermo-siphon mock-up tests have been discussed in terms of not only practical 

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 
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experience in the cryogenic field to comprehend the fluid transport phenomena 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, we may have two options for the second mock-up test: first, 

conducting the full-scale mock-up test using hydrogen based on the earlier experience in the 

cryogenic field; second, conducting the full-scale mock-up test using Freon gas under the 

consistent scaling law between two fluids, hydrogen and Freon, and then conducting the 

integrated final test outside the reactor using the real CNS system in order to confirm its 

performance.  The first option gives more safety concern and costs you more for the mock-up 

test than the second option; 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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연구용 원자로인 하나로의 냉중성자원 설비를 위한 열사이펀 성능시험의 타당성 연구를 수행하였

다.  열사이펀 성능 시험의 목적은 냉중성자원 설비의 상세 설계, 운전 및 안전성 확보를 위한 것

으로 나뉠 수 있다. 본 보고서에서는 두 단계의 열사이펀 성능시험의 계획 및 일정에 대하여 서술

하였으며, 첫 번째 단계인 저온의 아르곤 액체를 이용한 작은 규모의 성능 시험은 냉중성자원 설

비에서 열사이펀 기본 개념의 이해 및 저온유체에 대한 경험 습득을 위해 수행될 예정이다. 두 번

째 단계는 실제규모의 실험장치에서 저온의 수소 액체를 사용하여 성능 시험을 수행하는 경우와

상온의 Freon 을 사용하여 열사이펀 성능 시험을 수행한 후 원자로 내에 설치 전에 최종적으로 수

소가스를 이용하여 integrated test 를 수행하는 두 경우에 대해 논하였다.  본 보고서에서 논의된

내용은 앞으로 수행할 열사이펀 성능 시험을 위한 초석으로서 사용될 수 있으며, 하나로 내의 냉

중성자원 설비의 안전한 운전을 위한 기초 자료로서 사용될 것이다.  

주제명 키워드 

(10 단어내외)  
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