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Abstract 

 

Passive safety becomes more and more important under station black out situation like Fukushima, 

providing trustworthy countermeasure for the accident. Importance of the passive safety is 

emphasized in the generation-IV reactors which are under development. Among the gen-IV reactors, 

lead-cooled fast reactor and sodium-cooled fast reactor have advantages to apply passive safety 

system driven by natural circulation due to superior thermal properties of the liquid metal coolant. For 

design and performance evaluation of natural circulation driven passive safety systems, experimental 

approach is necessary. However, liquid metal natural circulation itself has many difficulties like high 

temperature, toxicity, handling, cost, etc. Therefore, simulating experiment is required for the liquid 

metal natural circulation. In this research, experimental validation was conducted with liquid metal 

and non-metallic fluid, water. And based on the result of the validation experiment, natural circulation 

behavior under reactor vessel auxiliary cooling system (RVACS) operation condition was investigated, 

changing decay heat and boundary condition. 

For the validation of the similarity law, Wood’s metal, which is alloy of bismuth, lead, tin and 

cadmium, was selected as a representative for the liquid metal and water was selected as a simulant of 

liquid metal. In this experiment, it was concluded that water experiment could simulate temperature 

field of liquid metal natural circulation with reasonable error, and could simulate velocity field with 

moderate error. 

Based on the validation experiment, 2-D slab model was designed for RVACS performance 

evaluation. Effect of decay heat and boundary condition on the temperature distribution inside of the 

reactor pool were observed in the experiment. It was concluded that change of the decay heat affected 

slightly to the normalized temperature distribution and boundary condition made global shift of the 

temperature in the whole reactor pool. 
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Chapter 1. Introduction 

 

1.1. Research background and motivation 

 

The meaning of the word ‘safety’ has something in common in the nuclear safety and military. 

During most of the operation time, their importance could be forgettable, because a probability of 

accident is very low. However, when the accident happens, the safety system, which could mitigate 

the result of the accident, becomes extremely important. In the point of the guaranteed activation of 

the safety system, reliability of the safety system is the most important thing. Safety systems should 

be activated as designed whenever it is required under extreme conditions. 

I usually use metaphor of the safety and integrity of the nuclear system as a diaper. The best thing is 

the diaper kept clean, which corresponds to no core damage in nuclear accident. However, once the 

core was damaged, maintaining the integrity of the boundary is important to prevent leakage of the 

radioactive material into the environment, like the diaper. The boundary was damaged by 

accumulation of the thermal energy, which was mainly caused by decay heat, the most unique point of 

the nuclear power. To prevent the accumulation of the thermal energy, safety systems operate in two 

ways; controlling heat generation of the reactor core and cooling the heat from the core. The research 

scope of the dissertation is about cooling of the decay heat. 

To secure its activation under extreme conditions, the nuclear safety systems have evolved in the 

direction of using passiveness, which provide a naturally occurring deriving force for its activation. 

This kind of the deriving forces employs simple principle from the nature. Because they were derived 

without any external power, activation of the passive safety system could be secured under station 

black out (SBO) circumstance. Generally, forced convection is the best way to deliver heat, however, 

it requires power for the activation of the pump. The dependence on the active safety system has been 

proof by Fukushima accident. Safety systems were failed under SBO condition and the Fukushima 

provided us a lesson: the importance of the passive safety. Therefore, for the passiveness, passive 

systems employing natural circulation as their deriving force have been received attention. For the 

general pressurized water reactor (PWR), various passive injection systems and heat exchanger have 

been researched focusing on supplying coolant into the core, which removes heat from the core by 

phase change.  

The trend to use passive safety system was also applied to the developing reactors like the LMRs. 

Therefore, to remove heat passively, natural circulation was employed in the LMRs, whose coolant 

has favorable characteristics for the natural circulation. In case of the PWR, simply, supply of the 

coolant is important because of boiling is the main heat removal mechanism. However, for the LMRs, 

coolant temperature is very important for positive void coefficient and structural integrity. Different to 
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water, liquid metals have high boiling point so that under single-phase natural circulation, integrity of 

the structure could be threatened. In case of the sodium-cooled fast reactor (SFR), boiling phenomena 

should also be considered because of its relatively low boiling point. If the sodium coolant 

temperature increases more than its boiling temperature, boiling occurs, and corresponding positive 

reactivity is related to re-criticality. Therefore, during passive heat removal by natural circulation in 

the LMRs, temperature distribution of the coolant is very important. 

There are various decay heat removal systems (DHRS) using natural circulation. They could be 

divided into two groups; one is the additional heat exchanger and the other is reactor vessel auxiliary 

cooling system (RVACS). The additional heat exchanger type DHRSs needs additional heat transfer 

systems for transfer heat from the heat exchanger to the final heat sink. Thus, in the aspect of 

simplicity and reliability, they are worse than that of the RVACS, which only requires additional 

opening of the damper in the air duct for its activation. The RVACS could have another advantage in 

the aspect of reactivity because relative insert depth of the control rod is affected by the reactor vessel 

(RV) temperature. So that the RVACS is superior in the aspect of passive safety. 

In summary, the passive safety system RVACS was researched in the aspect of the temperature 

distribution of the reactor pool under natural circulation. It was conducted in the experimental way 

with simulating experiments because using simulant has more advantages than directly using liquid 

metal. Theoretical base of the similarity law of the temperature field of the natural circulation is 

introduced, and the similarity law was validated by the validation experiment. Finally using the 

similarity law, the reactor pool temperature distribution under RVACS operation was experimentally 

analyzed with a reference reactor, prototype generation-IV sodium-cooled fast reactor (PGSFR). 

 

1.2. Literature review on the DHRSs in the LMRs 

 

The definition of the nuclear safety is protection of the human being and environment from the 

probable radiation hazard. To isolate radioactive materials in the reactor system boundary, integrity of 

the system should be secured by proper cooling. As briefly mentioned before, boiling of coolant in the 

LMRs is not allowed for the coolant temperature itself and positive reactivity followed by the void. 

Fortunately, the liquid metal coolant has several favorable features for the passive heat transfer, 

specifically, the natural circulation. Its thermal conductivity is more than an order higher than the 

traditional coolant, water. Considering operation temperature, the viscosity of the liquid metals is 

approximately several mPa.s, which is similar to that of water higher than 80oC. Therefore, LMRs 

employed single-phase natural circulation for its passive heat removal. 

Experimental breeder reactor -II (EBR-II) was a pool-type SFR with 62.5 MWth power. A 

shutdown cooler was installed in the EBR-II and could remove 0.5 % of the total power1. Various tests 
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were conducted in the EBR-II for the successful shutdown of the reactor and proper cooling of the 

decay heat2-6. The combination of the secondary side heat removal and decay heat removal by the 

shutdown heat exchanger showed their capability to cool the reactor sufficiently under loss of flow or 

heat sink accident, even in unprotected case. 

Fast flux test facility (FFTF) was a test reactor for testing various concept of the loop-type SFR, 

which was built in 1978. It had the higher power than the EBR-II, as 400 MWth. The concept of the 

passive decay heat removal was already applied in this early age7-9. Decay heat was removed by dump 

heat exchangers, which were already used in the normal operation for the balance of heat generation 

and removal because the FFTF did not generate electricity. The FFTF had a unique reactivity control 

system, gas expansion module, which increases leakage of the neutron by changing sodium 

surrounding the core to the inert gas. The passive decay heat removal concept was validated in the 

FFTF facility. 

Joyo was a loop type, prototype SFR in Japan which had 100 MWth of power. It had indirect 

DHRS through the intermediate heat exchanger (IHX). If primary and secondary pumps were stopped 

after scram, DHRS could remove sufficient amount of heat in the loss of flow and loss of heat sink 

accident. However, this system was partially passive because blower in the final dump heat exchanger 

required external power for its operation10-13. 

Monju was another loop type, prototype SFR in japan which had approximately 700MWth of 

power. Also, the Monju had similar DHRS to Joyo. The DHRS of the Monju was natural circulation 

loop installed in the secondary loop, with air heat exchanger14-15. It also required power for the blower 

operation. 

PRISM is the abbreviation of power reactor innovative small module, which is based on the EBR-II 

design. It is a pool-type demonstration reactor of SFR with 840 MWth power. It has not been 

constructed yet, however, its design gives insights to other developing SFRs. The PRISM has an 

additional heat exchanger for decay heat removal, which is immersed in the reactor pool16-17. RVACS 

is also applied for the PRISM. These DHRS concept have been adopted in many other LMRs18. Under 

current design, RVACS of the PRISM can successfully remove decay heat of the core. Additionally, it 

was revealed that combination of the RVACS and decay heat exchanger (DHX) could shutdown the 

reactor inherently and cool the reactor properly even in unprotected conditions17. 

PGSFR is an SFR under development in Korea, which is the abbreviation of prototype generation-

IV sodium cooled fast reactor. It is prototype pool-type reactor which has 392 MWth of power. It has 

similar DHRS to PRISM; DHX and RVACS. Passiveness of the DHX has been improved form the 

design of the PRISM because heat exchanger at the air side of the DHX loop includes partially natural 

circulation19. The design of the RVACS is basically the same with the PRISM. The safety systems 

showed good performance even under unprotected conditions20-21, and RVACS could give additional 
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safety margin in the aspect of both reactivity and cooling22. 

ASTRID is a pool type prototype SFR under development by collaboration of France and Japan. Its 

abbreviation is advanced sodium technological reactor for industrial demonstration, and it has 1500 

MWth power. Because it has larger power than other reactors, there are three kinds of DHRS in the 

ASTRID, named RRA, RRB, RRC respectively. RR means residual heat removal and A, B, and C 

mean numbering of each system23-25. RRA and RRB are similar to DHX of other pool type SFRs. 

RRA requires electrical power for its operation, while RRB does not. RRC is a kind of external vessel 

cooling, however, different to PWR, it is operated by oil and pump. Instead of RVACS, the ASTRID 

selected RRC. 

The lead cooled fast reactor (LFR) is another reactor type using liquid metal coolant. Compared to 

SFR, thermal conductivity is relatively lower, density is much higher, and boiling point is much 

higher than sodium. The LFR is still under development so that there is no prototype or demonstration 

reactor, except for the engine of submarine. All the LFRs under development is pool-type reactor and 

adopted DHX26-28. RVACS is under consideration, though, LFR has favorable structures for the 

application of the RVACS, RVACS is one of the promising for the safety system of the LFR. 

To summarize, DHRSs of the reactor could be categorized by whether it is pool-type or loop-type. 

Regardless of its coolant, only geometry of the reactor determines the type of the DHRSs. For the 

loop type reactors, DHRSs were installed in the IHX and acted like auxiliary secondary side of the 

reactor, which could remove the heat from the primary system. For the loop-type reactors, there is no 

space for installation of the DHRS directly in the primary system. Therefore, DHRSs were installed at 

the IHX, where is the nearest point in the aspect of the heat transfer chain and favorable point for the 

natural circulation of the primary side. For this kind of the natural circulation, which occurred in the 

loop, phenomena in the natural circulation could be simplified as 1-D and relatively easily analyzed 

by system code. However, in case of the DHRSs of the pool-type reactors, DHRSs were installed in 

the reactor pool. Therefore, complex natural circulation phenomena occur in the reactor pool. Because 

the natural circulation flow is not confined by the loop, the natural circulation in the reactor pool is 

very complexed. According to the type of the DHRS, whether it is the DHX or RVACS, natural 

circulation phenomena could be totally different. Install position of the DHX also could affect the 

natural circulation phenomena, which is in the cold pool or hot pool. 

Currently developing reactors like all the LFRs, PGSFR, and ASTRID, they adopted pool-type 

design because it has more advantages than loop-type design. Even for the loop-type design adopted 

pool-type like design features like increased vessel size considering thermal inertial, and adopted 

DHX in the primary system because of the safety issue29-30. Even hybrid reactors of the pool and loop-

type reactor are under discussion31. In case of the SFR, there are more advantages in the pool-type 

SFR in the aspect of the inherent safety like large thermal inertia and void coefficient32-35. Its thermal 
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inertia is much larger than that of the loop-type SFR. In the viewpoint of the efficiency of the heat 

removal from the core, DHRSs of the pool-type reactor are more efficient than those of the loop-type 

because they are installed closer to the core in the thermal circuit.  

To analyze complex natural circulation phenomena in the pool-type reactors, various experimental 

apparatus has been developed. However, most of them are focused on the DHX and corresponding 

natural circulation phenomena. The natural circulation under the RVACS operation has unique 

characteristics in the aspect of heat sink term and distribution of the natural circulation, thus, it should 

be independently researched. 

 

1.3. Uniqueness of the present study 

 

As mentioned before, DHRSs installed in the reactor pool accompany with complex natural 

circulation. The DHRSs in the reactor pool have various name like RRA and RRB in the ASTRID, 

direct reactor auxiliary cooling system (DRACS) in the Japanese SFR (JSFR), and just DHX in the 

PGSFR. In detail, RRA and RRB are installed in the boundary of the cold pool and hot pool, DHX is 

installed in the cold pool, and DRACS is installed in the hot pool. Therefore, the natural circulation by 

the RRA, RRB, DHX occurred in the whole pool, while the natural circulation by the DRACS 

occurred in the only hot pool. However, in the aspect of the heat sink, they have many things in 

common, only circulation path is different. Heat sink, in other words cooling, is related to the heat 

exchanger, which is relatively small region compared to the whole reactor pool. Therefore, it could be 

simplified as volumetric heat sink in the heat sinking region, similar to the volumetric heat source of 

decay heat in the active fuel region.  

On the other hand, the RVACS showed totally different in the aspect of the heat sink term. The heat 

source term is the same because it is the decay heat. However, cooling of the RVACS occurs at the RV. 

It means that cooling of the RVACS occurs through the large region and it could not be simplified like 

volumetric heat sink in the DHXs. Considering heat removal characteristics of the RVACS, the heat 

sink term should be heat flux term near the wall. 

The difference of the heat sink term between the volumetric heat sink and the areal heat sink 

showed significant difference in the aspect of similarity. For heat exchanger type DHRS, combination 

of the geometrical similarity and volumetric heat generation or removal rate could easily assure 

similarity between the model and the prototype. The heat removal profile, in other words, distribution 

of the volumetric heat sink could be negligible because heat is removed only small region in the 

reactor pool. Thus, distribution of the cooling in the small heat exchanger region could be negligible 

in the aspect of overall natural circulation. However, in case of the RVACS, its distribution could not 

be neglected. For the natural circulation, deriving force of the natural circulation could be simplified 
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using distance between the thermal center, which means heating center and cooling center. The 

location of the cooling center could be affected by the distribution of the cooling heat flux. Even with 

the same cooling thermal center, the distribution of the cooling heat flux easily has effect on the 

natural circulation due to complex internal structures in the reactor pool. 

Additionally, realistic boundary condition of the RVACS have not been clearly researched. There 

are various researches about the RVACS22,36-38, however, they usually focused on the performance of 

the external air natural circulation, which is final heat sink. Schematic of the RVACS was illustrated in 

the figure 1-1. In the aspect of the thermal circuit of the RVACS, it could be summarized like the 

figure 1-2. Heat from the core is removed by the liquid metal coolant natural circulation, where the 

cooling boundary is the RV. Heat from the RV is removed by the containment vessel (CV) through 

conduction and radiation. Finally, external air natural circulation removes heat from the CV. Here, CV 

and RV are conjugated with radiation and conduction. Moreover, heat removal at the RV in the 

viewpoint of the sodium natural circulation, is conjugated heat source at the CV to the external air. 

Therefore, two natural circulation (the liquid metal and the air) are closely conjugated and interact 

each other. 

For these complex and important phenomena related to cooling boundary condition of the liquid 

metal natural circulation, there is no complete research for the effect of the boundary condition. 

Moreover, for the experimental approach, issues related to similarity law for the temperature field of 

the natural circulation have not been clearly validated by the direct comparing experiment. The issues 

were described in more detail in the following chapter. Based on the similarity law, the effect of the 

boundary condition was experimentally analyzed, in addition to the effect of decay heat level. 

In summary, there are some unique points in the present study. Regard to the similarity law, cooling 

boundary condition as surface heat sink was considered in addition to conventional volumetric heat 

sink or source. Consequently, the effect of the boundary condition was experimentally analyzed. Most 

of all, fully experimental validation of the similarity law is the most unique point of the present study. 

It is necessary to strictly validate the law, however, it has not been conducted yet. The author 

conducted strict validation of the similarity law for the first time in the world.  
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Figure 1-1. Schematic of the thermal circuit of the RVACS 
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Figure 1-2. Schematic of the thermal circuit of the RVACS 
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1.4. Research objectives and scope 

 

The final goal of the present study is to evaluate natural circulation phenomena under RVACS 

operation. To obtain that results, experimental approach was used based on the similarity law. This 

similarity law was experimentally validated including boundary condition effect. The process of the 

research is summarized. 

 

(1) To revisit similarity law with unique approach for the boundary condition 

(2) To validate similarity law in the fully experimental way 

(3) Based on the similarity law, another experiment for observing boundary condition effect was 

designed. 

(4) Validate experimental results with computational methods 

(5) Analyze phenomena and evaluate the effect of the boundary condition on the natural circulation 

 

The experiments were conducted in the series of the experimental facility named SINCRO, which 

is the abbreviation of the simulating natural circulation of reactor pool under the RVACS operation.  

Chapter 1 is introduction of the present study and the RVACS including the importance and 

necessity of the present study. The uniqueness of the present study is summarized compared to the 

other research. 

Chapter 2 is about theoretical derivation of the similarity law about the temperature field of the 

natural circulation and data interpretation method. 

Chapter 3 is about the validation experiment for the similarity law. Wood’s metal and water were 

selected as representative fluid to validate similarity law and temperature distribution was analyzed in 

both quantified and qualified manner. 

Chapter 4 is the main experiment, which was observing the effect of the boundary condition effect 

in the realistic geometry. The experimental facility designed based on the PGSFR and simplified as 2-

D slab model. Its results were also compared to the numerical results which were obtained by 

commercial CFD software ANSYS-CFX and system code MARS-KS. 

The summary and the conclusions of the present study are described in the chapter 5. 

 

Finally, this research would contribute to the safety analysis of the SFR. The performance 

evaluation of the RVACS is conducted by transient analysis through the system code like MARS-KS. 

Regard to the validity of the system code, my research could give experimental results for the 

validation of the code under steady state. 
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Figure 1-3. Scope of the research 
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Chapter 2. Theoretical base for the natural circulation similarity 

 

2.1. Introduction to Bo’ based similarity law 

 

  Importance of the liquid metal natural circulation was introduced in the previous section. Therefore, 

experiments for the liquid metal are required for validation of the numerical results and system codes. 

However, the liquid metals have severe disadvantages for their handling. In case of sodium, it should 

be isolated from the air or water due to its extremely high reactivity. In case of lead, it could be 

relatively free from the reactivity issue, however, it has a corrosive effect with most of the structural 

metals. Including corresponding system, the liquid metal experiment has more disadvantages. For the 

similarity, the size of the original system could not be significantly reduced, which regards to the large 

experimental system and corresponding high capacity of the power, insulation, system weight, etc. 

The experiments using liquid metal directly have many disadvantages, thus, simulating experiment 

with simulant should be considered. 

In general, the Grashof number and Rayleigh number are usually considered as main parameter for 

the similarity. The Grashof number is the ratio of viscous force to inertial force, which is related to the 

flow regime of the natural circulation flow. The Rayleigh number is multiplication of the Grashof 

number and Prandtl number, and the ratio of the time scale of the conduction to the convection. In 

other words, if the Rayleigh number is larger than certain value, the convective time scale is smaller 

than the conductive time scale. Therefore, the Rayleigh number is related to the magnitude of the 

natural circulation heat transfer.  

To consider the meaning of the general natural circulation similarity law, review of the derivation of 

the similarity law is required. Three governing equation for the continuity, momentum, and energy 

were non-dimensionalized with reference parameters. For the non-dimensionalization, references for 

the velocity and temperature were used as external values, like u infinite and T infinite. From this kind 

of reference selection, it could be concluded that scope of the Grashof and Rayleigh number-based 

similarity law is focused in the near wall region, where infinite values exist. A lot of heat transfer 

correlations have been developed based on the Grashof and Rayleigh number-based similarity law. In 

summary, traditional, general similarity law is focused on the near-wall phenomena, in other words, 

heat transfer. 

However, modified Boussinesq number (Bo’) based similarity law has different fields of view to 

the traditional similarity law. The Bo’ based similarity law is focus on the overall behavior of the 

natural circulation system. Basically, three governing equations are the same with the traditional 

similarity law. The derivation of non-dimensionalization and corresponding important non-

dimensional numbers are the same. 
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The basis of similarity was proposed by Grewal et al.; they suggested that water simulation of 

sodium natural circulation is better than the scaled sodium test39. Preliminary analysis of the design 

concept was conducted by comparing scaled and working fluids in terms of nondimensional 

numbers40. It was revealed that a similar experiment using water has many advantages over liquid 

metal experiments in reduced scale. Eguchi et al. evaluated the similarity law by comparing water 

experiments and computational fluid dynamics (CFD) data. The temperature showed 7% to 30% 

discrepancy with CFD data because of insulation41. 

Most of the sodium natural circulation experiment were conducted using water as simulant based 

on the Bo’ based similarity law. To analyze natural circulation phenomena under direct heat exchanger 

(DHX) operation condition, RAMONA and NEPTUN experimental facility were built, and they were 

scaled-down by 1/20 and 1/5, respectively42-45. Various simulations of upper internal structures were 

conducted in RAMONA. For the NEPTUN facility, there were unique phenomena named inter-

wrapper flow, which is a reverse flow into the outer core region from the upper plenum. Water 

experiment with the 1/8 scaled-down model showed good agreement with temperature drop rate; 

however, the temperature gradient did not match actual plant data46. Akutsu et al. experimented with 

the same 1/8 model. The direct reactor ACS (DRACS) and primary reactor ACS (PRACS) were tested, 

and the data were used to develop multidimensional system analysis codes47. Takeda et al. performed 

water experiment on a 1/20, 2-D slab model and observed the fluctuations of both velocity and 

temperature48. After the 2-D model experiment, they extended their work to the 3-D model, which had 

1/20 and 1/6 scale, and compared the results49. They concluded that the effect of the modified Grashof 

number (Gr’) could be negligible, while that of modified Boussinesq number (Bo’) should be into 

consideration. In AQUARIUS, which has 2-D slab shape in 1/20 scale, the effect of DHX location 

was investigated50. Recently, the spatial distribution of the phenomena was investigated by Mente et 

al.51. Flow distribution under DHX operation was observed and fuel assemblies in the outer core were 

more effectively cooled by direct downward flow from the DHX. The similarity law was also applied 

to loop-type reactors. The primary flow rate and temperature were investigated in a 1/10 scaled-down 

facility of a reactor named Japanese SFR52. The PHEASANT facility focused on velocity distribution 

as well as temperature, and visualized flow during DHX operation conditions53. In the case of LFR, 

the MYRRAHABELLE facility has been developed, which is a 1/5-scale 3-D model of the MYRRHA, 

and temperature behavior in various transient situations were investigated54. 

Difference between the Bo’ based similarity law and the general similarity law is selection of the 

reference point for non-dimensionalization. In case of the general similarity law, reference point is 

bulk fluid, thus, the similarity law has focus near wall phenomena comparing with bulk fluid, like heat 

transfer phenomena. However, Bo’ based similarity law has unique references for non-

dimensionalization. Rather than infinite value, the reference parameters in the Bo’ based similarity 
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law were derived from the characteristics of the natural circulation system. In the aspect of overall 

system, temperature difference, velocity, and time could not be defined without considering the 

system properties. For example, in case of the same pair of system, if power of the one system is 

higher than the other system, reference properties should be differed from each other. If two system 

have the same geometrical characteristics with different scale, reference properties should be changed 

along the scale of the system. Additionally, for the same pair of system with different working fluid, 

the reference parameters in the systems should be differed. To reflect this kind of system properties 

and working fluid’s properties, reference parameters of the Bo’ based similarity law were derived 

from combinations of the system and workings fluid’s properties. Briefly, using characteristics of the 

natural circulation and balances in the system, the reference properties were derived. Thereby, Bo’ 

based similarity law could focus on the over behavior of the system under the natural circulation. 

From the next section, detailed derivation process and its application would be analyzed. 

 

2.2. Derivation of the Bo’ based similarity law 

 

  As mentioned before, similarity law was derived from the non-dimensionalization of the governing 

equations like general similarity law with Grashof and Rayleigh number. However, Bo’ base similarity 

law has different point of view owing to its reference considering overall system. In this section, 

deriving reference parameters for the natural circulation was introduced, and based on the reference, 

important non-dimensionalized numbers were derived based on the non-dimensionalization of the 

governing equation. Then, discussion on the priority and meaning of the non-dimensionalized 

numbers were described. 

 

2.2.1. Setting reference values for the natural circulation 

 

In the natural circulation system, there is no specific references for some parameters. In the 

traditional similarity law, infinite values were used as references, like T infinite and u infinite. 

However, in the aspect of the overall system, there is no infinite value or certain reference for the 

temperature difference or velocity in the natural circulation system. Therefore, in the Bo’ based 

similarity law, reference parameters were derived considering properties of the working fluid and 

system properties including scale. 

In the natural circulation system, there is one clear reference, the length scale. Therefore, the other 

references such as the velocity, time, and temperature difference should be defined by functions of the 

other, clear parameters. To derive relationship between parameters and to express undefined reference, 

first, balance between the kinetic energy and buoyancy potential energy could be used. Under the 



14 

 

steady state of the natural circulation, the deriving forces of the system equals to the loss of the energy 

during natural circulation, which makes flow do not change. It could be expressed like equation (2-1). 

The left-hand side of equation (2-1) represent the buoyancy potential energy of the natural circulation 

system, which was defined as a multiplication of the density difference, gravitational acceleration, and 

length scale. The right-hand side of equation (2-1) represent the kinetic energy of the natural 

circulation, whose velocity was the reference velocity of the system. 

Here, using the Boussinesq approximation, which is that the density difference could be expressed 

as a multiplication of the reference density and the volumetric expansion coefficient, left-hand side of 

equation (2-1) could be modified as equation (2-2). Then, neglecting constant, and re-arrange equation 

(2-2) as a function of u, equation (2-3) could be derived.  
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      (2-1) 
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ref refu = gβΔT L      (2-3) 

 

Basically, this process has the same meaning with an assumption that Richardson number was 1. 

The Richardson number means the ratio of buoyancy force to inertia force of the working fluid, in 

other words, the driving force of the natural circulation to the kinetic energy of the system. Therefore, 

the balance between the buoyancy potential energy and the kinetic energy could be expressed in more 

strict manner. The Richardson number was assumed as 1. 
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In equation (2-3), it was success that expressing uncertain reference velocity with other parameters. 

However, as shown in the right-hand side of equation (2-3), it still had an uncertain parameter as the 

reference temperature difference. To eliminate this uncertain parameter in the expression of the 

velocity, one more relationship between the heating and convective heat transfer in the heating region 

was used. Equation (2-5) is the general energy conservation equation with internal source. Here, two 

terms in the general governing equation were assumed as zero: the transient term and the diffusion 

term. Neglecting these terms has two meaning. One is the steady state, and the other is neglecting 

diffusive heat transfer, which is dominant in the region having a high temperature gradient, especially, 

near wall region. 
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After neglecting two terms, equation (2-5) was changed to equation (2-6). Here, we could use a 

concept of the total heat generation. Because Q0 is volumetric heat generation in the unit volume, total 

heat generation Qtotal could be expressed as Q0L3 under isotropic scaling. By doing so, Equation (2-6) 

could be manipulated as (2-7), which is the description of Q0 as a function of other properties. Each 

parameter in the equation (2-7) was treated as reference parameter. It is the balance between heating 

and convective cooling. 
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Here, we obtained another relationship between the reference velocity and the reference 

temperature difference. By using equation (2-3) and (2-7) we could express the other parameters with 

clear, defined parameters. The reference time was expressed as length scale over reference velocity, 

which has a dimension of time. The reference velocity, the reference time, and the reference 

temperature difference were summarized in the equation (2-8) to (2-10) respectively. And 

comparisons of the reference parameters to the general, forced convection situation were summarized 

in the table 2-1. 
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2.2.2. Non-dimensionalization of the governing equations 

 

Three governing equations; the mass, momentum, and energy conservation equation, are non-

dimensionalized by the reference parameters obtained in the previous section. The three conservation 

equations are summarized in the equation (2-11) – (2-13-1) respectively. Equation (2-13) is the 

general energy conservation equations including both heat source and sink term, while equation (2-13-
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1) is the energy conservation equation without the source and sink term, which would be applied for 

the not heated and cooled region. 
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By the reference parameters, non-dimensionalized governing equations are summarized in equation 

(2-14) – (2-16-1). Here, the heat source term could be treated as 1 (unity) as long as volumetric heat 

generation rate was maintained. Regard to the volumetric heat generation, it could be changed. 

However, if it is decreased, quality of the experimental data become degraded because overall 

magnitude of the parameter decreases, and relative error is increased. Otherwise, it could not be 

increased considering specification of the cartridge heater. Therefore, the volumetric heat generation 

rate was the same with prototype. Thus, the heat source term in equation (2-16) was evaluated as unity 

by Richardson number assumption, which is balance between convective cooling and heating. 

Therefore, similarity for the heating could be achieved by making the volumetric heat generation rate 

identical for the heating region. Regard to the heat sink term, it could be characterized to cooling heat 

flux. For ideal similarity, cooling heat flux should be applied with similar distribution characteristics. 

However, by simple Fourier’s law, the conductive heat flux could be expressed as function of 

temperature difference between two points. It means that the temperature of the cooling boundary is 

properly simulated, temperature difference between the cooling boundary and pool, and 

corresponding cooling heat flux could be simulated. Regard cooling, boundary temperature is pretty 

much easier to control than heat flux. Therefore, it is better to apply temperature boundary condition 

to get similarity for the heat sink number considering practical application. The heat source term and 

sink term would be discussed in more detail in the following part. 
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Here, two important non-dimensional numbers were derived in the diffusion term in the right-hand 

side of equation (2-15) and (2-16). One is the modified Grashof number (Gr’), the other is the Bo’, 

which we continuously discussed about. Their definitions are given in equations (2-17) and (2-18), 

respectively. As shown in its name, modified Grashof number, Gr’ has similar meaning to the original 

Grashof number, which is the ratio between the buoyancy force to the viscous force. However, Bo’ 

has similar but different meaning with the Rayleigh number. Because its reference is the overall 

system, Bo’ represents the ratio of the amount of the heat transfer by the natural circulation to 

conduction. 
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Table. 2-1 Summary and comparison of the reference parameters for non-dimensionalization 

Parameter 

Reference 

Forced circulation Natural circulation 
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2.3. Meaning and priority of the similarity parameters 

 

  In this section, detailed similarity parameters in the non-dimensionalized equations would be 

discussed including meaning of the two important non-dimensional numbers; Gr’ and Bo’. Then, 

based on their meaning, relative importance of the parameters is determined considering realistic 

simulants and the liquid metal. After that, not only for the Gr’ and Bo’, other similarity parameters in 

the governing equation are discussed. 

 

2.3.1. Similarity parameters in the momentum conservation equation 
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The non-dimensionalized momentum conservation equation is in equation (2-15). Terms in the left-

hand side consist of non-dimensionalized parameters like ui*, t*, and x*. Therefore, they could be 

excluded from the similarity issue. The three terms in the right-hand side of the equation includes 

parameters like system properties and material properties. Discussion is continued with these three 

terms with their meaning and order of magnitude, in other words, the relative importance.  

The first term is regard to diffusion phenomena and includes Gr’. As described before, Gr’ is the 

ratio of buoyancy force to viscous force and determines flow regime in the natural circulation. It has 

the similar meaning to the Reynolds number in the forced flow condition, which determines flow 

regimes in common. Because Gr’ is related to flow regime of the natural circulation, it could be 

compromised as preservation of the flow regime. 

The balance between the buoyancy potential energy and inertial force is described in the second 

term. In the derivation procedure, the author assumed the balance between the buoyancy potential 

energy of the natural circulation and the kinetic energy of the natural circulation flow, and it 

corresponds to assumption that Richardson number is unity, in more mathematical expression. The 

Richardson number is added in front of the multiplication of non-dimensionalized temperature 

difference and Kronecker delta. Therefore, similarity issue related to the second term in the right-hand 

side could be summarized that Richardson number was assumed as 1. 

Third term includes dimensional parameter as pressure drop over kinetic energy of the natural 

circulation flow, which is the definition of the pressure drop coefficient. It means that the pressure 

drop coefficient each part should be matched to secure the similarity in the aspect of the flow. The 
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pressure drop coefficient could be matched by modifying a cross sectional area of the component like 

orifice. Therefore, this term could be matched independently with other terms. 

 

 

2.3.2. Similarity parameters in the energy conservation equation 
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Equation (2-16) indicates the non-dimensionalized energy conservation equation. Similar to the 

non-dimensionalized momentum conservation equation, two terms in the left-hand side do not 

includes dimensional parameters. Therefore, similarity issue on the energy conservation equation 

would be discussed in the only three terms in the right-hand side of the equation. 

The diffusion term in the first includes Bo’, which is the main similarity parameter in the present 

similarity law of the temperature distribution of the natural circulation. The Bo’ is the ratio of the heat 

transferred amount by natural circulation to that by the conduction. It is similar to the Peclet number 

in the forced convection situation, however, Bo’ concentrates on the overall system. It is the key 

parameter for the similarity law, so that the Bo’ of the model should be identical to that of the original 

system.  

The second term is related to the heat source of the natural circulation, which was given as the 

volumetric heat generation. By replacing the reference velocity and the reference temperature to their 

definition in equation (2-8) and (2-10) respectively, this term treated as unity. For the same volumetric 

heat generation rate, it remains unity. In case of the volumetric heat generation rate change, 

corresponding reference parameters are changed automatically, and this term steel remains unity. 

Therefore, this term is kept as unity in every situation and similarity about the source term could be 

automatically secured. 

Last term is regard to cooling of the natural circulation. This is unique boundary condition because 

the RVACS showed different cooling characteristics compared to the DHX or other decay heat 

exchanger. This term could be considered in two ways. First, in the aspect of the overall system, heat 

flux could be expressed in the form of the total power over area if heat balance of the system 

maintained, like (Q0L3/L2). And this term could be reduced to Q0L and the heat sink term has the same 

form with the heat source term. Here, isotropic scaling was assumed in the expression of Q” in 

another form and reduction. Thus, in the aspect of the overall system, similarity of the cooling 

boundary condition could be achieved by isotropic scale reduction. Second, for heat transfer 

phenomena near boundary, heat flux term could be expressed as kΔTref/L, using the concept of the 
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Fourier’s law. Thereby, the heat sink term could be reduced to (α/urefL). By using relationship 

between uref and tref, it could be changed to (αtref/L2), which is the same form with Fourier number. 

Fourier number means the ratio between the amount of the heat transfer to heat storage, thus, it should 

have value as 1 for both Wood’s metal and water under steady state. Even under unsteady state, it 

could have the same value for both Wood’s metal and water. By replacing uref to its definition in the 

equation (2-8), the heat sink term summarized as Bo’3/2, which could be identical between Wood’s 

metal and water by matching the main similarity criterion for the similarity law, Bo’. Here, ΔT and Δx 

term in the Fourier’s law was expressed by the ΔTref and L, which is reference temperature difference 

and length scale. It means that temperature profile in the cooling boundary should be linearly 

proportional to the reference temperature difference, and boundary layer thickness should be reduced 

in the isotropic manner, having same reduction ratio with the general length. In summary, similarity 

of the cooling region could be achieved by isotropic scale reduction, matching Bo’ and assumption of 

temperature profile and thickness of the boundary layer. Even it could be valid under unsteady state if 

heat balance of the system is similar. 

For the volumetric heat sink term, which could be applied to the DHX, distribution could be 

neglected because cooling region is very small compared to the overall reactor pool. Therefore, heat 

flux sink term is one of the unique points in the present study. The heat flux boundary concept was 

derived from the characteristics of the RVACS, whose cooling is achieved by the RV wall, having 

considerable cooling region compared to the overall reactor pool. The heat sink term described 

cooling of the working fluid during going downward through the cooling wall. Dimension of the 

equation (2-13) and (2-13-1) was [K/s], which was temperature change rate. To derived cooling term, 

schematic of the cooling phenomena and corresponding mathematical description were summarized in 

figure 2-1. Here, balance between temperature change of the working fluid and the cooling could be 

expressed like equation (2-19) and (2-20), where ΔTin,out represents Tin – Tout. 

 

( )out p in outQ c uwd T T= −     (2-19) 

p in,outq wh c uwd T =       (2-20) 

2 2

p in,outq L c uL T =       (2-21) 

 

It could be simplified as equation (2-21) by replacing w, d, and h by representative length scale L. 

Because isotropic scale reduction was assumed, it could be represented by the common parameter as 

the length scale L. Velocity term u could be modified as (L/t) because it has the dimension of the 

length over time. Then, arranging both sides of the equation (2-21), equation (2-22) could be derived. 
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From equation (2-22) we could obtain temperature change rate over time like equation (2-23), which 

is the cooling term in the equation (2-13) in the previous section. 

 

p in,outq c L T t =       (2-22) 

in ,out

p

q
T t

c L


 =      (2-23) 

 

If system is under steady state, the amount of heating and cooling is equal. Therefore, in the aspect 

of average heat flux, similarity about non-dimensional cooling heat flux is automatically achieved 

without a particular cooling methodology. Furthermore, the author intended to control cooling 

condition in more detail, which could be represented as its distribution. In case of the DHX cooling 

experiment, total cooling could be measured by using temperature increment in the cooling loop. Size 

of the DHX is smaller than that of the pool, therefore, detailed distribution of the cooling heat flux 

through the DHX could be ignored in the aspect of the overall temperature distribution inside the pool. 

However, in case of the RVACS, where all the RV wall is the cooling wall, its distribution could not 

be neglected. Therefore, the author intended to control distribution of the cooling. However, in the 

point of heat flux distribution control in the experiment, it is not easy to achieve. Otherwise, in case of 

the heating, both heat flux (power) and temperature could be easily achieved because heat flux could 

be directly controlled by power change and temperature could be monitored in real-time. However, 

heat flux distribution control in cooling could not be clearly given. The temperature cooling condition 

could be given in more detail by monitoring cooling wall temperature. Moreover, in the real RVACS 

situation, boundary condition would be given as temperature of the RV wall. The most important 

reason is that the heat flux distribution could be indirectly quantified by temperature distribution 

along the wall. Referring figure 2-1, outward heat flux (cooling) could be expressed like equation (2-

24) 

 

( )fluid wallq h T T = −      (2-24) 

 

As described in the equation (2-13), parameter which has direct effect on the fluid temperature was 

cooling heat flux. Objective of the temperature boundary condition is to simulate distribution of the 

heat flux. To control heat flux, control of three terms in the right-hand side is required. Here, the heat 

transfer coefficient h could not be modified because operating condition and working fluid were 

already fixed. The fluid temperature Tfluid could automatically have similarity because similarity of the 

temperature distribution in the pool was already satisfied by the Bo’. Last term is wall temperature, 
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which was the main concern in the discussion. In the practical point of view, by controlling wall 

temperature at an arbitrary point, heat flux could be controlled at the point. 

The total cooling amount must be the same under steady state as discussed in the first part of the 

comment. Therefore, controlling of distribution of the heat flux along the cooling wall could make 

same cooling boundary condition in the aspect of the heat flux, and it could be achieved by the 

cooling wall temperature control. Furthermore, change of the heat transfer coefficient along the wall 

could be sufficiently reflected by changing wall temperature theoretically. General Nusselt number for 

the laminar, vertical wall natural circulation is like equation (2-25). g(Pr) means a function of Prandtl 

number, which was described in the right-hand side. Under isotropic scaling condition, x could be 

properly scaled. Prandtl number is already determined according to simulant. The most important 

parameter determining distribution of Nusselt number was temperature difference term. It could be 

properly simulated by controlling wall temperature. In conclusion, the author insist that cooling 

condition should be applied as temperature boundary condition. The reason is that the temperature 

boundary condition is more practical in the point of distribution and heat flux distribution could be 

scaled based on the temperature-based approach.  

 

( )
( )

( )

1/ 21 41 4 3

wallx
x 2 1 2 1 4

g T T xGr 0.75 Pr
Nu g Pr

4 4 0.609 1.221Pr 1.238 Pr






 − 

= =   
+ +   

 (2-25) 

 

2.3.3. Practical limitation for simulating with real materials 

 

To obtain the perfect similarity, all the non-dimensional numbers should be identical between the 

original system and model. However, as shown in equation (2-17) and (2-18), the two numbers have 

many parameters in common. It means that Gr’ and Bo’ could not be independently modified by 

changing its system or working fluid. Therefore, we should select a one parameter between Gr’ and 

Bo’. It would be discussed in the following section in more detail, but briefly, there is no material 

satisfying both Bo’ and Gr simultaneously. Between Gr’ and Bo’, with regard to the temperature field 

of natural circulation, Bo’ is more important because it denotes the ratio of the amount of heat 

transferred by natural circulation to that of conduction. A lot of previous research indicated that 

identical Bo’ with compromised Gr’ ensures the similarity of the temperature field43,46,49,53. Therefore, 

the Bo’ was selected as main similarity parameters in the study. 

For the compatibility of the identical Bo’ and the identical Gr’ between the original system and the 

model, the author obtained proper length scale for the identical Bo’. Based on the discussion on Bo’, 

and scale for the identical Bo’, corresponding Gr’ at that condition would be discussed. Here, Bo’ was 

assumed as a solely function of the length scale for a single material. Considering the definition of the 



24 

 

Bo’ in equation (2-18), the volumetric heat generation rate could be changed, in addition to the length 

scale. However, it was fixed as constant as other literatures did40-49,51-53. There are two reasons for the 

fixed volumetric heat generation rate. Here, a working fluid of the system was assumed as the sodium 

and simulant was assumed as the water. First one is related to increasing the volumetric heat 

generation rate. Actually, the average volumetric heat generation rate of a certain SFR (PGSFR) was 

213.4MW/m3 (213.4W/cm3). In case of 1% of the decay heat, 2.13W/cm3 of the heat should be 

generated as the q’’’ was maintained. This value was average power density for the whole core so that 

net power density should be considered excluding flow region. Then, the power density became quite 

high-power density for the heater, which was nearly manufacturing limit for the heater. Therefore, 

increasing power density in the experimental facility was hard to be considered. 

 

,

,

reference Sodium

Sodium water

reference water

T
T T

T


 = 


    (2-26) 

 

Otherwise, decreasing power density also has problem. As described in the definition of the Bo’, if 

volumetric heat generation (equivalent to total heat generation under isotropic scaling) decrease, 

length scale for the identical Bo’ is increased. In case of sodium-water simulation, scale-down ratio 

for water facility is 1/25 for the same volumetric heat generation and 1/17 for the 1/10 reduced 

volumetric heat generation. The most important problem is drastically decreased ΔTref, which cause 

increase of error. It would be discussed in more detail in section 2.4, however, to briefly discuss 

disadvantages of reducing the volumetric heat generation rate, it was simply referred. ΔTref is used as 

numerator in the data interpretation formula, equation (2-26). Error in the predicted sodium 

temperature was calculated assuming that uncertainty of the temperature in the experiment was 1.5oC. 

Exact calculation was summarized in the table 2-2 and ΔTref for sodium was 1.636oC. If the 

volumetric heat was reduced to 1/10 and the facility was designed based on that parameter, size of the 

facility could be increased approximately 1.5 times. It is a clear advantage of the scaling up by 

reducing the volumetric heat generation. However, as mentioned before, error in the predicted sodium 

temperature was increased. Originally, the error was 10oC, which could be acceptable. However, after 

size reduction, the error was increased approximately 4 times, approximately 40oC. This is an obvious 

disadvantage for reducing the volumetric heat generation. In conclusion, increase of the volumetric 

heat generation rate is hard to achieve because of the specification limit of the cartridge heater. 

Reduction of the volumetric heat generation rate was possible, however, there was a significant 

disadvantage. 1/10 times of the reduction of the volumetric heat generation rate made scale of the 

experimental facility approximately 1.5 times larger, while error range was increased approximately 4 
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times. Therefore, do not change the volumetric heat generation rate, and using the same volumetric 

heat generation rate is the best. 

Therefore, Bo’ becomes a solely function of the length scale. Figure 2-2 showed relative length 

scale for identical Bo’, while water was set as reference as a length scale of unity. It means that 

compared to the water system, the length scale of the other system should be increased or decreased to 

the corresponding scale. For example, if someone want to simulate water natural circulation by the 

ethanol, the size of the ethanol system should be 0.35 times of the water in the aspect of the length 

scale. And, to simulate natural circulation of the Field’s metal by the water, the size of the water 

facility is 7.3 times smaller than that of the Field’s metal facility in the perspective of the length scale. 

To simulate natural circulation of the liquid metals by non- metallic fluids, the non-metallic fluid 

could be categorized as 4 groups: heat transfer oils, liquid metals, heat transfer salts, refrigerants, and 

the water. For heat transfer oils, which is light brown colors in figure 2-2, to match Bo’, the scale 

should be less than 1/50. Moreover, the ratio of Gr’ number has much smaller value than other liquid 

so that the flow regime would be significantly changed. Because of the highest viscosity and lowest 

thermal conductivity among the candidates, heat transfer oils are not suitable for simulant of liquid 

metals. Liquid metals, which are in the right side of the figure 2-2 have similar properties with 

original coolant, sodium, except for density. These similar properties have some advantages in scale 

difference, however, have disadvantages in scale-down. The liquid metal system, more precisely, the 

reactor pool is too large to directly conduct experiment without scale-down. Toxicity and economy 

are the other problems for liquid metals. Therefore, liquid metal was excluded. Heat transfer salts, 

which are green in figure 2-2, requires smaller length scale than water and they are also opaque. 

Refrigerants are blue letters in figure 2-2. They are transparent, however, requires smaller length scale 

for identical Bo’. So that there is no advantage than water in refrigerant and it is same for ethanol. The 

water is the fluid whose properties are most well-known, however, the water could not make both the 

Bo’ and Gr’ identical with liquid metals simultaneously. All kinds of the simulants for the liquid 

metal natural circulation were reviewed, however, there was no simulant to satisfy similarity for both 

the Bo’ and the Gr’ simultaneously. Therefore, we cannot make perfect similarity by matching all 

kinds of the non-dimensional numbers. Object of the similarity law is to simulate temperature 

distribution of the liquid metal natural circulation. Between the Bo' and Gr', for simulating 

temperature distribution, it was known that Bo' is more important that Gr'41,46,49,50. Gr' is related to 

natural circulation flow regime, such as laminar or turbulent. Moreover, concentrating on Bo' could 

provide rough similarity for the flowrate because the temperature distribution is the driving force of 

the natural circulation41,52. Therefore, in this similarity law, as its named, Bo' was considered as the 

core similarity parameter. 
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2.3.4. Priority analysis using order of magnitude 

 

As reviewed in the section 2.2.1 and 2.2.2, various parameters related to the similarity issue were 

discussed. In case of the energy conservation equation, the Bo’ should be matched because it is the 

main similarity parameters. The similarities in the heat source and sink could be matched independent 

to matching the Bo’ because the heat source term is always unity and the heat sink term could be 

matched by modifying boundary condition, which is independent to the Bo’. Therefore, similarity 

issues in the energy conservation equation are solved. 

However, for the momentum conservation equation, the Gr’ cannot be identical to the original 

system as long as Bo’ is identical. The second term including the Richardson number is always unity 

because the Richardson number was assumed as 1 during the derivation. The last term is related to 

pressure drop coefficient, which could be matched independent to the Bo’ or the Gr’ by modifying the 

cross section of flow channels. In this section, the author wanted to clarify the meaning and 

importance of the pressure drop coefficient in the viewpoint of the overall flow similarity. For the 

overall flow similarity, relative importance of the Gr’ and the pressure drop coefficient are discussed 

in the present section. 

The order of magnitude method was used in this section, which simply compare the order of 

magnitude of each term by combination of the order of magnitude of each parameter. The order of 

magnitude of each parameter is summarized in table 2-3. Considerable order of magnitude was 

expressed as 1 and negligible order of magnitude was expressed as epsilon (ε). Non-dimensionalized 

parameter like non-dimensionalized velocity, temperature difference, and pressure have an order of 1 

because they were already non-dimensionalized to have an order of 1. For the derivatives, along the 

parallel direction to the flow direction, there is no significant change of the parameters except for the 

pressure difference, which is the deriving force of the flow. Along the perpendicular direction to the 

flow direction, the situation is reversed from the that of the parallel direction. Therefore, only the 

pressure derivative has an order of ε and the other terms have an order of 1. Gr’ of the PGSFR is 

about 3.55 x 1012, and 2.18 x 106 in the SINCRO-2D facility, which is a 2-D slab model facility of the 

PGSFR. Therefore, Gr’ is assumed as 1/ε, which represents a large number. δ is Kronecker delta, 

which have values of 0 or 1 regard to the basis of the tensor. The pressure drop coefficient surely has 

an order of 1 because it has a meaningful order of magnitude, however, not as big as Gr’. Based on 

the order of magnitude of each parameter as discussed, equation (2-27) summarized the order of 

magnitude term by term. 
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 (2-27) 

 

The left-hand side has an order of 1 by adding 0 and 1, while the right-hand side has an order of 1 

by summation of ε1/2 ,1 and 1. It could be verified that the order of magnitude of each parameter was 

properly assumed because order of the left-hand side and the right-hand side is equal. Here, about the 

order of the magnitude of the terms in the right-hand side, there is a clue for the importance of each 

term in the viewpoint of the overall similarity. Excluding the second term in the right-hand side, 

which is related to the Richardson number, the order of magnitude of the first term and the third term 

is different. The Gr’ related term has an order of ε1/2 and the pressure drop coefficient related term has 

an order of 1. The order of magnitude of the pressure drop term is larger than that of the Gr’ term. It 

means that relative importance of the pressure drop coefficient is bigger than that of the Gr’. It 

suggests an importance priority of the flow similarity. As discussed before, the Bo’ is the most 

important parameter for the natural circulation flow because it is related to the temperature 

distribution, which is the driving force of the natural circulation. And then, the second important 

parameter is the pressure drop coefficient. The Gr’ is the third important parameter according to the 

order of magnitude analysis. This kind of the priority gives justification of the compromise of the Gr’ 

for identical Bo’. Although the Gr’ is not matched with that of the original system, by matching the 

Bo’ and the pressure drop coefficient, the flow similarity could be achieved because the Bo’ and the 

pressure drop coefficient are more important than the Gr’. Therefore, the similarity issue related to the 

Gr’ could be relatively free as long as the flow regime maintained. 
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Figure 2-1. Schematic of the cooling boundary condition 
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Figure 2-2. Relative length scale for identical Bo’ 

 

  



30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table. 2-2 Summary of the parameter change by q’’’ change 

 q’’’ = q’’’ sodium Q’’’= 1/10 q’’’sodium 
Ratio 

f(1/10q’’’)/f(q’’’) 

Scale for identical Bo' 1 / 25 1 / 17 1.471 

ΔTref 0.2420oC 0.0607oC 0.251 

Error in the predicted 

sodium temperature 

(Tuncertainty,experiment = 1.5oC) 

10.14oC 40.41oC 3.986 
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Table. 2-3 Summary of the order of magnitude in the momentum conservation equation 

Parameter Meaning Order of magnitude 

iu *  Non-dimensionalized velocity 1 

ix




 

Change along the parallel 

direction to the flow 

For pressure: 1 

For the others: ε 

jx




 

Change along the perpendicular 

direction to the flow 

For pressure: ε 

For the others: 1 

Gr’ Modified Grashof number 1/ε  (large number) 

T* 
Non-dimensionalized 

temperature difference 
1 

P* 
Non-dimensionalized pressure 

difference 
1 

δ Kronecker delta 0 or 1 

2

ref

P

u




 Pressure drop coefficient 1 
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2.4. Data interpretation between the model and the original system 

 

The final object of the simulating experiment is to predict the temperature of the original system. 

Here, a normalized temperature difference is introduced for the explanation. The normalized 

temperature difference θ was defined in the equation (2-28). It is the temperature difference between 

the arbitrary point in the experimental facility and the boundary, divided by the reference temperature 

difference. As previously mentioned, the reference parameter is the representative magnitude of a 

certain parameter. In other words, the temperature can be expressed by multiplying the reference 

parameter and normalized temperature difference as in equations (2-29) and (2-30). It had basically 

the same meaning to the T* in equation (2-16), however, θ has a specific temperature point for 

calculation of the temperature difference, as boundary temperature. 

 

boundary

ref

T T

T


−
=


      (2-28) 

  ,original reference original originalT T  =       (2-29) 

model reference,model modelΔT = ΔT θ     (2-30) 

 

  From the similarity law, two systems: the original system and the model, could have the same θ by 

matching the Bo’ between the two systems. It is the similarity the author wanted to secure. In this 

regard, the temperature of the original system could be predicted by the model. Therefore, θoriginal 

could be replaced by the θmodel because the two θ have the same value. Re-arrange equation (2-30) as 

an expression of the θmodel and substitute θoriginal to the expression, (ΔTmodel/Δreference,Tmodel), equation (2-

31) could be derived. Equation (2-31) is the equation for the data interpretation from the model to the 

original system. 

 

reference,original

original model

reference,model

ΔT
ΔT = ΔT

ΔT
    (2-31) 
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Chapter 3. Similarity validation experiment: SINCRO-V 

 

3.1. Experimental design 

 

In this section, the SINCRO-V experiment would be briefly introduced including its objective and 

reason for the facilities and the experimental design. As mentioned before, the SINCRO-V is the 

abbreviation of the simulating natural circulation of reactor pool under the RVACS operation – 

validation of the similarity law.  

 

3.1.1. Objective of the experiment 

 

Research related to the similarity and simulating experiment briefly introduced in the section 2.1. 

There were several research related to validation of the similarity law, however, the similarity law has 

not been sufficiently validated with strict experiment. At first sight, it seems absurd to simulate liquid 

metal, which has an extremely low Prandtl number (Pr), using water which has high Pr. To clarify this 

issue, there has been some research on the validation of the similarity law. Some researchers 

compared the data from the simulating experiment and the data of the actual plant43,46. They focused 

on the qualitative phenomena and indirect parameters such as temperature gradient or drop rate. 

Direct and quantitative comparison between the simulating experiment and the original reactor was 

achieved by comparing the water data and the numerical sodium data41. The data were quantitatively 

compared, however, the sodium data were obtained by numerical methods, they had inherent 

limitations and uncertainties for strict validation. Moreover, these discussions on the similarity law 

were conducted under the DHX operation conditions. Therefore, the similarity law should be fully 

validated in the experimental way for the RVACS operation condition. In the present study, the 

similarity law between liquid metal and other fluids with relatively high Pr was validated in terms of 

temperature distribution. The temperature obtained by the liquid metal experiment and the liquid 

metal temperature obtained by water experiment were directly compared at the same points. 

  

3.1.2. Selection of the working fluid and simulant 

 

The basic concept of the SINCRO-V experiment is direct comparison of the temperature at the 

same position in the two facilities. In prior to the design, working fluid determines the scale ratio 

between the two facilities, whose working fluid is liquid metal and non-metallic fluid, respectively. 

The key similarity parameter is the Bo’, which is the ratio of amount of heat transferred by natural 

circulation to that by the conduction. To make the Bo’ identical between the two facilities, the 
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volumetric heat generation rate and the length scale could be manipulated. However, as discussed in 

section 2.3.2, it is fair to fix the volumetric heat generation rate. Therefore, the Bo’ becomes a 

function of length scale solely. 

Determining a specific liquid metal for the working fluid, the scaling ratio could make scale down 

the original system to the reasonable size, however, too large scale down could distort the flow or the 

geometry itself. Too small scale down also makes the advantages of the simulating experiment 

meaningless in terms of the economy and the flexibility of the experiment. To reduce distortion by 

scale, the difference of the length scale between two fluids should be properly determined. Among 

liquid metals, the mercury has the smallest difference of the length scale with nonmetallic fluid. 

However, the mercury is toxic to the human body and the environment. The field’s metal was also 

excluded owing to an economic issue, because the Field’s metal includes indium, which is one of the 

expensive rare metals. Then, Cerrolow136 and Wood’s metal are left among the candidates. The 

composition and the properties of the two materials are quite similar. Between these two metals, 

which have similar values of the length scale, Wood’s metal was selected because of previous 

operation experience. 

For the simulant of the Wood’s metal, to minimize the distortion of the flow or the geometry of the 

facility, length scale should be properly determined, not too large or not too small. With respect to 

Wood’s metal, whose relative length scale for the identical Bo is large, the water has the smallest scale 

reduction ratio as 14.1 : 1. In this kind of scale difference, 1.41 m of the Wood’s metal facility is 

reduced to 10 cm in the water facility. This kind of scale reduction is the minimum limit to reflect 

detailed structures in the Wood’s metal facility. If the simulant is changed from water to other fluids, 

scale would be more reduced and correspondingly the flow and geometry would be more distorted. 

Meanwhile, other fluids do not have any advantages compared to water. They are expensive than the 

water and has improper melting point or boiling point for the experiment at the atmospheric condition.  

In terms of the material handling, economy, and clearness of the properties, water is the best simulant 

for the liquid metal. 

Regard to properties of the Wood’s metal, there could be some argument. For the water, which is 

the most well-known fluid, there is no argue. However, in case of the Wood’s metal, it was not. 

Variance range of the Wood’s metal properties was not negligible. The author investigated properties 

of Wood’s metal and the results were summarized in table 3-1. Density had relatively narrower range 

than the other parameters. Excluding values with large levitation, it was determined as 9500 kg/m3. 

Thermal conductivity, specific heat, and dynamic viscosity was determined by the same process as 

13.5 W/m.K, 190 J/kg.K, and 4.0 mPa.s, respectively. However, volumetric thermal expansion 

coefficient was the parameter having the widest range. However, all the values have problems. In 

some reseaerches57,59, 2.2 x 10-5 /K was reported, however, they were not from the direct measurement. 
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In fact, the author could not find background data of this value and guessed that that value was from 

the statement “solid field's metal has a thermal expansion coefficient that is very close to Aluminum 

(22 x 10^-6)” from wiki. Son et al.61 and Kazandzhan et al.62 reported relatively larger value than 

others. Son et al. also did not refer any reference about properties. Even Kazandzhan reported 

properties based on the experiment, however, there was another problem. Name “Wood’s metal” had 

been widely used for the Bismuth based alloy and it could be noticed by another literature64. 

Therefore, it could not be confidently used without suspicion. Therefore, for this parameter, author 

used properties of the similar material Cerrolow 117, which has 47.2oC of melting point and mostly 

composed with bismuth and lead. Therefore, final volumetric thermal expansion coefficient was 

determined as 2.5 x 10-5 /K. Finally, parameters values used in the present study were summarized in 

table 3-2. 

The relationship between the working fluid and the simulant is summarized in figure 3-1. The 

length scale ratio between the Wood’s metal and the water is 14.1 : 1. Based on this length scale 

difference, a set of SINCRO-V experimental facility was designed. It would be discussed in the 

following section in detail.  

 

3.1.3. Experimental facility design 

 

As written its name, the objective of the SINCRO-V facility is validation of the similarity law, 

under RVACS operation condition, whose cooling is achieved by the RV wall. The reactor pool is 

heated by the decay heat from the core, as a power. It could be easily achieved by the power 

controlling of the cartridge heaters. The cooling condition should be given as a temperature boundary 

condition and their distribution should be similar. 

First, the overall shape of the SINCRO-V was designed based on the characteristics of the RVACS. 

The natural circulation of the reactor pool under RVACS operation must pass the IHX, which is the 

only flow path between the hot pool and the cold pool. In other words, the natural circulation flow of 

the RVACS could be simplified as two-dimensional phenomena because there is only one flow path. 

Some previous research conducted experiment in 2-D slab facility48,50. In this study, the SINCRO-V 

facilities were designed in two-dimensional, slab model. Both Wood’s metal and water facility had the 

geometrically scaled cross section with 14.1 : 1 of the length ratio. This process is graphically 

summarized in figure 3-2. 

However, it was not reduced in the isometric manner. The Wood’s metal facility and the water 

facility had the same thickness, which is the distance between two slabs in the slab model. It did not 

make sense in the aspect of the isotropic scale reduction, which was assumed in the derivation process 

of the similarity law. Here is some example to understand thickness scaling in the two-dimensional 



36 

 

facility. Because it is two-dimensional facility, along thickness direction, changes of the phenomena 

could be neglected. In other words, in the two-dimensional facility, change of the thickness could be 

neglected. If the thickness of the SINCRO-V water facility was reduced to half or increased double, it 

is certain that the results were the same because it was two-dimensional facility. Therefore, the 

facilities were treated as an isotropic scale reduction. 

According to the characteristics of the RVACS and isotropy assumption, the SINCRO-V facilities 

were designed in two-dimensional, slab model. Both Wood’s metal and water facility had the 

geometrically scaled cross section with 14.1 : 1 of the length ratio, while the distance between slabs 

have 1 : 1. The specifications of each facility are summarized in table 3-3. The radius of the pool was 

1128 mm and 80 mm, each with 14.1:1 of length ratio. Because they were two-dimensional facility, 

the radius was the main parameter. The width was fixed at 100 mm. Pressure drop coefficient was 

assumed identical for both facility because the design of a pair of SINCRO-V was quite similar and 

simple. Because volumetric heat generation rate was maintained, the power of each pair was 

proportional to their volume so that their ratio is the squared length ratio. Under isotropic scaling 

assumption, power of the Wood’s metal facility corresponded to 280 kW(~ 100 W x 14.13). It was 

reasonable to be treated as isotropic scaling. Because it is two-dimensional facility, along thickness 

direction, change of the phenomena could be neglected. In other words, in the two-dimensional 

facility, change of the thickness could be neglected. If the thickness of the SINCRO-V water facility 

was reduced to half or increased double, the author certain that the results were the same because it 

was two-dimensional facility. Following parameter were calculated under isotropic scaling 

assumption. In this scale difference, two Bo’ were almost identical at a ratio of 1.06:1. In this scale 

difference, two Bo’ were almost identical, as a ratio of 1.06 : 1. The corresponding reference 

temperature differences were 3.776 ℃ and 0.442℃ in the Wood’s metal and water facility, 

respectively, with ratio of 8.55:1. The power and average cooling heat flux showed good accordance 

in both facility in the aspect of the non-dimensional heat source and sink, which were described in the 

equation (9). To fill the natural circulation pool of the SINCRO-V Wood’s metal facility, 970 kg of 

the Wood’s metal was required, while the water facility required only 0.5 kg. Frankly saying, 970 kg 

of the Wood’s metal is huge amount, the author spent three days for its flooding into the SINCRO-V 

pool and wanted to leave some pictures for the hard work, like figure 3-3. The actual picture for the 

SINCRO-V water facility is in figure 3-4. 

 

3.1.4. Test matrix 

 

Although the SINCRO-V facilities had different shape with the reference reactor PGSFR, the 

fraction of the heating region and the volumetric heat generation rate were preserved to make a guide 
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for the power level of the SINCRO-V. Objective of the RVACS is decay heat removal, which is a 

function of time after shutdown. Considering long-term cooling and capacity of RVACS in the 

PGSFR, a maximum of 1% of the total power is assumed as decay heat. The decay heat level at the 

certain time after shutdown in the PGSFR and corresponding power in the SINCRO-V Wood’s metal 

and water facilities are summarized in table 3-4. The time after shutdown and corresponding decay 

heat were obtained from the decay heat under the loss of flow accident condition of PGSFR. 

The heating condition was clearly determined by the reference reactor. However, the cooling 

boundary condition was not easy to be determined. There has been no literature about the cooling 

boundary condition of the inner reactor pool. In other words, there is no research to study both the 

inner reactor pool and the outer air simultaneously under the RVACS operation. Therefore, realistic 

boundary condition could not be given. To avoid the validity of the cooling boundary condition of the 

RVACS pool natural circulation, the author determined to apply constant temperature boundary 

condition, which is the most basic and rigorous. In both facilities, the authors focused on providing 

almost constant temperature cooling. Especially in the Wood’s metal facility, to cover the large heat 

flux variations along the cooling wall, boiling was selected as a cooling method. Boiling has the 

highest heat transfer coefficient, which increases as heat flux increases. Owing to the characteristics of 

boiling heat transfer, temperature variations along the cooling boundary were less than 5 ℃ in the 

experiment. Temperature at the inner side of the cooling wall was estimated approximately 16.7oC 

higher than the outer temperature. However, only 110.59oC was the maximum temperature among 16 

thermocouples (every 6 degree) sheathed near the pool-side surface of the cooling wall, so that author 

used this value for the boundary temperature calculation. Temperature variation with the change of the 

angular position could be negligible due to characteristics of the boiling. In the water facility, a high 

flow-rate water jacket covered the cooling wall so that there was less than 5℃ of temperature 

variations along the boundary, which was observed at the three point at mid-plane of the cooling wall 

(10, 45, 80 degree). Considering the magnitude of the heat flux and observing point, temperature 

inside of the cooling wall could be treated as identical so that the maximum temperature (24.6oC) was 

used as boundary temperature. These boundary temperature values were used in the data interpretation 

and prediction process. 
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Figure 3-1. Length scale difference between the Wood’s metal and the water 
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Figure 3-2. Schematic of the SINCRO-V 
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Figure 3-3. SINCRO-V Wood’s metal facility and the author 
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Figure 3-4. SINCRO-V Water facility 
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Table. 3-1 Summary of variance of the properties of Wood’s metal 

Literature 
Density 

[kg/m3] 

Volumetric 

thermal 

expansion 

coefficient 

[1/K] 

Thermal 

conductivity 

[W/m.K] 

Specific 

heat 

[J/kg.K] 

Dynamic 

viscosity 

[mPa.s] 

Notes 

[55] 
9500 – 

9530 
- 2.00 – 4.15 150 - 261 5.1 – 7.0 

@ 90 – 

180oC 

[56] 9490 - 13.5 - 4.00  

[57] 8100 2.2 x 10-5 11.1 150 1.62  

[58] 8528 - 12.8 190 2.4  

[59] 9383 2.2 x 10-5 18.8 168 1.87  

[60] 9700 - 13.5 - 4.00  

[61] 8370 10.0 x 10-5 14.05  2.3  

[62] 9870 12.1 x 10-5 - - - 
@ 400 – 

1000 K 

[63] - 2.5 x 10-5 - - -  

The present 

study 
9500 2.5 x 10-5 13.5 190 4  
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Table. 3-2 Properties of the material in the present study 

Parameter Water Wood’s metal 

Melting point 0oC 80oC 

Density 998 kg/m3 9500 kg/m3 

Volumetric thermal expansion 

coefficient 
0.000207 /K 0.000025 /K 

Thermal conductivity 0.598 W/m.K 13.5 W/m.K 

Specific heat 4184.8 J/kg.K 190 J/kg.K 

Dynamic viscosity 1.002 mPa.s 4.0 mPa.s 
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Table. 3-3 Specifications of a pair of SINCRO-V 

Parameter Wood’s metal Water 

Radius 
1128 mm 80 mm 

14.1 : 1 

Width 
100 mm 100 mm 

1 : 1 

Power 
20 kW 100 W 

14.12 : 1 

Bo’ 
1.394 x 108 1.398 x 108 

1.06 : 1 

ΔTref 
3.776℃ 0.442℃ 

8.55 : 1 

q"average at cooling 

wall 

112.9 kW/m2 7.96 kW/m2 

14.1 : 1 
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Table. 3-4 Summary of the test conditions 

Decay heat in the PGSFR 

(time after shutdown) 

Power in the SINCRO-V 

Wood’s metal Water 

0.2% (90 days) 4 kW 20 W  

0.4% (6.8 days) 8 kW 40 W 

0.6% (1.5 days) 12 kW 60 W 

0.8% (12.6 hrs) 16 kW 80 W 

1.0% (5.5 hrs) 20 kW 100 W 
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3.2. Qualitative comparison 

 

Before comparing predicted temperature by the water experiment and the actual Wood’s metal 

temperature, the temperature distribution of the two experimental facility was quantitively compared. 

For the clear comparison, the maximum power condition in the experiment was employed. In figure 

3-5, the temperature distribution of the Wood’s metal and the water facility is shown under 1.0% of 

the decay heat condition, which corresponds to the 20 kW in the Wood’s metal facility and 100 W in 

the water facility.  

For the Wood’s metal facility, the Wood’s metal rose at the heating zone and descend at the cooling 

wall, which is an arc. Anticipated natural circulation flow was drawn as grey arrows, which was 

inferred by the temperature profile and preliminary CFD analysis. The thermal stratification of the 

pool could be observed in the whole pool. There were some distortions of the stratification layer in the 

aspect of the whole pool, however, for locally, there was no inversion of the temperature. The thermal 

stratification could be clearly observed by the temperature of a group of vertically arranged 

thermocouples. The bottom of the hot region in the top of the pool was near to the top of the separator, 

which was illustrated thick black vertical line in the (a) of figure 3-5. Below and above the heating 

zone, there were three thermocouples each. Temperature values from the upper three thermocouple 

were quite similar and it was same to the lower three thermocouples. It suggested that upward flow in 

the heating region was relatively uniform. Upward flow from the heating region went to the cooling 

wall through the top of the pool, and thickness of this flow could be inferred from the temperature 

data. At the top three thermocouple showed almost same temperature and it could be used as an index 

of the thickness of the hot upper region. At the cooling wall, the downward flow was generated, and it 

could be recognized by the temperature. Without natural circulation flow, temperature from two 

thermocouples at the same height should be the same. However, if natural circulation flow exists, 

temperature field is affected and distorted. This kind of distortion of the stratified temperature 

distribution could be observed near the cooling wall. Except for the one point from the top, 

temperature near the wall was always higher than that of the vertically arranged thermocouple. The 

downward flow at the cooling wall entrained stratified temperature field and consequently, 

temperature distribution was shifted downward. The temperature distribution at the wall suggested the 

point of the flow detachment. To circulate in the pool, the downward at the wall should be detached 

from the wall and re-enter to the heating zone. The lowest point of the vertically arranged 

thermocouple and the lowest point of the wall thermocouple were the same point. At this point, 

significant lower temperature was observed compared to the surrounding points and the surrounding 

temperature difference between a point and the next point. Therefore, it could be inferred that the 

downward flow was detached from the wall just above this point. Additionally, temperature from the 
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inlet if the heating region could give another reason for the determination of the flow detachment 

from the cooling wall. The temperature at the inlet of the heating zone was about 180oC. If the 

downward flow detached after the lowest point of the vertically arranged thermocouples, the heating 

zone inlet temperature should be similar, or lower than approximately 140oC, which is the temperature 

at the lowest point of the vertically arranged thermocouples. Therefore, it could be certified that 

detachment point of the downward flow at the cooling wall was about the second lowest point of the 

vertically arranged thermocouple. Regard to the horizontal flow of the natural circulation flow, both 

from the heating zone to the cooling wall, and the reverse case, they were related to the separator. In 

(a) of figure 3-5, the leftward flow was observed from the top to just above the separator, and the 

rightward flow was observed from the detachment point, and it was just below the separator. From 

this, it was revealed that the formation of the natural circulation flow is affected by obstacles between 

the heating and cooling region. 

In case of the water facility, similar phenomena were observed, however, detailed phenomena could 

not be observed. Different to the Wood’s metal facility, which has 1128 mm of the radius, the water 

facility has only 80 mm of the diameter, which is reduced from the 1128 mm with the scaling ratio of 

14.1 : 1. Therefore, the observation point of thermocouple could not be much detailed and fine like the 

Wood’s metal facility. The observation points in the two facility was not matched one to one. For 

example, for the vertically arranged thermocouple in the water facility was installed at the one for 

every three points from the top. In the water facility, temperature points near the wall were installed at 

the same height with the vertically arranged thermocouples. The inlet and outlet of the heating zone 

had one observation point, respectively. For the thermal stratification, the same tendency was 

observed. The water pool was thermally stratified. There were additional thermocouples between the 

vertically arranged thermocouples and near wall thermocouples. They were for the observation of the 

distortion of the temperature stratification, however, it was not observed clearly. For the top of the 

vertically arranged thermocouples, the thickness of the leftward flow could not be observed due to 

lack of resolution of the observation point. At the cooling wall, the downward flow was commonly 

developed. This downward flow could be observed from the temperature data. Similar to the Wood’s 

metal facility, between two temperature point at the same height, one was in the near wall region and 

the other was vertically arranged, temperature at the cooling wall is higher than that of the vertically 

arranged thermocouple. As explained in the Wood’s metal facility part, it was the downward shift of 

the stratified temperature distribution by the entrainment effect of the natural circulation flow. For the 

detachment of the flow, a clear observation of the detachment point was not possible because of the 

relatively coarser observation points. The one thing could be inferred from the temperature of the inlet 

of the heating zone and temperature of the cooling wall, the detachment of the downward flow 

occurred below the temperature observation point. The temperature at the inlet of the heating zone 
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was only 31.6oC, however, the temperature at the lowest points of the pool was 35.86oC and 34.26oC, 

respectively. Therefore, there should be additional cooling below the lowest point and it could be 

suggested that flow detachment from the cooling wall occurred at the lower point than the lowest 

temperature observation point. 

We discussed about the phenomena in the 1.0% of the decay heat condition for both facilities. Here, 

effect of the decay heat was observed in figure 3-6. It seemed that all the aforementioned phenomena, 

were commonly observed regardless to the decay heat level. Detailed temperature will be discussed in 

the further section for the quantitative analysis, and only qualitative phenomena would be discussed in 

this section. For all conditions, the overall thermal stratification, and the temperature distortion by the 

downward flow at the cooling wall were commonly observed. Relative magnitude of the temperature 

distribution by its color showed quite same tendency. Therefore, the decay heat level had insignificant 

effect in the aspect of the overall temperature distribution tendency. Only magnitude of the 

temperature changed along the decay heat level. In the following section, all the phenomena were 

discussed in detail with exact temperature. 
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(a) Temperature distribution in the Wood’s metal facility 

 

 

(b) Temperature distribution in the water facility 

 

Figure 3-5. Temperature distribution of the two SINCRO-V facilities – 1.0 % of the decay heat 
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Figure 3-6. Temperature distribution of the two SINCRO-V facilities – decay heat effect 
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3.3. Quantitative comparison 

 

  We analyze the natural circulation phenomena in the SINCRO-V facilities in the qualitative manner 

to get the physical insight of the phenomena itself. The phenomena in the Wood’s metal facility were 

observed in the water facility in common. In this section, actual Wood’s metal temperature and the 

predicted temperature by the water experiment would be compared by point to point. The effect of the 

decay heat on the temperature distribution would be discussed in the quantitative manner. And finally, 

rough calculation about the flow rate of the natural circulation would be discussed based on the 

temperature of the inlet and the outlet. 

 

3.3.1. Point to point temperature comparison 

 

Considering their scale difference, the SINCRO-V Wood’s metal and water facility could not have 

the same number and location of the temperature observing points. However, observing points in the 

two facilities could be matched by one to one according to their characteristics. Figure 3-7 shows the 

location of the temperature observing points. Based on this position, the temperature data were 

compared in the form of following graphs. 

As introduced in chapter 2, the temperature data from the water experiment could be translated to 

the Wood’s metal data using reference temperature of each system and boundary temperature for the 

calculation of the temperature difference. Because the Bo’ based similarity law is simulating the 

temperature difference in the system, the temperature interpretation could be expressed in the form of 

the temperature difference. Exact formula to predict Wood’s metal temperature by water temperature 

is equation (3-1) and its derivation process was summarized in chapter 2. 

 

, '

'

,

reference Wood smetal

Wood smetal water

reference water

T
T T

T


 = 


  (3-1) 

,system arbitrary system boundaryT T T = −     (3-2) 

 

 

  The temperature difference term in equation (3-1) represent the temperature difference between 

the arbitrary point in the pool and the cooling boundary like equation (3-2). Therefore, proper 

estimation of the boundary condition is crucial for the reliability of the predicted data. To remove 

effect of the temperature distribution on the boundary, the author made an effort to provide the 

constant temperature boundary condition as possible. Especially in the Wood’s metal facility, boiling 

was selected as cooling method to provide minimum temperature gradient along the cooling 



52 

 

wall.Boiling has the highest heat transfer coefficient, which increases as heat flux increases. Owing to 

the characteristics of boiling heat transfer, temperature variations along the cooling boundary were 

less than 5 ℃ in the experiment. Temperature at the inner side of the cooling wall was estimated 

approximately 16.7oC higher than the outer temperature. However, only 110.59oC was the maximum 

temperature among 16 thermocouples (every 6 degree) sheathed near the pool-side surface of the 

cooling wall, so that author used this value for the boundary temperature calculation. Considering the 

order temperature difference in the Wood’s metal pool, the temperature variation with the change of 

the angular position could be negligible due to characteristics of the boiling. In the water facility, a 

high flow-rate water jacket covered the cooling wall so that there was less than 5℃ of temperature 

variations along the boundary, which was observed at the three point at mid-plane of the cooling wall 

(10, 45, 80 degree). Considering the magnitude of the heat flux and observing point, temperature 

inside of the cooling wall could be treated as identical so that the maximum temperature (24.6oC) was 

used as boundary temperature for the maximum power case. Based on these boundary temperatures, 

the temperature of the Wood’s metal was predicted.  

Figure 3-8 shows the temperature distribution in the pool of both facilities. As discussed in 

previous section, similar tendency was commonly observed, and it could be recognized in figure 3-8. 

The effect of the decay heat could be clearly observed in the figure. For the Wood’s metal, there was 

no sudden change in the tendency of the temperature distribution in the pool along the power level. 

From the 1.0% of the power level to the 0.2% of the power level, same tendency was maintained and 

only magnitude of the overall temperature changed. In conclusion, there was no power level effect in 

the given test matrix, which corresponded to the 0.2% to the 1.0% of the decay heat. Although 

geometry of the SINCRO-V was different to PGSFR, it could be concluded that there was no 

significant change of the temperature distribution characteristics under the operation condition of the 

RVACS. (b) of figure 3-8 shows the temperature distribution of the water facility with corresponding 

conditions. Similar to the Wood’s metal cases, there was no significant change of the temperature 

distribution characteristics in the given power level. 

For the validation of the similarity law, direct point to point comparison was conducted and 

summarized in figure 3-9. The black line represents the actual Wood’s metal temperature, and the red 

line represents the predicted Wood’s metal temperature by the water experiment, which was obtained 

by using equation (3-1) and corresponding water data. The maximum temperature, which was 

observed at the core outlet, was 297.1 ℃ in the Wood’s metal experiment, while the water experiment 

predicted 325.6 ℃, an overestimation of 14.4%. The minimum temperatures observed at the core inlet 

were 186.1 ℃ and 170.2 ℃ in the Wood’s metal experiment and water simulating experiment, 

respectively. This is an underestimation of 18.5%, and this point had the largest error. There was 

overestimation for the maximum temperature, and underestimation for the minimum temperature. In 
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other words, overall magnitude of the temperature difference was slightly overestimated in the water 

experiment. 

In the middle of the pool, temperature was stratified and showed stabilized profile. Point 1 in the 

middle of the pool showed similar temperature with the core outlet. In this region, the temperature 

decreased as the point went down. In the Wood’s metal experiment, the temperature at points 1 and 2 

in the middle of the pool was similar. However, in the water facility, temperature greatly decreased at 

the point 2 compared with point 1. This means that hot flow from above the core to the cooling wall 

was shallower in the water experiment. In other words, the thickness of the hot region in the upper 

plenum was underestimated in the water experiment. This underestimation was related to the exact 

location of the temperature observation point. For the water facility, because of its small size, small 

error in the location could cause large error in the corresponding position in the Wood’s metal facility. 

Point 2 in the middle of the pool was located near the top of the separator, which was a kind of lower 

boundary for the hot, horizontal flow. Thus, there was drastic change of the temperature near the point 

2, and large disagreement at the point 2 could be explained as an error contributed from the location. 

There was no data about the exact thickness of the hot horizontal flow due to limited the number of 

the observing point. Therefore, the error contribution from the location of the observing point could 

not be quantified, however, it still could be suggested as one contributor of the error. At points 3 and 4, 

the predicted temperature showed good agreement with the Wood’s metal data. The temperature 

gradient was smaller in the water experiment; however, considering the overestimated upper plenum 

temperature and underestimated thickness of the hot region, the temperature in the middle of the pool 

at point 4 showed good agreement with the actual Wood’s metal temperature. 

In the cooling wall, there was relatively good accordance between the actual Wood’s metal 

temperature and the predicted Wood’s metal by the water experiment. Point 1 in the cooling wall was 

in the hot region in the upper plenum; hence, it showed overestimated temperature like the core outlet 

and point 1 in the middle of the pool, which were in the domain of the horizontal hot flow from the 

core to the cooling wall. The temperature change at the points along the cooling wall indicates the 

cooling rate along the cooling wall. The rate of temperature decrease along the wall was 

overestimated in the water experiment such that the temperature at point 4 was underestimated, while 

point 1 was overestimated. This overestimated cooling rate corresponds to the overestimated overall 

magnitude of the temperature difference in the water experiment. The reason for the overall error in 

the simulating experiment would be discuss in the latter part. 

In conclusion, there were few local errors in prediction: overestimation of the maximum 

temperature by 14.4% and underestimation of the minimum temperature by 18.5%. Despite these 

local errors, it can be concluded that the overall temperature was accurately predicted, and the 

tendency of temperature distribution was accurately reproduced. The Bo’ based similarity law could 
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give theoretical base for the simulating experiment of liquid metal by water, and it was validated by 

the SINCRO-V experiment. 

However, there were some errors in the predicted temperature in the SINCRO-V. Figure 3-10 

shows summarization of the errors of the predicted temperature along the power level. For the overall 

tendency, the decay heat did not affect the characteristics of natural circulation, which was confirmed 

by the error graph. The tendency of the error distribution was not changed along the power level. In 

the hot region like core outlet and the top of the pool, there were always overestimation. Similarly, 

cold region like the bottom of the pool and the core inlet were always underestimated. Consequently, 

the overall magnitude of the temperature difference was slightly overestimated in the water 

experiment. This kind of relatively large temperature difference could be attributed to the difference in 

the Gr’. As shown in Figure 3-11, Gr’ in the Wood’s metal facility was larger than in the water facility. 

The pressure drop coefficient was larger in smaller Gr’ system. Additionally, Gr’ itself means degree 

of turbulency in natural circulation flow, like Reynolds number. Therefore, thermal mixing was also 

reduced in the smaller Gr’ system. Theoretically, the pressure drop coefficient is inversely 

proportional to the Reynolds number, which can be translated as the Gr’ in natural circulation in terms 

of flow inertia. For example, in laminar flow, the pressure drop coefficient could be expressed as in 

the form of 64/Re and it is similar for the turbulent flow. The SINCRO-V water facility had smaller 

Gr’ than in the Wood’s metal facility; thus, it can be said that the water facility had a larger pressure 

drop than the Wood’s metal facility. Thus, the flow of the water facility flowed with relatively larger 

pressure drop, and the predicted temperature difference at the inlet and outlet by water experiment 

was slightly exaggerated. 

The uncertainty of the material property could be suggested as a fundamental reason for the error in 

the water experiment. First, properties of the water were well-known. So that water properties at the 

20oC were used and corresponding value were summarized in the table. Luckily, change of the 

properties of the water along temperature was not significant except for viscosity, so that we could 

employ properties at 20oC. However, as reviewed in section 3.1.2, properties of the Wood’s metal had 

large range of uncertainties. Most of the values were based on the data from the Korea atomic energy 

research institute (KAERI). The author used a proper value between the minimum and the maximum. 

Therefore, the scaling law had inherent errors from the properties used in the design of the SINCRO-

V experiment. In the definition of the Bo’, as shown in equation (2-18), it contains a global constant 

like g, the system properties like L and Q, and the properties of the working fluid like β, cp, and α. 

Therefore, uncertainties in the material properties had an influence on the Bo’, and consequently, 

overall system design like scaling ratio was also affected. In addition, the reference temperature of the 

system was also affected, which contains material properties in its definition like equation (2-10). 

Therefore, the other contributor in the simulating experiment was uncertainties of the Wood’s metal 
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properties. 

In the discussion stage, there was some regret for using Wood’s metal because of the uncertainties 

of their properties. However, as reviewed in the working fluid selection, the Wood’s metal is the only 

materials for representing the liquid metals. The Cerrolow136 had similar degree of the suitability 

with the Wood’s metal, however, properties of the Cerrolow136 is more uncertain than the Wood’s 

metal. Based on this validation experiment SINCRO-V, in the further research for simulating the 

sodium, the material property issue is expected to be much relived because properties of the sodium 

are well-known. 

 

3.3.2. Additional similarity for the flow 

 

The SINCRO-V experiment was designed to validate the similarity law for the temperature 

distribution. As the author reviewed in the design of the experiment, the scaling ratio of the SINCRO-

V facilities was determined only considering the Bo’, which is related to the temperature distribution 

under natural circulation, while Gr’ was neglected, which is related to the flow regime of the natural 

circulation. 

Here, temperature distribution, in other words, temperature difference in the pool is the driving 

force of the natural circulation. In addition, for the flow similarity, it was discussed in chapter 2 that 

Gr’ is less important than the pressure drop coefficient, while there were only 2 parameters could be 

manipulated in the equation. Regard to the pressure drop coefficient, the author considered that the 

difference of the pressure drop coefficients of the pair of the SINCRO-V facility could be treated 

identical because their geometry was quite similar. Therefore, based on these ideas, the author 

continued to the additional similarity validation for the velocity field, which is driven by reasonably 

simulated temperature distribution.  

However, there was no apparatus for measuring the velocity in detail in the SINCRO-V facility. 

Therefore, the flow rate was selected as parameter for comparison. Here, the flow rate could have 

additional meaning in the similarity in terms of the safety. For the core and fuel assembly, under loss 

of flow accident, decay heat is only cooled by the natural circulation. The maximum temperature of 

the bulk sodium, which is related to the sodium bulk boiling and corresponding positive reactivity 

insertion, is determined by the natural circulation flow rate and decay heat. In addition, for the local 

maximum temperature of the sodium is also affected by the natural circulation flow. Therefore, the 

similarity of the flow rate is meaningful because the natural circulation flow rate is related to various 

safety parameters. 

The basic idea of the similarity is summarized in the equation below. As shown in equation (3-3), 

the flow rate can be expressed in the multiplication of the density, velocity and the cross-sectional 
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area of the channel. Here, similar to the temperature difference and reference temperature, the velocity 

could be expressed as multiplication of the non-dimensionalized velocity u* and the reference 

velocity uref like equation (3-5). Here, the author assumed velocity fields has a significant degree of 

the similarity to that of the original, because the driving force is similar. Therefore, the non-

dimensionalized velocity u* is quite similar between the Wood’s metal and the water. From this 

relationship, an equation for the prediction of the flow rate through water simulating experiment could 

be derived like equation (3-5) 

 

m= ρuA      (3-3) 

*

refu = u u      (3-4) 
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As mentioned before, the velocity measurement was not possible in the SINCRO-V facilities, even 

for the bulk phenomena like flow rate. Therefore, the author used indirect measurement of the flow 

rate using equation (3-6). There are four parameters in equation (3-6). Among these parameters, total 

power q is an experimental input, cp is a specific heat of the working fluid, and the temperature 

difference could be measured in the experiment. For the Wood’s metal facility, the maximum 

temperature was an average of the three thermocouples in the outlet of the core. Similarly, the 

minimum temperature was an average of the three thermocouples in the outlet of the core. Each three 

temperature for the average temperature showed almost same temperature, respectively. Therefore, the 

author could take an average of the three temperature. Among the observed temperature, the lowest 

thermocouple in the middle of the pool to observe the temperature stratification in the pool, showed 

the minimum temperature. However, this point was excluded because it was revealed that the Wood’s 

metal at this point did not actively participate in the natural circulation from the previous analysis. In 

case of the water facility, there was each only one thermocouple at the inlet and the outlet of the core. 

Therefore, the temperatures at the inlet and the outlet of the core were used as the minimum and the 

maximum temperature. Using the other parameters, the only unknown parameter mass flow rate could 

be obtained. For the comparison, the 1% decay heat case was selected as a representative case. 

 

pq = mc T      (3-6) 

 

The value of each parameters and results were summarized in table 3-5. Using equation (3-6), 

calculated flow rate in the Wood’s metal facility was 0.9477 kg/s, while only 1.315 x 10-3 kg/s was 
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calculated in the water facility. According to equation (3-5), the flow rate of the Wood’s metal facility 

could be predicted by the water experiment. The predicted Wood’s metal flow rate was 0.6739 kg/s, 

which was 28.89 % underestimation of the actual flow rate.  

Regard to the prediction of the flow rate, there could be inescapable error. Regard to the 

temperature difference, the author used temperature of the inlet and the outlet of the core. Considering 

geometry of the SINCRO-V facilities, there should be significant error because flow path of the 

natural circulation was not confined like a loop. Although there were some errors, the predicted and 

the actual Wood’s metal flow rate showed reasonable accordance. Therefore, it could be concluded 

that Bo’ based similarity law could have similarity for the flow field and flow rate, while detailed flow 

could be differed from each other due to the discordance of the Gr’. 
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Figure 3-7. Point of the temperature observing in the following graphs 
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(a) Wood’s metal 

 

(b) Water 

Figure 3-8. The temperature at the selected point with various decay heat 
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Figure 3-9. Actual and predicted Wood’s metal temperature by water under 1.0% of decay heat 
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Figure 3-10. Error in the Wood’s metal temperature predicted by water experiment 
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Figure 3-11. Behaviors of the Bo’ and Gr’ along the length scale 
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Table 3-5. Similarity of the flow rate 

 Wood’s metal facility Water facility 

Density 

[kg/m3] 
9500 990 

Specific heat 

[J/kg.K] 
190 4185 

Power 

[W] 
20000 100 

Reference velocities 

[m/s] 
24.57 x 10-3 4.95 x 10-3 

Area of the channel 

[m2] 
0.0406 0.0029 

Actual flow rate 

[kg/s] 
0.9477 1.315 x 10-3 

Predicted flow rate by water 

[kg/s] 
0.6739 - 

Error - 28.89% underestimation 
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3.4. Summary and conclusion 

 

Various LMRs employed the natural circulation for cooling of the decay heat. To evaluate the decay 

heat removal performance, liquid metal natural circulation should be analyzed based on its 

temperature. However, liquid metal itself has a lot of disadvantages for experiment, and the 

experiment should be conducted using a simulant. Here, the Bo’ based similarity law was introduced, 

and current SINCRO-V experiment was conducted to validate the similarity law. 

The Wood’s metal and water was selected as representative fluids for the liquid metal and non-

metallic fluid. Experiments were conducted in the experimental facility named SINCRO-V. The result 

showed good accordance in the qualitative analysis. Even in qualitative analysis, the prediction 

capability of the water experiment was proven. Despite some error, the water experiment predicted the 

Wood’s metal temperature with an error of 27%. For the flow rate, the predicted Wood’s metal flow 

rate by the water experiment showed 28.89 % of the difference with the actual Wood’s metal flow rate. 

Through the SINCRO-V experiment, the Bo’ based similarity for the temperature distribution under 

the natural circulation was experimentally validated. The liquid metal natural circulation could be 

simulated by the non-metallic fluid. 
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Chapter 4. 2-D Simulating experiment : SINCRO-2D 

 

4.1. Experimental design 

 

Based on the Bo’ based similarity law for the temperature distribution under natural circulation, 

SINCRO-2D experiment was designed to observe the natural circulation phenomena under the 

RVACS operation. The objectives and the design of the experimental facility, and corresponding 

similarity issues would be discussed in this section. 

 

4.1.1. Objective of the experiment 

 

As briefly discussed in chapter 1, the RVACS has unique characteristics compared to the DHX, 

which has been mainly researched. In case of the DHX, whose heat removal could be treated as the 

heat sink at the heat exchanger region, the heat removal of the RVACS is achieved at the reactor 

vessel (RV) wall. It means that the heat removal of the RVACS could not be simplified as volumetric 

heat sink like that of the DHXs. The heat sink term in the RVACS should be treated as heat flux 

distribution at the RV wall and its natural circulation phenomena itself is also important for the 

temperature distribution inside of the pool. Under the RVACS operation condition, the sodium is 

heated from the core and rises to the upper plenum. Then, it is slightly cooled by the narrow gap 

between the redan and the intermediate heat exchanger (IHX), and goes downward through the IHX. 

Then, the sodium is re-entered to the core through the pump and corresponding piping. It has the 

almost same flow with the normal operation, however, the driving force of the RVACS is natural 

circulation.  

The objective of the SINCRO-2D experiment is to observe the natural circulation phenomena in the 

RVACS. For the simplified analysis for the fundamental parameters, the experimental facility was 

simplified as a 2-D slab model. Although the geometry was simplified into 2-D, two-dimensional 

phenomena could be observed in the SINCRO-V facility. In the SINCRO-2D experiment, effect of the 

level of the decay heat and the change of the external air cooling-condition were selected as our points 

of interests. 

 

4.1.2. Experimental facility design 

 

The prototype reactor for the SINCRO-2D was the PGSFR, and the coolant of the PGSFR is the 

sodium. For the design of the SINCRO-2D, scaling issue and corresponding system parameters should 

be determined first. To determine system parameters of the SINCRO-2D, a simulant for the sodium 
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and corresponding scale was calculated based on figure 4-1. As discussed in chapter 2 and 3, water is 

the best simulant for the liquid metal natural circulation. Too much scale reduction could cause 

another problem like too much simplification of the detailed geometry for manufacturing issue. Water 

is the best fluid in terms of the economy, proper scale, clearness of the properties, and operating 

condition. Final length scale difference between the original sodium system, the PGSFR, and our 

SINCRO-V was 1 : 25. It represents that the SINCRO-V is 25 times smaller than the PGSFR in the 

aspect of the length scale. According to this scale reduction ratio, several system parameters were 

automatically determined by the scaling ratio and working fluid. The reference temperature difference, 

total power, and the Bo’ of the SINCRO-2D, and their ratio to that of the PGSFR were summarized in 

table 4-1. The radius and height were linearly reduced. The volumetric heat generation rate was 

maintained, thus, corresponding total power was reduced as cubic of the length ratio. The reference 

temperature was calculated based on equation (2-10). 

SINCRO-2D was designed in two-dimensional shape, a 2-D slab model. Therefore, the original 

geometry of the PGSFR should be simplified as 2-D. Three-dimensional schematic of the PGSFR was 

illustrated in figure 4-2. However, essential components should be maintained and reflected into the 

design. Considering the natural circulation under the RVACS operation, it is the same with that under 

the normal operation, and includes the core, upper plenum, IHX, narrow gap between the IHX and the 

redan, lower plenum, and pump and corresponding inlet piping. Therefore, the SINCRO-2D facility 

should have aforementioned components. 

Regard to the slab model, there is another issue for the cross section. Because the PGSFR has 

three-dimensional shape and could have various cross-sectional geometry depending on the angular 

position of the cross section. It could be easily recognized by figure 4-2. The IHXs were placed at the 

side of the figure, while the pump and corresponding piping were placed in the back of the figure. In 

addition, the top view of the redan is similar to the bow tie. In this regard, the cross section of the two-

dimensional facility should be considered. Regard to the natural circulation path of the RVACS, it 

passes through the IHX and, and cooling would be dominant in that region. Therefore, cross section of 

the SINCRO-2D was determined as the cross section including the IHX. Position of the pump inlet 

and piping were neglected, while their effect on the natural circulation flow was considered as the 

pressure drop through the components.  

The cross section containing IHX and the geometry of the SINCRO-2D was in figure 4-3. Left half 

of the assembly drawing was used for the design of the SINCRO-2D because it was symmetric. The 

cross section included the IHX. (a) represents the cross section of the PGSFR including IHX. Inside 

of the yellow line, which represents the redan, there is a hot pool. Under the normal operation, the hot 

pool is relatively hot than a cold pool because the heated coolant is discharged form the core. Outside 

of the yellow line, there is the cold pool. The coolant from the hot pool is cooled through the IHX, and 
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goes downward to the cold pool. The coolant flow from the cold pool to the core via pump and inlet 

piping, however it is not shown in (a) of figure 4-3 because it is not located in the IHX plane. The 

core is tall, however, only active core region, which generates heat, was considered. These 

components were reflected into the design of the SINCRO-2D. In (b), the redan and corresponding 

cold pool and hot pool, IHX, active core was modeled. Only for the pump and inlet piping, it was 

simplified and modeled as inlet orifice before the core. Based on the cross-sectional design, SINCRO-

2D was designed like (c) in figure 4-3. 

In addition to the overall geometry of the SINCRO-2D, the pressure drop should be designed. Table 

4-2 shows the portion of the pressure drop of the PGSFR under the normal operation. Three 

components (the core, and inlet piping) were the main components for the total pressure drop. Among 

these components, the pressure drop of the core had ambiguousness in terms of the pressure drop 

analysis in the natural circulation due to characteristics of the CFD analysis. In the natural circulation, 

it was not easy to clearly distinguish between deriving force from the heating and pressure drop of the 

heating section. Therefore, for the other two components, the IHX and inlet piping, pressure drop 

analysis was conducted. 

According to the similarity law, the pressure drop coefficient (ζ) should be identical. For the 

pressure drop, we assumed that 1% of the flow rate condition for the natural circulation. However, 

there was no reference value for the pressure drop under 1% of the flow rate. Therefore, extrapolated 

pressure drop values were used for the calculation and their process was graphically summarized in 

figure 4-4. The pressure drop coefficient could be calculated from the pressure drop and the velocity. 

Here, the reference velocity for the natural circulation in equation (2-8) was used for the velocity in 

the pressure drop calculation. Pressure drop coefficient in the SINCRO-V was obtained from the CFD 

analysis and its domain was shown in figure 4-5. Pressure drop coefficients were calculated based on 

the reference velocities and pressure drop from the reference, and CFD analysis using equation (4-1). 

 

2

ref

2ΔP
ζ =

ρu
     (4-1) 

 

These values and results were summarized in table 4-3. In general, the pressure drop is modified by 

the orifice and the diameter of the flow channel. The values of SINCRO-2D in table 4-3 is the final 

values after modification of the flow channel area. Diameter of the flow channel of the IHX in the 

SINCRO-2D was 14 mm, which was 94 % of the linearly reduced value. In case of the inlet orifice, 

which corresponds to the pump and inlet piping, it had a diameter of the 12 mm. Regard to the error 

of the pressure drop coefficients, the pressure drop coefficients of the SINCRO-2D showed good 

accordance with that of the PGSFR, less than 5% of the error.  
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Finally, the SINCRO-2D facility was designed like figure 4-6 (a), and thermocouple installed 

points were summarized in (b). Red points represent the location of the thermocouples for observation 

of the core region. Considering the natural circulation flow path, it was anticipated that the maximum 

and the minimum temperature would be observed in the red points. Green thermocouples were 

installed near the IHX. There is a narrow gap between the IHX and the redan. Through the redan wall, 

significant of the cooling was anticipated and to observe this cooling phenomena and corresponding 

temperature distribution near the IHX, these thermocouples were installed. Blue thermocouples were 

installed in the lower plenum. The lowest thermocouple is to observe the minimum temperature of the 

pool, which is independent to the natural circulation. The other three blue thermocouple is installed to 

observe the temperature distribution of the lower plenum (in other words, the cold pool) like a thermal 

stratification. Through these temperature points, temperature distribution in the reactor pool in the 

experiment could be recognized and analyzed. 

 

4.1.3. Test matrix 

 

The SINCRO-2D facility is a 2-D slab model and all the phenomena would be simplified as 2-D 

and three-dimensional effect could not be appropriately observed in the SINCRO-2D facility. 

Therefore, the author focused on the effect of two dimensional, or scalar parameter, whose three-

dimensional effect could be neglected. The parameters were the level of the decay heat and the 

distribution of the cooling along the RV wall.  

Regard to the decay heat, it is the function of the time after shutdown. The decay heat removal rate 

of the RVACS in the PGSFR was analyzed as 2.5 MW in maximum22,37,38, which is approximately 

than 0.65% of the total power of the PGSFR. It means that accidents without scram (unprotected) 

could not be mitigated by the RVACS only. Considering enhancement of the performance of the 

RVACS, the experimental range was determined up to 1.0 % of the decay heat. For the lower limit, the 

RVACS could perform as a long-term cooling system because it is fully passive. Therefore, 0.2% of 

the total power, which corresponds to the decay heat at 90 days after shutdown, was determined as 

lower limit of the test matrix. The interval was 0.2 %. Finally, the decay heat level, the time after 

shutdown, and the corresponding power in the SINCRO-2D were summarized in table 4-4. The time 

after shutdown and corresponding decay heat level was calculated based on the literature21. The 

meaning of the 60ΔT in the cooling boundary condition would be discussed in the following 

paragraph for the temperature gradient along the cooling wall. 

Considering the mechanism of the RVACS, change of the external air-cooling condition has an 

influence on the cooling profile at the CV surface, and consequently, cooling at the RV in terms of the 

reactor pool. Assuming the decay heat is the same, if the external air flow rate is high, temperature 
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increment of the air flow would become lower. Consequently, the temperature distribution of the RV 

wall is changed. Considering the flow path of the external air, temperature of the RV is always higher 

in the upper part of the RV than the lower part, because hot air rises along the CV wall. Therefore, the 

temperature distribution along the RV wall is simplified as temperature difference between the top and 

the bottom of the RV. 

For the natural circulation of the coolant, the temperature distribution along the RV wall 

corresponds with the cooling boundary condition. The validity of the temperature boundary condition 

was proven in the SINCRO-V experiments. In the practical point of view, the temperature boundary 

condition is much easier to control than the heat flux boundary condition in case of cooling. Although 

the heat flux boundary condition was described in equation (2-13), temperature boundary condition is 

more practical, and easier to reflect its change considering characteristics of the RVACS. External air 

flow rate and its velocity profile, which is related to the heat flux out from the CV surface, are not 

fixed and showed various values from approximately 10 to 15 kg/s, according to literatures22,37,65. 

However, the boundary temperature maintained almost constant while the external air flow rate was 

changed two times66. Therefore, it is valid that using the cooling boundary condition as a temperature 

distribution of the boundary. 

Regard to the quantification of the boundary condition of the natural circulation, the temperature 

difference related to the natural circulation could be used, in other words, the reference temperature 

difference in equation (2-10). Boundary temperature is certainly related to the natural circulation 

phenomena, thus, the idea was suggested that the boundary temperature could be normalized using the 

reference temperature difference for the natural circulation. This idea was numerically validated in the 

literature66. Overall, the normalized temperature difference, by the reference temperature difference, 

between the top and the bottom of the RV was used for the cooling boundary condition for the 

SINCRO-2D experiment.  

To determine the range of the temperature difference between the top and the bottom of the RV, 

temperature difference in various condition were summarized in table 4-6. From the second raw, he 

estimated temperature difference in the natural circulation represents is rough estimation of the 

temperature difference between the cold pool and hot pool under 1% of the flow rate with 0.6 % of the 

decay heat, which is heat removal rate of the RVACS. In terms of the reference temperature, the 

temperature difference is approximately 54 times of the reference temperature difference. Next natural 

circulation means the temperature difference between the hot pool and cold pool under the DHX 

operation in the loss of flow accident. It was approximately 40 times of the reference temperature 

difference, which was the smallest temperature difference among the conditions. Air inlet and outlet 

means the temperature increment of the external air through the RVACS, which was 82-97 times of 

the reference temperature difference. The normal operation was the temperature increment through the 
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core under the normal operation, approximately 95 times of the temperature difference. The largest 

temperature difference was approximately 107 times of the reference temperature difference, which 

was observed in the preliminary SINCRO-2D experiment under the 1% of the decay heat. 

Considering the range of the temperature difference, approximately 40 – 100 times of the reference 

temperature was determined for the test range, whose interval was 20.  

Regard to the setting the temperature in the experiment, it could be manipulated by changing flow 

rate of the external water flow. It could be expressed with equations. As mentioned before, the 

temperature gradient was simplified as the temperature difference between the temperature at the top 

and the bottom of the RV, like equation (4-2).  

 

, ,gradient RV top RV bottomT T T= −
    (4-2) 

 

The author calculated the temperature inside of the RV from the temperature of the coolant. For the 

temperature of the bottom, it could be assumed that temperature increment by the thermal resistance 

of the convection and the conduction of the wall because heat flux at the bottom of the wall could be 

neglected. From the preliminary experiment, there was less than 1oC of the temperature increment was 

observed between the thermocouple in the inlet of the water jacket and the thermocouple in the lowest 

part of the lower plenum. Therefore, temperature of the inside of the RV wall at the bottom could be 

expressed as equation (4-3), which is equivalent to the coolant inlet temperature.  

 

  (4-3) 

 

For the RV top temperature, problem is more complicated because the heat transfer through the top 

of the RV was not negligible. Therefore, the temperature increment by the thermal resistance of the 

cooling channel, RV wall, and the pool natural circulation should be considered. They were 

summarized in equation (4-4) through (4-7).  

 

, ,RV top coolant outlet cooling wallT T T T= + +    (4-4) 

cooling

cooling

q
ΔT =

h



     (4-5) 

wall

q Δx
ΔT =

k



      (4-6) 
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wall
gradient coolant in,out

cooling wall

Δx1
T = ΔT +q +

h k

 
  
 

  (4-7) 

 

 

Using equations (4-2) through (4-6), temperature difference between the top and the bottom of the 

RV could be expressed as equation (4-7). It could be obtained by the temperature increment of the 

inlet and the outlet of the water jacket, and heat transfer coefficients. It was graphically summarized in 

figure 4-7. 

Regard to the convective heat transfer coefficient of the cooling channel, hcooling, it was evaluated 

using Dittus-Boelter equation like equation (4-8). The final value of the hcooling was evaluated as 475.4 

W/m2.K. 

 

0.8 0.4hL
Nu = = 0.23Re Pr

k
    (4-8) 

 

For the conduction, the thermal resistance of the cooling wall could be directly evaluated from 

equation (4-6). It was 9333W/m2.K, which was negligible compared to the magnitude of the other 

heat transfer coefficients and corresponding thermal resistance.  

The RV inner wall temperature could be calculated from the above equations, however, we should 

compare the calculated value with the experimental value in the experiment to certificate validity of 

the correlations. The pool temperature could be a reference for the comparison. Therefore, in addition 

to equation (4-4) and (4-8), one term was added to evaluate pool temperature, like equation (4-9) and 

(4-10). 

 

, ,RV top coolant outlet cooling wall poolT T T T T= + + +   (4-9) 

wall
gradient coolant in,out

cooling wall pool

Δx1 1
T = ΔT +q +

h k h

 
 +  
 

  (4-10) 

 

The added term hpool was evaluated using the general correlation for the natural circulation in the 

cavity, equation (4-11). It was evaluated as 542.6W/m2.K.  

 

( ) 

2

1 6

8 27
9 16

0.387Ra
Nu = 0.825+

1+ 0.492 Pr

 
 
 
  

   (4-11) 
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Here, heat flux for the calculation of the temperature increment through the thermal resistance was 

not defined. It was evaluated 6000 W/m2 in the preliminary CFD analysis. Therefore, the 6000 W/m2 

was used for calculation. After the experiment, using the temperature distribution in the narrow gap, it 

was calculated from approximately 5600 to 7480 W/m2 in the experimental data. Therefore, it could 

be concluded that assumption for the heat flux was reasonable. Further analysis were discussed based 

on the this assumption. 

Table 4-6 shows the comparison of the pool temperature. Based on the coolant temperature, 

temperature of the outer and inner surface of the cooling wall were obtained, and finally, bulk pool 

temperature was obtained and compared to the experimental results. By the correlations, 40.5oC of the 

temperature was evaluated, while the experimental temperature was observed as 41.7oC. From this 

result, the validity of the evaluation was confirmed, and the inner cooling wall temperature was 

considered as calculated results from the above evaluation method. 

As discussed before, temperature difference along the cooling wall surface could be manipulated 

by changing the flow rate of the external water-cooling jacket. Test conditions, corresponding 

normalized temperature difference of the top and the bottom of the RV, and flow rate at that condition 

was summarized in table 4-7, which is the test matrix for the boundary temperature distribution. 
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Figure 4-1. Length scale difference between the sodium and the water   
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Figure 4-2. 3-D model of the PGSFR  
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    (a) PGSFR65              (b) SINCRO-2D cross section     (c) SINCRO-2D 3D modeling 

Figure 4-3. 2-D cross section of the PGSFR and SINCRO-2D 
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Figure 4-4. Pressure drop of the IHX and inlet piping of the PGSFR 
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Figure 4-5. Fluid domain of the pressure drop analysis 
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   (a) A photo of the SINCRO-2D                    (b) Temperature observation points 

Figure 4-6. SINCRO-2D and location of the thermocouples 
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Figure 4-7. Schematic of the obtaining RV inner wall temperature  
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Table 4-1. Parameters of SINCRO-2D and their ratio 

Parameter PGSFR SINCRO-2D Ratio 

Radius 4.3 m 173 mm 1/25 

Height 15.3 m 540 mm 1/25 

Q’’’ 213.4 W/cm3 213.4 W/cm3 1 

Qtotal 392 MW 200 W 1/253 

ΔTref 1.637 oC  0.248 oC 0.15 
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Table 4-2. Parameters of SINCRO-2D and their ratio 

Component Pressure drop Contribution 

Inlet plenum 3.5 kPa 0.6 % 

Core 429.0 kPa 76.0 % 

Upper plenum 0.0 kPa 0.0 % 

IHX 14.5 kPa 2.6 % 

Lower plenum 34.1 kPa 6.0 % 

Inlet piping 83.2 kPa 14.7 % 

Total 564.3 kPa 100.0 % 
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Table 4-3. Parameters of SINCRO-2D and their ratio under 1% of the flow rate condition 

Component IHX Inlet piping Note 

Pressure drop 

under natural 

circulation 

394.14 Pa 2261.55 Pa  

ζ in the PGSFR 

(pressure drop 

coefficient) 

32014 183697 
uref = 

0.136 m/s 

ζ in the PGSFR 

(pressure drop 

coefficient) 

30562 178733 
uref = 

0.009 m/s 

Error - 4.5 % - 2.7 %  
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Table 4-4. Summary of the test matrix for the decay heat level 

  PGSFR SINCRO-2D 

Power 

90 days 0.78 MW (0.2%) 40 W 

6.8 days 1.57 MW (0.4%) 80 W 

1.5 days 2.35 MW (0.6%) 120 W 

12.6 hrs 3.14 MW (0.8%) 160 W 

5.5 hrs 3.92 MW (1.0%) 200 W 

Cooling 
Simplified 

?? 60ΔT 

Bo’ 
25 % differ 

0.86 x 108 1.07 x 108 
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Table 4-5. Possible range of the temperature difference of the top and the bottom of the RV 

Condition ΔT_PGSFR ΔT_SINCRO θ by ΔT
ref

 

Natural circulation67 65℃ 9.8℃ 39.7 times 

Natural circulation 

(estimated)65 
88℃ 13.3℃ 53.8 times 

Air inlet & outlet37 135 - 160℃ 20.4-24.2℃ 82-97 times 

Normal operation19 155.0℃ 23.48℃ 94.7 times 

Max ΔT in the 

experiment 
174.8℃ 26.49℃ 106.8 times 
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Table 4-6. Comparison between evaluated and experimental pool temperature 

Position Tevaluated Texperiment 

Coolant 16.2℃ 

Wall_out 28.8℃ Unknown 

Wall_in 29.5℃ We want to know 

Pool_bulk 

Comparing parameter 
40.5℃ 41.7℃ 
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Table 4-7. Test matrix of the parametric study on the boundary condition 

Case Normalized to ΔTref ΔTtop,bottom Flowrate 

1 40 times 9.92℃ 9.2 lpm 

2 60 times 14.88℃ 5.4 lpm 

3 80 times 19.84℃ 3.8 lpm 

4 100 times 24.79℃ 2.8 lpm 
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4.2. Discussion on the base case 

 

The natural circulation characteristics of the reactor pool under RVACS operation was analyzed in 

this part. 1.0 % of the decay heat, and 60 times of the reference temperature difference was selected as 

a representative case. Temperature distribution, flow field estimated by the temperature distribution, 

natural circulation flow rate, and the cooling fraction would be discussed. For this case, numerical 

validation with the CFD, ANSYS-CFX, and the system code, MARS-KS were conducted. 

 

4.2.1. Overall natural circulation behavior. 

 

Figure 4-8 shows the represent temperature distribution of the SINCRO-2D experiment under 1% 

of the decay heat, with 60ΔTref boundary condition. It was certificated by figure 4-9 that steady state 

was achieved without fluctuation or instability of the natural circulation. Because it was a natural 

circulation system, overall thermal stratification was observed. As shown in the figure 4-8, 

temperature was higher in the upper region in general. The narrow gap and the other parts of the pool 

showed separated profile because they were almost separated and connected at the small IHX inlet. 

The effect of the natural circulation on the temperature distribution could be clearly observed by the 

temperature stratification. If the temperature pool is fully stratified, the temperature points at the same 

height should show the same value. However, as shown in the figure, it was not. The temperature 

distribution was strongly affected by the natural circulation flow. After the heating zone, water was 

heated and went upward to the end of the liquid volume. Until entering IHX, natural circulation flow 

was not cooled and maintained similar temperature to temperature at just after the heater. At the T-

junction of the IHX, flow temperature decreased to 52.0℃ and finally decreased to 47.6℃ at the 

outlet of the IHX. Along the observation points in the lower plenum, the temperature was not 

significantly decreased until the third points from the top. However, sharply decreased to 36.1℃ at 

the lowest points at the nest point below. Considering the minimum temperature of the natural 

circulation path, which is the 26.9℃ of the inlet piping, significant cooling was achieved in the lower 

plenum. It represents that the strong downward flow from the IHX outlet affected to the third points 

from the top. The points 36.1℃ and 26.9℃ were located at the same height, however, temperature 

was quite different. It was another evidence of the effect of natural circulation on the stratified 

temperature profile.  

From the previous paragraphs, the effect of the natural circulation on the temperature distribution 

was discussed. The temperature distribution was strongly depended on the flow. Here, a limitation of 

the SINCRO-2D facility could be suggested. It is two-dimensional facility, which neglect three-

dimensional phenomena like flow. However, in the actual reactor PGSFR, the natural circulation flow 
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should be generated in three-dimensional space, especially, in the lower plenum between the IHX 

outlet and the pump inlet. As discussed in the experimental apparatus design, the pump inlet is located 

at the different angular position with the IHX, in case of top view. In figure 4-2, it is located behind of 

the core structure, while IHXs (orange) are located at the left and right side of the figure. In the lower 

plenum, the natural circulation flow under RVACS operation is discharged from the IHX outlet, and 

enters to the pump inlet, which has fully three-dimensional shape. Considering the effect of flow on 

the temperature distribution and the characteristics of the flow, three-dimensional effects by the flow 

could not fully observed in the SINCRO-2D facility. Therefore, three-dimensional facility is required 

for the observation of the temperature distribution in the lower plenum. 

The narrow gap, which is the space between the redan and the IHX, also showed stratified 

temperature distribution. Before the experiment, the author presumed that conduction is dominant 

heat transfer mechanism in the hot pool cooling because the width of the narrow gap was is relatively 

smaller than others. To evaluate heat transfer mechanism in the narrow gap, simple 1-D calculation 

was conducted. Equation (4-12) represents the simple 1-D conduction equation under steady state. 

Heat transferred amount by the conduction was evaluated and it would be compared to the total power, 

temperature decrement after the IHX, and calculated heat removal fraction at the narrow gap, which 

would be calculated later. 

 

T
q k A

x


= −

       (4-12) 

 

Among the thermocouples, a thermocouple at the T-junction of the IHX and thermocouple in the 

narrow gap having same height with the T-junction of the IHX were selected to calculated the amount 

of conductive heat transfer, which have temperature as 52.0℃ and 35.2℃, respectively. The distance 

between these two points were 30 mm. Thermal conductivity of the water was assumed as 0.6 W/m.K. 

The area of the IHX channel was 176.7 mm2. From these values, only 0.06 W of the heat was 

transferred by solely conduction in this interval. Considering the temperature decrement through the 

IHX, from 52.8℃ at the IHX inlet to the 47.6℃ at the IHX outlet, 0.06 W is too small amount of the 

heat transfer rate to make such a significant temperature difference. Comparing to the total power, 

0.06 W is negligible to the 200 W. However, significant temperature change was observed through 

IHX. It means that cooling at the narrow gap was meaningful. Therefore, it can be inferred that even 

in narrow gap, natural circulation is the dominant heat transfer mechanism. For the whole part of the 

reactor pool, natural circulation was the dominant heat mechanism. 

Next, considering the temperature change along the natural circulation flow and corresponding 

cooling fraction at each part. It was certain that the maximum temperature was observed just after the 
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heating region, having 53.3℃ of the temperature. The minimum temperature was observed at the inlet 

piping, and it was 26.9℃. It means that total 26.4℃ of the temperature increased in the core, and 

decreased through the other parts of the natural circulation flow path. Here, the temperature at the 

outlet of the IHX was 47.6℃. It means that the hot flow from the core was cooled down by the 

cooling at the narrow gap, from 53.3℃ to 47.6℃. In other words, 5.7℃ of the temperature was 

decreased by the narrow gap cooling. In the viewpoint of the lower plenum, 47.6℃ of the coolant was 

entered to the lower plenum and went out to the inlet piping with the temperature of the 26.9℃. It 

means that 20.7℃ of the temperature was cooled down in the lower plenum. From the temperature 

change history along the natural circulation path, cooling fraction could be calculated, and consequent 

cooling rate. Because the SINCRO-2D facility was almost insulated, (see appendix), the cooling rate 

could be calculated using the total power and the cooling fraction. It could be expressed like equation 

(4-13) and (4-14). 

 

( )

( )

inlet outlet component

max min system

T -T
Cooling fraction=

T -T
   (4-13) 

Cooling rate Cooling fraction Total power=    (4-14) 

 

Consequently, 20.8 % of the heat was removed at the narrow gap, and it corresponds to 41.6 W of 

the heat was cooled at the narrow gap. The other 79.2 % of the heat, which is 158.4 W was cooled at 

the lower plenum. This cooling fraction can suggest importance of the internal structure in the natural 

circulation. In general, higher part of the pool has the higher temperature than the lower part of the 

pool. Under constant temperature boundary condition, and, if there is no internal structure disturbing 

natural circulation flow in the pool, cooling heat flux is higher in the higher region because the heat 

flux is proportional to the temperature difference between the pool and the boundary. However, in the 

SINCRO-2D experiment, most of the heat was removed in the lower part of the pool, the lower 

plenum. Decrease of the upper cooling fraction was caused by the internal structures which disturb the 

flow to the upper cooling wall, in this experiment, the IHX. 

In case of the PGSFR, there is a structure which was not considered in the SINCRO-2D. It is 

clearly shown in figure 4-2. Between the redan and RV, there is a small space, which is a part of the 

cold pool (lower plenum). This small space could act as an additional thermal resistance in terms of 

the top cooling. Therefore, the cooling fraction of the narrow gap would be overestimated in the 

SINCRO-2D experiment. Additionally, this thin space is a part of the lower plenum. Therefore, 

complex natural circulation phenomena are expected in this region, which could not be analyzed in 

the SINCRO-2D experiment. Consequently, cooling fraction of the lower plenum would be increased 

in the PGSFR. 
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Finally, it was revealed that the Bo’ based similarity law could estimate flow field, except for the 

flow regime. Therefore, flow rate could be reasonably reproduced by the Bo’ based, simulating 

experiment. However, there is no flowmeter in the SINCRO-2D facility. Therefore, the flow rate was 

calculated based on the simple equation (4-15) using temperature difference. It is reasonable because 

the SINCRO-2D facility had almost insulated condition (see appendix). 

 

( )p max min natural circulation

q
m=

c T -T
    (4-15) 

 

Total power was 200 W in this case, and specific of the water was used as 4181 J/kg.K. The 

calculated flow rate was 1.8 g/s, which corresponds to the 2.4 % of the flow rate of the normal 

operation condition, using equation (3-5). 

For the direct data interpretation between the results of the SINCRO-2D and the PGSFR, there 

were some points which should be considered. First, the SINCRO-2D was simplified as 2-D. 1% of 

the decay heat was removed by the cooling wall. The volume of the core was considered as cross-

sectional area in the SINCRO-2D, however, it was half of the volume was neglected because it was 

symmetric. In addition, there are four IHXs in the PGSFR, however, only one IHX was reflected into 

the SINCRO-2D design. It means that the pressure drop related of the IHX were not strictly simulated. 

To simplify this situation, let’s think about pizza with big pepperoni in the center. To have exact 

symmetry, it should be cut like a piece of a pizza, a circular sector. However, SINCRO-2D was 2-D 

slab model. In other words, pepperoni was overestimated and cornicione of the pizza was 

underestimated, which correspond to the core and the cooling wall in the PGSFR. The pressure drop 

through the core was not properly modeled in the SINCRO-2D. Therefore, the results of the SINCRO-

2D experiment could not be directly interpreted to the that of the PGSFR. However, the SINCRO-2D 

experiment could give enough physical insights for the natural circulation phenomena under the 

RVACS operation condition. 

 

4.2.2. Numerical validation by CFD 

 

The numerical validation was conducted by CFD to validate the experiment and to find a proper 

turbulence model for the natural circulation under RVACS operation. For the turbulence model, there 

were six models were considered and their characteristics and the reason for selection were 

summarized in table 4-8. The laminar model was applied because most of the flow regime was 

considered as laminar. The k-ε model is the most common turbulence model. The k-ω model showed 

better accordance at the wall than the k-ε model. The SST model is combination of the k-ε and k-ω 
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model. The eddy viscosity model is based on the transportation of the viscosity with suppression of 

the viscosity generation near the wall. The RSM Reynolds stress model is the 2nd order turbulence 

model. These models were applied, and the result would be discussed. 

The commercial software ANSYS-CFX was used. Approximately 373 thousand of the mesh was 

applied with inflation on the wall of the flow domain. Heating was applied as volumetric heat 

generation of the cartridge heater, which is same to the experiment. The cooling boundary condition 

was simplified as 20oC. Because the SINCRO-2D facility was almost perfectly insulated except for 

the cooling wall, an adiabatic condition was applied to the all the external surfaces. There were three 

kinds of the material in the domain and the same material with the experiment was used for the 

domain. First, stainless steel was applied to the cooling wall because the cooling through the cooling 

channel was simplified as a constant temperature cooling at the cooling wall. Second, acrylic resub 

was applied to the front panel, back panel, and the internal structure surrounding water. Last, water 

was applied to the working fluid inside of the acrylic resin. The thermal conductivity of the acrylic 

resin was 0.1 W/m.K.  

Figure 4-10 shows the results of the CFD analysis with different turbulence model. For the laminar 

model (a) and the k-ω model (c) showed similar temperature distribution. Stratified temperature in the 

pool and the narrow gap was properly describe by the CFD analysis. The magnitude of the 

temperature also showed good accordance with the experimental result. The difference between the 

laminar and the k-ω model was mixing characteristics in the downward channel of the IHX. However, 

in the k-ε model (b), significant overestimation of the temperature was observed. Not limited to the 

certain region, but overall overestimation of the temperature was observed. In particular, the 

overestimation at the bottom of the pool showed more than approximately 40oC of the temperature. In 

this region, there no natural circulation flow. As the thermal conductivity of the acrylic resin between 

the core region and the lower plenum was commonly applied as 0.1 W/m.K, the temperature 

overestimation of the bottom of the pool was not caused by the conduction through the structure. This 

difference was caused by the turbulence model and corresponding thermal diffusivity.  
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   (4-16) 

 

As shown in equation (4-16), the diffusion coefficient of the temperature gradient includes μT, 

which is the turbulent viscosity. It is determined by the turbulent model. That is the reason that the 

turbulence model has an influence on the heat transfer even in the flow-free region. In case of the k-ε 

model, there is an additional turbulent viscosity generation term by cross diffusion, while it is not in 

the k-ω model. In addition, in the k-ω model, there is a suppression of the turbulent viscosity 
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generation and wall effect is considered as more dissipation near the wall. Thus, overestimation in the 

k-ε model was caused by the overestimation of the production of the turbulent viscosity, and the 

underestimation of the dissipation of the turbulent viscosity near the wall. Based on this fact, the 

temperature distribution of the other turbulence model could be explained. The SST model (d) is the 

combination of the k-ε and k-ω model, therefore, the characteristics of the k-ω model was properly 

reveled in the wall region. It showed good accordance with the actual temperature distribution. This 

trend is same in the RSM Reynolds stress model (e), which considers pressure strain term in addition. 

Because the Reynolds stress model has the higher order of turbulence closure, it was anticipated that 

this model showed the best accordance with the experiment. In case of the eddy viscosity model (f), 

there is a consideration of the wall effect, however, it is limited to the suppression of the turbulent 

viscosity production. The increase of the dissipation near the wall is not considered, therefore, it 

showed similar temperature distribution characteristics with the k-ε model. 

Figure 4-11 shows above discussions in more quantified manner. The position of the temperature 

observation points was labeled as number, which corresponds to the location in the graph. For 

example, number 3 means the T-junction of the IHX. The effect of the turbulence model was 

discussed in the following paragraph. Overall, CFD analysis showed very good accordance with the 

experimental results, like the core inlet, outlet, IHX outlet and the lower plenum. Common for all 

CFD results, large discrepancy at the T junction of the IHX between the CFD results and the 

experimental result was remarkable. All CFD results significantly underestimated the temperature 

than the experiments. In the experiment, temperature of the T junction showed similar temperature 

with the core outlet and the IHX outlet. However, in the CFD results, temperature of the T junction 

was significantly lower than adjacent points. It could be explained by the temperature distribution in 

figure 4-10. Hot water from the core, and the cooled water from the narrow gap were mixed together 

at the T junction in the IHX, and went downward through the downward pipe of the IHX. Complex 

mixing phenomena occurred at the T junction and corresponding temperature gradient was very sharp. 

It could be easily recognized in figure 4-10. The large temperature gradient at the T junction was 

commonly observed in all turbulence model. Therefore, discordance at the T junction was not severe 

as shown in the graph, figure 4-11. Additionally, there could be an error in the position of the 

thermocouple at the T junction. As described above, the large temperature gradient causes a large 

temperature change with small error in the position. Thus, large discordance at the T junction between 

the experiment and CFD could be acceptable. There is an additional large discordance between the 

experiment and CFD in the bottom of the lower plenum, which was labeled in figure 4-11, as the inlet 

piping, and the pool bottom. The discordance in the inlet piping and pool bottom was caused by the 

simplified cooling boundary condition. In the experiment, cooling was achieved by the cooling water, 

which enters at the bottom of the facility and exit at the top of the facility. This made temperature 
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difference along the cooling wall and cooling boundary condition for the pool was applied as the 

temperature gradient of the wall. However, in case of the CFD, the cooling boundary condition was 

simplified as constant temperature cooling at the cooling wall, and cooling channel was omitted. The 

boundary temperature of the experiment was approximately 17oC, while 20oC was applied for the 

whole cooling wall in the CFD. For the inlet piping, it showed significantly lower temperature than 

the lower plenum in the experiment, while the CFD results were similar in the two points. It 

represents that between the lower plenum point and the inlet piping, there was additional cooling or 

the inflow of the cooled water. Both could be possible. Considering the flow in the lower plenum, 

flow was entered from the IHX outlet and went to the inlet piping. The entered flow from the IHX 

outlet was went downward and changed to the horizontal direction as entering the inlet piping. 

Between the downward flow and the horizontal flow, there was strong driving force at the cooling 

wall. Falling of the colder water was natural and could be observed in figure 4-10 by the entrained 

temperature distribution near the cooling wall. This downward flow would be detached from a certain 

point of the cooling wall, and entered to the inlet piping, as mixing with the bulk fluid in the lower 

plenum. Regard to this process, cooling in the lower plenum was stronger in the experiment. 

According to the simple relationship between the heat transfer and temperature difference between the 

media, the temperature of the wall and its distribution were important. More cooling could be 

achieved with the cooling wall of the lower temperature. In terms of the average temperature, an 

average cooling wall in the lower plenum was lower than that in the narrow gap. However, it was 

simplified as the same in the CFD analysis. Therefore, overall cooling in the lower plenum was 

underestimated in the CFD. For the detailed temperature distribution, if the temperature of the cooling 

wall was not constant, it was certain that more cooling is achieved at the lower temperature cooling 

wall. It could influence the detachment of the downward flow on the cooling wall. In summary, the 

total cooling in the lower plenum could be regarded as a temperature difference between the IHX 

outlet and the inlet piping, and it was underestimated in the CFD because of the underestimated 

cooling boundary temperature. One of the clues for the cooling phenomena in the lower plenum was 

temperature difference between the lower plenum point and inlet piping point. The cooling and 

mixing phenomena in the lower plenum was not realistically evaluated in the CFD analysis because of 

the simplified, constant boundary temperature. 

The CFD results could be categorized into two groups; one includes the laminar, k-ω, SST, and 

BSL Reynolds stress model, while the other includes the k-ε and eddy viscosity transport model. The 

first group evaluated almost same value along all points, and showed good accordance with the 

experimental results. Especially, the core inlet, core outlet, IHX outlet and the lower plenum showed 

very good accordance with the experimental results. The reasons for the discordance at the T junction 

of the IHX, inlet piping, and pool bottom were discussed in the previous paragraph. These models 



94 

 

showed good accordance with the experimental results by properly modeled turbulent viscosity. As 

discussed with equation (4-16), the turbulent viscosity has an effect on the heat transfer. The models 

in the first group have a turbulent viscosity damping term near the wall. Both suppression of the 

production of the turbulent viscosity and increase of the dissipation were considered in the near wall 

region. This suggests us that under confined geometry like SINCRO-2D, the wall effect should be 

considered like the model in the first group, which considers both suppressed generation and 

increased dissipation of the turbulent viscosity near the wall. For the laminar case, it was natural that 

the lowest temperature was estimated because the laminar model is not considered about the turbulent 

viscosity and corresponding enhancement of the heat transfer. The laminar model showed good 

accordance with the experimental results and proper turbulent models in the first group. This suggests 

that the flow regime in the SINCRO-2D was dominated by the laminar flow. The second group 

includes the k-ε and the eddy viscosity transport model. The k-ε model did not considered both 

suppressed generation and increased dissipation of the turbulent viscosity near the wall, while the 

eddy viscosity model took the suppression of the generation into consideration. Therefore, the k-ε 

model predicted higher temperature than the eddy viscosity transport model. Due to the overestimated 

heat transfer in the pool, the magnitude temperature difference in the pool was smaller than that of the 

first group. The overestimation of the temperature was significant at the inlet piping and the pool 

bottom. Because the thermal conductivity of the acrylic resin was only 0.1 W/m.K, the effect of the 

conduction through the acrylic structure could be negligible. It could be concluded that the 

overestimation at these two points was caused by solely the overestimated turbulent viscosity. The 

discussions about the turbulence model in so far, were summarized in table 4-8. 

 

4.2.3. Numerical validation by MARS-KS 

 

The system code is necessary to evaluate performance of the RVACS, which has inherently 

transient characteristics. To check the applicability of the system code to the natural circulation, 

numerical analysis with MARS-KS code was conducted, which is the abbreviation of the Multi-

dimensional Analysis of Reactor Safety - KINS Standard. The nodalization of the SINCRO-2D in the 

MARS-KS code was summarized in figure 4-12 with temperature observation points. Compared to 

the points in figure 4-11, the temperature observation points were in the basically same position with 

that of the experiment and CFD analysis. The water domain was modeled as a combination of the 

various pipe and multi-dimensional component. Regard to the T junction, there were complex mixing 

phenomena. To reflect complex flow structure at the T junction, the horizontal channel of the T 

junction was modeled as combination of the two pipes and multi junctions. One pipe is for the flow to 

the narrow gap, and the other pipe is for the flow from the narrow gap. There was natural circulation 
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in the narrow gap, which was the key heat transfer mechanism. To reflect this natural circulation, the 

narrow gap was modeled by a combination of the two pipes and multi junctions, which allows both 

upward and downward flow. In the lower plenum, two-dimensional phenomena were dominant, like 

natural circulation and horizontal temperature gradient, which was perpendicular to the flow direction. 

Therefore, to consider two-dimensional phenomena should be into consideration, and the lower 

plenum was modeled by multi-dimensional component in the MARS. Other regions could be easily 

simplified as one-dimensional pipe. The cooling channel was modeled as a single pipe out of the 

water domain, with the inlet volume and outlet volume for the cooling flow control. The cartridge 

heater was modeled as a heat structure, which was attached to the pipe number 100. There was an 

additional heat structure for the cooling wall, which was attached to the cooling channel and the water 

domain. Inlet temperature of the cooling water was assumed as 20oC. 

Figure 4-13 shows the results of the MARS-KS code and comparison with the experimental data, 

and numerical analysis by ANSYS-CFS with the SST model. Point by point, at the core inlet, there 

was a significant underestimation of the temperature in the MARS. The exact location of the point 1 

in the MARS was just below the volume attached to the heat structure. In the actual situation, there 

should be conductive heat transfer between each volume of the pipe, however, it was not modeled in 

the MARS, especially, there was no backward heat transfer. A kind of backward heat transfer in the 

MARS only exists in the heat structure, which is used under back flooding of the accident transient. 

Absence of the backward heat transfer model in the MARS caused the underestimation of the 

temperature at the core inlet. The maximum temperature was shown at the core outlet, and showed 

good accordance with the other methods. The temperature at the T junction showed a similar value 

with the experiment because observation point in the MARS was located in the upper pipe of the 

modeled T junction. At the IHX outlet, the results by the MARS showed reasonable accordance with 

the other methods. Here, the temperature at the IHX outlet was mixing of the temperature of the upper 

and the lower pipe of the modeled T-junction, and also represented the cooling through the narrow 

gap. The significantly lower temperature at the IHX outlet represents cooling through the IHX was 

overestimated. Temperature at the lower plenum and inlet piping showed almost similar temperature. 

The lower plenum was modeled as a multi-dimensional component, therefore, two-dimensional 

phenomena could be considered. Effect of the multi-dimensional component could be recognized by 

the temperature difference between the lower plenum and inlet piping. There was temperature 

difference between the lower plenum and inlet piping. It means that there was horizontal temperature 

gradient in the new modeling of the lower plenum, and effect of the natural circulation inside the 

lower plenum was considered. 

The MARS-KS results could be divided into three regions; well-predicted regions, poor predicted 

regions, and regions could be modeled. The well predicted region includes the core outlet, inlet piping, 
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and pool bottom, where one-dimensional simplification could be applied without calculation of the 

backward conduction through the fluid. The core inlet could be easily simplified as one-dimensional 

pipe, however, there was significant backward conduction through the fluid. The poor predicted 

regions include the T junction of the IHX. There were complex mixing phenomena in the T junction, 

and the value in figure 4-11 did not properly represents the value of the T junction. Regard to the 

outlet of the IHX, it was a result of the cooling through the narrow gap. The lower plenum was the 

region where could be modeled. It could be simplified as two-dimensional pool for the SINCRO-2D 

facility and could be simplified as three-dimensional, wide pool in the prototype reactor PGSFR. The 

lower plenum was simplified as two-dimensional pool, and there were complex phenomena like 

penetration of the downward flow from the IHX, mixing of the fluids, and detachment of the 

downward flow at the cooling wall. These phenomena were reasonably modeled in the system code 

and results showed good accordance with experimental temperature. In summary the system code 

well predicted natural circulation phenomena in the region where could be easily simplified as one-

dimensional pipe, while did not showed satisfactory prediction in the region with complex mixing 

phenomena. Wide, multi-dimensional pool could be simplified as a multi-dimensional component and 

natural circulation inside of the pool could be reasonably predicted. 
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Figure 4-8. Representative temperature distribution of the SINCRO-2D (1%, 60ΔTref condition) 
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Figure 4-9. Temperature change along time in the SINCRO-2D experiment (1%, 60ΔTref condition) 
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(a) laminar                     (b) k-ε                         (c) k-ω 

     

        (d) SST                 (e) Reynolds stress            (f) Eddy viscosity transport 

Figure 4-10. Temperature distribution of the SINCRO-2D by CFD with various turbulence model 
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Figure 4-11. Temperature at the selected points in the SINCRO-2D by various methods 
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Figure 4-12. Nodalization of the SINCRO-2D in the MARS-KS code 
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Figure 4-13. Temperature distribution in the SINCRO-2D by MARS-KS 
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Table 4-8. Summary of the results applying different turbulence model 

Model General characteristics Discussions 

Laminar 

- Ignoring turbulence effect 

(less mixing, lower pressure drop) 

- Lowest temperature was estimated 

- Well predicted the experiment 

→ current experiment was mainly in the 

laminar region 

k-ε 

- Proper for free shear layer and 

small pressure gradient 

- Overestimation of the turbulent viscosity at 

the near wall region 

→ overestimation of the heat transfer in the 

confined flow 

k-ω 

- Considering wall effect to the k-e 

model and not considering cross 

diffusion (kind of production) 

- Well predicted by considering wall effect 

→ Wall dominant case, k-w is better than k-e 

model 

SST 

- Combination of the k-e and k-w 

by blending factor based on the 

distance from the wall 

- Well predicted and similar to k-w 

→ Current case had small hydraulic diameter so 

that k-w was dominant during calculation 

Reynolds 

stress 

- 2nd order closure 

- Good at phenomena related to 

second moment (heat transfer) 

- Theoretically, it was the most complex and 

advanced one among the current model 

- Similar to the other well predicting models 

(laminar, k-w, SST) 

Eddy 

viscosity 

transport 

- Wall effect was considered as 

suppression of the production 

near wall, not more dissipation 

- Eddy viscosity was overestimated near wall 

→ overestimation of the heat transfer in the 

confined flow 
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4.3. Effect of decay heat 

 

The maximum heat removal capacity of the RVACS is about 0.65 % of the total power of the 

PGSFR. Considering enhancement of the heat removal capacity, upper boundary of the test matrix 

was determined as 1.0% of the total power. The objective of the RVACS includes long term cooling, 

lower boundary of the test matrix was 0.2%, and the interval was 0.2%. It was summarized in the 

table 4-7. Boundary condition was fixed as 60 time of the reference temperature difference at each 

power level. 

Figure 4-14 shows temperature distribution along various decay heat level. Legends of each 

contour in figure 4-14 were determined based on each case, thus, color distribution of each figure 

represents a relative temperature distribution. All phenomena observed in the base case (1.0 % 

condition) were commonly observed in the other cases. The overall thermal stratification was 

commonly observed in all cases in both main pool and narrow gap. The effect of natural circulation 

flow on the stratified temperature was observed. The cooling through the narrow gap was achieved by 

the natural circulation, considering temperature difference between the T junction of the IHX and the 

left point. 

To more quantitatively analyze temperature distribution, temperature at some points were 

summarized in figure 4-15. Similar to figure 4-14, regard to the temperature distribution 

characteristics, there was no significant difference between different power levels. The graph showed 

lines with similar tendency and different magnitude. Certainly, the magnitude of the temperature 

showed the highest in the 1.0% power case. Because there was no significant change of the 

temperature distribution characteristics, a normalized temperature (θ) was introduced to observe 

change of the temperature distribution characteristics in more detail. The definition of the normalized 

temperature difference is in equation (4-16). It is the temperature difference between the boundary 

and an arbitrary point over the reference temperature. It was the same with equation (2-28). The 

difference between the SINCRO-V experiment is assumption related to the boundary temperature. It 

would be discussed in more detail in the following section. 
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The trend of the θ along difference power level was summarized in figure 4-16. Similar to figure 4-

15, there was no significant difference along the power level. Especially, the θ distribution under 0.6, 

0.8 and 1.0 % of the total power showed almost the same values. With small power level like 0.2 and 

0.4 %, the θ was slightly polarized compared to the other cases. In the low temperature regions like 
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the core inlet, lower plenum, and inlet piping, θ was lower in the lower power case. On the contrary, 

high temperature regions like the core outlet, IHX T junction, and IHX outlet, θ was higher in the 

lower power case. However, the polarization of the θ was not significant. In the aspect of the 

maximum θ, at the core outlet, θ of 0.2% is approximately 15 % higher than that of the 1.0 % 

condition, while the power level changes five times. Therefore, it was concluded as a mild 

polarization of the θ. The reason for the θ polarization could be increase of the pressure drop. The 

geometry of the SINCRO-2D was not changed, however, property change of water could affect the 

increase of the pressure drop. The water has higher viscosity in the lower temperature, and the overall 

temperature was lower in the low power case. Therefore, it could be inferred that the pressure drop 

was larger in the low power case due to higher viscosity, and consequently, temperature distribution 

was slightly polarized.  

Based on the temperature data, the flow rate, cooling fraction of the narrow gap and lower plenum, 

and a new parameter, equivalent area was obtained. They were summarized in table 4-9. The flow rate 

and the cooling fractions were calculated by the same methods with that of the base case, using 

equation (4-13) and (4-15). Here, a new parameter, equivalent area was introduced to evaluate validity 

of the reference velocity for evaluating flow rate. Its concept and derivation were summarized in 

equation (4-17) and (4-18). 

 

ref eqm= u A       (4-17) 
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As described in equation (4-17), the flow rate could be calculated by the density, velocity and area. 

Regard to these parameters, the density is material property, thus, it is clearly substitute by its value. 

For the velocity, the reference velocity is the parameter which could represent the overall magnitude 

of the velocity under natural circulation. Therefore, the velocity could be expressed as the reference 

velocity. However, there is no reference for the area. Because the reference velocity is not an actual 

value at the specific region of the facility, corresponding area could not be specified in the actual area 

in the facility. Therefore, the equivalent area was introduced. It is an area at the arbitrary region which 

has velocity as e reference velocity. If the reference velocity of the system really represents the overall 

magnitude of the system, the flow rate would be linearly proportional to the reference velocity, 

because the density and the area were already fixed. In this analysis, the value for an equivalent area 

was assumed as that of the 1.0 % of the decay heat condition. In addition, the equivalent area could be 

an index for evaluating total pressure drop of the natural circulating system. There is no term for 
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considering the pressure drop in the definition of the reference velocity, equation (2-8). Therefore, in 

the two systems having same design parameters, only except for the pressure drop, the flow rate 

would be smaller in the system having larger pressure drop. Consequently, the equivalent area of the 

larger pressure drop system is smaller than that of the smaller pressure drop system. It could be more 

intuitive index for natural circulation flow rate of the system. 

As summarized in table 4-9, cooling fraction at the narrow gap and lower plenum did not showed 

significant change along the power level. Approximately 26.4 % of the heat was removed at the 

narrow gap in 0.2% of the total power condition, while it was 21.6 % in the 1.0 % condition. The 

change of the cooling fraction at the narrow gap was only 4.8 %, while power level increased 5 times. 

Correspondingly, the cooling fraction at the lower plenum showed the same tendency. From these 

results, it could be concluded that the cooling fraction of the narrow gap and lower plenum did not 

change significantly change within 0.2 % to 1.0 % of decay heat condition. 

The flow rate was calculated based on equation (4-15), and the reference velocity was calculated by 

equation (2-8). The equivalent area was obtained from the result of the 1.0 % case. Then, by using the 

obtained equivalent area of 1.0 % condition, reference velocity of each condition, and density, the 

flowrate of each condition was predicted. It showed interesting results. As described in the chapter 3, 

the natural circulation flow rate could have similarity using Bo’ based similarity law. It was indirectly 

validated from these results. The flow rate from the temperature distribution and predicted flow rate 

using the equivalent area of 1.0% condition showed good accordance. Error was negligible in 0.6, and 

0.8 % case, less than 2 %, while 0.2 and 0.4 % showed 17.1 % and 7.1 % of the overprediction, 

respectively. The overestimation of the flow rate by using the equivalent area of 1.0 % suggests 

another evidence for the increase of the relative pressure drop in the low power case. Considering 

equation (4-17), the overprediction means that the equivalent area at that condition was overestimated. 

As mentioned before, equivalent area of the larger pressure drop is smaller than that of the smaller 

pressure drop system. Therefore, the fact that smaller equivalent area was required for better 

prediction represents that the pressure drop was larger than the reference system. 
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(a) 0.2 %                    (b) 0.4 %                   (c) 0.6 % 

   

(d) 0.8 %                   (e) 1.0 % 

Figure 4-14. Effect of the decay heat on the temperature distribution of the SINCRO-2D 
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Figure 4-15. Temperature distribution of the SINCRO-V with different power level 
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Figure 4-16. Normalized temperature distribution of the SINCRO-V with different power level 
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Table 4-9. Summary of the effect of decay heat in the SINCRO-2D experiment 

 0.2 % 0.4 % 0.6 % 0.8 % 
1.0 % 

(base case) 

Tmax 33.2℃ 39.7℃ 45.2℃ 50.4℃ 53.3℃ 

TIHXoutlet 30.3℃ 35.7℃ 40.3℃ 45.4℃ 47.6℃ 

Tmin 22.2℃ 23.7℃ 25.6℃ 27.1℃ 26.9℃ 

Cooling at  

narrow gap 
26.4 % 25.0 % 25.0 % 21.5 % 21.6 % 

Cooling at  

lower plenum 
73.6 % 75.0 % 75.0 % 78.5 % 78.4 % 

Flow rate 

by temperature 
0.87 g/s 1.20 g/s 1.46 g/s 1.64 g/s 1.81 g/s 

uref 5.31 mm/s 6.68 mm/s 7.65 mm/s 8.42 mm/s 9.45 mm/s 

Aeq - - - - 192.7 mm2 

Flow rate 

by prediction 
1.02 g/s 1.28 g/s 1.47 g/s 1.61 g/s - 

Error +17.1 % +7.1 % +0.2 % -1.7 % - 
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4.4. Effect of boundary condition 

 

The effect of boundary condition, in other words, temperature distribution on the cooling boundary, 

was analyzed with the same power condition as 1.0% of total power. Change of the temperature 

distribution was summarized in figure 4-17, as a graph. Because the power level was same as 1.0 %, 

the overall magnitude of the temperature was similar in all cases. In short, regardless to the cooling 

boundary condition, the characteristics of the temperature distribution did not change. There was only 

one thing changed; the line of the graph was shifted vertically. With a larger temperature gradient, 

overall temperature was upwardly shifted. Only offset without change of the distribution means that 

the heat transfer characteristics, cooling fraction of each part, and flow rate did not change. Therefore, 

no change in the temperature distribution characteristics could be enlarged to no change in the overall 

natural circulation characteristics, and effect of the boundary temperature distribution could be 

simplified as a global offset of the temperature inside of the pool. 

 

, . .coolant Rv ref decay heat B CT T T T= + +    (4-19) 

, . .coolant Rv ref B C decay heatT T T T− − =     (4-20) 

 

The temperature of the coolant could be expressed like equation (4-19). Here, to apply effect of 

boundary condition as a global offset, the reference RV temperature, which is TRV,ref in equation (4-19), 

should be maintained without change as the boundary condition changes. By doing so, the effect of 

boundary condition is solely expressed as a term ΔTB.C.. The coolant temperature change by the 

boundary condition, and the effect of the boundary condition were varied along the boundary 

condition, while the effect of decay heat and RV reference temperature remained the same. To find 

proper reference of RV temperature with consideration of boundary condition effect, a relationship 

among the aforementioned terms could be expressed like (4-20), whose right-hand side is constant. To 

find proper RV temperature with consideration of the boundary effect, candidates for the term (TRV,ref 

+ ΔTB.C.) were summarized in table 4-10. The temperature of the coolant was designated as the 

maximum temperature of the coolant. First, the maximum temperature of the cooling wall, which 

corresponds to the RV, was considered as reference RV temperature including the boundary effect. 

However, the result in the table showed change of the calculation results with different boundary 

condition. It means that the effect of the boundary condition was not properly expressed as one term 

solely, and the reference RV temperature was not assumed properly. The situation became better in the 

average RV temperature case. The variance of the calculation results reduced from the reduced, 

however, it did not show satisfying accordance. In case of the minimum temperature of the RV, the 

trend was reversed; the calculation results increased as the boundary temperature difference increases. 



112 

 

Therefore, it could be inferred that the proper value of the term (TRV,ref + ΔTB.C.) existed between the 

average and minimum temperature of the RV. The minimum temperature was more relative to the 

boundary temperature of the lower plenum, than that of the narrow gap. Similarly, the maximum 

temperature was more related to the boundary temperature of the narrow gap. To obtain the proper 

boundary temperature, it is important to reflect boundary temperature with their influence, in other 

words, cooling contribution. Therefore, the author took the value between the maximum and 

minimum temperature as (0.2 TRVmax + 0.8 TRVmin), by considering cooling fraction of the near 

components. The maximum temperature was related to the cooling by the narrow gap, and the 

minimum temperature was related to the cooling by the lower plenum. Their cooling fraction was 

approximately 20% and 80%, respectively. Therefore, the author suggests that kind of interpolation 

between the maximum and minimum, and it showed almost same results, which represents that effect 

of the boundary condition was nicely reflected into the term. 

This boundary temperature was used as a boundary temperature in equation (4-17) during 

calculation of the normalized temperature difference. The validity of assumption that (TRV,ref + ΔTB.C.)  

is (0.2 TRVmax + 0.8 TRVmin), was indirectly confirmed in figure 4-16. Due to the properly assumed 

boundary temperature, normalized temperature could have small vertical offset even with different 

power level. 
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Figure 4-17. Temperature distribution of the SINCRO-V with different boundary condition 
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Table 4-10. Candidates of (TRV,ref + ΔTB.C.) and its results 

Case Tmax – TRVmax Tmax – TRVavg Tmax – TRVmin 
Tmax – TRVref 

(0.2 TRVmax + 0.8 TRVmin) 

40ΔTref 26.23℃ 31.22℃ 36.20℃ 34.21℃ 

60ΔTref 22.15℃ 29.60℃ 37.05℃ 34.07℃ 

80ΔTref 18.49℃ 28.43℃ 38.36℃ 34.39℃ 

100ΔTref 14.81℃ 27.22℃ 39.62℃ 34.66℃ 
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4.5. Summary and conclusion 

   

To observe the natural circulation phenomena under the RVACS operation, the SINCRO-2D 

experimental facility was designed based on the PGSFR, using the water as a simulant of the sodium, 

having 1 : 25 of the scaling reduction. 1.0% of total power and 60 times of the reference temperature 

case was selected as a base case, and various phenomena were observed: the overall thermal 

stratification, effect of the natural circulation flow on the stratified temperature, cooling fraction, and 

dominant heat transfer mechanism – natural circulation.  

And the experimental result of the base case was compared to the numerical results obtained by 

ANSYS-CFX, and MARS-KS. The commercial CFD code showed good accordance with the 

experimental result, and it was concluded that dissipation and suppression of the turbulent viscosity is 

the key for proper turbulence model for natural circulation heat transfer. Thus, k-ω, SST, and 

Reynolds stress model were revealed as proper models. Among these models, SST model was the best 

considering the computation cost and time. The MARS-KS result showed good accordance for the 

region like the core outlet, and inlet pipe, where could be easily and properly simplified as 1-D. 

However, it showed bad accordance for the region like lower plenum and T junction of the IHX, 

where has complex 3-D phenomena like mixing, because it was the 1-D system code.  

Effect of the decay heat and cooling boundary temperature distribution was experimentally studied. 

Regard to the decay heat, it did not have influence on the characteristics of the temperature 

distribution, while the magnitude of the temperature was changed. Consequent parameters like flow 

rate and cooling fraction showed negligible change with change of the decay heat. It was indirectly 

confirmed that the flow rate of the system could be simulated by the Bo’ based similarity law, by 

predicting flow rate of the other condition with the equivalent area of 1.0 % case. The boundary 

temperature distribution also did not show significant change of the temperature distribution, only 

global upward and downward shift of the temperature was observed. Therefore, the boundary 

condition effect could be simplified as one term as form of the (TRV,ref + ΔTB.C.), the RV reference 

temperature plus the effect of the boundary condition. The proper term for the RV reference 

temperature including boundary condition effect was (0.2 TRVmax + 0.8 TRVmin), which was determined 

based on the cooling fraction of the relevant temperature. 
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5. Conclusion and recommendation 

 

5.1. Overall summary and conclusion 

 

The RVACS is the important decay heat removal system having different natural circulation 

characteristics with the DHX, which has been commonly researched. To analyze natural circulation 

phenomena under RVACS operation, the experimental study was conducted using simulant. 

The similarity law was focused on the reproduction of the temperature field under natural 

circulation, and modified Boussinesq number (Bo’) was the key parameter for the similarity, which 

represents the ratio of natural circulation heat transfer to conductive heat transfer. 

Regard to the similarity issue, the Bo’ based similarity was experimentally validated through 

SINCRO-V experiment. Wood’s metal and water was selected as representative fluids for the liquid 

metal and non-metallic fluid. The result showed that the water experiment could predict Wood’s metal 

temperature with reasonable error, approximately 16.4% of the overprediction in the 1.0% of the 

decay heat level.  

Based on the similarity law, SINCRO-2D was designed to observe the natural circulation 

phenomena under the RVACS operation, whose based on the PGSFR with 1 : 25 of the scaling 

reduction. Following phenomena were revealed as characteristics of the natural circulation under 

RVACS: the stratified temperature, cooling fraction, and natural circulation dominated heat transfer. 

Numerical analysis was conducted compared to the base case in the experiment. The commercial CFD 

code showed good accordance with the experimental result, and the SST model revealed as the best 

turbulence model for this case. MARS-KS results showed good accordance in the region where could 

easily and properly simplified as 1-D, however, it showed bad accordance for the region with 3-D 

phenomena like mixing and pool thermal hydraulics. Regard to both decay heat and boundary 

temperature distribution, both parameters did not have a great influence on the temperature 

distribution characteristics under natural circulation. For the decay heat level, only the magnitude of 

the temperature distribution was changed, while global offset of the temperature was observed for the 

boundary condition change. 

As shown in figure 1-3, this research could be utilized in the validation of the code for the 

performance evaluation of the RVACS, which is necessary for the safety analysis of PGSFR. The 

result of the system code could be validated to the data of the sodium system, which was interpreted 

by the data from the water experiment, especially for the steady state. And the experimental validation 

of the natural circulation similarity law could be adopted in the design of the other experimental 

facility for simulating natural circulation. Currently, various research related to the natural circulation 
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of the LFR are under progress. I hope this experimental validation could give a confidence and criteria 

to their facility design. 

Regard to the contribution of the present study, effect of the cooling boundary condition was one of 

the most unique point in the study. The fact that distribution of the temperature of the cooling wall 

could be simplified as global temperature increase of the natural circulation pool, could provide 

experimental basis for the simplified consideration of the effect of the boundary condition for safety 

analysis. Most important contribution is validation of the similarity law. Based on this validation, 

other natural circulation experiments could be designed using simulant. 

 

5.2. Recommendation 

 

Regard to present research scope in figure 1-3, there are some parts required to be researched 

further. For the minor incompletion, research related to the flow rate was based on the calculation 

results, not by direct measurement of the flow rate. Although the validity of the calculation method 

was indirectly confirmed, a strict validation was required. Three-dimensional parameters could not be 

discussed in the research because SINCRO-2D was limited as two-dimensional slab model. For the 

major incompletion, although theoretical base was discussed in chapter 2, research related to transient 

phenomena were not conducted in the present research due to initial condition. However, 

corresponding validation on the experiment could give some quantitative discussions about transient 

similarity. It was discussed in the appendix, part C. Because of difficulties for making identical initial 

conditions between the prototype and water model, it was not strictly discussed especially for the 

initial transient. Regard to the transient analysis tool, system code, it is required to adopt proper model 

for conduction between fluid elements.  
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Figure 5-1. Summary of the research scope of the present study and further research area 
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Appendix 

 

A. Uncertainty analysis of the experimental facility 

 

For the present study, three parameters were used to analyze natural circulation: the power, flow 

rate, and temperature. The power was controlled by the voltage, and the voltage uncertainty was 

3.00%. The uncertainty of heater resistance was 0.14%; thus, total uncertainty in the power was 

6.00%. Uncertainty of the heater resistance was 0.14 %, thus, total uncertainty in the power. The flow 

rate is the flow rate of the coolant, which was used in the heat balance calculation. Uncertainties of 

the flowmeter, interface, and (analog to digital) AD conversion were 0.30 L/min, 0.04%, and 0.02%, 

respectively. The total uncertainty of the flow rate was 0.30 L/min. For the temperature, the 

uncertainty factors were the thermocouple, compensation wire, room temperature, interface, and AD 

conversion with values 0.40%, 1.50 K, 0.50 K, 0.04%, and 0.02%, respectively. The total uncertainty 

of the temperature was 1.88–2.63 K. Because the temperature uncertainty contributors include a term 

related to the reading value, the uncertainty of the temperature was small in the low temperature range 

in the experiment, which was approximately 20oC. These results were common for the SINCRO-V 

water, Wood’s metal, and SINCRO-2D facility. 

 

Table A-1. Summary of uncertainty analysis 

Category Contributor Magnitude 

Power 

Voltage 3.00 % 

Resistance 0.14 % 

Total 6.00 % 

Flowrate 

Flowmeter 0.30 L/min 

I/O interface 0.04 % 

AD conversion 0.02 % 

Total 0.30 L/min 

Temperature 

Thermocouple 0.40 % 

Compensation wire 1.50 K 

Room temperature 0.50 K 

I/O interface 0.04 % 

AD conversion 0.02 % 

Total 1.88 – 2.63 K 
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B. Heat balance test 

 

The SINCRO-V Wood’s metal facility had the highest temperature among the facility and easy to 

lose its heat to the environment. Originally, the heat was intended to be removed only from the 

cooling surface, which was cooled by boiling heat transfer. It is well known that heat transfer 

performance under boiling is proportional to the cube of the superheat. In other words, the thermal 

resistance of the cooling wall significantly decreased as the system temperature increased. The 

thermal resistance of natural circulation decreased as the temperature difference increased, although 

the magnitude of decrease is much smaller than that of boiling. Considering the heat transfer 

characteristics of each surface, the amount of heat loss in the Wood’s metal facility was smaller than 

in the high-power operation; however, the heat loss fraction was smaller during high-power operation. 

Heat loss was calculated by measuring the time it takes to consume 1 L of water for cooling. 

Originally, the facility had insulators with uniform thickness on all surfaces. However, insulation 

performance was poor; hence, insulators were added to the upper part of the facility. After the 

insulation was increased by more than 90%, as shown in figure B-1, the SINCRO-V experiments were 

conducted under this condition. 

 

 

Figure B-1. Insulation rate of the Wood’s meatal facility before and after insulation 

 



121 

 

For the water facilities, it was cooled by the external water-cooling jacket. Therefore, the heat loss 

in the water facility was calculated by the flow rate and temperature increment of the coolant at the 

water jacket, like equation (B-1). To minimize uncertainty in the insulation rate and to evaluate the 

insulation rate conservatively, the maximum power case was selected as a reference case for 

calculation of the heat loss. It corresponds to 100 W in the SINCRO-V water facility, and 200 W in 

the SINCRO-2D facility. The result was summarized in table B-1 and B-2. Both facilities showed nice 

insulation rate. 

 

total p coolant in,outq mc ΔT=
     (B-1) 

 

 

Table B-1. Result of the insulation test of the SINCRO-V water 

Test Insulation rate 

1 90.3 % 

2 85.1 % 

3 88.4 % 

4 93.7 % 

5 94.2 % 

Average 90.3 % 

 

 

Table B-2. Result of the insulation test of the SINCRO-2D 

Test Insulation rate 

1 96.9 % 

2 96.6 % 

3 98.7 % 

4 101.9 % 

5 93.1 % 

Average 97.4 % 
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C. Transient similarity 

 

Experimental data were already gathered with time data. In addition to the steady state similarity 

analysis, transient analysis has been conducted with base case in the SINCRO-V experiment. In fact, 

there were some weak point for strict and quantitative analysis. First, transient data were obtained 

with imperfect insulation condition. Figure C-1 shows temperature difference between before and 

after insulation. The two uppermost points represent temperature of the air between the Wood’s metal 

and the pool cover. Before insulation, two points showed 149oC and 210oC respectively, while 

showed 194oC and 252oC, after insulation. After insulation, temperature of the air was greatly 

increased by insulation of the top of the facility, approximately 45oC. However, temperature of the 

pool was not changed greatly. The maximum temperature was increased to 297oC from 289oC, less 

than 10oC of the difference. Regard to the minimum temperature, it showed about 3oC of the 

temperature difference between before and after the insulation. Overall, tendency of the temperature 

distribution was quite similar. Therefore, data before insulation were used for the transient analysis. 

 

 

(a) before insulation                              (b) after insulation 

Figure C-1. Temperature comparison before and after insulation 

 

Second one is related to the initial state of the pair of SINCRO-V facilities. For the Wood’s metal 

facility, temperature range of the pool was from 72oC to the 88oC at the beginning, with mild 

temperature stratification. Regard to the water facility, temperature of the water pool was almost 

uniform, from 18.4oC to 18.8oC. Although there was 16oC of the temperature difference in Wood’s 

metal facility, it could be tolerable compared to the order of the temperature increase during transient. 

However, difference of the temperature increment between the initial state and final state was not 

matched before experiment. Regard to the maximum temperature, approximately 200oC was increased 
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in the Wood’s metal facility while approximately 30oC was increased in the water facility. Because 

reference temperatures of the two systems were about 8.55 times difference, temperature increment of 

the water facility during transient was approximately 28 % greater. 

 

1 3
4

-1 3

ref

ρcL
t = Q

βg

 
 
       (2-9) 

reference,original

original model

reference,model

ΔT
ΔT = ΔT

ΔT
    (2-31) 

reference,original

original model

reference,model

t
t = t

t
     (C-1) 

 

Last, error already existed in the steady state analysis. In case of present case (1.0% decay heat), 15% 

was overestimated for the maximum temperature and 18% was underestimated for the minimum 

temperature. These errors should be into consideration in the transient analysis. 

Time scale was interpreted using reference timescale, equation (2-9) in the manuscript. Similar to 

equation (2-31), which is related to the temperature, time was translated like equation (C-1). 

Approximately 2.7 seconds in the water facility corresponded to the 10 seconds in the Wood’s metal 

facility. 
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(a) inlet                                (b) outlet 

Figure C-2. Actual, and predicted temperature history of the Wood’s metal – inlet and outlet 

 

Figure C-2 to C-4 shows temperature change rate of the actual Wood’s metal and predicted 

temperature by water data. To remove fluctuation of the data, they were summarized in temperature 

increment per 100 seconds. In C-2, there were temperature history of the core inlet and outlet. Both 

inlet and outlet, they showed late transient in the initial phase, before 1000 seconds. After 1000 

seconds, temperature increment per 100 seconds by actual Wood’s metal and water showed good 

accordance. Red line (Wood’s metal temperature predicted by water) follows black line (actual 

Wood’s metal temperature) well. For the inlet, magnitude of the temperature increment was relatively 

small, and fluctuation was also small. Simulating experiment could predict Wood’s metal temperature 

change quite well for the inlet. However, for outlet, there was large fluctuation in Wood’s metal after 

1000 seconds, which was caused by strong turbulent upward flow of heated metal from the heater. 

However here was no fluctuation in the water because thermocouple was installed not directly above 

the heater in the water facility. Despite of large fluctuation, water experiment follows Wood’s metal 

temperature reasonably. 
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Figure C-3. Actual, and predicted temperature history of the Wood’s metal – mid pool 

 

C-3 shows temperature increment history for middle part of the pool. Point 1 was located at the top, 

and point 4 was located at the bottom. For the point 1, 2, and 3, overestimation in the water 
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experiment could be recognized by red line slightly above black line. Similar to the core part, initial 

rapid transient was late in the simulating experiment. Except for the initial transient, simulating 

experiment showed good accordance with actual temperature. However, regard to point 4, there was 

strong fluctuation in the Wood’s metal experiment, while water experiments was not. It is related to 

the flow regime of the facilities. There was strong natural circulation flow at the point 1 and 4. 

However, at point 1, Wood’s metal came from heater and there was enough space for mixing. 

Therefore, averaged temperature of the heated fluid was measured at the point 1 and there was no 

strong fluctuation. At the point 4, flow detached from the cooling wall and the flow was more 

turbulent in the Wood’s metal. Although there was different temperature behavior by turbulence, 

overall temperature tendency was well predicted. 

Temperature increment history about cooling wall summarized in figure C-4. For the hot region 

like point 1 and 2, slightly late, but more rapid initial temperature excursion was observed in the 

simulating experiment. After initial transient, simulating experiment showed good accordance with 

actual experiment, and stronger initial transient caused overestimation in the steady state analysis. 

Magnitude of the initial transient was weak enough to neglect itself in the point 3 and 4. Overall, there 

was no temperature fluctuation in the water simulating experiment, while actual Wood’s metal 

experiment showed strong fluctuation regardless to the observation points. Similar to the point 4 in 

the mid pool case, these temperature fluctuations were caused by the turbulent downward flow 

through the cooling wall. Different to point 1 in the mid pool, where temperature also affected by the 

flow, temperature observation points in the cooling wall region were close to the cooling wall. Thus, 

temperature change by the cooling wall was reflected into data without mitigation or mixing through 

distance. 

Quantitative error along time interval was summarized in table C-1. And to remove fluctuation, 

time interval for quantitative analysis was set as 1000 seconds. Because denominator of the error is 

temperature increment of the Wood’s metal in the given time interval, there was large, and absurd 

errors in the small temperature increment interval, such as second half of the experiment (after 5000 

seconds). However, this error summary could provide quantitative error value for the simulating 

experiment, and the result showed that simulating experiment could reasonably predict transient 

phenomena in the liquid metal natural circulation, except for initial transient and phenomena related 

to the flow regime. 
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Figure C-4. Actual, and predicted temperature history of the Wood’s metal – cooling wall 

 

In summary, overall transient in the Wood’s metal natural circulation could be reasonably predicted 

by the water simulating experiment. However, initial temperature excursion of the water, and 

fluctuation of the Wood’s metal temperature should be into consideration. 
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Table C-1. Error summary for transient analysis 

[%] Core Mid pool Cooling wall 

Time 

interval 
inlet outlet 1 2 3 4 1 2 3 4 

0 – 

1000s 
39.5 17.9 -8.3 -22.9 37.0 9.0 -9.5 14.6 32.9 -67.7 

1000 – 

2000s 
25.0 14.3 12.2 25.0 20.3 9.5 41.0 386.5 26.8 15.6 

2000 – 

3000s 
24.9 6.3 29.4 52.7 20.7 10.4 43.8 110.0 24.3 24.2 

3000 – 

4000s 
56.2 49.2 81.4 81.8 51.1 45.5 103.5 -629.1 43.0 128.9 

4000 – 

5000s 
49.5 66.2 34.9 184.6 39.2 40.7 81.8 80.5 47.0 120.0 

5000 – 

6000s 
13.6 78.8 74.0 447.2 57.9 72.4 166.6 -14011.8 113.3 121.9 

6000 – 

7000s 
28.4 75.3 295.6 16.7 47.4 41.9 101.8 -269.6 107.4 693.7 

7000 – 

8000s 
24.3 -17.1 120.5 32.6 33.9 83.9 211.3 -324.1 5.3 -630.3 

8000 – 

9000s 
61.1 1.7 -16.9 40.5 127.7 136.0 278.3 -453.2 1128.3 63.6 

9000 – 

10000s 
40.5 69989.6 -230.3 -112.9 189.0 22.8 43.9 -282.3 332.3 172.5 

10000 – 

10700s 
-757.5 74.5 -73.8 -93.5 -102.4 -52.2 -48.8 -86.6 -103.3 -83.5 
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D. Supplements for the experimental data 

 

This part contains all experimental data for the SINCRO-V and SINCRO-2D experiment. All the 

data were summarized as figures 

 

    

(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-1. Temperature distribution in SINCRO-V Wood’s metal facility – 0.2 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-2. Temperature distribution in SINCRO-V Wood’s metal facility – 0.4 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-3. Temperature distribution in SINCRO-V Wood’s metal facility – 0.6 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-4. Temperature distribution in SINCRO-V Wood’s metal facility – 0.8 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-5. Temperature distribution in SINCRO-V Wood’s metal facility – 1.0 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-6. Temperature distribution in SINCRO-V water facility – 0.2 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-7. Temperature distribution in SINCRO-V water facility – 0.4 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-8. Temperature distribution in SINCRO-V water facility – 0.6 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-9. Temperature distribution in SINCRO-V water facility – 0.8 % 
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(a) first experiment                     (b) second experiment 

 

 

(c) third experiment 

Figure D-10. Temperature distribution in SINCRO-V water facility – 1.0 % 
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(a) 0.2 %                  (b) 0.4 %                  (c) 0.6 % 

  

(d) 0.8 %                  (e) 1.0 % 

Figure D-11. Temperature distribution in SINCRO-2D facility – various decay heat with 60ΔTref 
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(a) 40ΔTref                 (b) 60ΔTref 

   

(c) 80ΔTref                  (d) 100ΔTref 

Figure D-12. Temperature distribution in SINCRO-2D facility – various B.C. with 1.0 % decay heat  
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