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요  약  문 

 

 

KALIMER의 완전 피동형 잔열제거계통인 PDRC에 대한 작동성 향상을 위해서 PDRC 루

프에서의 소듐 고화(freezing)를 근본적으로 방지할 수 있는 설계개념을 제안하고, 이에 대

한 타당성을 정량적으로 평가하였다. 제안된 개념은 i) 부분잠김형 DHX 개념, ii) 원자로공

동 냉각계통과 연계하는 개념, 그리고 iii) PDRC 루프에 소듐 대신 NaK를 사용하는 개념이

다. 또한, 이들 개념을 적절히 구현할 수 있는 설계절차 및 설계상의 고려사항에 대해 검토

를 수행하고, 완전 피동형 작동원리 및 관련 계통의 용어 정의에 대하여 기술하였다. 

피동잔열제거계통 작동성능 평가의 핵심 중 하나인 원자로 고/저온 풀간의 자연순환 유동

특성을 평가하기 위하여 COMMIX-1AR/P 코드를 이용하여 3차원 풀 열유동 해석을 수행하

였다. 해석의 주요 입력인자로 1차계통 펌프 정지 이후의 coastdown flow 양을 선정하고, 

Flywheel 크기에 따른 공급유량 변화 경향을 평가하였다. 계산 결과, coastdown 유량 공급

시간이 증감함에 따라 DHX를 통한 열제거 성능은 향상되는 것으로 평가되었으나, 유량 공

급을 늘이기 위해서는 지나치게 큰 Flywheel size가 요구되므로, 이에 대한 설계상의 고려

가 필요할 것으로 판단된다. 

본 연구를 통해 제안한 PDRC 성능개선 설계개념을 입증하기 위하여 대규모 소듐 열유동 

실증 시험시설이 현재 건설 중이다. 일반적으로 이와 같이 유체-구조물 사이의 열전달 현상

과 자연순환 열유동 특성을 포함하는 소듐 유동시스템에서는 원형(Prototype)과 실험장치

(Model) 사이에 수력 및 열유체적 상사성을 보존하기가 매우 어렵다. 따라서 본 보고서에서

는 적절한 척도 방법론을 활용하여 자연순환 수두를 확보하기 위한 열유체 실증시험시설의 

상사요건을 생산하였으며, 실험장치 설계의 제약조건 및 Full-scale 실험이 아닌 축소실험

에서 발생하는 척도 왜곡도 평가를 통해 열유동 성능시험시설의 설계 타당성을 검토하였다. 
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SUMMARY 

(영문요약문) 

 

In order to enhance the operational reliability of a purely passive decay heat removal system 

in KALIMER, which is named as PDRC, three design options to prevent a sodium freezing in 

an intermediate decay heat removal circuit were proposed, and their feasibilities has been 

studied for an entire plant operation mode. The potential candidates for the new design options 

are i) the partially-immersed DHX concept, ii) the CCS-coupled PDRC concept and iii) the 

advanced PDRC concept with alternative cooling medium, and the design features of each 

concept are quantitatively evaluated in this study. For all the options, more specific design 

considerations were made to confirm their feasibility to properly materialize their concepts in a 

practical system design procedure, and the general definitions for a purely passive concept and 

its design features have been discussed. 

A three-dimensional numerical study to evaluate the coastdown flow effect of the primary 

pump was performed to figure out the early stage DHR capability inside reactor pool during a 

loss of normal heat sink accident. The thermal-hydraulic calculations for the steady and 

transient states have been made by using the COMMIX-1AR/P code. Coastdown flow effect 

was evaluated for the various-sized flywheels, and it was found that the initiation of heat 

removal by DHX could be accelerated by the increase of the coastdown time but it needs a 

large-sized flywheel. 

For the demonstration of the innovative concept, a large scale sodium thermal-hydraulic test 

facility is currently being designed with the plan of its installation by 2013. In general, it is very 

difficult to reproduce both a hydrodynamic and a thermodynamic similarity to the prototype 

plant if the thermal driving head is determined by structure-to-fluid heat transfer under natural 

circulation flow. Hence the similitude requirements for the sodium thermal-hydraulic test 

facility employing natural convection heat transfer were developed, and the preliminary design 

data of the test facility by implementing proper scaling methodologies was produced. The 

design restrictions imposed on the test facility and the scaling distortions of the design data to 

the full-scale system were also discussed. 
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1. Introduction 

 

A liquid metal fast reactor (LMFR) has been considered to make important contribution 

towards ensuring future energy supplies because it can make an available energy resource 

far greater than the world's fossil fuel reserves. On the basis of the essential features of an 

efficient use of uranium resources and the capability of a substantial transuranics (TRU) 

reduction, the conceptual design of the Korean sodium cooled fast reactor, KALIMER 

(Korea Advanced LIquid MEtal Reactor) [1] of which the electric output is 600MWe, has 

been completed and relevant R&D activities to improve the system design features have 

been performed. To satisfy the general design targets for an enhancement of a plant safety, 

a high economic competitiveness and countermeasures against the specific issues for 

sodium, innovative technologies have been implemented into the system design.  

 

One of the most important tasks in the successful design of a LMFR system is the 

demonstration of a safe and reliable decay heat removal. A decay heat removal (DHR) 

system can generally be classified by two distinct operational principles. One is an active 

type system, which is normally operated by a forced flow condition made by off-site power 

supplied active components, and the other is a passive type, which uses a buoyancy-driven 

natural convection flow. Although designing a perfect passive system is usually more 

difficult than designing an effective active system, many plant designs for a commercial 

nuclear power plant utilize the passive DHR method [2]. This is because a passive type 

DHR system has many advantages when compared to an active one from the aspect that it 

can have an extremely high reliability during the design basis accidents even without any 

active components to make a cooling flow. 

 

To this end, the DHR system of KALIMER has been designed based on a purely passive 

concept, and the PDRC (Passive safety-grade Decay heat Removal Circuit) is one of the 

examples which utilize a completely passive concept with a high operational reliability for 

removing the decay heat of the reactor core. A similar but not fully identical concept for a 

pool-type reactor system has also been found in RVACS (Reactor Vessel Auxiliary 

Cooling System) of GE PRISM[3], DRC (Direct Reactor Cooling) of EFR[4], SGDHRS 

(Safety-Grade Decay Heat Removal System) of PFBR[5] and the DRACS (Direct Reactor 

Auxiliary Cooling System) of ABTR[6]. The general method to classify the passive DHR 
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systems with respect to the core thermal power is introduced in Appendix A. The PDRC 

system utilizes the atmosphere as an ultimate heat sink and it employs an intermediate heat 

removal loop (hereafter called a PDRC loop) that thermally connects the primary sodium 

pool to the heat sink part. Since the PDRC loop coolant directly exchanges heat with an 

ambient cooling air at the AHX (sodium-to-air heat exchanger), the working fluid, i.e. 

liquid sodium, inside the PDRC loop would be solidified when the heat supply from the 

primary sodium system is not enough in a plant shutdown mode (i.e. refueling period) or 

when the ambient air temperature falls to a sub-zero condition during the winter season 

even in a plant power operation mode. 

 

This kind of undesirable PDRC loop sodium freezing phenomena may cause a severe 

risk to plant safety due to a failure of a natural circulation for the cooling flow in the PDRC 

loop. Hence sufficient design considerations to prevent a loop sodium freezing are required 

to enhance the operational reliance of this passive DHR system. The temperature control of 

the PDRC loop sodium is more complex than that of other active-type systems with an air 

flow control, since a completely passive system is not equipped with any louvers or valves 

in the air flow path. Hence, a system design against a temperature variation of an ambient 

air is very difficult work when designing this type of passive system. To this end, this study 

provides three design options to essentially eliminate the possibility of sodium freezing in 

the PDRC loop with the evaluation results of their feasibilities. Based on the analysis results, 

general definitions for a purely passive concept and its design features are discussed as well. 

In addition the effects of various design parameters on the early-stage cooling capability 

have been discussed. 

 

For the demonstration of the innovative concept, a large scale sodium thermal-hydraulic test 

facility is currently being designed. In general, it is very difficult to reproduce both a hydrodynamic 

and a thermodynamic similarity to the prototype plant if the thermal driving head is determined by 

structure-to-fluid heat transfer under natural circulation flow. Hence the similitude requirements for 

the sodium thermal-hydraulic test facility employing natural convection heat transfer were 

developed, and the preliminary design data of the test facility by implementing proper scaling 

methodologies was produced. The design restrictions imposed on the test facility and the scaling 

distortions of the design data to the full-scale system were discussed in this report. 
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2. General descriptions of KALIMER-600 

2.1 Design specifications of the heat transport system 

 

KALIMER-600 is a pool-type sodium-cooled fast neutron spectrum reactor. The design 

feature of a pool type primary sodium system eliminates the possibility of a coolant loss by 

a potential pipe break and also provides a large thermal damping of a system which yields a 

slower transient, a longer grace time during an accident, and eventually increases the plant 

safety. The heat transport system consists of a Primary Heat Transport System (PHTS), an 

Intermediate Heat Transport System (IHTS), a Steam Generating System (SGS) and a 

Residual Heat Removal System (RHRS). A typical configuration of the heat transport 

system of KALIMER-600 is shown in Figure 1. 

 

 
Fig. 1 Configuration of the heat transport system of KALIMER-600 

 

The PHTS removes the heat from the reactor core and transports it to the IHTS through 

the intermediate heat exchangers (IHXs), and the IHTS transports the heat from the PHTS 
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to the once-through type steam generator (SG). The IHTS mainly consists of two loops and 

the non-radioactive sodium is circulated by an electromagnetic pump located at the cold-leg 

of the IHTS loop. The steam generator (SG) is a vertically oriented and shell-and-tube type 

heat exchanger with helically-coiled tube arrangement. The transported heat is used to 

convert water to superheated steam in the SG and the steam is provided to a turbine 

generator for electricity generation. 

 

The RHRS is composed of a 3-layered system and the decay heat removal is safely 

accomplished by using a condenser cooling with the steam/feedwater system, the non 

safety-grade IRACS, and the safety-grade PDRC system. The IRACS (Intermediate 

Reactor Auxiliary Cooling system) is operated by using off-site power supplied active 

devices, and the PDRC system is passively operated by using natural circulation of sodium 

and external air without any power-supplied active components or operator’s action for its 

initiation. When the normal heat transport path comprised of the PHTS, IHTS, and the main 

condenser cooling is not available, the adequate emergency core decay heat removal 

method should be provided to accomplish the safe cooling of the system without exceeding 

the design temperature limit. The PDRC system is comprised of two independent loops, 

and each design capacity is conservatively determined as 8.25 MWt at the nominal design 

point [7]. The net plant efficiency of the KALIMER-600 is estimated to be 39.4%, and the 

key operating parameters at a 100% power operation mode are shown in Figure 2. 

 

Fig. 2 Plant operating parameters at a 100% power 
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2.2 PDRC system description 

 

The main function of the safety-grade PDRC system is to remove the core decay heat 

generated after a reactor trip so that the system shall be safely cooled down under any 

abnormal conditions without damaging the mechanical integrity of the structures and 

components in the sodium coolant boundary. To satisfy the passive safety design criteria, 

the PDRC system is comprised of two independent loops, and each loop is simply equipped 

with a single sodium-to-sodium decay heat exchanger (DHX), a single sodium-to-air heat 

exchanger (AHX), and the intermediate sodium loop connecting the DHX with the AHX. 

The PDRC sodium loop plays an important role in transporting the heat from the reactor 

pool to the AHX and dumping it into the final heat sink, i.e., the atmosphere, by using a 

buoyancy-driven cooling flow resulting from a sufficient elevation difference (e.g. over 20 

m) between the heat inflow part (DHX) and the heat sink part (AHX). The major 

components of the PDRC system are the DHX and the AHX and their typical 

configurations with their flow streams are shown in Figure 3, and the nominal design 

parameters of the DHX and AHX are summarized in Table 1. 

 

Fig. 3 Schematics of the DHX and AHX with a flow stream 
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Table 1. Nominal design parameters of the DHX and AHX 

Parameters DHX AHX 

Heat transfer capacity 

Tube arrangement 

Number of tubes 

O.D. (mm) 

I .D. (mm) 

Thickness(mm) 

Length(m) 

Material 

Bundle arrangement 

Longitudinal Pitch (PL) 

Transverse Pitch (PT) 

Bundle O.D. (m) 

Bundle height (m) 

Shell I.D. (m) 

Height (m) 

8.25 MWt 

Straight 

90 

23.8 

20.0 

1.9 

3.94 

SS316 

Triangular 

N/A 

1.9 

0.75 

N/A 

0.95 

5.05 

8.25 MWt 

Helical 

84 

54.0 

50.0 

2.0 

21.8 

2.25Cr-1Mo 

Square 

0.081 

0.216 

2.84 

3.89 

2.86 

8.97 

 

The DHX is located inside the DHX support barrel which is situated in the hot sodium 

pool region, and the barrel has a lower end communicating with the cold sodium pool [1]. 

Hence, during a normal plant operation, the DHX is placed at the position higher than the 

cold pool free surface by utilizing a level difference (~5m) between the hot and cold pool 

made by the IHX pressure drop and the corresponding pumping head, and thus the DHX 

heat transfer tubes are not directly in contact with any sodium coolant as depicted in Figure 

4(a). Consequently, the heat transfer in the shell-side DHX is only achieved by a thermal 

radiation heat transfer, and this feature makes the heat loss through the PDRC system 

during a normal plant operation pretty small even without an air damper closure. 

 

During the power operation mode, the heated sodium from the DHX heat transfer tubes 

continuously moves upward by means of the density difference and it is introduced into the 

AHX heat transfer tubes via the hot-leg of the PDRC loop, and then it is cooled down at the 

AHX sodium tube region by the heat transfer between the tube-side sodium and the shell-



 7

side atmospheric air. Thereafter, the cold sodium returns into the DHX via the cold-leg of 

the PDRC loop, and this process is repeated during the whole period of a normal plant 

operation. 

 

(a) Normal operation mode (b) Transient mode
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Fig. 4 Schematic of DHR process of the PDRC system 

 

Under transient conditions such as a total loss of heat sink accident, the level difference 

disappears because of the primary pump trip following the reactor shutdown as depicted in 

Figure 4(b). Since the normal heat transport path is not available in this situation, the pool 

volume is expanded due to an imbalance between the heat generation rate and its removal. 

Consequently, hot pool level increases and the hot sodium overflows into the shell-side 

DHX, and then the cooled sodium flows into the cold pool region and a global circulation 

flow passing the reactor core is newly formed. As the naturally circulating sodium flow rate 

increases, the heat transfer rate through the DHX also increases owing to the rapid increase 

of the convection heat transfer rate. The system has a self-regulating feature since the heat 

removal capacity of the PDRC system is directly proportional to the pool sodium 



 8

temperature variation. To this end, the operational reliance of the PDRC system can be 

considerably enhanced because the system employs a completely passive concept without 

any provision of louvers in the AHX air pathways and isolation valves mounted on the hot 

and cold legs of the PDRC sodium loops.  

 

2.3 Physical model of the PDRC system 

2.3.1 Energy balance for the heat transport path 

 

The PDRC system consists of three coupled natural circulating heat transport paths. The 

first one is the PHTS circuit comprising the reactor core, the hot sodium pool, the shell-side 

DHX, and the cold sodium pool. The second one is the PDRC loop, which includes the 

tube-side DHX, the PDRC hot- and cold-leg, and the tube-side AHX. The last one is the 

AHX shell-side air path including the air chimney. A typical concept and temperature 

distribution in the 3-path heat transport system with two heat exchangers are shown in 

Figure 5. 

 

Pm

Lm
am

 
Fig. 5 Typical configuration of the PDRC system 

 

The thermal-hydraulic models for the PHTS pool, the DHX shell- and tube-side, and the 

AHX shell- and tube-side were devised to simulate the coupled heat transport paths by 

considering the heat balances in each path, and the physical relations can be expressed by 

the following equations. In common, subscripts P, L and A mean the primary-side, the 

PDRC loop-side, and the air-side, respectively. Also, subscripts H and C mean the hot and 

cold fluid temperatures in each path. 
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  ),,,( LCLHPCPHLMTDDHXDHX TTTTTUAQ       (1) 

  ),,,( ACAHLCLHLMTDAHXAHX TTTTTUAQ       (2) 

 

Equations (1) and (2) are for the heat transfer rate through the DHX and AHX, 

respectively, and UA means the characteristic heat exchanger parameter, which includes an 

overall heat transfer coefficient and a heat transfer area. Heat transfer rates, Q in each path 

can also be expressed by the following Equations (3) through (5), where m  and cp are the 

mass flow rate and the specific heat, respectively. The required heat removal rate (Q), the 

hot pool sodium temperature (TPH), and the AHX shell-side air inlet temperature (TAC) are 

the boundary conditions to obtain the system design parameters. 

 

  )( PCPHPpPDHX TTTcmQ  
       (3) 

  )( LCLHLpLL TTTcmQ  
       (4) 

  )( ACAHApAAHX TTTcmQ  
       (5) 

 

2.3.2 Flow rate calculation model 

 

The driving force of a natural circulation flow is the density difference between the hot 

and cold working fluid in each flow circuit. Hence the mass flow rates are important 

parameters affecting the overall energy balance of the system with the heat transfer 

relations among three coupled paths. The naturally circulating flow rate in each circuit can 

be obtained by using the relations between the total flow resistances and the developing 

heads in corresponding paths as Eq.(6). The subscript k means the index of the three heat 

transports. 

 

AandLPkCHm kkk ,,, 
      (6) 
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The term C means the flow resistance in each path with its dimension defined as [Pa-

sec2-kg-2], and the term H  means the net developing head with its dimension defined as 

[Pa]. For a natural circulation path, the total flow resistance can be obtained as Eq.(7) by 

considering the total pressure loss generation terms in the flow circuit and the net 

developing head in each flow path can also be expressed as Eq.(8) for the circulated cooling 

flow paths. 
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Based on the foregoing key relations, the natural circulation flow rate in each heat 

transport path can be obtained successfully by coupling the heat transfer rate of each heat 

exchanger. For this reason, the detailed pressure loss and heat transfer analysis models for 

the DHX and AHX are required to obtain a reasonable flow rate in each heat transport 

circuit, and the relevant descriptions are provided in the following sections. 

 

2.3.3 Heat exchanger model 

 

A simplified one-dimensional model is chosen to make a thermal sizing and performance 

analysis for the shell-and-tube type heat exchangers of the PDRC system. Mathematical 

relations for the mass conservations, one-dimensional energy balances, and pressure losses 

are used for simulating the tube- and shell-sides cooling flow. The energy balance equation 

consists of a convection term and a source term for the heat transfer between the tube- and 

shell-side flows. The mass flow rate per control volume is assumed to be the total fluid flow 

rate divided by the total number of heat exchanger tubes. For the fluid flow, the total 

pressure drop for each control volume is obtained by using a frictional pressure drop term 

and a form loss term produced by a geometric change of the fluid flow path. 
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Fig. 6  Heat exchanger control volume model 

 

For an energy conservation, the energy balance for the ith control volume is expressed by 

the properties of the (i-1)th and ith nodes. The node and control volume indexes are shown in 

Figure 6. Heat transfer rate through the tube wall is written as the following relations. 

 

  AandLPkiimQ exkinkk ,,,,  
      (9) 

LMTDo TAUQ          (10) 

 

In Equations (9) and (10), the subscripts in, ex, and o mean the inlet, outlet, and outer 

surface, respectively. For the application relevant to the overall heat transfer coefficient, the 

log mean temperature difference ( LMTDT ) is preferred to an arithmetic mean temperature 

difference between the tube- and shell-side. The logarithmic nature of an average 

temperature difference over the tube length is generally due to an exponential nature of the 

temperature decay for a counter-current flow heat exchanger. Since the lateral heat transfer 

rate is the same in all the connected regions of the tube-side, tube wall, and shell-side, and 

the overall heat transfer coefficients can be obtained as Eq.(11), where the subscripts s and t 

mean the shell- and tube-side, respectively. Since the heat transfer medium in the shell- and 

tube-side is only liquid sodium and air, the fouling factors are assumed to be an infinite 

value to neglect a fouling effect. 
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Various heat transfer correlations for either liquid sodium or air have been selected to 

obtain a specified heat transfer coefficient for the fluid flows at each heat exchanger. Foust 

[8] correlation is selected for the liquid metal heat transfer inside a circular tube. For the 

DHX shell-side sodium heat transfer, Graber-Rieger model (150 < Pe < 3,000) [9] 

correlated as a pitch to diameter (P/D) ratio of the tube bundle arrangement is employed to 

obtain the heat transfer coefficient. To obtain the sodium- and air-side heat transfer 

coefficients for a helically-coiled tube arrangement, Lyon-Martinelli [8] and Lubarsky-

Kaufman (102 < Pe < 104) [10] correlations are used for an inside tube sodium flow, and 

Zhukauskas’ heat transfer correlation (103 < Rea < 2106) [11] for a shell-side air flow 

across a tube bundle is employed to model the tube bank system [12]. 

 

For the liquid sodium flow on the tube- and shell-side DHX, each pressure drop term is 

normally calculated by using the natural circulation flowrate, and the friction factors are 

determined by considering the flow medium and its regime. For a stabilized laminar flow 

(up to Re~2000) of liquid sodium, the friction factor for a circular tube, which is 

independent of the degree of wall roughness, is employed. Filonenklo and Altshul’s 

formula [8] for a friction coefficient is also used for a purely turbulent stabilized flow 

regime (Re > 4,000), and the factors in the intermediate Re range can be obtained by 

interpolating these two bounded conditions. For the air flow on the shell-side AHX, the 

helically-coiled tube bank is assumed to be a cross flow across the tube bundle, and 

Zhukauskas’s correlation for obtaining the pressure loss term across the tube bank is used 

by considering the number of tube layers along the axial flow direction [12]. 

 

The radiation heat transfer model has also been implemented to model the normal heat 

loss through the DHX. Figure 7 shows the conjugate heat transfer process from the reactor 

pool to the PDRC loop during the power operation mode. The radial heat transfer process 

passing the DHX can be modeled by employing the thermal resistances of a convection 

( hR ), a conduction ( cR ) and radiation ( RR ) as shown in Eqs. (12) ~ (14), and all the 

indexes follow the notation given in Figure 7. 
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Fig. 7  DHX thermal radiation heat transfer path 
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In a practical DHX geometry, specific view factors for each tube are very difficult to 

obtain due to its complicated tube arrangement. To this end, a simplified formula for the 

view factor, Fft from surface f to surface t is used for the lateral DHX heat transfer path. 

This formula represents a system comprising a plane and row of cylinders [12], and is 

modeled by using a pitch-to-diameter ratio (PT) to simulate a complicated tube arrangement. 

Since there is a strong non-linearity for mathematical formulas representing a general 

radiation heat transfer process, the bisection method for finding a numerical solution is also 

implemented with a proper iteration scheme [13].  

 

Based on the physical models for the PDRC system, one-dimensional system design code 

POSPA-st [14] was formulated to determine the system design parameters and a 

component thermal size. To obtain the temperature and flow rate distributions in each heat 

transport path coupled with the heat exchanger UA values, the foregoing mathematical 

relations are solved simultaneously by using the Newton-Rapson method with multiple 

equations and unknowns [15]. The analysis models for the DHX and AHX are also used as 
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a subroutine to obtain the pressure loss term and heat transfer rate in each component and 

cooling flow circuits. 

 

2.4 Weak features of the current PDRC system 

 

During the full power operation mode, the heat transfer from the reactor pool to the 

PDRC loop is only achieved by a thermal radiation heat transfer by avoiding a direct 

sodium contact of the DHX heat transfer tubes with the primary pool sodium. Since the 

heat transfer resistance of a thermal radiation process is usually far larger than that of a 

convection or conduction process, the amount of heat transfer from the primary system to 

the PDRC loop cooling flow is pretty small even without closing the louvers on the air path. 

This feature has been regarded as one of the major advantages of a purely passive system.  

 

However, the PDRC system utilizes the atmosphere as the ultimate heat sink and the 

working fluid inside the PDRC loop directly exchanges heat with an ambient cooling air 

through the AHX tube wall. Hence the working fluid of the PDRC loop sodium would be 

solidified if the amount of heat inflow from the primary sodium system through the DHX is 

insufficient when the ambient air temperature falls to -40oC of the lower-bounded design 

basis temperature [1] during the winter season.  

 

Since the safety-grade PDRC system should be in a stand-by condition with a naturally 

circulated sodium flow during the whole plant life time, this kind of undesirable PDRC 

loop sodium freezing phenomenon would cause a severe risk to the plant safety due to the 

failure of a natural circulation in the PDRC loop. For this reason, sufficient design 

considerations to prevent a loop sodium freezing are required to secure or enhance the 

operational reliance of the system. New design options to prevent a PDRC loop sodium 

freezing will be introduced in the following section. 
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3. Design options for preventing a potential sodium freezing 

 

In order to determine the design parameters of the PDRC system, at least 3 independent 

variables such as the required heat removal rate, the reactor pool sodium temperature, and 

the ambient air temperature should be specified and provided as boundary conditions [7]. 

Among the parameters, the design-basis ambient air temperature is very important to make 

a thermal sizing of the heat exchangers, which ranges from -40oC to +40oC in the 

KALIMER design [1]. For the reactor pool sodium temperature of 545oC for a normal plant 

operation mode, the upper bound of a design-basis ambient air temperature of +40oC is 

normally employed to obtain the system design parameters to cope with an emergency 

decay heat removal and a long-term cooling in a conservative manner, while its lower 

bound (-40oC) should also be considered to confirm its operational reliance to secure a 

stand-by performance of the PDRC system during a whole plant life time. 

 

For the current PDRC system design, the lowest sodium temperature at the PDRC cold-

leg (hereafter called a cold-spot temperature) should be maintained above 140oC [1], which 

is a design requirement of KALIMER-600. The cold spot temperature usually occurs at a 

bottom part of the individual AHX sodium tubes, and it can be close to the melting 

temperature (~98oC) or fall below it if the ambient air temperature becomes lower during 

the winter season. This kind of undesirable solidification of the cooling sodium may cause 

the failure of a natural circulation flow in the PDRC loop. To this end, there is a strong need 

to develop a method which can prevent a sodium freezing for the entire plant operation 

modes and various environmental conditions. The potential candidates for the new design 

options to prevent a potential sodium freezing such as i)  the partially-immersed DHX 

concept, ii) the CCS-coupled PDRC concept and iii) the advanced PDRC concept with 

NaK alloy have been devised and the features of these proposed design concepts are 

evaluated in the following sections. 

 

3.1 Partially-immersed DHX concept 

 

The first option for preventing an unexpected sodium freezing of the PDRC system is the 

partially-immersed DHX concept. As shown in Figure 8, this concept is to simply decrease 

the DHX elevation while the other system parameters are kept the same as the reference 
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configuration.  

 

 

Fig. 8 Schematic of the partially-immersed DHX concept 

 

That is, it makes the thermal center of the DHX lower than the reference design so that a 

certain portion of the DHX heat transfer tube length is immersed in the cold pool sodium 

even in a normal operation mode. In this case, the {UA} value of the DHX becomes larger 

as the immersed portion of the DHX heat transfer tube increases, and thus the amount of 

heat transferred to the PDRC cooling flow through the DHX can increase. Consequently, it 

is expected that the cold-spot temperature will become higher and meet the design criteria. 

On the other hand, since the heat loss during the power operation mode would also increase 

due to the increase of the {UA} value, the optimal point to satisfy the design criteria needs 

to be obtained by using the foregoing mathematical relations given in Section 2.3. 

 

To quantify the possibility of sodium solidification by a plant operation condition, three 
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coupled natural circulating heat transport paths depicted in Figure 5 need to be considered, 

but the DHX heat transfer mechanism is changed from a full radiation heat transfer process 

to a partially convective heat transfer mode. This is because the heat transfer in the 

immersed portion of the DHX heat transfer tube occurs by convection or conduction. In a 

general liquid metal, i.e. sodium or NaK, the Nusselt number is defined as Eq.(15) due to its 

excellent thermal conductivity [8], where Nul is usually a constant value and Nut is defined 

as a function of the sodium mass flowrate. 

 

)(; ,Nagttl mfNuNuNuNu 
      (15) 

 

Where subscripts, l and t respectively mean a laminar and turbulent flow condition, and 

the subscript g means the sodium flow near the annular gap space between the inner surface 

of the DHX support barrel and the outer surface of the DHX shroud as depicted in Figure 8. 

In this system, the term Nagm ,  contributes significantly to obtaining the heat transfer 

coefficient of sodium flow in the shell-side DHX, and it is obtained by using the balance 

equation between the developed static head difference and the pressure loss of the local 

sodium flow path [16]. Consequently, the ratio of the convective heat transfer to the total 

DHX heat transfer rate increases and the amount of radiation heat transfer is reduced as the 

DHX immersed ratio increases. 

 

To determine the cold-spot temperature, one-dimensional system design code SHAPS 

[7] was formulated to determine the operating parameters at a normal operating condition. 

In this case, the pool sodium temperature directly in contact with the DHX tubes and the 

ambient air temperature become boundary conditions, while the heat transfer rate through 

the DHX is not a boundary condition but the design parameter determined by using the 

foregoing DHX model. The heat transfer rate through the DHX and AHX is calculated by 

using the basic design data for the heat exchangers given in Table 1.  

 

The ambient air temperature varies from -40oC to +40oC and the DHX immersed ratio 

also varies by 10%~50%, while the cold sodium temperature is fixed at 390oC and the gap 

flow rate ( Nagm , ) is calculated by using the normal plant operating conditions given in 

Figure 2. Based on the basic design procedure, the temperature distributions with the mass 
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flow rates at each point of the PDRC system can be obtained numerically from the given 

boundary conditions (TPC and TAC), and the analysis results are provided in Figs. 9 and 10. 
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Fig. 9 PDRC cold-spot temperature variation 

 

Figure 9 shows the PDRC cold-spot temperature variations depending on the ambient 

air temperatures and immersed ratios of the DHX heat transfer tubes. As shown in this 

figure, the immersed ratio contributes significantly to the cold-spot temperature rise and the 

possibility of a PDRC loop sodium freezing disappears if the immersed ratio becomes more 

than 30% for the ambient air temperature of -40oC. Though the sodium freezing issue can 

be resolved by using this concept, the criterion for a permissible heat loss during a full 

power operation should be confirmed due to an undesirable heat transfer increase through 

the PDRC system. In a general passive DHR system, a permissible heat loss is included in 

the design to maintain a correct natural convection flow pattern in the primary circuit, the 

PDRC loop, and the AHX air path so that proper natural convection flow patterns are 

established immediately upon its activation. 
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Fig. 10 Heat loss variation through the PDRC system 

 

Moreover, a continuous heat addition to the PDRC loop is desirable to prevent a sodium 

freezing, and this feature consequently contributes to maintaining the stand-by condition of 

a passive DHR system. To this end, the design criterion for a permissible heat loss has been 

defined in KALIMER, which ranges from 0.3% to 0.8% of the rated core thermal power [1]. 

Figure 10 shows the heat loss through the PDRC system during a normal plant operation 

mode. For the immersed portion of 30%, the normal heat loss varies from 0.55% to 0.7% of 

the rated core thermal power depending on the ambient air temperature variation. The 

maximum heat loss through the PDRC system occurring for the case of the ambient air 

temperature of -40oC is estimated as 0.7% and this value satisfies the design criteria. The 

results are very feasible because the average heat loss through the PDRC system during the 

power operation condition is less than 0.6% of the rated core thermal power for an ordinary 

environmental condition. 

 

The analysis results for the specific heat transfer elements for the partially-immersed 

DHX configuration are shown in Table 2. As the DHX immersed ratio increases, the 

amount of heat transfer by thermal radiation becomes small due to the increase of the heat 
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transfer tube length immersed in the cold pool sodium. Total heat transfer rate to the DHX 

also increases as the ambient air temperature decreases, and this increase is mostly 

accomplished by an enhancement of the convective heat transfer at the immersed portion of 

the DHX tubes. For each DHX immersed ratio, a quantitative value of the convective heat 

flux ( hq" ) increase ranges from 20%~29%, while the radiation heat flux increases by less 

than about 8%. This means the ambient air temperature mainly affects the convective heat 

transfer mechanism; hence the variance of the ambient air temperature is accommodated 

mostly by a convective heat transfer process at the immersed portion of the DHX tube. 

 

Table 2. Heat transfer elements for the partially-immersed DHX configuration 

Immersed ratio of the DHX tube 

10% 20% 30% 40% 50% 
Ambient 
air temp. 

(oC) hq"  

(kW/m2) 
Rq"  

(kW/m2) 
hq"  

(kW/m2) 
Rq"  

(kW/m2)
hq"  

(kW/m2)
Rq"  

(kW/m2)
hq"  

(kW/m2)
Rq"  

(kW/m2) 
hq"  

(kW/m2) 
Rq"  

(kW/m2)
40 96.4  41.6  151.7  39.1 200.3 37.6 253.6 36.7  321.3 36.1 
20 103.2  42.4  162.5  39.9 214.6 38.4 271.9 37.4  344.3 36.8 
0 110.0  43.1  173.5  40.7 229.2 39.2 290.4 38.2  367.6 37.6 

-20 115.4  43.8  184.6  41.4 244.0 40.0 309.0 39.1  391.3 38.3 
-40 118.8  44.9  195.7  42.1 258.9 40.6 328.0 39.8  415.2 39.2 
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Fig. 11 Map of the PDRC design requirement 
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Based on the estimation results for the system features, a design target of the optimized 

PDRC concept can be provided as Figure 11, and the immersed ratio of 30%~35% was 

determined by considering the criteria for preventing sodium solidification with a feasible 

heat loss. 

 

3.2 CCS-coupled PDRC concept 

 

The second option for a sodium freezing prevention is to use the CCS-coupled PDRC 

concept, which utilizes the heated air exhausted from the cavity air cooling system (CCS) 

[17] to increase the AHX intake air temperature. In the KALIMER-600 design, all the 

reactor structures including the reactor vessel (RV) and the containment vessel (CV) are 

supported by a reactor support wall made of reinforced concrete. During a normal plant 

operation, the reactor structures are exposed to a high temperature environment even with a 

high performance insulation layer due to the hot sodium coolant at over 500℃ inside the 

RV. For this reason, a proper means to cool down the reactor structures is necessary to 

secure their structural integrity. Since the temperature limit of the reinforced concrete is 

globally 65℃ and locally 93℃ for a normal operating condition [18], the concrete 

temperature should be maintained below this limited value during the whole plant life time. 

Accordingly, a completely passive cavity cooling system is necessary to safely and reliably 

cool down the reactor structures.  

 

The CCS of KALIMER-600 is very similar to the RVACS of GE PRISM [3], and its air 

cooling process solely depends on a passive mechanism. However, this system is only an 

auxiliary system to support a cavity cooling, and thus it is distinguishable from a safety-

grade DHR system. This is because its heat removal capacity is insufficient to be used for a 

long-term DHR process for a large thermal rated reactor system (>1,000 MWt) due to its 

limited heat transfer surface area proportional to the RV diameter [19]. The CCS design 

parameters are summarized in Table 3. 

 

For the CCS-coupled PDRC concept, the external air is used to directly cool the outer 

circumferential surface of the containment vessel, and then the heated air is introduced into 

the AHX air inlet region. The cooling air continuously moves upward along an AHX air 

passage to cool the helical-shaped sodium tubes, and then it is discharged through the AHX 
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chimney to a final heat sink, the atmosphere. Figure12 shows a schematic drawing of the 

CCS-coupled PDRC concept. 

 

Table 3. CCS design parameters 

Design Parameters  Data 

RV inside diameter[m] 

RV effective heat transfer height [m] 

RV thickness [m] 

CV thickness [m] 

Air separator thickness [m] 

(including thermal insulator) 

  

Gap size between RV and CV[m] 

Gap size of hot air riser[m] 

(w/o heat transfer enhancement) 

(w/ heat transfer enhancement) 

Gap size of the air downcommer 

  

No. of air Inlet / Outlet 

Height of air stack [m] 

8.70 

15.0 

0.05 

0.025 

0.1 

 

 

0.05 

 

0.2 

0.7 

0.6 

 

4 / 4 

30.0 

 

As shown in Figure 13, the heat transfer path of the CCS consists of a serial and parallel 

combination of the heat transfer elements, where R denotes the heat transfer resistance of 

each element process. In the air region, the heat from the containment wall is transported to 

the air by two paths. One is a direct convection path and the other is an indirect path where 

heat is firstly transported to the air separator by radiation and then transported to the air 

flow by convection from the air separator. 
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Fig. 12 Schematic of the CCS-coupled PDRC concept 

 

 

Fig. 13 Lateral heat transfer path of the CCS 

 

The governing equations of the analysis are the equations for i) a one-dimensional 

energy balance and ii) the balance between the developed static head difference and the 

pressure loss of an air path. The mathematical form of the convection process in an air flow 

path is as shown in the following equations. 
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Eq.(16) is a common form for the flow in an air channel, and Eq. (17) is for the energy 

balance at a node in a numerical calculation node configuration. The term, Qce is a sum of 

the convection from the containment wall and that from the separator which is identical to 

the heat transfer rate by a thermal radiation from the containment wall to the air separator. 

The heat transfer coefficient for the air flow is calculated from the Dittus-Boelter’s 

correlation [10]. 

 

The CCS-coupled PDRC concept employs a connected air path configuration comprised 

of a CCS air duct and an AHX shell-side air path. For this reason, the additional form losses 

and frictional pressure drops in an extended air flow path should be balanced with the 

increased developing head. The developing head differences would increase by considering 

i) the elevation difference between the reactor head and the AHX unit and ii) the AHX 

shell-side path including a sufficiently high AHX chimney. From a previous study [16], it 

was found that the additional flow resistances can be offset by an increased net developing 

head difference as Eq.(16). Therefore the use of an increased intake air temperature is 

feasible for a design application. 

 

Owing to a purely passive design concept regarding a natural circulation air flow, a 

constant heat flux is transferred from the primary sodium pool to the CCS air flow during 

the whole plant lifetime. For a nominal design condition with the intake air temperature of 

+40oC, the air flowrate is about 8.6 kg/sec, and the normal heat loss through the CCS was 

calculated as 0.73 MWt [17]. Consequently, the exhausted air temperatures are obtained 

from the energy balance for a whole air path, and it was confirmed that the CCS provides 

the basic capability to raise the air temperature to about 70oC~80oC during a normal plant 

operation. As shown in Figure 14, the variations of the ambient air temperature strongly 

affect the CCS heat transfer rate and the air mass flow rate, while the deviation of the 

temperature difference between the CCS intake and exit air ( airT ) is very small, which is 
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less than 5% at an ambient air temperature drop of 80oC. This means the AHX intake air 

temperature can be regularly maintained at least at +30oC even for the lower-bounded 

design basis ambient temperature of -40oC. 
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Fig. 14 Effect of an ambient air temperature change 

 

Hence the possibility of sodium freezing in the PDRC loop becomes very low during a 

normal plant operation. However, a larger heat transfer area of the DHX and/or AHX needs 

to be guaranteed to achieve the same heat removal capability as the conventional PDRC 

concept. For this reason, the transient performance of the CCS-coupled PDRC system was 

evaluated tentatively by employing a conservative AHX intake air temperature of +120oC. 

The analysis was made by using the POSPA code [20], which is a one-dimensional lumped 

parameter system analysis code developed for modeling all the complexly coupled heat 

transfer paths including i) the PHTS sodium paths, ii) the PDRC loop sodium paths, and iii) 

the AHX shell-side air paths. From the transient performance analysis, the transient 

variation of the core exit temperature after a reactor shutdown is shown in Figure15.  
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Fig. 15 Transient variation of the core exit temperature 

 

As shown in the figure, it was found that there is a little difference between the 

conventional PDRC concept and the CCS-coupled design concept at the initial phase of the 

system transient but this difference becomes larger as time passes. This is because the 

PDRC heat removal capability is rapidly diminished due to the extremely high air 

temperature provided in the AHX shell-side. The temperature transients are generally 

higher than in the case of the reference design [1], and the maximum peak temperature 

difference between them is estimated to be about 10% for the second peak. However, it was 

evaluated that the design limit (650oC) [1] of the peak temperature during the long-term 

DHR process was satisfied even with an extremely high air intake temperature of the CCS-

coupled PDRC concept. This is mainly because the large thermal inertia of the PHTS pool 

accommodates the rapid temperature transient caused by the imbalance between the core 

decay heat generation and the diminished PDRC heat removal rate. Therefore it could be 

said that the use of the CCS-coupled PDRC concept is feasible for a design application 

from the aspect of its performance. 

 

3.3 Advanced PDRC concept with NaK alloy 

 

The last option to resolve the sodium freezing issue is to use a sodium-potassium eutectic 

mixture (NaK) coolant instead of sodium in the PDRC loop. The primary advantage of NaK 
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eutectic over sodium as a heat-transfer fluid is the fact that this alloy is liquid at or below 

room temperature. The eutectic mixture contains 78 weight percent of potassium, and its 

melting point is determined as -13oC [4] by alloying the melting point of sodium (98oC) and 

that of potassium (64oC). To this end, this alternative is very practical for obtaining a 

solution, and the fluid freezing issue can be fundamentally eliminated. On the other hand, 

NaK alloy is chemically more reactive than sodium, and most of its thermo-fluidic 

properties are inferior to those of sodium from the view point of a heat transfer. The 

fundamental properties of the coolant media are compared in Table 4. 

 

Table 4. Comparison of the coolant properties 

  Ordinary water Sodium NaK Eutectic 

Operating condition at 300oC & 150 atm at 450oC & 1 atm at 450oC & 1 atm 

Atomic Weight (g/mol) 18 23 22.2% Na, 77.8% K 

Density [kg/m3] 730 845 759 

M.P. (oC) 0 98 -13 

B.P. (oC) 342 881 780 

Cp [J/kg-K] ~ 5500 1269 900 

k [W/m-K] ~ 0.55 70 26 

Viscosity [Pa-s] 9x10-5 2.5x10-4 2.0x10-4 

Corrosion ↑ ↓ ↓ 

Chemical Reactivity N/A High High 

 

As shown in this table, thermal conductivity of NaK eutectic is no more than 40% that of 

sodium. Therefore it is expected that a much larger heat transfer area in the DHX and AHX 

is required to assure a similar heat transfer capability to the reference design employing a 

sodium coolant as the working fluid in the PDRC loop. Temperature effect on the specific 

fluid property variations is shown in Figure 16 by using the property ratio defined as 

 sodiumNaK  , and it could be found there are many trade-off effect on the thermal and 

transport properties. That is, the density and viscosity of NaK alloy is more than 80%~90%, 

close to those of liquid sodium for most temperature ranges, while the Prandtl number is 

much higher than that of sodium.  

 



 28

100 200 300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0


sodium


NaK

Ratio =

Prandtl Number [-]

Thermal conductivity [W/m-K]

Specific heat [J/kg-K]

Viscosity [Pa-sec]
Enthalpy [J/kg]

Density [kg/m
3
]

R
at

io
 [N

aK
/S

od
iu

m
]

Temperature (oC)
 

Fig. 16 Temperature effect on the fluid property variation  

 

The specific heat and the enthalpy change have a reverse trend as the temperature range 

varies. The density gradient to the unit temperature difference defined as  

   NaKNa dTddTd   is similar to that of sodium, and this feature means the formation 

of a buoyancy-driven natural convection flow is properly formed in a heat transfer circuit. 

However, these overall property differences should be reflected synthetically in the thermal 

design of a PDRC system employing NaK eutectic alloy to confirm its feasibility. 

 

To estimate the feasibility of an advanced PDRC system using NaK alloy, its 

configuration and the thermal size of its system components were determined by using a 

steady-state design method devised from the foregoing mathematical relations given in 

Section 2.3. This is a reasonable approach because there is no significant difference 

expected from the reference PDRC design when replacing the liquid sodium with NaK 

eutectic alloy. The key design parameters for the advanced PDRC concept with NaK alloy 

were obtained and compared with the conventional PDRC concept. 
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Table 5. Comparison of design parameters for the advanced concept 

PDRC Loop Working fluid 

 
Unit 

Sodium NaK 
Ratio* 

Mass flowrate kg/sec 42.82 44.19 1.032 

Total Flow Resistance Pa-s2/kg2 3.74 5.08 1.357 

Net developing head kPa 6.86 9.92 1.445 

DHX tube surface area m2 9.41 15.83 1.682 

DHX Uavg. kW/m2-K 5.64 4.41 0.782 

AHX tube surface area m2 428.49 778.07 1.816 

AHX UAvg. W/m2-K 108.78 71.39 0.656 

Total {UA} kW/oC 97.61 100.35 1.028 

  parameterarbitraryRatio sodiumNaK   ;*  

 

Table 5 shows the comparison of the major PDRC design parameters at the design point 

for the working fluid, and the system thermal sizing was made by using the POSPA code 

[14] with the identical boundary conditions of the conventional PDRC design. To ensure a 

similar heat transfer capability corresponding to that of sodium, the ratios of the mass 

flowrate in the PDRC loop and the total {UA} defined by the sum of {UA}DHX and 

{UA}AHX were determined to maintain the value close to the unity, and the other 

parameters were varied to meet the conditions. Based on the analysis results, it was found 

that an additional heat transfer area for the heat exchangers is required if NaK eutectic alloy 

used as the working fluid in the PDRC loop.  

 

The quantitative values for the additional heat transfer area are respectively about 68% 

for the DHX and about 80% for the AHX when compared to the current design. This is 

mainly due to the inferior heat transfer capability of the NaK alloy caused by the trade-off 

effects of its properties. The thermo-fluidic features regarding the variations of the total 

flow resistance and the net developing head for each working fluid are another reason for 

the distortion of the design parameters from each other. Though the advanced PDRC 

concept using NaK alloy as the heat transfer medium of the DHR loop is very attractive 

from the aspect of a low melting temperature, NaK alloy is not suitable for the design 

because of its chemically reactive nature and a potential contamination of the primary 

sodium. A larger component size is another barrier for a design application of this concept 

from an economic sense. 
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4. Specific design considerations for the new options 

 

In order to confirm the feasibility of the design options proposed in this study, more 

specific design considerations need to be made. Firstly, the partially-immersed DHX 

concept is very practical to prevent an unexpected sodium freezing in the PDRC loop. 

However, since this concept is developed for a full power operation mode, all the design 

parameters are determined based on the reactor pool sodium temperature for a normal 

operating condition. For this reason, there is still a possibility that the PDRC loop sodium 

would solidify or freeze when the temperature of sodium in the reactor pool falls to 200℃ 

during the refueling operation mode even with the upper bounded ambient temperature of 

+40oC. 

 

To this end, air dampers are employed in the PDRC system to cope with a sodium 

freezing during a refueling mode, and it is strategically designed to be closed by an operator 

only for the refueling mode during a scheduled shutdown operation. This is not a change of 

the fully passive feature of the PDRC system without use of air dampers and operator’s 

action but just a countermeasure against a sodium freezing only for the refueling mode. 

During the refueling operation, the IRACS is utilized to remove the core decay heat 

generated during this period.  

 

And, if an accident like a station blackout occurs, the AHX air damper is designed to be 

fully open by “Fail-open” operation logic [1]. The use of a damper operation is available 

and permitted during a scheduled shutdown period including a refueling operation, while 

the damper is always open during a full power operation to cope with a design basis 

accident with a high operational reliability. 

 

For the CCS-coupled PDRC concept, an air temperature rise in the CCS air path is 

uniformly maintained at about 70oC within a 5% deviation regardless of the ambient 

temperature variation [17]. However, this concept is also not suitable to prevent a sodium 

freezing during a refueling operation mode because the primary sodium pool temperature is 

too low to cause enough heat addition into the PDRC loop. Therefore the air damper 

closure also becomes a solution for this design concept as with the partially-immersed 

DHX concept. 
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For the advanced PDRC design concept using NaK alloy, it seems to be a better option 

for the refueling operation mode than the other two design concepts because of the 

attractively low melting point of the NaK coolant. However, if the ambient temperature 

falls to -40oC, the NaK coolant would also be solidified due to an insufficient heat addition 

provided from the primary system during a refueling period. Therefore it is recommended 

to use air dampers on the air path of the AHX during a refueling mode to essentially 

eliminate a potential solidification of the working fluid, NaK alloy for the whole plant 

lifetime. 

 

To confirm the passive feature of the PDRC system in regard to the damper operation in 

the refueling mode, the terminology for the required passivity was surveyed. According to 

the document dealing with various passive safety terms [21], a system or component can be 

called a passive one when the following categories are satisfied for a change from a normal 

to a safety state as listed in Table 6. (See Appendix B) 

 

Table 6. Categories of the passivity in a system design [21] 

Category Specific descriptions 

A 

- no signal inputs of “intelligence”, no external power sources or forces 

- no moving mechanical parts 

- no moving working fluid. 

B 

- no signal inputs of “intelligence”, no external power sources or forces 

- no moving mechanical parts, but 

- moving working fluid. 

C 
- no signal inputs of “intelligence”, no external power sources or forces 

- no moving mechanical parts, whether or not moving working fluids are also present.

D 

- intermediary zone between active and passive concept 

- external signal is permitted to trigger the passive process 

- passive execution/active initiation 
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As listed in the table, the use of an air damper does not significantly deteriorate the 

passivity of the PDRC design concept classified as category-D for the refueling mode, and 

a similar concept has been implemented in the DRC of EFR[4], SGDHRS of PFBR[5] and 

the DRACS of ABTR[6]. In particular, the PDRC concept has an advantage from the 

aspect that it can be uniquely classified as Category-B during a full power operation mode. 

This is because there is no need for any signal inputs and components which have 

mechanically moving parts for a change from a normal to a safety state. These design 

considerations are very important to ensure the passive safety of the DHR system, and it is 

expected that the proposed design concepts to enhance system reliability will be useful for a 

detailed system design procedure. 
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5. Assessment of early-stage cooling capability 

 

A series of transient calculations to compare the effects of various design parameters on 

the early-stage cooling capability of the reactor pool were carried out. The effects of key 

design parameters affecting the natural circulation capability inside the reactor pool were 

investigated and the specific design characteristics were discussed. The key design 

parameters are i) the CCS heat removal rate, ii) IHX elevation, and iii) coastdown flow rate, 

and these are shown in Figure 17. Heat removal from the primary sodium pool via the CCS 

was controlled by modulating the CCS inlet air velocity. The effect of IHX elevation 

change was simulated by employing different IHX vertical disposition. The effect of 

coastdown flow was analyzed by supplying various coastdown flow rates induced from 

different moments of inertia of a PHTS pump flywheel.  

 

 

 

 

 

 

 

 

 

Q
cc

s
Q

cc
s

I
H
X

I
H
X

P

Coastdown flow

IHX elevation

Qccs

Cavity
Cooling
System

 

Fig. 17 Parameters affecting initial DHR capability 

 

The COMMIX-1AR/P code [22] was utilized to evaluate the effect of prescribed design 

parameters on thermal-hydraulic behaviors in the reactor pool. The pool geometry of 

KALIMER-600 was employed as a reference design and the loss of normal heat sink 

accident (LOHS) was postulated for this analysis.  

 

The parameter, mfQR  [2], which represents how fast the flow rate decreases relative to the 

decrease of core heat generation rate, was employed for the evaluation of early-stage 
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cooling capability among different design parameters. The core was considered to be 

overcooled for the larger mfQR  value than the unity, and to be undercooled for the smaller 

mfQR value than the unity. The effects of design parameter change on early-stage cooling 

performance are summarized in Figure 18.  

 

The symbols of solid line, dash-dotted line, and dotted line represent the results from the 

reference RV, the RV with the coastdown flow, the RV with an elevated IHX and the RV 

with enhanced CCS heat removal, respectively. The term, CDT represents the coastdown 

flow time which is set to be the time during which the normalized coastdown flow rate is 

decreased to be less than 3100.1  . IHX-up represents the RV employing the lifted IHX by 

1m. Vccs/V0=4 implies that CCS inlet air velocity is enhanced by 4 times in comparison to 

reference.  

 

   From the figure, it can be concluded that the core maximum temperature was controlled 

effectively by modulating the coastdown flow. Lifting the IHX was also effective in 

decreasing the first peak temperature, but the enhancement of CCS heat removal had little 

effect on decreasing the first peak temperature. For mfQR , the case of the coastdown flow 

showed a different development pattern from the other cases. 
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Fig. 18 Effects of various parameters on early-stage cooling performance 
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In order to evaluate the degree of enhancement in the circulation flow rate by the 

individual design parameter, the normalized flow rate was plotted and compared to each 

other as shown in Figure 19. In the case of the coastdown flow, the combined effects of the 

inertia moment and the density-difference-driven force contributed to increase the 

circulation flow at the beginning of the reactor trip, even though they inevitably weakened 

the circulation flow during subsequent period. In the case of the elevated IHX, however, the 

circulation flow increased evenly during all periods because the overall-density-difference 

driven force was enhanced uniformly. For this reason, the overall mass flow rate surpassed 

that of the reference in the latter case. For the case of increasing Qccs, there were little 

effects on the circulation flow. 
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Fig. 19 Effects of design parameter change on the pool circulation flow 

 

Based on the parametric study the coastdown flow effects have been proved as the major 

design parameter to affect the early-stage cooling capability. The coastdown flow effects 

would be described as follows. 

 

Figure 20 shows the circulation flow rate variation with time for representative 

calculation conditions. It was evaluated at the pipe between the pump and inlet plenum. All 

the values shown in figure were normalized to the flow rate at a normal operation condition. 

The bold arrow represents the time when the supply of a coastdown flow broke due to 

terminating the rotation of the flywheel. The solid line with symbol represents the actual 
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normalized mass flow rate without a flywheel condition. Solid line, dotted line, dashed line 

and dashed-dotted line represent the actual flow rate at CDT=25, 50, 175, and 300, 

respectively. Based on the horizontal dotted line, the upper and lower range of the mass 

flow rate means a positive and reversed flow rate. For the case without a flywheel the flow 

rate falls off steeply at the beginning of a reactor trip and diminishes gradually there after. 

In this case the flow inside the reactor vessel is then circulated only by density difference 

between the hot and cold pool, called a density driven flow.  

 

 

Fig. 20 Pool circulation mass flow rate at the core inlet in terms of CDT parameters 

 

For the cases with a flywheel of CDT=25 and 50, however, the flow rate decreases more 

slowly with time. In the first stage of the coastdown period, the normalized flow rate 

exceeds that without a flywheel, since the contribution of inertia moment driven flow is 

dominant. This contribution increases with the CDT. In the second stage the flow rate 

becomes lower than that without a flywheel caused by the competition between inertia 

moment force and density difference driven force, which will be described in the next 

figures in detail. Especially this adverse effect during the second stage reaches its maximum 

at the end of the coastdown duration and gradually disappears there after. In the case of 

CDT=175 the adverse effect is so significant that the flow rate becomes reverse. However 

this becomes negligible in the case of CDT=300 due to the fact that inertia moment driven 

flow is supplied sufficiently for a long time. For a more detailed analysis of the prescribed 

variations it is necessary to investigate the thermo-hydraulic relationships for various CDTs. 
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Fig. 21 Variation of maximum temperature of coolant at core and mfQR  in terms of CDT 

parameters 

 

Figure 21 (a) and (b) shows the maximum temperature of the coolant at the core and 

mfQR  for various CDTs respectively. The maximum temperature at the core is evaluated by 

the highest one among the averaged temperatures in the circumferential direction at every 

axial grid of the core region. As shown in Figure 21 (a), for the case without a flywheel the 

1st peak temperature appears at the initial stage cooling and then cools down gradually until 

370seconds forming a hallow shaped profile. For that case mfQR  is maintained nearly at 1, 

which means the flow rate decrease and the core heat decrease are balanced.  

 

For the case with a flywheel, however, mfQR  changes considerably forming a positive 

and a negative peak value. The positive peak value of mfQR  and the core overcooling period 
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( 1mfQR ) increase with the CDT as shown in Figure 21 (b). Due to this unbalance between 

the decrease rate of flow and that of core heat generation temperature falls off during the 

initial stage cooling without a peak as shown in Figure 21 (a). The degree of declination of 

temperature drop becomes more serious with the increase of CDT, resulting from more 

excessive cooling.  

 

In the case of the negative peak value of mfQR  it is maintained nearly at 1 for CDT=25, 

50 and CDT=300. However it becomes much less than 1, representing the core 

undercooling period for CDT=175. This sufficient undercooling of the core contributes to 

increasing the coolant peak temperature even more when compared to the other cases. The 

reason for the presence of undercooling period in CDT=175 is that the local density driven 

flow becomes strong enough to interrupts the inertia moment driven flow for a few period, 

which deteriorate the core cooling. For CDT=25, 50 and CDT=300 the local density driven 

flow can not be fully developed due to the shortage and the excess of inertia moment flow.  

 

For a more detailed observation of these phenomena the multi-dimensional thermo-

hydraulic distribution at the vertical plane including IHX for various CDTs are presented in 

Figure 22. The core region is enclosed by the dotted line in the figures and the active core is 

located from Z=3.2m to Z=4.2m in axial direction.  

 

For the transient temperature variation in the reactor pool without a flywheel, a slow 

intrusion of hot sodium into cold pool through IHX appeared and a very small decrease of 

temperature from the bottom of active core region was observed at 75seconds. However the 

overall temperature distribution between the hot and cold pool was maintained without a 

considerable change during 500seconds.  

 

For CDT=25 the intrusion of cold sodium into the active core region is enhanced so that 

a decreased temperature region, due to the overcooling, is developed from the bottom of the 

active core region at 25seconds. At 75seconds a recovery of the active core temperature 

near the bottom is observed due to the termination of the coastdown flow supply. In this 

case a relatively high density layer is appeared at the core of 5~6cm in axial direction. 

However this overcooled region is not further developed and almost disappears by an 

intermixing between the hot and cold sodium at 150seconds. 
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Fig. 22 Variation of temperature and velocity distribution with time at IHX-included 

vertical plane in terms of CDT parameters 

 

For CDT=175 an enhanced core overcooling is observed and its layer is fully developed 

from inlet to exit of the core at 75seconds due to the increased supply of coolant by the 

coastdown flow. From 150seconds to 250seconds, however, the locally high density layer 

is positioned and sustained at the core exit, interrupting the circulation flow for 100seconds. 

During this period the high density layer is so fully developed that it deteriorates the coolant 
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flow at the core. It also contributes to a regress of the relatively hot coolant at the active 

core towards the inlet plenum for tens of seconds. Hence the core coolant temperature 

approaches its peak value while experiencing this reversed flow condition. At 350seconds 

this high density layer, which induces the reversed flow, gradually diminishes by the 

intermixing of the hot sodium.  

 

Although an overcooled region is also developed for CDT=300 it cannot not be further 

developed into a reversed flow region due to the more enhanced inertia moment driven 

flow supplied by the larger flywheel. The temperature difference between the hot and cold 

pool is also reduced faster by the sustained active mixing.  

It was found that a moderate core overcooling induced the development of a high density 

layer. This layer contributes to the development of a locally reversed flow and finally 

results in increasing the core coolant peak temperature.  
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Fig. 23 Reversed flow duration and 1st peak temperature of coolant at core                   

in terms of CDT parameters 

 

The bar-chart in Figure 23 shows the reversed flow duration and the symbol with the 

dotted line represents the 1st peak temperature of the coolant at the core region for various 

CDTs. For CDT=10 and CDT=25 the 1st peak temperature couldn’t be defined because the 

temperature is varied monotonously forming valley-shaped profile without a peak. As the 
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CDT is extended by increasing the size of the flywheel, the reversed flow duration and the 

1st peak temperature show the different patterns. They could be classified into three ranges. 

The first one is for a small flywheel whose CDT is less than 75seconds. In that cases the 1st 

peak temperature disappears or shows a similar value compared with the case without a 

flywheel.  

 

The second one is for a medium sized flywheel whose CDT ranges from 75seconds to 

250seconds. In those ranges, the 1st peak temperature rises up abruptly over 620℃ and a 

reversed flow appears and is maintained for tens of seconds. The reversed flow duration is 

increased as the extension of the CDT, showing its peak at CDT=175 among calculation 

conditions and diminished there after. The last one is for a very large sized flywheel whose 

CDT is over 275seconds. In that case the 1st peak temperature decreases and the reversed 

flow disappears due to enough circulation flow being supplied by the large flywheel. From 

this analysis it is confirmed that the core peak temperature is induced by a reversed flow. 

Therefore in order to satisfy the design limit of core peak temperature, the CDT of the 

flywheel should be decided in a range not to generate a reversed flow such as less than 

50seconds of more than 275seconds. Especially the 1st peak temperature could be avoided 

for the CDT of 10 or 25seconds. 
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Fig. 24 Variation of relative free surface level and DHX initiation time                            

in terms of CDT parameters 
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In KALIMER-600, accelerating the onset of second stage cooling would be also 

advantageous to decay heat removal because DHX initiation could enhance the natural 

circulation head by operating the PDRC with its full capacity. Hence, an earlier onset of an 

overflow means a better decay heat removal performance. In Figure 24 the variation of free 

surface level with time was compared for various CDTs until the sodium overflowed into 

the DHX support barrel. 

 

The level of the DHX support barrel from the free surface, which is represented by upper 

horizontal dotted line, is 0.05 m at a steady state condition. The arrow markings represent 

the onset of an overflow for various CDTs. As shown in the figure the free surface level 

increases linearly and finally reaches the level of the DHX support barrel at 655seconds for 

the case without a flywheel. However the initiation time and increment of the free surface 

level is accelerated with the increase of CDT due to the enhanced volume expansion of the 

cold pool sodium induced by the inflow of the hot pool sodium. Thus it could be concluded 

that DHX initiation could be accelerated by the increase of flywheel size. Finally 

considering the core peak temperature, flywheel size and DHX initiation, CDT of 25 

seconds is suggested as the best design value for coastdown time. 
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6. DHRS Performance Test 

 

In order to achieve the expanded utilization of nuclear energy, uranium supply and waste 

management issues have to be addressed. A sodium-cooled fast reactor (SFR) is one of the 

most promising options from the aspects that it can make the utilization of uranium 

resources very efficient and it also has the capability for a substantial transuranics (TRU) 

reduction. Due to these expected advantages, the Korea Atomic Energy Research Institute 

(KAERI) has performed the conceptual design study of the pool-type sodium-cooled fast 

reactors, KALIMER-150 and KALIMER-600 [1] which are metal fuel loaded pool-type 

reactors with capacities of 150 and 600 MWe, respectively. The reactor systems were 

developed to satisfy the design targets of proliferation resistance, enhanced safety, 

economic competitiveness and environmental friendliness. The advanced design concept of 

Gen IV SFR is currently being developed along with basic key technologies at KAERI. 

According to the long-term SFR development plan of the Korean government, a 

demonstration SFR will be constructed by 2028. 

 

Regarding the progress of the SFR development, one of the most important tasks in the 

successful design of a sodium-cooled fast reactor (SFR) is the demonstration of safe and 

reliable decay heat removal (DHR) after reactor shutdown. In the KALIMER design [1], 

the passive decay heat removal circuit (PDRC) is employed as a safety-grade DHR system, 

which is operated by a purely passive mechanism with natural circulation. The PDRC 

system consists of two independent loops, and each loop is equipped with a sodium-to-

sodium decay heat exchanger (DHX), a sodium-to-air heat exchanger (AHX), and an 

intermediate sodium loop connecting the DHX with the AHX. During normal plant 

operation, the DHX is partially dipped into the cold pool sodium in order to prevent 

unexpected freezing of the PDRC loop sodium.  

 

Under accident conditions such as a total loss of normal heat sink event, the level 

difference between the hot and cold pool disappears due to the primary pump trip following 

the reactor shutdown as depicted in Figure 25. The level of sodium pool increases by the 

volume expansion of primary sodium due to the heat accumulation resulting from the 

discrepancy between the core decay heat generation and the system heat removal. If the 

sodium level increases higher than the top slot of the DHX support barrel, the hot pool 
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sodium overflows into the shell-side DHX. As the sodium flow rate through the DHX 

increases, the heat transfer rate through the DHX to the PDRC loop increases rapidly due to 

the enhancement of convection heat transfer. The heat transferred to the PDRC loop system 

is finally dissipated into the environment through the AHX by the natural circulation flows 

of sodium and air in the PDRC loop and the AHX air path, respectively. Hence, in this 

system, an effective DHR function can be achieved by using a purely passive concept 

depending on density driven flow, without either an operator’s action or any active 

component’s actuation. 

 

 

Fig. 25 PDRC configuration and decay heat removal process 
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For the demonstration of short- and long-term shutdown heat removal capability by the 

natural circulations of the PDRC and primary heat transport system (PHTS), a large-scale 

sodium thermal-hydraulic test facility has been designed by the Korea Atomic Energy 

Research Institute (KAERI) and its design parameters have been produced for the reference 

plant of KALIMER-600 [1]. The different scenarios with various accident conditions have 

been also considered for the establishment of natural circulation at different boundary and 

initial conditions. Based on experiments, the database for the verification of the safety and 

performance analysis codes will be constructed, and the cooling capability of the DHR 

system during the long- and short-term periods after reactor shutdown will be demonstrated. 

 

On the basis of the preliminary test facility design, the basic and detailed designs will be 

made for the new demonstration reactor which is intended to be constructed by 2028 under 

the Korean long-term SFR development plan. The installation of the facility is scheduled to 

be completed by the end of 2013. The main experiments will start from 2015 after the 

startup test in 2014. This report deals with the design requirements of the sodium test 

facility for simulating both hydrodynamic and thermodynamic similarity, and the design 

methods and the preliminary design features of the test facility are introduced. In order to 

assess the performance of the major sodium components such as an IHX, a DHX, an AHX 

and a primary pump, the component performance test loop (CPTL) will be constructed 

separately next year. This study provides the CPTL design parameters obtained by the 

proper scaling methodologies, and some design restrictions imposed on the scaled 

components and the scaling distortions to the full-scale components are also discussed. 

 

6.1 Facility design requirements 

 

The scaled test facility should be designed such a way as to preserve the overall system 

behavior and reproduce the major thermal-hydraulic phenomena in the conditions which 

correspond to test objectives. Since the experimental facility should be designed so as to 

simulate various thermal-hydraulic phenomena occurring in the reference reactor during the 

decay heat removal operation as closely as possible, the design characteristics of the 

reference reactor (KALIMER-600) were analyzed in order to understand major constitutive 

elements to be simulated in the experimental facility.  
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The preliminary test matrix was set up by the analysis of various design basis events, and 

then the key test matrix was determined. Table 7 summarizes the preliminary test matrix. 

Also, the priorities for various thermal-hydraulic phenomena which should be considered in 

the design of the experimental facility were determined by analyzing the phenomena for 

each key test matrix. Based on these analyses, the general design requirements for the 

experimental facility were established [23]. For the identification of major thermal-

hydraulic phenomena and the determination of priorities, the phenomena identification and 

ranking table (PIRT), which is under development, was utilized. 

 

Table 7. Preliminary test matrix 

Phase Scenario Objectives 

1st  Phase 

-Natural convection characteristics inside 
DHX barrel for prevention of sodium 
solidification in PDRC loop 

-PHTS natural circulation characteristics for 
various PHTS pump coastdown flow 

-PDRC natural circulation characteristics for 
various flow conditions in the shell side of 
AHX and DHX 

-Identification of loop 
characteristics 

-Comparison with analysis codes 

-Verification of design issue for 
passive decay heat removal system 

2nd Phase 

-PHTS  loss of flow (PHTS pump trip) 

-Loss of feedwater flow  

-Reactor vessel bottom break 

-Station blackout 

-Verification of passive decay heat 
removal design concept for 
conservative accident  conditions 

-Assessment of code prediction 
capability 

3rd Phase* 

-PHTS pump pipe break  

-IHTS pipe break 

-Loss of IHTS flow (IHTS pump trip) 

-Main steam line break 

-Assessment of accident progress 
and code prediction capability 

-Support for resolving SFR safety 
issues 

-Demonstration of optimum system 
design 

*; It will be determined whether the 3rd phase experiment will be performed or not 

  

As listed in Table 7, the experiment is divided into a total of three phases. In the first 

phase, the natural circulation characteristics in the PHTS and the PDRC loop will be 

investigated for the identification of loop characteristics and the evaluation of design issues 

related to the system performance. In the second phase, the representative design basis 
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events will be simulated under the conservative boundary conditions. In this phase, main 

test section is composed of the PHTS and the PDRC system. In the third  phase, the 

experimental facility of the second phase will be extended for whole system simulation by 

installing IHTS(Intermediate Heat Transport System) and SG (Steam Generator), and the 

design basis events will be simulated under the real boundary conditions. 

 

The simulation capabilities of general transients during the design basis events should be 

assessed by considering several limitations such as cost and space. On the basis of the 

tentative evaluation results for the full-height and reduced height concept, the facility scale 

was determined to be 1/125 in volume and 1/5 in height. For the preliminary design of the 

test facility, KALIMER-600 was selected as a reference plant, and the major design 

requirements are listed in Table 8. 

 

Table 8. Major design requirements for the test facility 

Reference reactor KALIMER-600 

Height  and length scale 

Volume scale 

Aspect ratio scale 

Pressure and temperature 

Working fluid 

Maximum simulated core power 

Design code for major component 

1/5 

1/125 

1/1 

1/1 (prototypic condition) 

Sodium 

7 % of the scaled nominal power 

ASME Sec. VIII Division 2 

 

6.2 Scaled design of the system and components 

 

In order to represent important thermal-hydraulic phenomena in the PDRC as well as the 

PHTS, the main test section should be designed complying with a proper scaling method 

for geometric, hydrodynamic and thermal similarities.  

 

In general, it is rarely possible to reproduce both hydrodynamic and thermodynamic 

similarity on any scaled system or equipment other than the prototype itself. Hence, model 

simulations for the heat transport paths have been based on hydrodynamic consideration 
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only. However, since it is unreasonable to ignore heat transfer entirely in natural convection 

flow, both hydrodynamic and thermodynamic similarity in the scaled test facility should be 

considered even though both similarities cannot be achieved simultaneously. For this 

reason, various scaling methodologies have been considered by implementing the 

mathematical identity of analogous physical features to the prototype system.  

 

The three-level scaling methodology of Ishii et al. [24] has been applied to the facility 

design, which consists of integral scaling, boundary flow scaling and local phenomena 

scaling. It is considered to be suitable for preserving the natural circulation phenomena in a 

reduced-height scale facility. The overall system design parameters are drawn by the 

integral scaling criteria which are produced based on the one-dimensional system balance 

equations of mass, momentum and energy, and the boundary condition at the interface 

between fluid and solid. Also, the important components such as the heat exchangers, the 

primary pump and the core simulator are designed by preserving the local thermal-

hydraulic phenomena related with the corresponding components. The key scaled design 

requirements derived from the scaling criteria are summarized in Table 9. 

 

Table 9. Key design requirements for the test facility 

Parameters Scaling Law Design 

Length lR 1/5 
Diameter dR 1/5 
Area aR (=dR

2) 1/25 
Volume aR lR 1/125 
Temperature distribution 1 1 
Time lR

1/2 1/2.24 
Velocity lR

1/2 1/2.24 
Power/volume 1/ lR

1/2 2.24 
Core power aR lR

1/2 1/55.9 
Mass flow rate aR lR

1/2 1/55.9 
Pressure drop lR 1/5 
Aspect ratio lR / aR

1/2 1 

 

6.3 Detailed Facility Design 

6.3.1 Overall configuration of the test facility 

 

The facility is composed of the main test section and the auxiliary systems. The main test 
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section which consists of the PHTS and the PDRC includes all major components, 

achieving a realistic configuration. The PHTS mainly consists of a reactor vessel with the 

same internal structures as the prototype (KALIMER-600), a core simulator, four 

intermediate heat exchangers (IHX) and two primary pumps. In the PDRC system, there are 

two DHX, two AHX, a compensation tank and the connecting pipes between DHX and 

AHX. The preliminary layout of main test section is shown in Figure 26. Also, the auxiliary 

systems such as an intermediate heat exchanger gas cooling system, a sodium 

supply/purification system, a heat loss compensation system, a power supply system and a 

gas supply system are included in the experimental facility to provide the various 

environments for performing the experiments. Figure 27 shows the schematic flow diagram 

of the facility. 

 

 

Fig. 26 Preliminary layout of main test section 
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Fig. 27 Schematic flow diagram of the facility 

 

6.3.2 Reactor vessel and core simulator 

 

The reactor vessel and the core simulator were designed to preserve the distribution of 

the temperature, pressure, coolant volume, flow, and flow area. Most of the design 

parameters are based on the integral scaling criteria. The configuration of the reactor vessel 

internals is the same as that of the prototype. Four IHXs, two DHXs, two primary pumps 

and a core simulator are located inside the reactor vessel. The height and outer diameter of 

the reactor vessel are 3.8 m and 2.38 m, respectively. An overall 3-dimensional schematic 

of the reactor vessel of the facility is shown in Figure 28. 

 

The important local phenomena considered in the design of the reactor vessel are the 

multi-dimensional phenomena in the reactor pool, the free surface behavior during decay 

heat removal operation, the heat transfer through the solid structure, and the pressure drop. 

The preservation of the multi-dimensional phenomena is closely related to the aspect ratio. 

The aspect scaling ratio is 1, which implies the multi-dimensional flow and temperature 

distributions in the reactor pool could be well simulated. 
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Fig. 28  3-dimensional schematic of the scaled reactor vessel 

 

The free surface movement during the decay heat removal operation is preserved if the 

heat transfer through the solid structure is preserved, because the similarities of the coolant 

volume in each section inside the reactor vessel and the core power are to be maintained. 

The heat transfer through the solid structure was assessed in terms of heat loss and 

accumulated heat. The heat loss will be compensated for by using the heat loss 

compensation system. Also, it was estimated that the scaling distortion caused by the 

accumulated heat would not be large. Most of the pressure drop inside reactor vessel occurs 

in the IHX, the core and the pump discharge pipes. The pressure drops in these components 

are designed to meet the scaling criteria.  

 

In the reactor vessel design, the methodology of ensuring leak tightness is important. For 

joining the bottom plate with the shell of the reactor vessel, the method of welding with 

flange is to be used due to good leak tightness and simplicity of fabrication. For the sealing 

of cover gas through the reactor head, an O-ring and canopy seal is to be applied. 
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A total of 318 electrical heaters are used to simulate the core. The diameter of a heater 

was determined to be 29 mm by considering assembly arrangement, instrument space, 

commercial availability, flow area, and cost. The simulated core is divided into 4 groups as 

in the core of the prototype. Since the experiment will be performed at the decay power 

level, the maximum heater power was set to be 1.9 MW, which corresponds to 7 % of the 

scaled nominal power. Figure 5 shows the arrangement of the core simulator, and the 

important design parameters for the reactor vessel and core simulator are summarized in 

Table 10 where “Model (M)” means the test facility. 

 

Table 10. Major design parameters of the reactor vessel 

Parameters 
Prototype 
[P] 

Model 
[M] 

M/P 

Sodium temperature at core inlet (oC) 545 545 1/1 
Sodium temperature at core exit (oC) 390 390 1/1 
System flow rate (kg/s) 7731.3 138.3 1/55.9 
Operating pressure (Mpa) 0.1 0.1 1/1 
Total pressure drop (kPa) 380 76 1/5 
Total Sodium volume (m3) 916.8 7.7 1/119 
Reactor vessel height (m) 18.5 3.8 1/4.9 
Reactor vessel outer diameter (m) 11.41 2.38 1/4.8 
Fuel rod diameter (mm) 9 29 1/3.2 
Fuel rod length (m) 3.75 0.75 1/5 
Rod pitch/diameter 1.17 1.17 1/1 
Total number of fuel rod  90243 318 1/284 
Core equivalent diameter (m) 5.37 1.08 1/5 

 

 

Yellow: Inner core
Orange: Middle core
Red: Outer core
Black: Unheated rod
Blue: Bypass region
Gray: Solid structure  

 

Fig. 29 Arrangement of the core simulator 
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6.3.3 Heat exchangers 

 

The heat exchangers such as DHX, AHX and IHX of the test facility were designed to 

preserve the overall heat transfer coefficient (U) and the log-mean temperature differences 

(TLMTD). The scaling ratio of the pressure drop, flow rate and heat capacity are also 

maintained as the integral scaling criteria. All the scaled heat exchangers of the test facility 

have the same configurations and tube materials as the prototype, but the heat transfer tube 

diameters (ID/OD) were slightly adjusted in a scaling process to preserve the characteristics 

of heat transfer and pressure drop. The design parameters of the scaled heat exchangers are 

presented in Table 11, and their schematic drawings are shown in Figure 30 

 

Table 11. Heat exchanger design parameters 

 
 

The major dimensionless numbers such as a Richardson number, a friction number, a 

modified Stanton number, a time ratio number and a Biot number have been considered in 

the local scaling process, and these were quantitatively evaluated to assess the scaling 

distortion for the scaled heat exchanger design. Based on the result of this evaluation, it was 

found that the dimensionless numbers representing the natural circulation of the sodium 

flow for DHX and IHX well satisfied the ideal scaling ratio within 10% for the Richardson 

number and about 30% for the modified Stanton number.  
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Fig. 30 Schematics of scaled heat exchangers 

 

In contrast, for the air-side of the AHX, the distortion of a Richardson number, 

representing the balance between buoyancy and inertia, reaches 80% from unity. This is 

mainly because there is much ambiguity in determining the hydraulic diameter of the shell-

side AHX. To this end, it was found that a more reasonable scaling approach based on the 

mathematical identity of analogous physical systems for naturally circulated air flow is 

necessary to reduce scaling distortions. 

 

6.3.4 PDRC piping 

 

The PDRC includes the main piping connecting the DHX and AHX. Since the pipe 

arrangement of the PDRC system provides a natural circulation flow path of the loop 

sodium coolant, the pressure drop through the piping and the elevation difference between 

DHX and AHX were designed to satisfy 1/5 of those for the prototype according the 

integral scaling criteria. The similarity of the sodium volume between the model and the 
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prototype was also preserved to ensure a thermal effect of the scaled sodium inventory. The 

pipe arrangement of the scaled PDRC loop is shown in Figure 31. 

 

 
Fig. 31 Configuration of the scaled PDRC loop system 

 

6.3.5 Auxiliary systems 

 

The IHX gas cooling system is designed as simply as possible since it provides the initial 

and boundary conditions for accident simulations. It has two loops (one loop for two IHXs), 

and uses nitrogen gas as a working fluid. The total heat removal capacity is 2.5 MWt, and a 

heat exchanger immersed in a water tank is used as a ultimate heat sink. The sodium 
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supply/purification system controls the impurities of 17 tons of sodium, and it consists of  a 

storage tank, cold trap, plugging meter, EM pump and so on.  

 

The heat loss compensation system compensates for the heat loss in the reduced scale 

facility. It controls the heat loss  for 34 separate regions, and consists of heaters with a total 

capacity of 117 kW and insulation materials. The power supply system has a 4.5 MWt 

capacity, and the gas supply system provides service gases such as nitrogen and argon. The 

fire protection system is composed of 2-wire sodium leak detector, catch pan and fire 

extinguishing equipment. 

 

6.3.6 Validation of the facility design 

 

The validation of the facility design is being performed through the means of both 

analyses and experiments. Extensive scoping analyses are in progress by using the best-

estimate code, MARS-LMR [25] for the following. 

 

- Validation of the overall scalabilities for major accident scenarios such as loss of flow, 

loss of heat sink, etc. 

- Validation of the local phenomena scalabilities for major thermal hydraulic phenomena 

- Comparison of full-height and reduced-height scaling 

- Identification of the design parametric effects such as heat structure, design dependency, 

etc. 

 

Also, the similarities of multi-dimensional flow and temperature distributions inside the 

whole reactor vessel are being investigated by using the commercial CFD tool [26]. 

Moreover, the separate effect tests are being implemented to verify some of the scaling 

principles adopted in the scaled facility design. 
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7. Summary and Conclusions 

 

New design options to prevent potential sodium freezing in a PDRC loop were proposed, 

and their feasibilities have been studied for the design conditions that the heat supply from a 

primary sodium system is not enough during a plant shutdown mode or the ambient 

temperature falls to sub-zero during the winter season. The major findings from the study 

are as follows. 

 

The partially-immersed DHX concept is very effective to raise the cold spot temperature 

to over ~140oC even in the winter season due to its enhanced heat transfer capability, and 

this concept is very simple and practical for a system design application without a major 

design change. The CCS-coupled PDRC concept can also be a good countermeasure to 

essentially eliminate the possibility of a sodium freezing in the PDRC loop by using a 

regularly maintained AHX intake air temperature at least at +30oC even for the lower-

bounded design basis ambient temperature of -40oC, but a larger heat transfer area of the 

system components needs to be guaranteed to achieve the same heat removal capability as 

the conventional PDRC concept. The advanced PDRC concept using NaK alloy could be 

an alternative due to its attractively low melting point, but its high chemical reactivity, 

primary sodium contamination with a potential leakage, and inferior thermo-fluidic 

properties prevent its wide use as a PDRC loop working fluid.  

 

For all the options, more specific design considerations were made to confirm their 

feasibility to properly materialize the concepts in a practical system design procedure. As a 

result, it was also found that air dampers need to be installed in the AHX air path to cope 

with the refueling mode but the use of an air damper does not significantly deteriorate the 

passivity of the PDRC design concept. 

 

From the comparison of the effects of key design parameters affecting the natural 

circulation capability inside the reactor pool, the coastdown flow was proven to be 

dominant. The total time of coastdown flow should be reasonably determined to avoid the 

deterioration of natural circulation head development inside the reactor pool through the 

core region.  
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A thermal-hydraulic test facility mainly focusing on demonstration of the passive decay 

heat removal performance has been introduced in this report, along with discussions 

concerning the preliminary design characteristics of the reference reactor of KALIMER-

600. According to the decision of the review committee organized by the Korean 

government, the basic design of the facility will resume from 2011 using the demonstration 

reactor design features. The facility has been designed from the viewpoint of both global 

and local scaling, based on Ishii’s methodology, which is suitable for preserving the natural 

circulation phenomena in a reduced-height scale facility.  

 

The preliminary design has the following characteristics: (a) 1/5-height, 1/125-volume, 

prototypic pressure and temperature simulation of the reference reactor, (b) geometrical 

similarity with the reference reactor, including all major components reflecting the real 

configuration for the main test section, (c) sodium as a main working fluid, (d) 7 % of the 

scaled nominal core power to account for decay heat generation, (e) simulation of various 

design basis events. Currently, analyses assessing the appropriateness of the design 

methodology are on-going using the system code and the CFD method. Also, separate 

experimental work to support reliable facility design is being extensively performed. 
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NOMENCLATURE 

 

A area 

C Flow Resistance [Pa-sec2/kg2] 

cp specific heat 

d diameter 

F  view factor 

f friction factor 

g gravitational acceleration 

H Head [Pa] or Height [m] 

h convection heat transfer coefficient 

i Enthalpy 

K form loss coefficient in a pressure drop 

L Length 

k thermal conductivity 

m  mass flow rate 

Nu  Nusselt number 

Pe     Peclet number 

Q    heat transfer rate 

"q  heat flux [W/m2] 

R     heat transfer resistance 

Re     Reynolds number 

S stream line of fluid flow 

T    temperature 

T   temperature with average conditions 

t time 

U Overall heat transfer coefficient 

x segment length 

 

 

Greek letters 

 

　 Difference or loss 
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  emissivity 
  density 

  Stefan-Boltzmann constant 

 

 

Subscripts 

 

A or a air 

C cold-side 

c cross section or conduction 

ex exit 

F    fouling factor 

g gap flow 

H hot-side 

h convection heat transfer 

i node index or inner surface 

in   inlet 

L intermediate loop 

LMTD Log Mean Temperature Difference 

l laminar flow condition 

o external surface 

P primary system 

R thermal radiation 

s shell-side 

t    tube-side or turbulent flow condition 
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APPENDIX A  

 

 

CLASSIFICATION OF PASSIVE DHR SYSTEMS 

 

Based on basic studies for a passive DHR capacity to safely remove a core decay heat, it 

has been observed that the ratio of the passive DHR capacity to the rated core power is 

about 0.5-1.0% with a sufficient design margin. This is because the capacity of a passive 

DHR system, i.e. RVACS, is one of the most significant safety issues in a system design to 

cope with a postulated design basis accident like a loss of heat sink. Since the RVACS 

design is mainly based on reliable and economic considerations, a sufficiently large decay 

heat removal capacity and compact RV size are essentially required. However, these two 

requirements compete with each other because a sufficient heat removal capacity for the 

RVACS type passive DHR system would be achieved by a far larger vessel size than the 

required space to properly install the system components inside the reactor vessel. Figure 

A-1 shows the general relationship between the rated core power and the RV diameter for 

the conventional pool-type LMFR designs. 
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As the rated core thermal output increases, the volume of the reactor vessel needs to be 

scale up to accommodate system components (i.e. heat exchangers, primary pumps, etc.) 

but the trend of RV diameter increment becomes saturated. This is because the vessel 

volume usually increases with the square of the RV diameter and thus the line takes the 

form of a square root function. Most pool-type LMFR designs currently being developed or 

operated in the world follow this symbolic curved line. However, since the required 

RVACS capacity determined by the RV surface area is directly related to the size of the 

containment vessel or an equivalent reactor vessel, there is a discrepancy between the 

vessel size required for a decay heat removal and that for a reactor pool configuration as the 

plant power becomes large. Owing to this discrepancy, a surplus vessel volume could be 

generated and thus the coolant volume is increased. For this reason, the use of the RVACS 

concept is generally restricted to below a power level of 1,000MWt. 
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APPENDIX B 

 

 

RANGE OF POSSIBILITIES FROM PASSIVE TO ACTIVE 

 

(Cited from “IAEA-TECDOC-626,” Safety related terms for advanced nuclear plants) 

 

When deliberating over the distinctions between active and passive functions and within 

these two categories, it was realized that a spectrum of possibilities exists. This commentary 

is offered to qualitatively address this difficult question. For components and systems (but 

not structures) having safety functions, there must be at least two states corresponding to 

the normal function and to the safety function. Then, to change from the normal to the 

safety state: 

- there must be "intelligence" such as a signal or parametric change to initiate action; 

- there must be power and potential difference or motive force to change states; and 

- there must be the means to continue to operate in the second state. 

 

A component or system can be called passive when all three of these considerations are 

satisfied in a self-contained manner. Conversely, it is considered active if external inputs 

are needed. There are, however, other considerations that must be taken into account 

because passive has a connotation of superior performance that cannot be accepted without 

evaluation and justification. These other considerations include: 

- reliability and availability in the short term, the long term and under adverse conditions; 

- longevity; the equivalent of shelf life, against corrosion or deformation by creep etc; 

- the requirements for testing or demonstration; and 

- simplification and man-machine interaction. 

 

From these considerations some broad categories of passivity can be drawn for 

qualitative evaluation and classification. The following categories can be considered as 

passive: 

 

Category A 
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This category is characterized by: 

- no signal inputs of "intelligence", no external power sources or forces, 

- no moving mechanical parts, 

- no moving working fluid. 

(The no-motion requirement does not extend to unavoidable changes in geometry such as 

thermal expansion.) 

Examples of safety features included in this category are:  

- physical barriers against the release of fission products, such as nuclear fuel cladding 

and pressure boundary systems; 

- hardened building structures for the protection of a plant against seismic and or other 

external events; 

- core cooling systems relying only on heat radiation and/or conduction from nuclear fuel 

to outer structural parts, with the reactor in hot shutdown; and  

- static components of safety related passive systems (e.g., tubes, pressurizes, 

accumulators, surge tanks), as well as structural parts (e.g., supports, shields). 

 

Category B 

 

This category is characterized by: 

- no signal inputs of "intelligence", no external power sources or forces, 

- no moving mechanical parts, but 

- moving working fluids. 

 

The fluid movement is only due to thermal-hydraulic conditions occuring when the 

safety function is activated. No distinction is made among fluids of different nature (e.g., 

borated water and air) although the nature of the moving fluid may be significant for the 

availability of the function performed within this category. 

Examples of safety features included in this category are: 

- reactor shutdown/emergency cooling systems based on injection of borated water 

produced by the disturbance of a hydrostatic equilibrium between the pressure 

boundary and an external water pool; 
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- reactor emergency cooling systems based on air or water natural circulation in heat 

exchangers immersed in water pools (inside containment) to which the decay heat is 

directly transferred! 

- containment cooling systems based on natural circulation of air flowing around the 

containment walls, with intake and exhaust through a stack or in tubes covering the 

inner walls of silos of underground reactors; and 

- fluidic gates between process systems, such as "surge lines" of PWRs. 

 

Category C 

 

This category is characterized by: 

  - no signal inputs of "intelligence", no external power sources or forces; but 

  - moving mechanical parts, whether or not moving working fluids are also present. The 

fluid motion is characterized as in category B; mechanical movements are due to 

imbalances within the system (e.g., static pressure in check and relief valves, 

hydrostatic pressure in accumulators) and forces directly exerted by the process. 

Examples of safety features included in this category are: 

  - emergency injection systems consisting of accumulators or storage tanks and 

discharge lines equipped with check valves; 

  - overpressure protection and/or emergency cooling devices of pressure boundary 

systems based on fluid release through relief valves; 

  - filtered venting systems of containments activated by rupture disks; and 

  - mechanical actuators, such as check valves and spring-loaded relief valves, as well as 

some trip mechanisms (e.g., temperature, pressure and level actuators). 

 

Category D 

 

This category addresses the intermediary zone between active and passive where the 

execution of the safety function is made through passive methods as described in the 

previous categories except that internal intelligence is not available to initiate the process. 

In these cases an external signal is permitted to trigger the passive process. To recognize 

this departure, this category is refered to as "passive execution/active initiation". 
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Since some desirable characteristics usually associated with passive systems (such as 

freedom from external sources of supply and from required human actuation) are still to be 

ensured, additional criteria such as the following are generally imposed on the initiation 

process: 

- Energy must only be obtained from stored sources such as batteries or compressed or 

elevated fluids, excluding continuously generated power such as normal AC power 

from continuously rotating or reciprocating machinery; 

- Active components are limited to controls, instrumentation and valves, but valves 

used to initiate safety system operation must be single-action relying on stored 

energy; and  

- manual initiation is excluded. Example of safety systems which may be included in 

this category are: 

- emergency core cooling/injection systems, based on gravity driven or compressed 

nitrogen driven fluid circulation, initiated by fail-safe logic actuating battery-powered 

electric or electro-pneumatic valves; 

- emergency core cooling systems, based on gravity-driven flow of water, activated by 

valves which break open on demand (if a suitable qualification process of the 

actuators can be identified); and 

- emergency reactor shutdown systems based on gravity driven, or static pressure 

driven control rods, activated by fail-safe trip logic. 

 

Concluding Points 

 

The spectrum of possibilities from passive to active may well have additional categories. 

However, all passive systems must be essentially self-contained or self-supported; the more 

self-contained, the higher the degree of passivity. Other possibilities range to fully active, 

where all basic functions are supplied externally. 

It should be emphasized that passivity is not synonymous with reliability or availability, 

even less with assured adequacy of the safety feature, though several factors potentially 

adverse to performance can be more easily counteracted through passive design. On the 

other hand active designs employing variable controls permit much more precise 

accomplishment of safety functions; this may be particularly desirable under accident 

management conditions. 
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A safety feature ranking in a lower passivity category is not necessarily less desirable 

than one in a higher category designed to perform the same function; the difference in 

categorization signifies only a difference in the extent of application of the passive safety 

principle. 

 

(Cited from “IAEA-TECDOC-626,” Safety related terms for advanced nuclear plants) 
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