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요 약 문 

  

 

본 연구에서는 불란서, 독일, 영국 등의 유럽 국가와 일본에서 수행된 고속로(Sodium Fast 

Reactor)의 원자로 용기 내 선원항(in-vessel source term), 즉 사고 시 원자로 용기에서 

방사성 핵종 및 에어로졸이 격납용기로 방출되는 현상과 관련된 실험 및 해석 연구에 관한 

자료 조사가 수행되었다. 선원항 평가를 위한 현상을 규명하기 위한 실험 프로그램들을 주

로 검토하였고, 아울러 관련 해석 모델 및 전산코드 개발 연구도 간략히 소개하였다.  

 

본 보고서에서는 우선 노심붕괴사고(CDA)시 발생하는 즉발적인 선원항(primary or 

instantaneous source term)결정을 위한 핵연료 또는 소듐 증기 방울(bubble)의 거동을 규

명하기 위한 실험적 연구가 기술된다. 또한, 점진적인 노심 용융 사고 시 발생하는 지발 선

원항(delayed source term)을 결정하기 위한 주요 현상 및 과정; 즉, 핵연료로 부터의 핵분

열 생성물 방출, 소듐 풀 표면으로부터의 증발 방출, 핵분열 기체 방울로부터의 요드 질량 

전달,  핵분열 생성물의 침전, 노심 용융물과 콘크리트 반응으로 인한 에어로졸 방출 현상 

등이 기술된다. 본 보고서에서는 격납용기 내에서의 핵분열 생성물 및 에어로졸 거동에 관

한 연구 프로그램은 기술되지 않는다. 
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SUMMARY 

 
An effort has been made in this study to search for and review the literatures in public domain 

on the studies of the phenomena related to the release of radionuclides and aerosols to the reactor 
containment of the sodium fast reactor (SFR) plants ( i.e., in-vessel source term), made in Japan 
and Europe including France, Germany and UK over the last few decades. Review work is focused 
on the experimental programs to investigate the phenomena related to determining the source 
terms, with a brief review on supporting analytical models and computer programs. 

 
In this report, the research programs conducted to investigate the CDA (core disruptive 

accident) bubble behavior in the sodium pool for determining ‘primary’ or ‘instantaneous’ source 
term are first introduced. The studies performed to determine  ‘delayed source term’ are then 
described, including the various stages of  phenomena and processes: fission product (FP) release 
from fuel , evaporation release from the surface of the pool, iodine mass transfer from fission gas 
bubble, FP deposition , and aerosol release from core-concrete interaction. The research programs 
to investigate the release and transport of FPs and aerosols in the reactor containment (i.e., in-
containment source term) are not described in this report. 
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1. Introduction 
 
       An effort has been made in this study to search for and review the literatures in 
public domain on the European and Japanese studies of the phenomena related to the 
release of radionuclides and aerosols to the reactor containment of the sodium fast 
reactor(SFR) plants (i.e., in-vessel source term). Studies made in US are not covered in 
this work, except when necessary to refer to for describing other European or Japanese 
studies. The research programs to investigate the release and transport of fission 
products (FPs) and aerosols in the reactor containment are not described in this report.    
 
      It  has been noted in the process of the survey that most of the major research 
programs in Europe for determining the SFR source term had been made from around  
the end of 1970’s and culminated during the decade of 1980’s, apparently in connection 
with the severe accidents experienced at TMI and Chernobyl.  As a result, much work 
has been done on the energetic CDA bubble source term (also called ‘primary’ or 
‘instantaneous’ source term) defined as the amount of radioactive material released 
from the reactor vessel to the containment due to the rapid expansion of fuel or sodium 
leading to a failure of the vessel head[1,2,3,4].  
 

At the same time, major experimental programs had been conducted in Germany 
and France to determine the ‘secondary ‘ or ‘delayed’ source term including release 
processes during much slower core melting accidents such as loss of decay heat 
accident[1,2,3,4] German studies had been performed in the context of investigating 
release mechanisms in the sodium pool in  the core catcher of SNR-300, following 
vessel melt-through (i.e., release from evaporating pool or sodium-concrete interaction) . 
 
    Japan had conducted some studies to estimate the source term mainly for JOYO 
since early 1970’s. However, major research programs have been performed since mid-
1980’s, in parallel with the construction of MONJU, and continued until mid 1990’s.   
An emphasis has been made in Japan to determine the source terms for core melting 
accidents without an energetic core disassembly.  An effort has been made in Japan to 
develop the analytical models and computer codes for determining the source term, with 
supporting experimental programs to investigate the related phenomena. The TRACER 
code [5, 6, 7, 8] is the representative computer code developed by JAEA and currently 
in use for determining in-vessel source term for SFR. Some of the major processes of 
FP release and transport considered in the code include FP release from failed fuel, 
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evaporation release from pool surface, gas bubble transport in the sodium pool, 
FP/aerosol deposition on the vessel structures, among others. 
 

In the following, the research programs conducted to investigate the CDA bubble 
behavior in the sodium pool are first introduced in Section 2. The studies performed to 
determine  ‘delayed source term’ are then described in Section 3, including the various 
stages of  phenomena and processes: FP release from fuel ,  evaporation release from 
the surface of the pool, iodine mass transfer from fission gas bubble, FP deposition , and 
aerosol release from core concrete interaction. A salient feature of the TRACER code is 
briefly described.  
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2. CDA Bubble Behavior: Instantaneous /Primary Source Term 
 
      An energetic CDA involves rapid hydrodynamic core disassembly with two-
phase fuel expanding into the void space and a bubble of vaporized fuel and fission 
products formed in the sodium pool. If fuel-coolant interaction (FCI) occurs, a sodium 
vapor bubble will expand into the sodium pool, carrying fuel particles from FCI and 
fission products of various chemical and physical forms. Since the particle sizes of fuel 
condensation aerosol ( <0.1 µm) and those of particles from FCI fragmentation( >10 
µm) are quite different , aerosol process may be significantly different in the two 
cases[2,4]  
 

The behavior of the fuel vapor bubble in the sodium pool was of the main interest 
in the KfK-FAUST experiments and ORNL-FAST program. Meanwhile, a sodium 
vapor bubble was the main concern in the EXCOBULLE/CARAVELLE program in 
France and a code development program in Japan.   
 
   2.1 KfK-FAUST Program 
 
      FAUST is an experimental KfK program to give contributions to the assessment 
of the instantaneous source term, especially on particle transport and retention in gas 
bubbles from the core to the cover gas after a high pressure discharge. In the first phase 
(FAUST-1A/1B), experiments were performed with rupture disks and discharge 
pressures up to 4 MPa of gas-particle mixtures (iron or nickel powder) into a water pool 
at two geometries. In the second phase (FAUST-2A/2B), the water pool was replaced 
by a 500 oC sodium pool, into which more realistic material (UO2 powder) was 
discharged. 
 
      It was observed in the underwater tests (FAUST-1A/1B) that [9] 
 
      - Rapid bubble oscillation and strong entrainment in the beginning phase cause 
inertial impaction and wash-out of the discharged particles. 
      - With the exception of extremely low discharge pressure, airborne particles 
have never been detected in the cover gas, which implied that the retention factors are 
greater than 104. 
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 2.1.1  FAUST-2A/2B Test Facilities/Results     
 

FAUST2A is a small scale setup for rupture disc discharge of 1MPa argon (mixed 
with FP simulants ;UO2 powder,  SrO,  NaI, I2,  and  Cs) into 2.5 liters of sodium 
pool(of pool cylinder  of 0.1 m diameter and 0.8 m hight)at isothermal  temperature 
of 500 oC. 

 
FAUST2B is a larger facility with a sodium pool up to 300 liters in a test vessel 

of  0.6 m diameter and 1.0 m height,  designed for sodium temperature up to 600 oC 
and a cover plate which has several valves for leak simulation. Since1987, 14 tests have 
been performed using UO2, SrO, NaI, CsI, I2 and Cs. Parametric variations of the tests 
were  200 or 160 liter of sodium from 220 to 500 oC[4,9,10]. 
 
     In the FAUST-2A tests, the amounts of simulation material carried along with the 
sodium into external traps were very small (RF >103) with the exception of elementary 
iodine(RF=8). Iodine was released in gaseous form and chemical reaction was the only 
retention mechanism. Amounts of SrO and NaI released were very close to the detection 
limit, which is near RF=105.  
 

The test results of the FAUST-2B are qualitatively in same line with those of the 
FAUST-2A.  The retention factors were between 104 and 106 for the particulate 
materials (NaI, CsI, SrO) . The RF for iodine increased proportional to the amount of 
sodium in the pool [9]. 
 

2.1.2 FAUST3 Program 
 
      In FAUST-3 program, the same vessel as used in the FAUST-2B was utilized 
with the rupture disk source replaced by a CDV (capacitor discharge vaporization). This 
test program was more representative because iodine and cesium were scattered within 
an UO2 matrix which was vaporized by a huge, sudden condenser discharge within the 
sodium pool. But because lack of funding, these test results have not been interpreted 
[1]. 
 
2.2 CEA-EXCOBULE/CARAVELLE Programs  
 

     These underwater experiments have been performed representing SuperPhenix 
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reactor, for which the design of the primary containment was first based on the adiabatic 
expansion of a bubble resulting from a fuel vaporization or FCI [11]. 
 
     The EXCOBULE experiments were performed in CEA/Grenoble to investigate 
the heat transfer between a bubble and the surrounding medium. This was achieved by 
studying the expansion and collapse of hot water sources contained in glass balls inside 
a cold water pool. The EXCOBUL code was developed based on the observation of the 
bubble behavior, adopting the mechanism proposed by Corradini[12]. 
 
    The CARAVELLE program was performed in CEA/Cadarache to investigate the 
aerosol transfer and leakage through openings in the roof in a more representative 
facility simulating (1/17 scale) the reactor vessel of the SuperPhenix . Three different 
hot sources were used in the CARAVALLE [2] : 
 
    (1) the Sodera source, equaling 0.495kg of Fe2O3+ Mg thermite vaporizing hot 
water up to 5 Mpa and developing a mechanical energy of 120 kJ to simulate a FCI 
    (2) an explosive source(L54-16), giving a gas bubble with an initial pressure of 
300 MPa and 50 kJ of mechanical work to study leak through the roof. 
     (3)sources used in EXCOBULE experiments to add a known amount of  bronze 
particles to measure the amounts ejected into cover gas. 
  

In the CARACELLE experiments, water release from the leaks through the roof 
occurred in two steps [2] : 

 
  -During the impact of the water slug, only a small amount (about 0.1 kg) of liquid 

water was ejected ,  
     -Shortly after impact, an emulsion of water and air that stays in contact with the 
roof for a long time (about 100 ms). During this period, a large amount of water (some 
kilograms) was ejected under a 2-phase condition. 
 
     Starting from 50 g of bronze particles in the containers, 1.5 mg only had been 
collected in the cover gas. A release fraction of 3.0x10-5 could be estimated.  Particle 
transfer from the source to the cover gas was mainly achieved by very small gas bubbles 
rising slowly(between 0.2 and 5 sec)through the liquid pool [1,2].  
 
     The test results from EXCOBULE and CARAVALLE were used to verify the 
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IRIS code, which was subsequently used for reactor calculations [11].   
       

2.3 ORNL-FAST (Fuel Aerosol Simulation Test) [13] 
 

     Underwater tests had been conducted first to understand the trend of CDA bubble 
behavior and then, more realistic under-sodium tests were performed at ORNL. Bubbles 
were produced by realistic material (UO2 pellets) with realistic energy rates (higher than 
350J/g, temperature above 5000K) to simulate aerosols produced following CDA). 
Fission product behavior was not studied, however. 
 
       The quantity of aerosol released from the sodium pool was found to be a small 
fraction of the aerosol yield. The depth at which the aerosol was generated was found to 
be the most critical parameters affecting release. Three factors affecting small release 
were identified to be, 
 
       -bubble size was less than or equal to the pool level, so aerosol in the pulsating 
bubble remained submerged in the pool, 
       -bubble lifetimes were shorter than characteristic buoyant rise times, 
       -hydrodynamic theory predicts that pulsating bubbles are propelled away from 
a free surface.        
 
   2.4 JAEA’s CDA Bubble Study [14] 
 
      An effort was made in Japan to understand a basic nature of the transport 
phenomena of fuel particles in CDA. A simple test was performed using the argon 
bubble in water, to investigate the changes in shape and velocity of the bubbles rising in 
a pool.  Spherical cap-shaped bubbles were observed and their motion was analyzed. A 
small scale under-sodium tests were planned but not reported in the open literature.   
 
     As for the analytical effort, the FTAC code was developed to estimate the 
transport of the relatively large (> 10 µm) fuel particles resulting from FCI. An 
improved model originally starting from the Kennedy-Reynolds model was employed in 
the code. 
 
     Need for further investigation was proposed for the transport of the fuel vapor and 
recondensed fuel vapors (< 1 µm). In this case, radiation heat transfer has an important 



 ７

effect on the condensation process, the mechanism of which was not clarified then.  
Two important issues were identified to be resolved: 1) the scale effect of bubble 

sizes and structures, and 2) the initial conditions of bubble formations. 
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3.  Core Melting Accident Source Term: Slow Transient Source Term 
 
  3.1 FP Release from Failed Fuel 

 
     3.1.1 FP Release from Failed Fuel 
 
      Out -of-pile experiments on the release of fission products under transient 
heating were carried out in Japan for mixed oxide fuels. The test fuels, the plutonium 
content of which was 30 wt%, were irradiated up to 65 GWd/t in the experimental fast 
reactor JOYO. The fuels were heated to 1,500-3,000 oC at the heating rate of 15 K/s in 
two runs of the tests  
 
      The experimental apparatus was equipped with a high frequency induction 
furnace, solid FP sampling systems, a fission gas sampling system and gamma ray 
spectrometer. The induction furnace were designed to heat fuel samples up to maximum 
3,000 oC at a heating rate up to 25 K/s simulating heating rate of mild transients like 
slow  transient overpower(TOP), or protected loss of heat sink(PLOHS). The apparatus 
was installed in 1994 and has been operational since then [15]. 
  
      Analyses of the test results were performed during and after experiments, using 
gamma ray spectrometry, gas mass spectrometry and gas chromatography. The gross 
diffusion coefficient of Cs in the fuels as well as the chemical forms of Cs, I, Ru, Sb, Ce 
and Eu were investigated.  The released fractions measured in the tests were: Cs -
100%, Sb-100%, Ru-10%, Ce-0% and Eu-0%. The release of Cs, a volatile FP, was 
detected as soon as the fuel sample was heated up. The release rate, after peaking in 
several minutes, decreased gradually via diffusion process in the fuel matrix [16].   
 
  3.1.2 FP Release from Core Debris  
 
      In KfK, experiments performed to study the behavior of fission and activation 
products in the temperature range up to 2,600 oC in a sodium vapor atmosphere. Test 
conditions were set up to measure the amount of FP  release  from the debris bed in 
dyrout condition, in which crusts and sodium vapor will be between  the molten debris 
bed  and liquid sodium. Instead of real fuel, in the experiments, artificial FISSIUM 
pellets were used sometimes together with stainless steel to form 5 cm- high bed. The 
goal was to obtain information about the distribution of the heat source between solid 
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fuel, liquid steel and liquid sodium pool [17].  
 
      The test results showed that a considerable fraction of the radionuclides leave 
the debris bed, if dryout condition occurs. The experimental results showed that the 
released radionuclides condensed completely with condensing sodium vapor. Some of 
important observations made include the followings [18] , 
 
     -The release fraction of fuel at high temperature (about 2,500 oC )  is very high 
(close to 0.1).  If the fuel is mixed with stainless steel, the metallic elements Mo, Ru 
and Pd were completely extracted by the steel and their release fraction were reduced.   
     -Preliminary results with molten FISSIUM showed that the element Sr, Ba, and 
Mo were released completely in much shorter time.  
     -Release fraction of non-volatile elements like Zr, Nb, Ru were in the same order 
of magnitude as in the case with an defective fuel, in spite of a completely different 
release process for fuel(evaporation instead of chemical reaction). 
  

3.2 Fission Product Retention in Primary System(or Core Catcher Pool)  
 
     Because of the temperature gradient existing in the cover gas between the sodium 
pool surface and the roof, the sodium pool evaporates and the resulting sodium vapor 
will condense mainly on liquid sodium aerosols. The volatile FP release is known to be 
tightly bound to sodium evaporation and a large part of the FPs is dissolved in the liquid 
sodium aerosols present in the cover gas.  In this section, the research programs 
performed in Germany, France and Japan are described in terms of the apparatus, 
conditions and results of the experiments and related model developments. 
 

3.2.1 KfK-NALA Program [19, 20, 21] 
                    
     This experimental program had been undertaken in the frame of the SNR-300 
core catcher studies to investigate the release and transport of fuel (UO2) and fission 
products from hot sodium pool to inert gas atmosphere. Experiments had been 
performed in two phases: laboratory scale experiments (NALA- I) and pilot scale 
experiments with 1 kg of Na in a heated 2.2 m3 vessel(NALA-II). 
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NALA-I Experiments 
 
     In the NALA-I expeiments, laboratory scale tests were performed with about 100 
g of sodium contaminated with amounts of the order of 1 g of fuel and various fission 
products. The released aerosols were transported by an inert carrier gas (forced 
convection) into cold traps and filters, either at isothermal conditions or with an open 
vessel in a glove box. 
 
    The main purpose of the experiments was to obtain order-of-magnitude retention 
factors as a function of various parameters, particularly the pool temperature. The 
emphasis of the program was on the investigation of uranium release. Most of the trials 
were performed with UO2 powder having a mean particle size of 20 µm. In a typical test, 
roughly 10% of the sodium was evaporated. Typical RF values were 1,000 for uranium, 
20 for Sr, and 3 for iodine, almost independent of pool temperature. 
           
NALA-II Experiments 
 

 NALA-II Experiments are pilot scale tests with 1 kg of sodium and up to 20 g of 
admixture of UO2, NaI and SrO contained 2.2m3 of heated tank. Laboratory-scale tests 
were also performed in a glove box, principally to determine the time dependence of RF 
for U and Sr , and to measure the spatial distribution of the concentration of the sodium 
released. 

 
 Main purpose of the NALA-II Experiments was to demonstrate that NALA-I results 

can be scaled up with the representative boundary conditions (pool temperatures and 
gas temperature above the pool , with natural convection) of the SNR-300 core catcher 
system following a vessel melt-through accident. In addition, test data were to be used   
for comparison with the calculations with the PARDISECO code [22], especially 
regarding sodium evaporation and aerosol mass concentrations as a function of time. 
 

      Experimental results of importance were : 
 

-For iodine release, RF values were found between 1 and 11 depending on initial 
pool concentration. However, calculations with the Rayleigh equation with activity 
coefficients from Castleman and Tang [23] gives RF values of about 3, independent of 
temperature and concentration, in agreement with a result of NALA-I tests.  
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-RF values obtained for U were between 103 and 104. The RF values for Sr were in 
the range of 500. These values are in general agreement with the results of NALA-I. 

-It was estimated that Cs and I are released by evaporation while release of SrO and 
UO2 is driven by sodium evaporation velocity and depends on many parameters, mainly 
on particle sizes. 
         
   3.2.2 CEA-PAVE Experiment [24] 
 
     In the PAVE experiments, the release behavior of UO2 particles and insoluble 
fission products (SrO, CeO2, Ru) from sodium was investigated. The experiments were 
carried out in a steal vessel (2.2 m in diameter and 1.6 m high) with 4 to 5 kg of sodium 
and continued until the sodium completely dries up.  Sodium at 200 oC was poured on 
to a refractory evaporation pan containing uranium-based powder under neutral 
atmosphere. The resulting mixture was heated to 780 oC , 800 oC or to  880 oC(sodium 
boiling temperature). 
 

The retention factors for UO2 were estimated close to 1,000 with test temperature at 
800 oC, while they were close to 100 for experiments performed at sodium boiling point. 
KfK NALA experiments did not show these differences, however. It was estimated that 
a difference of boiling intensity between these tests made the difference in the results. 
 

The retention factor for SrO, CeO2 and Ru was 300, 100, and 180, respectively. The 
chemical nature of the powder of these insoluble FPs showed no significant effect on 
the retention factor. From the experiments with 4.4 kg of sodium and 47.5 mCi iodine 
heated to 700 or 740 oC, the retention factor for the iodine was estimated to be about 3, 
which was close to the result of NALA tests. 

 
3.2.3 Model Development for Interpreting Experimental Results 

 
     A mechanistic model had been developed by Brockmeir et al. [26] for the 
prediction of sodium release from a liquid pool into a gas atmosphere. The theoretical 
model is based on the ‘heat-and mass transfer analogy’ assuming ‘two resistance 
theory’ for mass transfer between two phases across their liquid phase interface. In the 
case of a pure liquid evaporating into a gas, the liquid-side resistance vanishes and only 
to the gas side resistance controls the mass transport.  
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Applying Fick’s law of diffusion to the evaporation problem of sodium, the 
problem of theoretically estimating the evaporation rate reduces to that of determining 
the mass transfer coefficient. Here, the ideal gas law is applied in the gas phase and 
partial pressure of the vapor above the sodium pool is assumed to be negligible. The 
mass transfer coefficient,  βg , can be derived from the  equation, 
 
   βg = ShgDAg/L       (1) 
 
where Shg is Sherwood number, DAg is the binary diffusion coefficient of  the species 
in the gas phase and L is the characteristic length of the hydrodynamic problem, i.e., 
pool surface diameter. 
 
     The Sherwood number then can be determined from the equimolal 
counterdiffusion Sherwood number, Sheqm and two correction coefficients: Chpp for mass 
transfer at high partial pressure of the evaporating species compared to the global 
pressure and Ccond for condensation (i.e. fog formation) within the thermal boundary 
layer on the gas side of the phase boundary: 
 
   Shg  =   Sheqm  Chpp Ccond          (2) 
 
     Under the assumption that the surface of the liquid pool acts like the surface of a 
hot flat plate facing up into a cooler atmosphere, the equimolal counterdiffusion 
Sherwood number, Sheqm , can be determined as a function of the Graschoff number and 
Schmit number. The correction coefficient, Chpp , can be expressed in terms of system 
pressure , the partial pressure of sodium in the gas phase at the interface and outside the 
boundary layer. The coefficient, Ccond, was assumed to be a geometric mean of two 
extreme values of maximum and minimum condensation as a first guess. 
 

   Theoretical predictions for free convection controlled sodium evaporation rate 
had been compared to experimental data from the NALA-I and NALA-II experiments. 
Theory yielded results in good agreement with the NALA-I results within the 
temperature range of 450 to 650 oC. However, theoretical predictions underestimate the 
NALA-I results in the higher temperature range.  
 

Results of the NALA-II experiments were also underestimated with the model. A 
reason for this underestimate was expected to be the assumption of the liquid pool 
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surface acting like a flat plate. Assumption concerning the interfacial temperature was 
also to be improved.  Preliminary calculations indicated a considerable decrease of the 
pool temperature towards the pool surface in the higher temperature range. Work 
concerning a more precise model for the calculation of condensation rate was in 
progress afterwards [27]. 
 
   3.2.4 Evaporation Release to Cover Gas  
 
 Partition Coefficients (Kd) of volatile fission products 
 

 The equilibrium vaporization behavior of a binary system is often described by a 
gas-liquid equilibrium partition coefficient Kd , which is defined as the ratio of the mole 
fraction of the solute in the vapor to that in liquid. A nonequilibrium coefficient should 
be applied, however, when relatively steep axial temperature profile exists in the cover-
gas region.  

 
Two series of experiments have been performed by Haga et al. [28] to determine 

the gas-liquid equilibrium coefficient Kd and the nonequilibrium coefficients  Kd’ of 
volatile fission products( VFPs) such as Cs, I , Te, in  sodium pools mixed with FP 
simulants heated by  electric furnaces. The relation between  the Kd values and 
sodium temperature measured was compared with theoretical prediction for each FP.   

 
       Tests have been conducted with sodium temperature ranging form 400 to 600 
oC. Whereas the cover-gas temperature distribution in the equilibrium experiment was 
negligibly small (< 2 oC), the temperature at the top of the gas region was maintained 
about 200 oC lower than the liquid sodium temperature in the nonequilibrium 
experiments. Argon carrier gas saturated with FP simulant and sodium vapors was fed 
to a sampling line, where sintered stainless steel filters trapped aerosols. Atomic 
absorption analysis was used to measure the amount of trapped cesium and tellurium, 
and ion chromatography analysis was applied to iodine. The sodium mass was measured 
mainly by neutralization titration. 
 
      Test results showed that ;  
       

- The Kd values of cesium and iodine agree well with the theoretical predictions 
by Castleman and Tang [23]. The measured Kd values of tellurium also agreed with the 
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theory, assuming sodium telluride.   
      - Nonequilibrium partition coefficient was not larger than equilibrium partition 
coefficient. Hence, using Kd values would result in a conservative evaluation of safety. 
 
       Additional experiments were performed by Nishimura [29] to determine the Kd 
values for the three FPs (Cs, I, Te) with sodium temperature ranging from 600 to 800 oC 
using the same test facility. However, more advanced technique for analyzing trapped 
samples (i.e., atomic absorption analysis) was used to quantify trapped sodium and 
inductively coupled plasma-mass spectroscopy (ICP-MS) was used for FPs. These 
experimental values agreed well with the values predicted by Castleman and Tang’s 
equation [23]. 
 
Development of Analytic models and Validation tests [29, 30]       
           
     The release rates of VFPs with sodium vaporization are expected to be controlled 
by two mechanisms. One is the evaporation release from the sodium pool to the cover 
gas near the pool surface and the other is transfer in gas phase by natural convection. 
For the first mechanism, equilibrium partition coefficient is used. Natural convection 
model is used based on heat-and-mass-transfer analogy taking the vapor condensation 
effect into consideration.  
 

The heat-and-mass-transfer analogy has been applied   to the transfer in gas 
phase. Sodium release models based on Hill’s theory and critical saturation 
(homogeneous nucleation) was developed by Kumada [31] and a model which 
considers the effect of high partial pressure and reasonable condensation had been 
developed by Brockmeir[26] , as described in Section 3.2.3 of this report. Brockmeir 
also developed release model for VFPs by coupling sodium release model and activity 
coefficient of VFP. 
 
      Analytical methods based on heterogeneous nucleation theory were developed 
later in Japan for calculating the release rates of sodium and sodium iodine [29, 30].  
In the heterogeneous nucleation theory, the vapor condensation is assumed to occur 
when the vapor concentration reaches the super-saturated vapor pressure. The super-
saturated vapor pressure can be calculated from the Thomas-Gibbs equation which 
considers the vapor pressure rise at a particle surface. Calculational results were 
compared with the results of the experiments conducted with FRAT-1 test rig in PNC to 



 １５

validate the methods developed. Measured weight of vaporized sodium and sodium 
iodide was 3.74 g and 0.222 mg, respectively.  
 

The heterogeneous nucleation theory predicted the sodium release to be 3.95 g, 
while the Hill’s theory yielded 4.64 g.  The heat and mass transfer analogy yielded just 
0.501g. For sodium iodide, in the meantime, the release rate calculated by the 
heterogeneous nucleation theory was smaller about 40% than the measured value. As 
part of an effort to explain this discrepancy, a proposal was made to investigate other 
phenomena potentially promoting the vaporization of sodium iodide: eg , effects of 
solution and absorption of sodium iodide to liquid sodium aerosol. 
 
 3.3  Gas Bubble Behavior/Aerosol Transport [32, 33, 34] 

        - Iodine Mass Transfer form Xe-I Mixed Gas Bubble to Liquid Sodium Pool 
 
     The important mechanisms of VFPs from the damaged fuel pins to the cover gas 
are transportation with the inert gas bubbles and vaporization after they are dissolved in 
the coolant .Transportation with inert gas bubbles is important in short time phenomena, 
while vaporization is important in a longer term. The iodine released into sodium is 
known to be retained as sodium iodide due to the chemical affinity between alkali 
metals and halogens. However, the xenon and krypton released as bubbles with iodine 
into the sodium pool may influence the reaction rate of iodine with sodium during the 
bubble rising. 
 
     An experimental study had been made by Nelson et al. [35] in 1970’s to obtain 
the decontamination factor defined by the ratio of the initial iodine mass in the mixed 
gas bubble to the released mass into the cover gas. However, the experimental 
conditions were limited to the regions of higher concentrations, smaller bubble sizes and 
lower sodium temperature.  
 
     Experimental and analytical studies were performed later in mid-1990’s in Japan 
to study the mass transfer of iodine from a xenon-iodine mixed gas bubble to the liquid 
sodium pool. In the experiments, the bubble was generated in the sodium pool by 
cracking a quartz ball which contains  the xenon-iodine mixed gas  and then the 
mixed gas released into the argon cover gas was collected to determine the iodine mass 
transferred to the pool.  
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A rising velocity of the bubble was measured by Chen-type void sensors arranged 
vertically in the pool. The bubbles broke up into several smaller bubbles of spherical 
cap type during the rising period. Iodine mass from the bubble to the sodium pool 
increased in time and with the increase of the initial iodine concentration. A mass 
transfer rate obtained by differentiating the iodine mass transferred with respect to time 
indicates a rapid decrease just after the bubble generation and a slow decrease for the 
successive period [33]. 
 
     An analytical model was developed to clarify the process of the iodine mass 
transfer observed during the experiments. The mass transfer was analyzed on the basis 
of a diffusion model applied to the first short stage just after the bubble generation and a 
convection model for the later stage. It was shown by the model that the increase in the 
initial iodine concentration in the bubble enlarge the temperature difference across a 
region between  the  reaction front and the bubble surface and enhance a contribution 
of thermophoresis to the aerosol diffusion through the region. The decontamination 
factor obtained from the calculation described well a rapid increase at the first stage and 
a slow increase in the successive period and suggests the breakup of the original bubble 
during rising through the period [34]. 
 
3.4 FP Solubility and Deposition 

 
     3.4.1 NaI Solubility  
 
       It has been known that any iodide or free iodine released into sodium is 
converted to sodium iodide and its behavior in the coolant sodium is largely controlled 
by the iodide solubility in sodium. A few existing solubility data had been measured at 
temperatures above 550 oC by Bredig [36, 37] and at temperatures below 400 oC by 
Allan [38]. The data for the temperature range between 400 and 500 oC were missing, 
even if they are important for reactor application. 
 

Miyahara [39] measured the solubility of the sodium iodide over the temperature 
range of 350 to 800 oC by using newly devised equilibrium and sampling technicques. 
The solubility data expressed in the unit of ppm by weight as a function of temperature 
agreed well with Bredig’s data in the higher temperature region, whereas they were ten 
times larger than the data by Allan and Sagawa [40] in the lower temperature region. 
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    The dissolution methods used in the experiments by Bredig and Miyahara 
appeared to provide the larger solubilities than the deposition methods taken in the other 
works. For interpreting this difference in the data at the lower temperatures, two 
possibilities were raised regarding the dissolution methods used: sodium iodide may be 
enriched at the free surface of liquid sodium and the iodide may form solid particles in 
the sodium. 

 
       Subsequently, a series of experiments had been performed to investigate the 
effects of the major elements leached from stainless steel into the sodium on the 
solubility of sodium iodide in sodium [41]. Sodium iodide gathering at the free surface 
of liquid sodium and solid particle formation were examined to investigate the 
discrepancy between Allan’s data and Miyahara’s. Neither the local gathering nor 
particle formation of the iodide was observed in the experiments. On the other hand, 
solubility data deviating from Allan’s expression and approaching Miyahara’s 
expression were obtained in the experiments [41]. 
  

3.4.2 FP Deposition  
 

 The retention capability of the fission product in the sodium system may be 
classified into the deposition on the surface of the structure and the dissolution in the 
coolant. Much interest has been concentrated on the solubility of volatile elements such 
as Cs and I which play an important role for the evaluation of source term .The 
deposition mechanism of FPs on the surface of the coolant system, however, was not 
well known for volatile and nonvolatile elements both. 

 
 Deposition mechanism of fission product on the stainless steel surface had been 

investigated utilizing the experimental results from  the inpile sodium loop, Fission 
Product Loop-2(FPL-2),  installed to the Toshiba Training Reactor(TTR) [42,43]. The 
FPL-2 experiments had been performed since 1982. In the inpile plug, 100 g of uranium 
dioxide fuel (20% enriched), in the form a sintered spheres of about 0.5 mm diameter, 
was irradiated in flowing sodium. By neutron irradiation, FPs  are released from the 
fuel surface to the flowing sodium. 25 m-long delay line piping of AISI 304 stainless 
steel was arranged to obtain the FP deposition characteristics along the container wall. 

 
 It was observed that the microscopic adsorption and/or desorption process played 

an important role to understand the deposition mechanisms of FPs on the stainless steel 
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surface in the sodium system. It was found that the binding energy between FP and Fe 
atom was a good measure of the FP deposition on the stainless steel surface. The FP 
elements were found to be classified into three categories depending on the type of 
interaction between FP atoms and Fe atoms [44, 45].    
  

3.5 FP Retention during Sodium-Concrete Reaction 
 
       In the vessel melt-through sequence of accidents in SFR, it may be postulated 
that molten fuel melts through the reactor vessel and sodium is released on a steel liner 
in the reactor cavity. In this stage, the fuel debris is generated by fuel-coolant 
interaction and the release of fission products from the fuel into sodium is accelerated. 
If the steel liner of the cavity fails, sodium-concrete reaction may take place.   
 

During the reaction, hydrogen gas bubbles emerging from the reaction layer agitate 
the sodium pool and enhance sodium aerosol generation due to the hydrodynamic 
bubble breakup at the pool surface.The fission products involved in the released 
aerosols will also be released to the cavity atmosphere, which will become a dominant 
source for the release of non-volatile fission products (n-VFPs) because most of these 
are present as particles in the pool.  
 
      Many experimental and code development studies had focused on the thermal 
and chemical processes of the sodium-concrete interaction. However, there has been 
few quantitative experimental data, if any, on the release of sodium aerosols and n-
VFPs. Under circumstances, two test series had been conducted in Japan to determine 
the sodium aerosol release rate and the retention factors of the sodium pool [46]. One is 
the sodium-concrete reaction test series to study the capability of the sodium pool to 
retain n-VFPs. The other is a test series in which pool agitation was simulated by 
nitrogen gas injection from a nozzle at the bottom of the sodium pool to simulate 
hydrogen evolution in the sodium-concrete interaction. 
 

Nonradioactive materials ( SrO, Eu2O3, and Ru particles) were used as n-VFP 
simulants in the tests. Their sizes ranged form a few microns to several tens of microns. 
Sodium pool temperature ranged from 400 to 700 oC. It was confirmed that 
hydrodynamic bubble breakup at the liquid sodium surface increases the sodium aerosol 
release rate.  
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The difference between the sodium aerosol release rate during the sodium-concrete 
reaction and that during natural evaporation became smaller with an increase in the 
sodium temperature: about ten times smaller at 400 oC and about three times at 700 oC. 
The effects of particle size, bubbling gas flow rate and chemical species on the retention 
factor were not clearly observed because of the scatter of measured retention factors due 
to both the formation of a condensed particle layer near the pool surface and the settling 
of particles in the pool bottom. The retention factors increased from 0.5 to 104 with an 
increase in the sodium temperature from 400 to 700 oC. 
  
  3.6 TRACER code 
 
      The computer code TRACER (Transport Phenomena of Radionuclides for 
Accident Consequence Calculation of Reactor) has been developed in Japan to evaluate 
the in-vessel source term; the species and quantities of FPs released into the cover gas.  
 

The FP behavior modeled in the code includes;   
 

1) release from the failed fuel into sodium,  
2) transport into cover gas through the sodium coolant, and  
3) transport within the cover gas.  

 
TRACER is intended to analyze the transport behavior through the coolant system 

in detail, particularly in detail, because of the high retention capability for volatile FPs 
of the sodium. Important transport phenomena analyzed in the code include; the 
transport behavior of FP gas bubbles and aerosols in connection with the bubble 
dynamic behavior and the sodium flow, evaporation into the cover gas and deposition 
onto structure wall [5].  
 
      The code validation was performed with the results of the SABER experiment 
on gas bubble behavior [32, 33, 34] and the MOL7C/6 in-pile local blockage 
experiment [47]. The code prediction was in good agreement with the SAVER 
experimental results on the average mass flux of iodine transferred from xenon-iodine 
mixed gas bubble rising through a sodium pool, as a function of the initial concentration.  
 

In the meantime, the code predicted well the trend of the data measured in the 
MOL7C/6 on radionuclide activity concentration changes in sodium near the interface 
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between the sodium and cover gas.Major input parameters to specify for the TRACER 
code  include the fuel temperature , FP inventory in fuel pins, the primary system 
geometry, coolant temperature and coolant flow rate, among others. The code yields the 
time histories of FP concentrations in the cover gas as well as in coolants and bubbles 
[6]. 

 
The TRACER code has been developed since early 1990’s and continued to be 

modified and expanded as understandings of various FP transport phenomena improved 
in time.   The TRACER version 1.0 was described in the repot published in 2002[6]. 
The code has been improved in terms of the models and its structure since then [7]. 
More recently, the manual of the TRACER version 2.3 was issued in 2005 [8]. 
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4. Conclusions 
 

Some of the major experimental and analytical studies performed in Europe and 
Japan to investigate the phenomena related to the release of radionuclides and aerosols 
to the reactor containment out of the oxide-fueled core of the sodium fast reactor (SFR) 
plants were reviewed in this report.  
 

Most of the major research programs in Europe for determining the SFR source term 
had been made during the decade of 1980’s, apparently in connection with the severe 
accidents experienced at TMI and Chernobyl. With the decline of the SFR programs in 
Europe, particularly in Germany and UK, the major research programs for the source 
term studies also discontinued in early 1980s. Representative source terms were 
evaluated based on some of the research results to be used for the EFR (European Fast 
Reactor). Japan continued to perform research programs developing the TRACER code 
to calculate the SFR in-vessel source terms.  
 

There are not much source term studies made so far for the metallic fueled core of 
the SFR. More in-depth review on the source terms of the oxide fueled core of the SFR 
is the first step to be made to identify the phenomena and issues to investigate further 
for determining the source terms out of the SFR core loaded with the metallic fuels. It 
will be valuable, in the mean time, to review the applicability to the SFR of the results 
of the regulatory as well as research programs for determining the LWR source terms.  
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소개하였다.  

 

본 보고서에서는 우선 노심붕괴사고(CDA)시 발생하는 즉발적인 선원항(primary or 

instantaneous source term)결정을 위한 핵연료 또는 소듐 증기 방울(bubble)의 거동을

규명하기 위한 실험적 연구가 기술된다. 또한, 점진적인 노심 용융 사고 시 발생하는 지

발 선원항(delayed source term)을 결정하기 위한 주요 현상 및 과정; 즉,핵연료로부터

의 핵분열 생성물 방출, 소듐 풀 표면으로부터의 증발 방출, 핵분열 기체 방울로부터의

요드 질량 전달,  핵분열 생성물의 침전, 노심 용융물과 콘크리트 반응으로 인한 에어로

졸 방출 현상 등이 기술된다. 본 보고서에서는 격납용기 내에서의 핵분열 생성물 및 에

어로졸 거동에 관한 연구 프로그램은 기술되지 않는다. 
 
 

주제명키워드 

(10단어내외) 
 

고속로,  방사성 선원항, 노심용융사고  
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