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1.1 Introduction 

Fukushima-Daiichi accident is one of the design based accidents with extreme natural event, 

an exceptional strong earthquake accompanied by a colossal tsunami. Long duration station 

black out (SBO) happened by damaged AC electric power and got flooded emergency diesel 

engines. Although the reactors were cooled by Reactor Core Isolation Cooling System (RCIC) 

after reactor isolation in unit 2 and 3, RCIC malfunctioned by unconfirmed reasons, the reactor 

vessel water level decreased, fuel rods were damaged, and those situations leaded to severe 

accidents such as hydrogen explosion and radioactive matter release. With RCIC malfunction, 

the pressure in suppression pool (SP) increased higher than expected. In this research, the reason 

of abnormal pressure increase in SP is investigated in the viewpoint of thermal stratification 

phenomenon.  

Thermal stratification is horizontal layers of differing temperature at different depths by 

different densities. When it happens inside SP, it would reduce pressure suppression capacity 

of the SP. There are two areas; mixing area and non-mixing area. Those are classified by 

temperature-changed area and unchanged area. The coolant of non-mixing area is not used for 

cooling of the system. There is mixing interface between mixing and non-mixing area. The 

mixing interface would decide the pressure suppression capacity of one SP.  

There are various studies about thermal stratification and mixing phenomenon by Direct 

Contact Condensation (DCC) in water pool experimentally and analytically. However, there is 

no research to try to find the relationship between thermal stratification and DCC considering 

DCC regimes and momentum. To estimate the cooling capacity of SP, CFD code for thermal 

stratification should be developed and validated, and analytical methods should be investigated.  

This research is to find out the effects of thermal stratification to SP and the mechanisms and 

to develop tools to detect thermal stratification. To investigate the mechanism of thermal 

stratification, downsized 2D SP model was designed and time resolved temperature and 

pressure data were acquired with thermocouples and pressure transducers. The steam bubble 

frequency and amplitude were obtained from the visualization by high-speed camera. The 

mixing area decided from natural convection by buoyancy force of condensate was studied and 
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quantified by PIV (Particle Image Velocimetry). Numerical simulation was carried out with 

ANSYS CFX 14.0 in single phase and validated with experimental data. The thermal 

stratification criteria was obtained by non-dimensional studies.   

   

1.2 Fukushima-Daiichi Accident and Thermal Stratification 

 1.2.1 Fukushima-Daiichi Accident 

The Fukushima accidents are the most recent significant accidents of light water reactors 

(LWRs). It occurred on March 11, 2011. Firstly, earthquake occurred being measured 9.0 on the 

Richter scale. It involved the movement of part of the tectonic plate and generated a colossal 

tsunami killing around 26,000 people. After earthquake, the plants shut down automatically and 

there was no visible structural damage. However, the AC electric power lines were damaged 

and the plant lost its off-site power supply. Tsunami followed one hour after the earthquake and 

damaged almost all the electric power supplies including the diesel generators which were 

operating and supplying power to the plant after the earthquake. This made long duration station 

black out (SBO) accidents.    

Without power, all instrumentation and safety systems were not operable. The electricity 

from batteries was used for illumination and some essential safety-related valves and pumps 

for 4 to 8 hours. Reactor was cooled by isolation condenser (IC) and reactor core isolation 

cooling System (RCIC) but those became malfunctioned. The reactor vessels which lost heat 

sink lost coolant and the fuel rods damaged. The reactor vessel pressure increased abnormally 

and it damaged reactor vessel. Zirconium and other metallic materials were oxidized with water 

on the hot temperature. It produced hydrogen gas and hydrogen explosion occurred inside 

containments [1, 2].  

1.2.2 Fukushima-Daiichi Unit 2 and 3 Accident Overview 

Following is the Fukushima-Daiichi Unit 2 accident overview. At 14:47 on March 11, 2011, 

reactor scram signal transmitted due to earthquake. Reactor automatically shut down and MSIV 
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(Main Steam Isolation Valve) was closed because off-site power source was lost by earthquake. 

RCIC was manually started up and automatically shut down due to water level increas. Tsunami 

arrived at 15:27 and 15:35 and RCIC was manually started up. Station black-out (SBO) 

happened and it is determined to be an event corresponding to Article 10 of the Nuclear Disaster 

Act (SBO). SBO causes loss of functions for removing residual heat from CV(Containment 

Vessel) and it is determined to be an event corresponding to Article 15 of the Nuclear Disaster 

Act (the loss of ECCS injection sources). RCIC malfunctioned and reactor water level dropped. 

Operation commenced to depressurize the RV (Rector Vessel) using SRV (Safety Relief Valve) 

and seawater injection commenced using fire engine. However, the pressure of RV increased 

and CV pressure increased. Finally, a large explosive sound and vibration occurred.  

Unit 3 accident is quite similar to the one of unit 2 except that at unit 3 HPCI (high pressure 

coolant injection system) was used for around 2 hours after RCIC shut down.  

1.2.3 Pressure Suppression Pool and RCIC  

Pressure suppression systems in BWRs are utilized to control the pressure and temperature 

of containment in accident or abnormal operating conditions in which reactor pressure is needed 

to be relieved in a short time. There are interconnecting vent networks, having additional 

downcomer vents as pressure relieve system, between the drywell and the wetwell, SP. This 

pressure relieve system operates with directing the steam produced in pressure vessel of the 

reactor into SP through a vent line whose open-end submerged into the water. Steam condenses 

with direct contact condensation mechanism in the SP.   

Fukushima Daiichi units 1, 2, 3, 4 and 5 are the type of BWR 3 and 4 designed by General 

Electric Co. Those reactors have Mark I containment which consists of a drywell housing the 

reactor pressure vessel (RPV) and associated equipment, and a toroidal-shaped SP as shown in 

Fig.1.1. Safety relieve valves (SRVs) and RCIC system connect RPV and SP. In units 2 and 3, 

downcomer vent lines from SRV and one RCIC vent line are submerged into water in SP. When 

RPV pressure increase, the SRVs open and steam is relieved to SP and when reactor is isolated 

from main steam isolation line, RCIC system works to condensate the steam from RPV inside 

SP and injects water into RPV.  
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Fukushima nuclear power plant unit 2 and 3 (BWR 4) have RCIC, which injects water into 

RPV during isolation event, as safety system. After reactor isolation, it sends reactor steam to 

RCIC turbine, which drives the pump to inject water into RPV. Condensed steam from RCIC 

turbine is discharged to SP. The injected water to RPV is from condensate storage tank (CST) 

primarily but when the SP water level gets high, the water source switches to SP.  

However, only one RCIC steam discharge pipe is connected to the SP. Steam from RPV 

condenses and relieves heat in localized area. Localized heat injection in very large SP cannot 

generate large advection force to mix the water inside SP. Thermal stratification may happen 

and be the potential problem for the failure of SP.  

1.2.4 The Effects by Thermal Stratification 

Although thermal stratification is usefully used in some sensible heat storage systems, it 

could cause heat sink malfunction due to the extra increase of temperature and pressure. The 

interface between mixing and non-mixing area is decided by the heat source geometrical 

position and the amount of momentum and it decides the cooling capacity of the cooling system. 

Not only the cooling capacity decreases by thermal stratification, but also the pressure 

suppression capacity decreases. The reason is that the temperature of the gaseous area increases 

and the pressure increases since the temperature of the top area of the liquid increases by 

thermal stratification. If thermal stratification happens inside a cooling system or a pressure 

suppression system, the capability to cool down the system and suppress the pressure would be 

significantly lower. 

Since thermal stratification is highly sensitive to momentum and geometry, it is difficult to 

investigate theoretically. Because the momentum is from condensation interface, the 

momentum according to the DCC regime should be studied. The variation of cooling capacity 

and pressure suppression capacity by thermal stratification should be investigated. The effects 

by thermal stratification should be quantified and applied to the design of nuclear power plant 

and the simulation of severe accidents. 
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Fig.1.1 The schematic of Mark I containment (BWR3&BWR4),                                 

Sourced by U.S.NRC 

 

Fig.1.2 The schematic of RCIC system 
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1.3 Former and Related Researches  

1.3.1 Direct Contact Condensation 

The phenomena of Direct Contact Condensation (DCC) are well known by various 

experimental and theoretical studies. It is easy way to suppress the pressure of the two-phase 

flow systems but the phenomenon is not simple.  

1.3.1.1 Direct Contact Condensation Regime Map 

 It is important in thermal stratification formation which regime of DCC is represented since 

the different regime demonstrates different momentum near interface and hot water layer.  

Chan et al. (1982) shows a regime map for DCC with the two coordinates of steam mass flux, 

which characterizes the driving mechanism, and pool temperature at atmospheric condition, 

which characterizes the condensation rate, as shown in Fig.1.3 [3]. The steam injection pipe 

diameter is 51 mm and pool pressure is atmospheric. These regimes were divided by the 

location of steam region and the location which steam bubbles detach from the source. The 

oscillating frequency was added to the regime map.  

Condensation would happen until there is still subcooling, which is the temperature 

difference between saturation temperature and surrounding water temperature. As shown in 

Fig.1.3, when subcooling is getting smaller than critical point, condensation does not happen 

and the steam bubble escapes. It means the SP loses its pressure suppression capacity. 

When the steam jet is at sonic speed, it has a stable cone shape. However, at subsonic, the 

steam jet gets unstable and this unstable oscillatory cone jet persists until the steam mass flux 

is less than 50 kg/m2s. As the steam mass flux gets lower, the steam region shows oscillatory 

bubble. At even lower mass flux, the bubbles show chugging motion and finally oscillatory 

interface. When the pool temperature is low, and therefore the subcooling is large, the steam 

region normally exists below the pipe exit with the shape of a cone or a bubble but when the 

subcooling is small, the steam region tends to encapsulate the pipe exit. Fig.1.4 shows the steam 

region according to the DCC regime.  
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Fig.1.3 Condensation regime map [3] 

 

 

 

(a) Ellipsoidal oscillatory bubble, regime 2 

 

  

(b) Oscillatory bubble, regime 3 

(Continued) 
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(c) Oscillatory cone jet, regime 4 

 

 

(d) Oscillatory bubble, regime 5  

 

 

(e) Internal chug, regime 6c 

(Continued) 
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(f) External chug with detached bubble, regime 6b 

 

 

(g) External chug with encapsulating bubble, regime 6a 

Fig.1.4 Steam region according to DCC regime [3] 

 

 

Aya et al. (1987) classified oscillation phenomena by direct condensation into four regimes 

for steam mass flux regions of less than 40 kg/m2s: (1) internal chugging (including large 

chuggine), (2) small chugging, (3) condensation oscillation, and (4) bubbling [4]. They focused 

on theoretical discussions on the boundaries between regimes based on the mechanism of each 

oscillation regime. Fig.1.5 shows typical pressure oscillation in vent tube at each regime and 

fig.1.6 is the regime map by the authors. From fig.1.5 and fig.1.6, it is assumed that the regions 

whose subcooling is larger than 20K (chugging and condensation oscillation regime) have 

much more momentum than the regions whose subcooling is smaller than 20K (bubbling 

regime).  
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Fig.1.5 Typical pressure oscillation in 

vent tube at each regime [4] 

 

 

 

 

 

 

 

 

Fig.1.6 Condensation regime map [4] 
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The mass conservation and momentum equations were linearized as the equation (1-1). The 

characteristic equation of third-order linear differential equation is expressed as the equation 

(1-2). For the boundary of bubbling high-frequency oscillation, the equation (1-3) was proposed 

using spherical bubble model and the equation (1-4) was introduced using cylindrical bubble 

model. For the boundary of bubbling low-frequency oscillation, the equation (1-5) was 

proposed. The equation (1-6) represents the boundary between chugging and condensation 

oscillation. The boundary of internal chugging and small chugging is represented as equation 

(1-8). Fig.1.7 shows the comparison of all analytical boundaries with regime map. 

 

! ὄ ὅ‏ὶ π,                                                   (1-1) 

where 

! Ͻ , 

" Ͻ , 

#
Ў

  

ί ὃί ὄί ὅ π                                                                     (1-2) 

 

ЎὝ ”                                                                                        (1-3) 

ЎὝ ” ρ                                                                           (1-4) 

ЎὝ                                                                                       (1-5) 

ЎὝ
Ⱦ

ὑ
Ȣ
,                                                                                       (1-6) 

where 

+ ὔȾρȢυτ‚     Ⱦ                                              

ЎὝ ὦὋ,                                                                                               (1-7) 

where b = 3.4 m2sK/kg 
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Fig.1.7 Comparison of all analytical boundaries with regime map [4]  

 

Liang et al. (1994) classified DCC regimes by five regimes with the coordinates with steam 

mass flux and the pool temperature: (1) chugging, (2) low frequency bubbling with detached 

bubbles, (3) high frequency bubbling with detached bubbles, (4) oscillatory steam jets, and (5) 

stable steam jets, as shown in fig.1.5 [5]. If the condensation rate is larger than the steam supply 

rate, the condensation interface is drawn back into the injection pipe and chugging is initiated. 

They proposed transition criterion for chugging-bubbling transition developed from the 

transient conduction model as equation (1-8) and for bubbling-jetting transition from the two-

layer turbulent eddy transfer model as equation (1-9), where ” is density of liquid and ” is 

density of vapor. Based on the information that when the steam is mixed with non-condensable 

gas such as air, the intensity of chugging is greatly reduced, they proposed a transient 

conduction-diffusion model as equation (1-10), where Ὧ  is water conductivity, Ὧ  is 

diffusion-equilibrium thermal conductivity of air, Ὀ   is mass diffusion coefficient of steam 

through a medium of air, ‌ is water thermal diffusivity and ὼ is content of non-condensable 

gas.  

 

πȢπφ ὙὩȢὖὶȢὐὥ ρȢπ                                                                                (1-8) 



14 

 

πȢπσυ
Ⱦ

 ὙὩ
Ⱦ
ὖὶȾὔ ὄέȾὐὥȢ ρȢπ                                                  (1-9) 

πȢπφ ρ ὼ
Ȣ

ὙὩȢὖὶȢὐὥ ρȢπ                                     (1-10) 

                                 

 

Fig.1.8 Condensation regime map [5] 

 

Petrovic de With et al. (2007) introduced the tree dimensional regime map with the three 

coordinates of steam mass flux, water subcooling and injector diameter [6]. DCC is explained 

by three main regimes; (1) chugging regime (2) jetting regime (3) bubbling regime and four 

regions; (1) steam plum (2) interface (3) hot water layer (4) surrounding water. Fig.1.9 

demonstrates the regions of DCC. The first region is steam plum which consists of pure steam 

and the plume outer surface is the interface, where DCC starts to occur. Hot water layer, which 

contains steam bubble, surrounds the interface in surrounding water. The hot water layer is a 

two-phase layer near the interface with a temperature near saturation. The condensate from the 

interface mixes with hot water layer with large activity of turbulent motion. The turbulence is 

generated from the momentum induced from condensation and affects critically the shape of 

interface and the condensation rate. Based on a large number of independent studies published, 

3D map was introduced as shown in fig.1.10.   
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Fig.1.9 The schematic of DCC regions [6] 

 

 

Fig.1.10 3D condensation regime map [6] 

 

To apply to the simulation of thermal stratification, more information about steam bubble 

motion such as downward bubble amplitude and the frequency should be known. The 

momentum from condensation interface would be affected by the amplitude and the frequency. 

The amplitude and the frequency would be the function of mass flow rate, subcooling and etc.   

 

1.3.1.2 Evaluation of the shape and the length of steam plume 

Kerney et al. (1972) introduced an equation to predict the steam plume length with an error 

of 11.7 % with an extensive range of experimental variables as shown in equation (1-11) [7]. 

The experiments were carried out at atmospheric pressure with pool temperatures in the range 

301-358K, injector exit diameter in the range 0.40-11.2 mm, mass flux in the range 332-2050 
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kg/m2s. It belongs to the divergent jetting regime and ellipsoidal jetting regime. This equation 

is regarded to be suitable for chocked injector flow at values of dimensionless driving potential 

no less than 0.028. Fig.1.11 shows the schematic of the condensing jet model. 

 

8" πȢχρφφ"Ȣ Ȣ                                    (1-11) 

where 

" ὅ Ὕ Ὕ ȾὬ                       

Ὃ ςχυ ὯὫȾά ί  

 

 

Fig.1.11 Schematic of the condensing model [7] 

 

 

H. Nariai et al. developed linear frequency analysis and large amplitude oscillation analysis 

for condensation oscillation and plug oscillation, and for chugging and ON-OFF oscillation 

respectively [8-10]. Fig.1.12 shows the analysis model for large chugging. Equation (1-12), (1-

13) and (1-14) represent the water level, frequency and the amplitude equation for chugging 

regime. 
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Fig.1.12 Analysis model of large chugging [10] 

 

ÚÔ ὅÓÉÎ‫ὸ ὸ                                              (1-12) 

‫ ρ
ĉ

                                         (1-13) 

$
ĉ

                                                (1-14) 

 

Chun et al. (1996) investigated steam plume and the heat transfer coefficient experimentally 

at the mass flux higher than 200 kg/m2s [12]. They obtained the correlations for dimensionless 

steam plume lengths and average steam-water DCC heat transfer coefficient as shown in 

equation (1-15) and (1-16). From this research, it is known that the subcooling is not important 

for the average heat transfer coefficient and the average heat transfer coefficient increases 

significantly as the nozzle diameter is reduced. The major controlling parameter in the DCC 

energy transport is the steam mass flow rate. Fig.1.13 represents the steam plume shape 

distribution map and fig.1.14 shows the steam plume shapes observed with horizontal nozzles; 

(a) conical shape, (b) ellipsoidal shape and (c) divergent shape.  
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Fig.1.13 Steam plume shape distribution map [12] 

 

 

Fig.1.14 Steam plume shape [12] 
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πȢυωςσ" Ȣ Ȣ                                     (1-15) 

Ὤ πȢψπρς ὅὋ " Ȣ
Ȣ

Ȣ                          (1-16) 

 

Petrovic (2005) proposed a mathematical model to predict condensation interface [13]. The 

characteristics of the steam plume is decided by subcooling, steam flow rate, shape of the pool, 

position, and direction of the steam pipe. The proposed model was employed to predict steam 

plume length for four different axially symmetrical steam plume shapes. In order to validate the 

computational predictions, experimental data by Chun et al. (1996) were used [9]. This model 

could be expressed as an integral equation with 4 different plume shapes as equation (1-17). It 

is represented that the spherical model shows better agreement with experimental data for the 

lowest heat transfer coefficient and the conical model for the highest one.  

 

᷿Ὠά ЎὝς“᷿ Ὢὼ ρ Ὢ ὼ Ὠὼ                                        (1-17) 

- Conical ÆØ Ø 2 

- Parabolic ÆØ 2 ὰ ὼȾὰ 

- Ellipsoidal ÆØ 2 ὰ ὼȾὰ 

- Spherical ÆØ ρ ὥ ὼ ὥ  

 

A. de With (2009) presented two-dimensional steam plume length diagram for DCC referring 

to the correlations of other researchers [14]. Fig.1.15 shows correlation information of other 

researchers and fig.1.16 demonstrates the two-dimensional steam plume length diagram. 
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Fig.1.15 Different correlations of dimensionless steam plume length published [14] 

 

 

Fig.1.16 Two-dimensional steam plume length diagram [14] 

 

 

These researches are at the high mass flux ranges but there are no research carried out paying 

attention to other regimes at lower mass flux ranges since the unstable characteristics like 

chugging motion make it difficult to define condensation interface theoretically. The behavior 

of condensation interface at lower mass flux should be studied to understand thermal 

stratification related to DCC.  

There are various studies related to DCC about chugging motion, non-condensable gas 

effects, steam plume behaviors [15-17, 40].  
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1.3.1.3 Heat transfer coefficient in DCC 

Aya et al. (1991) examined the heat-transfer coefficient in direct-contact condensation 

between cold water and steam using past experimental data and analyses [18]. Fig.1.17 shows 

the summary of heat-transfer coefficient in direct contact condensation they mentioned in the 

paper. They assumed that the representative parameters which influence the heat transfer 

coefficient are steam mass flux, distance and subcooling. They studied several categories of 

DCC; steam condensation in pool water, cold water injection into steam flow, water injection 

into steam space. For steam condensation in pool water, they proposed regime map as shown 

in fig.1.18;chugging, condensation oscillation and bubbling. They compared the experimental 

data with Youngôs correlation as equation (1-18) for chugging regime and Fukudaôs correlation 

as equation (1-19) for condensation oscillation regime.     

 

 

Fig.1.17 Summary of heat-transfer coefficient in direct contact condensation [18] 
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Fig.1.18 Regime map for steam condensation in pool water [18] 

 

È φȢυ”ὧ όȢ
Ȣ
                                                                       (1-18) 

Ὤ τσȢχψ
Ȣ Ў

                                                                              (1-19) 

 

Murata et al. (1992) investigated heat transfer coefficient by DCC at a steam subcooled water 

interface in a horizontal channel by using three types of models; the modified k-ὑ model, surface 

renewal model and heat conduction model [19]. They compared the results with the 

experimental data of Lim et al. and Murata et al. The modified k-ὑ model, which simulates the 

near-interface variation of the turbulence quantities, represented the better agreement with the 

experimental results than wall k-ὑ model. The surface renewal model, which assumes that the 

molecular diffusion is renewed by the surface renewal eddies with the surface renewal rate as 

shown fig.1.19, without wave effect showed a value close to the modified k-ὑ model and the 

Limôs correlation for smooth interfaces. When the wave effect is added to the surface renewal 

model, the results with interfacial waves were predicted.  
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Fig.1.19 Conceptual sketch of the surface renewal model [19]: 

(a) for a smooth interface  (b) for a wavy interface 

 

Murase et al. (1993) examined experimentally the evaporation and condensation behavior 

under a noncondensable gas presence with an external water wall type containment vessel as 

shown in fig.1.20 [20]. The system pressure was regarded as the sum of the noncondensable 

gas pressure and saturated steam pressure in the wetwell. The evaporation heat transfer 

coefficient and the condensation heat transfer coefficient were represented as following 

equations. They are calculated with the mass ratio of steam and air on the heat transfer surface; 

SP water surface for evaporation and PCV inner surface of gaseous area for condensation. Since 

the local noncondensable gas pressure was much lower on the evaporating pool surface than on 

the condensing liquid surface, the evaporation heat transfer coefficients were one order higher 

than the condensation heat transfer coefficients.  
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Fig.1.20 Concept of external water wall type primary containment vessel [20] 

 

Ὤ σȢςὓ Ⱦὓ Ȣ  ὯὡȾά ὑȟ        πȢπσσ ὓ Ⱦὓ πȢτχ                      (1-20) 

Ὤ υȢςὓ Ⱦὓ Ȣ ὯὡȾά ὑȟ          πȢτχ ὓ Ⱦὓ ρȢς                           (1-21) 

 

Ὤ πȢτχὓ Ⱦὓ  ὯὡȾά ὑȟ            ήὒ τπὯὡȾά                                      (1-22) 

 

Fujii et al. (1996) investigated evaporation and condensation heat transfer with logarithmic 

mean concentration, which is calculated with steam concentration and air concentration of bulk 

and heat transfer surface as shown in fig.1.21 [21]. The evaporation and condensation HTCs 

are expressed as following equations. 

 

Ὤ ρȢτσὅӶȾὅӶ            ὯὡȾά ὑ                  πȢυ ὅӶȾὅӶ ρππ                    (1-23) 

 

Ὤ πȢτψὅӶȾὅӶ Ȣ       ὯὡȾά ὑ                  πȢπυ ὅӶȾὅӶ υπ                    (1-24) 
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Fig.1.21 Evaluation of HTC [21] 

 

 

 

1.3.2 Thermal stratification and SP mixing by DCC  

1.3.2.1 Experiments and the validation of the analytical model 

The researches regarding to thermal stratification and pool mixing by direct contact 

condensation were carried out experimentally and analytically by several groups.  There are 

several studies about thermal stratification and mixing phenomenon by Direct Contact 

Condensation (DCC) in water pool experimentally and analytically [22-38]. S. G. Bankoff 

(1980) reviewed the studies of steam condensation with subcooled water with turbulent gas 

absorption models, corrections of condensing mass transfer, stratified horizontal condensing 

flows, steam bubble collapse and pressure suppression pool studies [22]. R. E. Gambler et al. 

(2001) investigated pressure suppression pool mixing and thermal stratification with several 

hot water jets and validated a system simulation code, TRACG, with experimental data [23]. E. 

Krepper et al. (2002) carried out natural convection experiment in large pools with heating pipes 

and compared to simulation results by CFX-4 [24]. L. Cheng et al. (2006) found that the pool 
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mixing is strongly influenced by the noncondensable gas flow rate with PUMA facility [25]. Y. 

J. Choo et al. (2010) studied turbulent jet and mixing pattern induced by a steam injection into 

a pool by PIV technique [26]. T. L. Norman et al. (2010) conducted the experiments of steam 

and steam-air mixture injection in a subcooled pool and found that thermal stratification occurs 

under certain air flow rates, steam flow rates and pool temperature [27]. A system analysis code, 

TRACE, was compared to their experimental data [28]. H. S. Kang et al. (2008) and Y. Moon 

et al. (2009) simulated thermal mixing in a subcooled water tank with CFX using steam 

condensation region model [29, 30 and 31]. 

One large group is working on the validation of thermal stratification and mixing simulation 

using the experimental data from POOLEX test facility in Lappeenranta University of 

Technology [32-38]. It is named as POOLEX project. Fig.1.22 shows the schematic of 

POOLEX facility. They mention that the steam injection affects thermal stratification and 

mixing by two main mechanisms as shown in fig.1.23; 1) Localized heat source in the pool due 

to steam condensation and 2) Localized momentum source induced by steam injection. They 

call such models as EHS (Effective Heat Source) and EMS (Effective Momentum Source) 

approaches. For EHS, wall heat flux was used and volumetric momentum source was used for 

EMS. GOTHIC, BMIX++ and NEPTUNE CFD were used as numerical codes to be validated.  

They considered two regimes when steam is injected into SP. The first regime is characterized 

by a considerable amount of non-condensed steam that flows out of the steam injection pipe. 

The second regime is a result of relatively small flow rate of steam and only a hot condensate 

with low momentum flows out. The heat flux through the pipe wall surface is uniformly 

distributed and the heat flux is calculated as equation (1-18). 

 

Ὄ
Ў
᷿ Ὄὸ Ὠὸ

Ў
                                                                                    (1-18) 

 

The corresponding velocity induced at far field by oscillation can be calculated by 5

ЍςÆ,, where f is the oscillating frequency and L is the amplitude of oscillation. Momentum is 

calculated as equation (1-19). 

 

- ”ὟὨ                                                                                                           (1-19) 
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To calculate the frequency and the amplitude, the Nariaiôs equations were used [8]. However, 

since they applied uniform heat flux on the pipe surface, it is difficult to involve the mechanism 

of oscillating condensation interface especially in chugging motion.  

 

Fig.1.22 Schematic of POOLEX test facility [36] 

  

 

Fig.1.23 Two regimes of steam injection into SP [37] 
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There are more researches about thermal stratification and SP mixing by DCC [39, 40]. 

1.4 Objectives 

The hydromechanical mechanism of thermal stratification and the relationship between the 

stratification and pressure increase in SP are not known yet to the best knowledge of the author. 

However, the characteristic of the thermal stratification is highly affected by the DCC regimes 

and the generation and the collapse of thermal stratification are not easily defined. Since the 

pressure in SP is affected by the generation of thermal stratification sensitively, it is very 

important to investigate the phenomenon carefully and serve the information to the simulation 

of SP behavior and design of SP.  

The objective of this research is to understand unexpected pressure increase of SP in 

Fukushima accident and give useful information to LWRs designers for nuclear safety. This 

research is carried out to understand thermal stratification in SP experimentally and analytically 

and to predict the thermal stratification by single phase CFD code. Because of complicated 

phenomena depending on DCC regimes and the difficulties of accurate momentum calculation 

from two phase simulation, single phase model is selected and additional heat and momentum 

models are researched. For single phase numerical simulation, the heat and momentum models 

are introduced in condensation interface and gas/liquid surface and validated.  
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CHAPTER 2 THERMAL STRATIFICATION IN 

PRESSURE SUPPRESSION POOL 
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2.1 Research targets 

According to the objectives, there are three research targets as shown in fig.2.1; 2D SP model, 

downsized torus SP model and real sized torus SP model. Firstly, the hydromechanical 

mechanism of thermal stratification is investigated by 2D SP experimental model and the 

analytical model would be introduced. Second, the downsized torus analytical model would be 

introduced and validated with experimental data. Third, the analytical model would be 

introduced to simulate the real sized torus SP. 

2.1.1 2D Suppression Pool Model 

Two dimensional suppression pool model was designed to study the mechanism of thermal 

stratification. On the front of the SP, there is large glass window for visualization and optical 

measurement such as PIV (Particle Image Velocimetry) and flow visualization. There are side 

windows on the left and right side of SP for laser illumination. One steam injection pipe is 

submerged to the water inside SP. The analytical models were generated and validated with 

experimental results.  

2.1.2 Downsized Torus Suppression Pool Model 

20:1 downsized torus model was designed and equipped in Tokai campus of the University 

of Tokyo. Analytical model was made and validated with the experimental data. 

2.1.3 Real Sized Torus Suppression Pool Model 

It is very difficult and dangerous to do the DCC experiment on the real scale. Only analytical 

model was made and compared with the Fukushima accident.  
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Fig.2.1 Research targets 

2.2 Critical factors for thermal stratification 

Thermal stratification is formation of horizontal liquid layers with a change in the 

temperature at different depths in the storage, and is due to the change in water's density with 

temperature. If the force in the direction of gravity from heat source is not stronger than 

buoyancy force induced by the water density difference, only the water over the position of the 

heat source is heated by natural convection. Especially, the top area of the liquid has much 

higher temperature than other area. Since the gas pressure is influenced by the temperature of 

the liquid top area, the pressure of the pool increases abnormally. This will lead to reduction of 

poolôs pressure suppression capacity.  

In case of lower steam flow rates into SP, thermal stratification may occur due to the weak 

momentum of condensate which cannot generate large advection in SP in certain conditions. 

Undesired accumulation of hot condensate plume at elevated locations of the pool due to its 

lower density may degrade condensation and heat absorption capability of SP. Hot water-gas 

interface in SP can cause pressure increase in wetwell that may augment the risk of containment 

damage.  


















































































































































































































































