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Chapter 1 

Introduction 

 

1.1 Background 

1.1.1 Details of partitioning and transmutation technology development in Japan 

In Japan, the fundamental arrangement to deal with sizable High Level radioactive Wastes 

(HLWs) which come from large amount of fuels spent in the conventional Light Water Reactor 

(LWR) had been decided by the Japanese government. The first step of the HLWs processing is 

theri solidification, and  the second step is the storage of the solidified HLWs in the period 

from 30 to 50 years to cool down their temperature. After that, as the final step, the HLWs are 

stored by utilizing deep geological disposal. However, the selection of candidate sites has been 

unsuccessful. In addition, it is well recognized by Japanese society that there exist serious 

difficulties in terms of management and disposal methods of such HLWs after the accident of 

Fukushima Daiichi Nuclear Power Plant. In this context, the Japanese government had newly 

rearranged the Basic Energy Plan on April 2014 and determined that the technology 

development of appropriate methods should be tackled to handle and dispose the HLWs and to 

reduce the amount and the radiotoxicity of the HLWs as a Japanese policy. 

 The HLWs include Minor Actinides (MAs) and Fission Products (FPs) , some of 

which have quite long half-life longer than several thousand years or millions of years. So, in 

the case of the geological disposal method, it must be necessary to ensure the confinement 

ability for preventing from the leakage of such MAs and FPs into environment where people are 

living and to manage them over such long period. However, it would be extremely difficult for 

human beings at present technological limitation and with poor public acceptance. The 

Partitioning and Transmutation (P&T) is the technology for relieving such burden, because the 

P&T is also technology to separate MAs and FPs corresponding to their purpose of use and to 

transmute these MAs and FPs to stable nuclides having shorter half-life and lighter radiotoxicity. 

Therefore, it could be achieved to reduce long-term risk of potential radiotoxicity of the HLWs 

and to increase practical disposal capacity of geological disposal site by the realization of the 

P&T technology in near future. 

 In 1988, the expert committee for radioactive wastes disposal in Atomic Energy 

Commission of Japan (JAEC) established the project of Option Making of Extra Gain from 

Actinides and fission products (OMEGA project) in order to promote research activities for 

P&T technology. And then various Researches and Developments (R&Ds) in terms of P&T 

were conducted based on the OMEGA project. In 2000, future policies for R&Ds of P&T were 
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summarized in the report entitled ‘Present situation of R&Ds and future policy in terms of P&T 

technology for long-lived radioactive nuclides’ by the expert committee for nuclear energy back 

end policy. Based on this report, R&Ds for P&T with ‘concept of utilizing power generating 

fast reactor’ and also with ‘hierarchical concept’ have been conducted in parallel so far. In the 

‘concept of utilizing power generating fast reactor’, MAs and FPs could be utilized with normal 

nuclear fuel in the fast reactors, in which the transmutation of them would be accomplished. On 

the other hand, in the ‘hierarchical concept’, MAs and FPs are worked as a part of nuclear fuel 

in the small dedicated system for nuclear transmutation, which is prepared in addition to 

conventional nuclear fuel cycle [1-1], as indicated in Figure 1-1. In this ‘hierarchical concept’, 

Accelerator-Driven System (ADS) is positioned as the important dedicated system for nuclear 

transmutation. 

 In this context, R&Ds for realizing both of fast reactor and ADS have been conducted 

in Japan. Especially, regarding the ADS development, new research facilities called as ‘ADS 

Target Test Facility (TEF-T)’ and ‘Transmutation Physics Experimental Facility (TEF-P)’ shall 

be constructed in the Japan Proton Accelerator Research Complex (J-PARC) center to obtain 

valuable data in terms of sub-critical reactor physics, nuclear fuel fabrication, thermal 

hydraulics, structural materials and etc. [1-2, 1-3]. 

 

1.1.2 Lead cooled Fast Reactor (LFR) and Accelerator-Driven System (ADS) 

As mentioned above, MAs and FPs must be separated and utilized to fabricate nuclear 

fuels,which should be exposed to neutrons in order to perform P&T. As for the options for 

irradiation using neutrons, there is a way to use fission reactor. Fast reactors are, of course, one 

of the fission reactors and have advantages to carry out nuclear transmutation for the MAs and 

FPs since high energy neutrons are required for the transmutation. The neutron spectrum in 

those fast reactors’ cores is close to the fission neutron spectrum, since the neutrons are not 

thermalized by light water as in a conventional LWRs. The fast reactor coolant is appropriately 

chosen in order to provide an effective heat transfer, without a significant thermalization of the 

neutron spectrum. In order to achieve this goal, liquid metals (Na or Pb, Pb-Bi) or gas can be (or 

have been) used. Those fast reactors can be classified as critical and sub-critical reactor i.e. ADS. 

Generation IV International Forum (GIF) has proposed Lead/Lead-Bismuth Eutectic (LBE) 

cooled Fast Reactor (LFR) as one of the next generation reactor. In addition, in the 7
th
 

Framework Program (FP7) of EURATOM and other countries including Japan, R&Ds of ADS 

is promoted. 

 LBE is the promising candidate for the primary coolant of the LFR and the ADS. The 

advantage of such liquid metal used as a coolant for the LFR and the ADS attributes to its 

physical, chemical and thermodynamic properties such as high boiling temperature, low melting 
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temperature, high thermal conductivity and chemical stability. Especially due to its high boiling 

temperature (1670 ̊C), it is allowable to have a low pressure in the primary loop even when the 

outlet coolant temperature is equal to 400-500 ̊C. This simplifies the reactor design and 

enhances its reliability [1-4 - 1-6]. The LFR consists of critical fuel assembly containing MAs 

and FPs, pump for coolant circulation and Steam Generator (SG) [1-7], as shown in Figure 1-2. 

On the other hand, as denoted in Figure 1-3, the ADS is composed of the high-current proton 

accelerator, the nuclear spallation target, the subcritical fuel assembly that contains MAs and 

FPs, the electro-magnetic pump and the SG [1-8]. One of the fast-developing areas of the 

nuclear engineering is associated with using high-current proton accelerators for realization of 

the ADS [1-9, 1-10]. The expediency of using heavy metals as a target material for proton beam 

is caused by a high neutron yield in spallation reactions between these materials. This necessity 

to apply a liquid metal target is associated also with the heat removal problem at a high energy 

release density. Hence, lead and LBE seem to be the best materials for liquid metal targets 

because of its high thermal conductivity [1-11, 1-12]. On the Table 1-1 and Table1-2, the 

relevant characteristics of the LBE are summarized. In the present design of the ADS, the 

primary heat exchanger, SG, is going to be installed in main reactor pool so that the SG can 

touch directly to the primary coolant; lead or LBE. In addition, the coolant in the SG is basically 

chosen to be water. Nowadays, international design and investigation of LFRs and ADSs are in 

progress in many countries, for example BREST-OD-300, SVBR-100, ALFRED (LFRs), 

MYRRHA, EFIT and XADS (ADSs) [1-2, 1-3, 1-13], where details of these reactors will be 

described in following section and specifications of these reactors are summarized in the Table 

1-3 and Table 1-4. 

 

1.1.3 International trend of project for development of LFRs and ADSs 
An important step forward for Heavy Liquid Metal (HLM) nuclear systems has been observed 

for example in the Russian Federation, Europe, and in the framework of the GIF. In Russia, the 

small modular lead-bismuth-cooled SVBR is presently in the licensing stage. Europe has 

defined its Strategic Research and Innovation Agenda (SRIA), where both LFRs and 

lead-bismuth-cooled experimental reactors are being considered. Moreover, the irradiation of 

the MEGAPIE HLM neutron spallation target, shown in Figure 1-4 was successfully completed 

and post irradiation examination (PIE) activities have begun. In the following section, details of 

international trend for LFRs and ADSs are introduced [1-14]. 

 HLM such as lead (Pb) or LBE were proposed and investigated as coolants for fast 

reactors as early as the 1950s (e.g. in the United States). Sodium became the preferred choice in 

the 1960s, due to a higher power density achievable with this coolant, which resulted in lower 

doubling times, an important objective at that time (IAEA, 2002). However, LBE was chosen as 
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the coolant for a number of alpha-class submarine reactors in the former Soviet Union, which 

led to very extensive research and development  on coolant technology and materials, with 

particular emphasis on the chemistry control of the liquid metal to avoid plugging due to slag 

formation and to enhance corrosion resistance of the steels specifically developed for such 

services. 

 More recently, there has been renewed interest in Russia in lead and LBE coolants for 

fast reactors. The lead-cooled BREST (Russian acronym for Pb-cooled fast reactor) concept 

developed since the early 1990s is the most widely known, with the LBE-cooled SVBR 

(Russian acronym for lead-bismuth fast reactor) concept competing for attention. Their features 

and the associated technologies inspired several projects in the emerging field of ADS, and in 

particular lead cooling was associated, in the mid-1990s, with the proposal for an energy 

amplifier project together with LBE as a spallation target coolant and material. Subsequent 

development of ADS in Europe, Japan, Korea, and the United States, has adopted a heavy liquid 

metal (most often LBE) as the coolant for the subcritical core and as coolant and material for the 

spallation target which provides the external neutron source. 

 Research in the field of LBE technology at SCK•CEN (Belgium) since 1997 has been 

related to the Multi-Purpose Hybrid Research Reactor for High-Tech Applications (MYRRHA) 

project and is aimed at the development of a research reactor driven by an accelerator, where 

LBE is used as a spallation target and coolant. Moreover, the European Programme that is 

defined within the Sustainable Nuclear Energy Technology Platform (SNETP) has launched the 

industrial initiative ESNII (2010), where, along with the MYRRHA system, a lead-cooled fast 

reactor system is also considered. The developments of both systems are supported through 

European Commission (EC), including EURATOM, funded projects in the fields of design, 

safety, technology and materials. 

 Liquid metals have been studied since the early development of fission energy as 

reactor core coolants for fast reactors, fusion energy blanket applications and, more recently, for 

both ADS proposed for high-level radioactive waste transmutation and for generation IV fast 

reactors. Moreover, HLM are being proposed as target materials for high-power neutron 

spallation sources. 

 ADS is the nuclear fission reactor with a subcritical core (i.e. keff < 1). Therefore, to 

operate the ADS, an external neutron source is needed for stable neutron economy in the core. 

One possible external neutron source is produced by a proton accelerator impinging on a 

spallation target (a heavy liquid metal is often considered). The protons hitting the heavy liquid 

metal generate neutrons which sustain the chain reaction in the subcritical core [1-8], as shown 

in Figure 1-3. 

 Neutron spallation targets are also being developed to provide a neutron source for 
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other applications. For example, the MEGAPIE spallation neutron target (a schematic view of 

the MEGAPIE target is shown in Figure 1-4), which has been successfully tested at the SINQ 

facility of the Paul Scherrer Institute in Switzerland, has been designed and constructed in the 

framework of ADS development. The objective was to demonstrate the operability of such a 

liquid metal target while providing a neutron source for the typical applications at SINQ. 

Material investigation with neutrons has been achieved with a high degree of success. 

 At the Korea Atomic Energy Research Institute (KAERI) and Seoul National 

University (SNU) in Korea, both ADS and LBE-cooled fast reactors (LFR) systems have been 

considered to explore proliferation-resistant and safe transmutation technology. KAERI’s ADS, 

the Hybrid Power Extraction Reactor (HYPER) was designed to transmute TRU and some 

fission products such as 129I and 99Tc. HYPER uses Pb-Bi as both the coolant and target 

material. At SNU, a Pb-Bi-cooled transmutation reactor, the Proliferation-Resistant, 

Environment-Friendly, Accident-Tolerant, Continual and Economical Reactor (PEACER) was 

studied. 

 In Japan, both ADS and LFR systems using LBE were studied. At the Japan Atomic 

Energy Agency (JAEA), an ADS with the thermal power of 800 MW was designed, where 250 

kg of minor actinides and some long-lived fission products (LLFP) can be transmuted annually. 

R&D has been conducted on ADS using LBE as a spallation target and a coolant, and research 

using J-PARC was planned as well. At present, Japan is revising its overall R&D program. The 

LFR systems using LBE as a coolant have been studied both at Tokyo Institute of Technology 

(TIT) and the Japan Nuclear Cycle Development Institute (JNC) separately. One of the LFR 

systems studied at TIT is designated as the Pb-Bi-cooled direct contact water fast reactor 

(PBWFR). 

 

1.2 Conventional research activities of Lead-Bismuth Eutectic (LBE) 
 

1.2.1 Corrosion characteristics 

Generally, the LBE or lead have disadvantage of chemical reaction with dissolved 

contamination elements such as oxygen and iron, which leads to strong corrosion characteristics 

to the structural material, as well as the adequate advantages for ADS. Hence the control of the 

oxygen concentration in the LBE/lead and the development of appropriate structural materials 

which have possibility to perform efficient corrosion protection by itself are also one of the 

critical issues to realize the ADS [1-15]. Then investigations for development of measurement 

technics for the oxygen concentration and of appropriate structural material for the ADS are in 

progress. In present proposal of ADS design, T91 steel or AISI316L are promising candidates as 

the structural materials for the ADS so far. Such structural materials themselves normally could 
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endure the serious corrosion attack from the LBE/lead due to formation of adamant oxide layer 

on the surface of the materials. From this point of view, Martinelli et al. [1-16] proposed 

oxidation mechanism of structural material (T91) and modeled corrosion mechanism of such 

material as a first step in order to build a global corrosion model allowing making long term 

corrosion predictions. 

 

1.2.2 Oxygen concentration 

The development of heavy liquid metal chemistry control and monitoring is one of the issues 

that is critical for nuclear systems using LBE/lead either as a spallation target or as a coolant 

from the contamination control point of view as well as from the corrosion point of view. 

 Corrosion rates at temperatures below 450°C are rather low and satisfactory operation 

in this temperature range can be achieved using many materials, including stainless steels and 

alloy steels. However, low temperature operation comes at a sacrifice of thermal efficiency, 

which will have a direct effect on the economics of plant operation for any power producing 

system. Thus, for applications where economic power generation is the goal, reduced 

temperature operation is not an acceptable solution. This is especially true for fast reactor 

systems where capital cost is generally considered higher than that for current light water 

reactor systems. In the case of ADS and other non-critical systems, however, operation at a 

temperature for which corrosion becomes acceptable is an option. Low temperature operation 

does not, however, eliminate the production of spallation and activation products or other 

contaminants, such as the oxygen or the corrosion products. The design of a solid electrolyte 

type oxygen sensor was improved to provide better response in a high temperature lead-bismuth 

coolant system by JAEA. The excellent performance of the sensor with shorter stabilization 

time is achieved by reducing the gas volume in the reference compartment of the oxygen sensor. 

 

1.2.3 Thermal hydraulics 

In the present design of the ADS, the primary heat exchanger, SG, is going to be installed in 

main reactor pool so that the SG can touch directly to the primary coolant; lead or LBE. In 

addition, the coolant in the SG is basically chosen to be water. Then in the piping rupture 

accident of SG (PRASG), high pressurized water can be injected into primary lead or LBE 

coolant due to the pressure difference between such heavy liquid metals (~ 6 bar, 480 ̊C) and 

water (~ 147 bar, 335 ̊C) [1-17]. Once the high pressurized water can touch with the low 

pressurized primary hot liquid metals, it could be vaporized immediately. Then liquid 

metal-steam two-phase flow could be formed in the reactor pool. That might become a threat to 

the reactor safety. 

According to Wang et al. [1-17] and Pesetti et al. [1-18], there are three possible 
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phenomena which might lead to bad situation for the reactors and should be concerned when the 

PRASG happens. The first one is the steam transmission in the reactor pool. The steam bubbles 

may be dragged into the reactor core and could affect to the reactivity of the core. The second 

one is the propagation of the pressure waves and cover gas pressurization, which could 

compromise the structural integrity of surrounding components. The third one is sloshing of 

primary lead or LBE coolant with mechanical impact of them on structures, which could be 

caused by vaporization of the water. Therefore, studies in relation to the PRASG have been 

considerably important for liquid metal cooled reactors’ safety and have been previously 

conducted by many researchers internationally, who have been trying to make experimental 

and/or numerical approach to the problems. 

Regarding the experimental studies on the PRASG, following researches were 

conducted. Nakamura et al. [1-19] observed molten LBE drop injected into U-shaped stainless 

steel vessel containing water, which the apparatus was developed by JAEA, by using 

high-frame-rate neutron radiography and Particle Image Velocimetry (PIV) technique in order 

to clarify interaction behavior between the heavy liquid metal and water. Results obtained from 

the neutron radiography showed rapid solidification of the molten LBE drops after the 

completion of injection of them and sustainable boiling at the surface of the solidified LBE 

drops. Also fragmentation of the molten LBE in the water was observed at the beginning of the 

molten LBE injection. Also Sibamoto et al. [1-20] carried out high-frame-rate neutron 

radiography and PIV measurements to understand the behavior of interaction between the 

molten LBE and the water and the flow characteristics inside of the molten LBE dropped and 

accumulated in the water. Their work provided the information of the renewal process of porous 

crust being formed at the interface between the meted LBE and the water. In the framework of 

EUROTRANS project, an experimental program LIFUS 5 is in progress at ENEA in order to 

evaluate the physical effects and possible consequences related to the interaction of liquid lead 

alloy with water in the EFIT reactor [1-21]. The first experiment that simulate PRASG has 

already been performed under following conditions: liquid metal temperature 340 ̊C water 

temperature 235 ̊C ,water sub-cooling 50 K and water injection pressure 70 bar. In the 

experiment, pressure evolution due to violent vaporization caused by the interaction between the 

liquid metal and the water was measured and assessed. 

As for the previous investigations that take numerical approach, Wang et al. [1-17] 

numerically investigated the evolution of steam bubble transmission in the ADS reactor pool by 

using SIMMER-III code. Castelliti et al. [1-22] also carried out numerical simulation with 

several choked flow model, which could happen in the accident condition, for estimating mass 

flow rate of water injected from postulated location of tube break in the SG to primary liquid 

metal pool. Analysis using SIMMER-III, which postulates failure of five up to 91 tubes of SG 
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for EFIT reactor was also conducted by FZK [1-17]. Also Gu et al. of Chinese Academy of 

Science (CAS) carried out same kind of simulation for PRASG in CLEAR reactor by using 

NTC code [1-23]. The analyses conducted by both of groups are in relation to vapor 

transmission in the reactor pools. From analytical results performed by FZK, it was found that 

no vapor is dragged into the EFIT reactor core. On the other hand, analysis executed by CAS 

showed different results that some of the vapors were dragged into the CLEAR reactor core by 

LBE. From the examples of series of previous investigation, those studies have mostly tried to 

clarify the characteristics of pressure evolution, fragmentation behavior, vapor transmission, 

physics of thermal and hydraulic interactions between liquid metal and water. In addition to that, 

it can be found that it depends on configuration of reactor internals whether the vapors can be 

dragged into reactor core by primary coolant or not. 

As mentioned above, understanding such three harmful phenomena which could happen 

in the PRASG and have a possibility to become a threat to the reactor safety are considerable 

important for realizing the ADS. Then some research activities are conducted in terms of 

PRASG. From above examples, however, it is found that most of such research activities do not 

cover the research enough regarding basic characteristics of HLM gas-liquid two-phase flow. 

 

1.2.4 Difference of LBE gas-liquid two-phase flow in comparison with ordinary 

two-phase flow 

As explained above, existence of appropriate oxygen concentration in the LBE or lead coolant is 

required in order to form adamant oxidation film on the surface of structural materials, for 

instance T91 and AISI 316L, where the oxidation film can protect the structural materials from 

strong corrosion characteristics of the LBE. However phenomena affecting the interactions 

between such a molten LBE and solid substrates vary for different liquid metals: lead or LBE. 

Their relevance depends on the characteristics of the structural materials as well as on the 

operating conditions of the system. The situations that are composed of the molten LBE and the 

solid metallic material can exist also in the ADS system. The knowledge of the interactions 

between the solid metallic material, such as T91 and AISI 316L, and the molten LBE and/or 

lead is quite important since it can help for choosing a suitable structural material for the ADS. 

To determine the wetting behavior of the LBE and/or lead on those candidates of structural 

materials, the study of the interactions was conducted by measurements of the contact angle as a 

function of temperature. Giuranno et al. [1-24] performed such contact angle measurements for 

molten Bi, lead and LBE in the temperature range from 623 to 773 K to investigate surface 

properties and wetting characteristics of these metals. Then their results provided results in 

terms of large contact angles from 120 to 150 degrees between those molten metals and the AISI 

316L covered by the adamant oxidation film: showing poor wetting to the AISI 316L in their 
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temperature range, as shown in Figure 1-5 and 1-6. Therefore, it can be said that those molten 

LBE and/or lead have difficulties to achieve good wetting to the structural material. 

 In such situation having poor wetting to the solid wall, there is a possibility to form 

different two-phase flow characteristics. There is a number of investigations which give such 

consideration associated with different flow behavior. For example, Irons and Guthrie [1-25] 

investigated mechanism of bubble formation in stagnant molten indium-gallium system 

equipping horizontal nozzle having poor wettability characteristics to the molten metal by 

utilizing X-ray. Their experimental results indicated that bubbles that were injected into the 

molten indium and gallium show tendency of compression of themselves and attachment to the 

injection nozzle at low gas flow rate condition. In intermediate gas flowrate condition, the gas 

bubbles can easily show the tendency of attachment to the upper section of injection nozzle. In 

higher gas flowrate condition, the attached gas bubbles to the nozzle start to move back along 

the nozzle. Gnyloskurenko and Nakamura [1-26] and Gnyloskurenko et al. [1-27] researched 

wettability effect of gas injection nozzle on bubble formation in liquid aluminum by using X-ray. 

They supplied the data in terms of dependence of bubble volume on contact angles between the 

bubbles and the gas injection nozzle installed in the systems of air-water and argon-aluminum 

systems. From the results, it can be concluded that the volume of gas bubbles increase with 

increasing the contact angles. Thus it also can be concluded that the surface having poor wetting 

characteristic denotes tendency of capturing the gas bubbles, gas phase, on its surface. 

 In such poor wettability condition between the solid surface, i.e. channel wall, and 

fluids, i.e. gas and liquid phase, following interesting phenomena were observed in terms of 

air-water system. Iguchi and Terauchi [1-28 - 1-30] observed flow patterns of air-water 

two-phase flow flowing in each channel having good wetting surface and poor wetting surface 

respectively. From their observation results, it was found that, in poor wettability condition of 

channel wall, bubble behaviors of the attaching to and detaching from the channel wall happen 

in the air-water system. In addition, small spherical or ellipsoidal and slug bubbles showed 

deformation of its shapes to ring shape, film shape and etc. corresponding to wall wettability 

conditions. These behaviors in air-water two-phase flow have never observed in good wall 

wettability condition. Also, Fukushi and Iguchi [1-31, 1-32], Takamasa et al. [1-33], Hazuku et 

al. [1-34] and Uematsu et al. [1-35] observed similar characteristics of bubbles in air-water 

system in the case of poor wall wettability condition. 

 It can be anticipated that such strange flow behavior might be observed also in the 

LBE or lead gas-liquid two-phase flow since there is a poor wettability condition at the interface 

between the LBE/lead and the structural materials for the ADS, as explained above.  

 In addition, the gas/liquid density ratio of the LBE two-phase flow is 10 times larger 

than that of the ordinary air-water two-phase flow. Hence, it can be considered that there might 
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be larger effect of bubble expansion on axial development of LBE two-phase flow in 

comparison with air-water two-phase flow. In the previous research, LBE-nitrogen two-phase 

flow was visualized by utilizing neutron radiography to obtain two-dimensional void 

distribution and liquid velocity field [1-36]. However, in case of using neutron radiography 

technique, development characteristics of LBE gas-liquid two-phase flow along flow direction 

cannot be obtained due to restriction of size of experimental apparatus. Therefore there are quite 

few data available in terms of such topic.  

 Especially, basic data regarding local flow characteristics of LBE gas-liquid two-phase 

flow hardly exist at present regardless of the wall wettability conditions. Hence, it should be 

important to measure and construct database of the LBE gas-liquid two-phase flow because the 

data obtained will give important knowledge as the reference for design of the ADS and for 

validation of severe accident analysis code for the ADS. 
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1.3 Purpose of this study and the organization of this thesis 

As explained before, there are different flow characteristics along flow direction between LBE 

two-phase flow and ordinary air-water two-phase flow because of density ratio between each 

phase. Such characteristics have not been clarified enough so far. Therefore, purpose of this 

study is to make clear the development characteristics of LBE two-phase flow along flow 

direction, which means local void fraction, local liquid velocity. And they can be affected by 

interfacial drag force and wall wettability too. Therefore in this study, measurement of 

fundamental characteristics of the LBE gas-liquid two-phase flow in vertical pipe was 

conducted as a first step. In order to obtain the fundamental characteristics such as radial 

distribution of local void fraction, local liquid velocity profile and turbulent intensity profile etc., 

development of measurement techniques, the electrical conductivity probe and the 

electro-magnetic probe, for the LBE were conducted as a second step. After that, the 

fundamental characteristics in the LBE gas-liquid two-phase flow are measured. Then the 

obtained experimental results are analyzed with one dimensional analytical models. 

 

This thesis is composed of 6 chapters, summaries for each chapter are denoted below.  

 

In chapter 2, measurement techniques for the LBE two-phase flow is introduced. Measurement 

principle for differential pressure gauge, electrical conductivity probe and electro-magnetic 

probe are described. Also, signal processing for each measurement techniques will be explained. 

Moreover, detail explanation about experiment performed with use of LBE test loop is given. 

And then, experimental results measured along flow direction are described. 

 In chapter 3, the objective is to analyze void fraction, gas velocity and liquid velocity 

using one-dimensional two-fluid model in terms of flow direction. From the comparison 

between experimental results and numerical results, validity of the conventional model is 

discussed. 

 In chapter 4, the objective is to investigate wall wettability effect on the LBE bubble 

column and to analyze experimental results in terms of phase distribution and local liquid 

velocity profile using force balance and momentum transfer balance using existing turbulence 

model. To achieve these objectives, development of LBE bubble column facility is performed as 

a first step. After completing the development, experiments and the one-dimensional analysis 

are carried out. Then validity of the experimental model is discussed. 

 In chapter 5, the objectives are to analyze radial profiles of local liquid velocity using 

force balance and momentum transfer balance using existing turbulence model that takes into 

account single phase turbulent flow and bubble induced turbulence. Validity of the conventional 

model is discussed from comparison between experimental results and analyzed results. 
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 In chapter 6, conclusions are summarized. 
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Figure 1-1 Direct disposal vs. transmutation [1-1].  
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Figure 1-2 Schematic diagram of LFR [1-7].  
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Figure 1-3 Schematic diagram of ADS [1-8].  
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Figure 1-4 Schematic view of MEGAPIE spallation target [1-14].  
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Figure 1-5 Contact angles of (a)Pb and (b)LBE on AISI 316L steel as a function of temperature 

measured by Giuranno et al. (2003) [1-24].  
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Figure 1-6 SEM Image of a cross section of the LBE drop on the AISI 316L substrate after 

contact angle measurements provided by Giuranno et al. (2003) [1-24]. 
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Table1-1 Basic characteristics of reactor coolants. 

 

 

 

  



Chapter 1 

23 
 

Table1-2 Some relevant properties of possible liquid metal target candidate materials. 
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Table 1-3 Characteristics of LFRs. 

 

 

  

Countries Russia Russia Italy (EURATOM)

Reactor name BREST-OD-300 SVBR-100 ALFRED

Reactor type LFR LFR LFR

Coolant Molten lead Moten LBE Molten lead

Reactor inner pressure - - < 0.1[MPa]

Operation temperature 540 [ ̊C] 490 [ ̊C] 480 [ ̊C] (at Outlet)

Thermal power 700 [MWt] 280 [MWt] 300 [MWt]

Electrical output 300 [MWe] 101 [MWe] 125 [MWe]

Design life 30 [years] 60 [years] 40 [years]

Fuel PuN-UN UO2 UO2-PuO2

Concentration degree of fuel ～ 13.5 [%] 16.5 [%] less than 30 [%]

Operation cycle 1 [year] 7-8 [years] 1 [year]

Total neutron flux 

in first 6experimental positions
- - -

Fast neutron flux 

in first 6experimental positions
- - -

Current situation of design Detailed design
Design will be completed 

in 2014
Conceptual design stage

Features

Demonstration reactor 

of LFR having 

higher inhert safety

Closed cycle of nuclear fuel
Miniture demonstration 

reactor for ELFR

Countries Italy (EURATOM) USA

Reactor name ELFR G4M

Reactor type LFR LFR

Coolant Molten lead Moten LBE

Reactor inner pressure < 0.1[MPa] -

Operation temperature 480 [ ̊C] (at Outlet) 500 [ ̊C]

Thermal power 1500 [MWt] 70 [MWt]

Electrical output 600 [MWe] 25 [MWe]

Design life 60 [years]
5 - 15 [years]

(nominal 10 years)

Fuel UO2-PuO2 Uranium nitride

Concentration degree of fuel - 19.75 [%]

Operation cycle 30 [months] 10 [years]

Total neutron flux 

in first 6experimental positions
- -

Fast neutron flux 

in first 6experimental positions
- -

Current situation of design Conceptual design stage Conceptual design stage

Features First prototype reactor -
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Table 1-4 Characteristics of ADSs. 

 

  

Countries Belgium Japan Europe (EURATOM/EUROTRANS)

Reactor name MYRRHA JAEA-ADS EFIT

Reactor type ADS/LFR ADS ADS

Coolant Molten LBE Moten LBE Molten lead

Reactor inner pressure Atmospheric pressure Atmospheric pressure Atmospheric pressure

Operation temperature 270 - 350 [ ̊C] 300(inlet) - 407(outlet) [ ̊C] 400(inlet) - 480(outlet) [ ̊C]

Thermal power 50 - 110 [MWt] 800 [MWt] 384 [MWt]

Electrical output 0 [MWe] 270 [MWe] 154 [MWe]

Design life - 60 [years] -

Fuel MOX MA+Pu+ZrN CERCER/CERMET

Fuel composition Maximum enrichment 35 [%] 60 [%](MA), 40 [%](Pu) MA/Pu=1.2

Operation cycle - 600 [days] 1 [year]

Total neutron flux 

in first 6experimental positions
～2-3 × 10 1̂5 n/(cm 2̂*s) - -

Fast neutron flux 

in first 6experimental positions
～4 × 10 1̂4 n/(cm 2̂*s) for E > 0.75 [MeV] - -

Current situation of design Detailed design stage

Conceptual design stage

and 

elemental technology 

development stage

Conceptual design stage

and 

elemental technology 

development stage

Features
Sub-critical and critical 

research reactor
- -

Countries China China

Reactor name CADS-DEMO CLEAR I

Reactor type ADS ADS

Coolant Molten LBE Moten LBE

Reactor inner pressure Atmospheric pressure 0.05 [Mpa]

Operation temperature - 390 [ ̊C]

Thermal power 800 [MWt] 10 [MWt]

Electrical output - -

Design life -
30 [years]

(nominal 10 years)

Fuel - UO2

Fuel composition - 19.75 [%]

Operation cycle - 10 [years]

Total neutron flux 

in first 6experimental positions
- -

Fast neutron flux 

in first 6experimental positions
- -

Current situation of design Conceptual design stage
Preliminary and fundamental

 design stage

Features - Research reactor
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Table 1-5 Thermal hydraulics facilities. 

 

Association/Country Name of facility Type of facility Objectives OCS - O2 probe T max Flow rate  Other information

FZK/Germany THEADES Loop Single effect, beam window, 

window less, fuel elements, heat 

transfer

H2/H2O - yes 450 ̊C 100 m
3
/h Hight of the test sections 3.4 

m

ENEA/Italy CIRCE Pool Thermal-hydraulics, component 

development, large-scale exp. 

And liquid metal chemistry in 

pool config.

OCS yes - 

no O2 probe

450 ̊C 8540 l  of LBE

ENEA/Italy CHEOPE I Loop Thermal-hydraulics, cooling pin - 500 ̊C - 900 l  of LBE

ENEA/Italy HELENA Loop Thermal-hydraulics investigations 

and qualification of components 

and instrumentation.

- 500 ̊C 35 kg/s at 3.5 bar

ENEA/Italy LIFUS 5 Static Interaction HLM with water and 

simulate LOCA.

No 500 ̊C - Facility relevant

for safety-related

experiments.

SCK-CEN/Belgium COMPLOT Loop Investigations on hydraulics and 

hydrodynamics of MYRRHA 

components at full-scale: fuel 

assembly, spallation target, 

control rod and safety rod.

H2/H2O - yes 450 ̊C 1.24-36 m
3
/h

SCK-CEN/Belgium E-SCAPE Loop/Pool Investigations on liquid-metal 

pool thermal hydraulics.

No 350 ̊C 0.8-40 m
3
/h Tests on integral system 

behaviour: flow distribution, 

decay heat removal. 

Tests on separate thermal-

hydraulic phenomena: mixing 

and stratification, free surface 

oscillation.

KIT/Sweden TALL Loop Thermal-hydraulics and heat 

transfer measurements

No OCS - 

yes sensor

550 ̊C 2.5 m
3
/h Hight of the test section 6.8 

m

LANL/USA DELTA Loop Corrosion tests in flowing LBE, 

corrosion/precipitation and 

system kinetics models, oxygen 

sensors and control systems, 

thermal-hydraulics experiments, 

components testing, data 

acquisition and control systems.

Yes 550 ̊C 2-5 m/s

UW/USA Wisconsin Tantalus 

facility

Loop Multi-phase flow, heat transfer 

and flow stability/oscillations of 

steam/water injection into 

Pb/LBE.

- 550 ̊C 1-10 g/sec

JAEA/Japan JLBL-2 Loop Flow studies in horizontal LBE 

terget

No < 450 ̊C 50 l /min Proof test of target - I

JAEA/Japan JLBL-3 Loop Thermal fluid test loop Yes 450 ̊C 500 l /min Collaboration with MES

CRIEPI/Japan Pb-Bi thermal 

hydraulics

Loop Heat transfer characteristics of 

Pb-Bi, gas lift pump performance 

in Pb-Bi/gas two-phase flow

No 300 ̊C 6 m
3
/h

TIT/Japan LBE-H2O Direct 

Contact

Appar. Operation technique of steam 

gas lift pump type LBE-cooled 

fast reactor, thermal-hydraulics 

of LBE-water direct contact 

boiling flow.

460 ̊C 33.8 kg/h

KAERI/Korea KPAL-1 Loop OCS, corrosion, thermal 

hydraulics.

Yes OCS

Yes sensor

550 ̊C 3.6 m
3
/h

SNU/Korea HELIOS Loop OCS, materials and thermal-

hydraulics (natural circulation 

capabilities in PEACER-300).

Yes OCS 450 ̊C 200 cm/s HELIOS was designed by 

thermo-hydraulics scaling of 

PEACER-300.

Thermal hydraulics facilities



Chapter 1 

27 
 

Table 1-6 Material testing facilities. 

 

  

Association/Country Name of facility Type of facility Objectives OCS - O2 probe T max
Flow rate  Other information

KIT/Germany COSTA Static Corrosion mechanism 

investigation in controlled 

conditions.

H2/H2O – in the gas 

phase

1000 ̊C - 200 specimens at 5 

different T and 10 

different O2 activities 

in one run.

KIT/Germany CORRIDA Loop Corrosionrate in controlled 

atmosphere

H2/H2O – yes 550 ̊C 2 - 4 m/s Modelling of 

corrosion precipitation 

behaviour.

KIT/Germany TELEMAT Loop High temperature corrsion in Pb. H2/H2O – yes 700 ̊C 2 m/s Modelling of 

corrosion precipitation 

at high temperature.

ENEA/Italy LECOR Loop Corrosion at low oxygen 

content, physicochemistry, 

component testing.

H2/O2 – yes 500 ̊C 4.5 m
3
/h Three test sections

SCK-CEN/Belgium CRAFT Loop Corrosion rate in controlled 

atmosphere.

Ar/H2 yes 550 ̊C 2 -5 m/s Investigations on the 

mechanisms and the 

kinetics of 

material/LBE 

interactions, modelling 

of 

corrosion/precipitation 

behaviour in LBE, 

investigations on the 

applicability of gas-

liquid based OCS in 

large LBE loops, 

long-term testing of 

oxygen sensors in 

LBE as part of the 

OCS.

JAEA/Japan JLBS Static Compatibility of materials OCS

partially

600 ̊C -

JAEA/Japan JLBL-1 Loop Corrosion studies and 

development of flow 

measurement techniques.

H2/H2O 450 ̊C 18 l /min Two test sections

TIT/Japan LBE Corrosion Loop Material corrosion in flowing 

LBE, oxygen control technique, 

oxygen sensor, electromagnetic 

flow meter, ultrasonic flow 

meter.

PbO

Yes sensor

550 ̊C 0.36 m
3
/h

Material testing facilities
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Table 1-7 Oxygen concentration and oxygen sensor testing facilities. 

 

 

Association/Country Name of facility Type of facility Objectives OCS - O2 probe T max Flow rate  Other information

KIT/Germany KOCOS Loop OCS development H2/H2O - yes 550 ̊C -

Diffusion coefficient

measurement of

oxygen in LBE.

CEA/France SOLDIF Static

Solubilities, diffusivities,

oxide layer

characterisation.

? - yes 500 ̊C - -

SCK-CEN/Belgium MEXICO Loop

Investigations on the

applicability of solid (PbO)

OCS in large LBE loops,

long-term testing of

oxygen sensors in LBE as

part of the OCS, oxygen

mass transfer modelling

and monitoring, particle

filter testing, cold trap

testing.

PbO - yes 500 ̊C 1.8 l /s -

SCK-CEN/Belgium HELIOS-3 Static

Investigations on the

optimisation of LBE

oxygen reduction,

investigations on the

feasibility of gas

recycling, investigations

on calamity recovery,

component testing.

H2/H2O - yes 450 ̊C - -

SCK-CEN/Belgium Liliputter Loop

Investigations on filtration,

investigations on mass

transfer of impurities,

component testing.

No - yes 450 ̊C 0.5 l /s -

Oxygen concentration and oygen sensor testing facilities
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Chapter 2 

Experimental methods and measurement techniques 

for LBE two-phase flow 

 

2.1 Introduction 

LBE is not transparent to visible light. So, measurement techniques which do not utilize the 

visible light must be effective to obtain two-phase flow characteristics and turbulent 

characteristics of LBE two-phase flow. Saito et al. performed simultaneous measurement using 

high-frame-rate neutron radiography and electrical conductivity probe (EC probe) to get local 

void fraction profile in LBE-nitrogen two-phase flow [1]. Then, they could obtain good 

agreement of measured void fraction profile between the high-frame-rate neutron radiography 

and EC probe methods. Therefore, in this study, EC probe was used to get local void fraction 

and bubble frequency of LBE two-phase flow. In respect to local liquid velocity and turbulent 

intensity, they can be measured by using electro-magnetic probe which can work on the basis of 

Faraday’s law. In this chapter, detailed explanations of these measurement techniques are given. 

 To get two-phase flow characteristics such as local void fraction and bubble frequency 

and turbulent characteristics; local liquid velocity and turbulent intensity, in LBE two-phase 

flow, LBE test loop named as Heavy Liquid Metal Single and Two-phase flow Instrumentation 

for Accelerator-driven system (HESTIA) was utilized. In this chapter, details of experimental 

apparatus and methods are described too. Then experimental results are discussed. 

 

2.2 Experimental apparatus 

In the experiments, the LBE test loop named as HEavy liquid metal Single and Two-phase flow 

Instrumentation for Accelerator-driven system (HESTIA) was utilized for measurement of local 

flow structure in the LBE two-phase flow, where the HESTIA is installed in the heat transport 

laboratory at Institute for Integrated Radiation and Nuclear Science, Kyoto University. The 

schematic diagram of HESTIA is illustrated in Figure 2-1. HESTIA is composed of three parts; 

main loop, cold trap and nitrogen closed loop. Main loop of HESTIA consists of a test section, a 

gas-liquid separator, a down-comer, an Electro-Magnetic pump (EM pump) (LSP-20H-6R3, 

Sukegawa Electric. Co. Ltd.), a drain tank, a calibration tank and a gas injection system. In 

addition to main loop, HESTIA equips two other loops, which means cold trap and nitrogen 

closed loop. 
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Following section, detailed explanations are provided in terms of each part of HESTIA. 

 

Main loop of HESTIA 

Test section and gas-injection system 

The test section was a vertical round stainless steel (Type 304) pipe and it has an inner diameter 

of 50 mm and a length of 2,000 mm. The stainless steel pipe is commercially available without 

any special surface treatment, which has a passivation film on its surface, showing poor 

wettability to the LBE. The test section has three measurement locations along the axial 

direction (z/D=3.2, 17.6 and 32.4) as shown in Figure 2-2. The test section also has four holes 

along the axial direction (z/D=1.16, 12.3, 23.5 and 34.7) in order to measure differential 

pressure between each sections that are formed by each holes. The gas injection system is 

installed at bottom of the test section and composed of mixing chamber having larger inner 

diameter of 155.2 mm and smaller inner diameter of 106.3 mm, as shown in Figure 2-3, and gas 

injection nozzles. The gas injector equipping 101 gas injection nozzles is used for experiments 

carried out in the higher superficial gas velocity region. The gas injector having 9 nozzles is also 

utilized for experiments conducted in the lower superficial gas velocity region. The outer and 

inner diameters of the nozzle are 0.95 mm and 0.75 mm, respectively. Photographs of the gas 

injectors are shown in Figure 2-4. The gas flow rate is controlled by a mass flow controller. 

Three intrusive probes are installed in the test section to investigate the axial development of 

flow structure in the LBE single-phase and two-phase flow as shown in Figure 2-1. In addition 

these probes are traversed in the radial direction by using one-dimensional traversing stages so 

that a portion of the length 50 mm from the tip of the probes can be inserted, as expressed in 

Figure 2-5. The working fluids in the test loop were kept at a constant temperature of 200 °C 

and the heating power was controlled by temperature controller units. The flow rate, differential 

pressure, temperature and liquid level were monitored by a data acquisition unit connected to a 

PC. 

 

Gas-liquid separator and down-comer 

The gas liquid separator is made by stainless steel circular pipe too, which has 155.2 mm of 

inner diameter and connected to both the test section and the down-comer. The LBE-nitrogen 

two-phase flow flowing in the test section is separated into gas and liquid phases respectively 

after reaching to the gas-liquid separator. The nitrogen gas is exhausted to intake pipe of 

nitrogen closed loop, which explanation of the nitrogen closed loop will be provided later 

section, then only the LBE can flow back to the test section via down-comer. 

 There might be quite small particles of LBE oxide on the free surface of the LBE and 

they have opportunities to enter the exhaust pipe for the nitrogen gas due to exhausted nitrogen. 
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Thus, as denoted in Figure 2-6, mesh filter was installed in order to prevent plugging of 

nitrogen exhaust pipe due to the accumulation of small particle of LBE oxide. 

 In addition to the mesh filter, larger mesh filter was installed in the down-comer to 

remove the LBE oxide from the molten LBE, where picture of the larger mesh-filter is denoted 

in Figure 2-7. At the bottom of the filter, it has a stainless steel demister which has efficiency 

from 99% to 100% to remove particles having more than 3 μm of diameter at the condition of 

flowrate from 1 to 6 m/s. 

 

Electro-magnetic pump 

To make forced convection flow of the LBE, EM pump (LSP-20H-6R3) manufactured by 

Sukegawa Electric. Co. Ltd. was utilized. Rated flow rate of the EM pump is 20 l/min and 

maximum temperature and pressure that the EM pump can work are 300 ̊C and 0.5 MPa. 

 

Electro-magnetic flow meter, vortex flow meter and calibration tank 

In the measurement of LBE two-phase flow, the flow rate of the LBE was measured by an 

electro-magnetic flow meter (EM flow meter). Calibration of the EM flow meter was carried out 

prior to each experiment by using a calibration tank for the flow meter. The calibration tank is a 

stainless steel cylindrical vessel equipped with 10 liquid level sensors. However, the EM flow 

meter was unstable in the long term operation caused by the temperature drift and the electrical 

conductance change between the LBE and the electrodes. Therefore, a vortex flow meter 

(PROWIRL F, Endress+Hauser Co. Ltd.) was utilized for this experiment. The vortex flow 

meter would be scarcely affected by the wettability to the working fluid. Calibration of the 

vortex flow meter was also carried out by the same procedure for the EM flow meter. The 

calibration results are shown in Figure 2-8. The results show good linearity and indicate that the 

calibration error was less than ±13%. 

 

Drain tank 

Drain tank is the tank to store the LBE, which equips 10 liquid level sensors. To prevent 

oxidation reaction of the LBE and to pressurize the drain tank for introducing the LBE into the 

test section, argon-hydrogen gas is injected, as shown in Figure 2-9. 

 

Sub loop 1 of HESTIA 

Cold trap 

To remove LBE oxide, cold trap was installed to lower plenum between outlet of down-comer 

and inlet of EM pump, as shown in Figure 2-10. Near the inlet of the cold trap, it has heat 

exchanger using water to cool down the temperature of LBE and to precipitate LBE oxide in the 
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flowing LBE. The precipitated LBE oxide was removed by stainless steel mesh filter installed in 

the cold trap. Operation temperature of cold trap was kept at 150 °C by using temperature 

controller units. In the cold trap operation mode, temperature difference of LBE flowing in main 

loop and cold trap is kept about 40 °C. 

 

Sub loop 2 of HESTIA 

Nitrogen closed loop 

To improve purity of nitrogen gas, nitrogen closed loop was constructed as shown in Figure 

2-11. The nitrogen closed loop is composed of test section of HESTIA, intake pipe, filter made 

by molecular sieve, pressurizing compressor, vacuum pump, pressure vessel for nitrogen gas, 

gas suppling pipe connected to nitrogen gas injector and gas suppling pipe for controlling 

system pressure in HESTIA, which is connected to gas-liquid separator. Nitrogen gas injected 

into test section is sucked by pressurizing compressor via intake pipe after separating gas and 

liquid phase in the gas-liquid separator of HESTIA. Sucked nitrogen gas flows into molecular 

sieve filter. At the same time, water included in nitrogen gas is removed by molecular sieve. 

Then oxygen concentration in the nitrogen gas is decreased. After pass through the filter, the 

nitrogen gas is accumulated into pressure vessel by pressurizing compressor. Then the 

accumulated nitrogen gas is supplied again to test section, where flowrate of the nitrogen gas is 

controlled by mass flow controller. In case of happening of flow rate difference between 

nitrogen gas supplied again to the test section and nitrogen gas sucked by the pressurizing 

compressor, there is change of system pressure due to such flow rate difference. So, the 

accumulated nitrogen gas is also supplied to gas liquid separator of HESTIA to control the 

flowrate balance and system pressure in HESTIA. The flow rate and the system pressure is 

controlled by pressure reducing valve. Vacuum pump is used to exhaust air from the pressure 

vessel and HESTIA before accumulating nitrogen gas into the pressure vessel and the HESTIA. 

 

2.3 Measurement techniques for LBE two-phase flow 

2.3.1 Electrical Conductivity probe (EC probe) 

Visible light cannot penetrate through the liquid metal. This nature is one of the technical 

difficulties to measure liquid metal flows. So, measurement technique using the visible light 

cannot be applied to measurement of the liquid metal flows. 

 In order to obtain two-phase flow characteristics such as local void fraction, bubble 

frequency and interfacial area concentration etc. EC probe is applied in previous study. EC 

probe can detect difference of electrical conductivity between gas and liquid phase. As 

mentioned above, good agreement of local void fraction profile in LBE two-phase flow 

simultaneously measured by using high-frame-rate neutron radiography and EC probe was 
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shown by Saito et al. [2-1]. And also, in that study, it was shown that effect of bubble-probe 

interaction on measurement of local void fraction in LBE two-phase flow was not distinct in 

case of using EC probe that equips acupuncture needle sensors. Local void fraction and bubble 

frequency can be measured by EC probe that equips only one acupuncture needle sensor, i.e. 

single sensor probe. Hence, in this study, single sensor probe was used to obtain local void 

fraction and bubble frequency. 

 Schematic information of a single-sensor probe is shown in Figure 2-1. The probe 

mainly consists of an acupuncture needle sensor, an Al2O3 insulating tube, a Teflon coated 

electrode wire and a stainless steel guide tube. Stainless steel acupuncture needles with the 

maximum diameter of 0.12 mm are coated with epoxy resin varnish in order to make insulating 

film except their tip whose diameter is less than 1 μm. The insulated needle was inserted into a 

7-bored insulating tube made of Al2O3 [2-1, 2-2] and this needle is connected to Teflon coated 

electrode wires. Then the sensor head is inserted into stainless steel pipe and is fixed at inlet of 

the pipe by using epoxy resin glue. 

 Measurement system is shown in Figure 2-2. Since, the only tip of the needle can be 

exposed to the LBE two-phase flow, the needle tip and stainless steel cover pipe can work as 

point electrode and ground electrode, respectively. Here, voltage between signal line and ground, 

V2, can be calculated as following equation when resistance between the point electrode and 

ground is assumed as REC probe. When the point electrode and ground are covered by LBE,  

REC probe can be ideally considered as 0 Ω. So, V2 equals to 0. On the other hand, V2 equals to V1 

when gas bubble touch to and cover the point electrode because REC probe can be considered as 

infinity. 

 

𝑉2 =
𝑅𝐸𝐶 𝑝𝑟𝑜𝑏𝑒

𝑅𝑃𝑢𝑙𝑙 𝑢𝑝+𝑅𝐸𝐶 𝑝𝑟𝑜𝑏𝑒
𝑉1                         (2-1) 

 

𝑉2 = 0     (Liquid phase)                       (2-2) 

 

𝑉2 = 𝑉1     (Gas phase)                        (2-3) 

 

Therefore, as shown in Figure 2-3, output signal becomes like a square wave. In case of using 

LBE as a working fluid, output signal becomes almost square wave because LBE has high 

electrical conductivity. The output signal is acquired by an A/D converter (ADM-688PCI, Micro 

Science Co. Ltd.) at a sampling frequency of 10 kHz and then processed on a PC. The detailed 

specifications of the A/D converter are summarized on Table 2-1. 
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2.2.2 Obtained physical quantities from EC probe and signal processing 

The time-averaged local void fraction can be easily calculated by dividing the sum of the time 

fraction of gas phase by the total measurement time as indicated in Equation (2-4). 

 

 
totalT

bubble

total

t
T 0

1
                           (2-4) 

 

To estimate time fraction of gas phase, constant threshold value have to be applied to signal 

processing for separating gas and liquid phase signals as indicated in Figure 2-4. In the 

previous studies that conducted experiments using EC probe, 10 % to 50 % values of difference 

between maximum and minimum voltages were used as threshold value [??]. However, 

unfortunately, there are no rigid criteria to determine such threshold value. So, in this study, 

effect of threshold value on estimated time-averaged local void fraction was evaluated. The 

evaluated result is shown in Figure 2-5. Here, percentage value shown in Figure 2-5 means rate 

of changes of estimated void fraction when the threshold value is changed from 10 % to 50 % 

values of difference between maximum and minimum voltage. From this figure, it is found that 

effect of threshold value on time-averaged local void fraction is only -0.66 % change and this 

value is small enough. Therefore, 10 % value of difference between maximum and minimum 

voltage was selected as threshold value to separate gas and liquid phase and to estimate 

time-averaged local void fraction. 

 Using signal processing result of gas-liquid separating, number of bubbles can be 

counted. Then number of bubbles which hit to needle sensor tip during one second, bubble 

frequency, can be calculated using following equation. 

 

𝑓𝑏 =
𝑁𝑏𝑢𝑏𝑏𝑙𝑒

𝑇𝑡𝑜𝑡𝑎𝑙
                           (2-5) 

 

And also, average time of a bubble passing through the needle sensor tip, average bubble 

residence time, can be calculated by dividing the time-averaged local void fraction by the 

bubble frequency, as indicated Equation (2-6). 

 

𝑡𝑏 =
𝛼

𝑓𝑏
                            (2-6) 
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2.3.3 Electro-Magnetic probe (EM probe) 

As for measurement technique to obtain local liquid velocity without visible light, Ultrasonic 

Velocity Profiling (UVP) technique, hot-wire anemometer and Electro-Magnetic probe (EM 

probe) were utilized as existing measurement technique in previous studies. However, UVP 

cannot be applied to two-phase flow in condition of void fraction larger than 2~3% because of 

scattering of ultrasonic due to bubbles. In respect to hot-wire anemometer, it would be difficult 

to measure the velocity near 0 m/s and inversed flow. On the other hand, in previous research, 

EM probe had been reported as appropriate technique for velocity measurement in liquid metal. 

EM probe can measure the velocity near 0 m/s and inversed flow. Furthermore, EM probe can 

be applied to two-phase flow in condition of void fraction larger than 2~3%. Therefore, in this 

study, EM probe was selected to obtain liquid velocity of LBE flow. 

 The local liquid velocity fluctuations in the LBE two-phase flow was measured by 

using an EM probe. The measurement principle of the EM probe is based on Faraday’s law. 

When a conductive fluid passes across the magnetic field, electrical voltage is induced in a 

direction normal to the magnetic field and the fluid motion. The local liquid velocity 

fluctuations can be estimated from the induced voltage. Ricou and Vives (1982) [2-4] measured 

liquid velocity in several molten metals such as mercury, lead, aluminum alloy, and so on. Also 

Von Weissenfluh (1984) [2-5] measured liquid velocity in liquid sodium. 

 The schematic of the EM probe used in this study is shown in Figure 2-6. It consists 

of a permanent magnet, two Teflon coated electrode wires and a stainless steel jacket [2-6]. The 

cylindrical-shaped magnet is 2 mm in diameter and 9 mm in length. The stainless steel jacket is 

a circular pipe with 3.18 mm in outer diameter and 270 mm in length. The diameter of the 

electrode wire is 0.127 mm. To apply the EM probe to high temperature conditions, a 

samarium-cobalt (SmCo) magnet was selected, which has a high Curie point of 800 °C. The 

physical properties of the magnet are listed in Table 2-2. On bottom surface of the SmCo 

magnet, a conical stud is putted to minimize influence of intrusive probe into LBE two-phase 

flow. 

 The measurement system consists of the EM probe, a low-noise pre-amplifier 

(CA-461F2, NF Co.Ltd.), a DC amplifier (AM30AZ, Unipulse Co. Ltd.), A/D converters and a 

PC, as shown in Figure 2-7. The output signal is amplified by the low-noise pre-amplifier and 

the DC amplifier, and then digitized by an A/D converter (ADM-688PCI, Micro Science Co. 

Ltd.) at a sampling frequency of 10 kHz. 

 

2.3.4 Calibration techniques for EM probe 

 Calibration of the EM probe was carried out by using a rotating test apparatus as 

shown in Figure 2-8 (a). The apparatus consists of a rotating container, a rotating system, an 
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electrical heater and measurement system. The diameter of the container is 300 mm. A small 

pipe which has the diameter of 102 mm is installed at the central part of the container to reduce 

the volume of LBE.  

 The container was filled with LBE and rotated at a constant rotating speed. The EM 

probe was installed in the rotating test apparatus so that the tip location of the EM probe was 

130 mm away from the center of the container and 2 mm above from its bottom. The tip 

location was determined by taking into account the scale of the Ekman layer formed on the 

bottom of the rotating container, i.e. there are no serious differences of rotating speeds between 

the container and the LBE. Therefore, circumferential velocity of the LBE can be estimated by 

assuming a rigid body rotation of the LBE in the container. An example of the calibration 

results is shown in Figure 2-8 (b). The result indicates that measured induced voltages are 

proportional to the circumferential velocity of the rotating LBE. However, the induced voltages 

are of the order of 10
-6

 V. Therefore it would be important to suppress the electrical noise to the 

signal pass between the signal source and the pre-amplifier. Hence, the EM probe and the 

pre-amplifier were combined directly, as indicated in Figure 2-9. With this combination, 

electrical wirings can be shorter and the pre-amplifier can be covered by a copper shielding case 

resulting in good S/N ratio. 

 

2.3.5 Obtained physical quantities from EM probe and signal processing 
 Typical output signal of velocity fluctuations in the LBE two-phase flow measured by 

the EM probe is shown in Figure 2-19. As shown in this figure, there exist some overshoot or 

undershoot points in the time series. These points indicate the instances for bubbles passing 

across the probe. Therefore, these points should be removed by a signal processing to get time 

averaged data. The scheme of present signal processing is shown in Figures 2-20, 19 and 2-22. 

 

1) To extract the liquid velocity information in the signal, frequency distribution in terms of 

measured signal was used to decide first threshold value as shown in Figure 2-19 (a). It can 

be found that there are large values on both sides of horizontal axis. These values indicate 

voltage level of gas phase signals in the time series. On the other hand, distribution located 

at center area of the Figure 2-19(a) indicate mainly liquid phase signal. To make first 

threshold value, dispersion σ of this frequency distribution excepting large peak on the both 

side of horizontal axis was calculated. And then, the value of 3σ was utilized as the first 

threshold value. 

2) The time derivative of the first extracted signal was used for finding change points of 90% 

of its value. Such changing points of the time derivative for the first extracted signal were 

chosen as second threshold values to adjust the precise interval between gas and liquid 
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phases (Figure 2-15(b)). 

 

3) After the second step, signal corresponding to the liquid phase can be extracted from the 

original signal (Figure 2-23). Finally, the time averaged liquid velocity, turbulence intensity, 

void fraction, bubble frequency and bubble residence time can be obtained. 

 

As mentioned in section 2.2.2 , there are no rigid criteria to determine such threshold value. So, 

in this study, superficial liquid velocities calculated by liquid velocity and void fraction profile 

were compared with superficial liquid velocity measured by vortex flow meter to confirm 

validity of signal processing. The comparison is shown in Figure 2-26. It is found that the 

superficial liquid velocity measured by EM probe show agreement with the superficial liquid 

velocity measured by vortex flow meter less than 10%. 

 

2.4 Experimental results 

2.4.1 Radial distribution of local liquid velocity distributions 

Before showing experimental results for LBE two-phase flow, radial distributions of local liquid 

velocity measured in LBE single-phase flow are explained. Figures 2-27 denotes such velocity 

distribution measured at each axial position, where dotted lines in each figure indicate 

theoretical velocity distribution for turbulent boundary layer i.e. 1/7 law.  

 

   
7
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max 1)( 









R

r
UrU         (2-7) 

 

where Umax is the measured velocity at the pipe center. Of course, it is found that local liquid 

velocities increase corresponding to increase of superficial liquid velocity from 0.075 to 0.15 

m/s. And it can be seen that these liquid velocity distributions show good agreement with 1/7 

law, excepting the case of z/D=3.2. It can be considered that the cause of disagreement between 

experimental result and 1/7 law at z/D=3.2 is undeveloped flow generated by the structure of 

mixing section for two-phase flow measurement. 

 Next, radial distributions of liquid velocity and turbulence intensity measured in LBE 

two-phase flow, corresponding to experimental conditions of superficial gas velocity jg=0.05 to 

0.15 m/s and superficial liquid velocity jl=0.1 and 0.2 m/s, are shown in Figure 2-29, 2-30 2-31 

and 2-32. It is found that the liquid velocity shows wall-peak distribution and changes into 

core-peak distribution. This tendency could be measured at z/D=17.6 and 32.4. However, at 

z/D=3.2, measured liquid velocity distribution shows only wall-peak distribution because of 
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influence of gas-liquid mixing section. 

 

2.4.2 Radial distribution of time averaged local void fraction and bubble frequency 

 Radial distributions of time averaged local void fraction and bubble frequency which 

means number of bubbles measured by EC probe in a one second are shown in Figures 2-33 to 

2-38, respectively, where these distributions also indicate behavior of such distribution toward 

flow direction. As for void fraction distribution, it is found that the local void fraction shows 

increase as measurement location is higher along the flow direction regardless of experimental 

conditions. It can be consider that such increase of void fraction is caused by difference of 

pressure corresponding to measurement location along the flow direction. Regarding shapes of 

these radial distributions, it can be found that the shape of distribution shows change from flat 

distribution to core-peak distribution, excepting the case 0.05 m/s of superficial gas velocity jg. 

In the case of 0.05 m/s of jg, the shape of distribution shows change from wall-peak distribution 

to core-peak distribution. 

 As for bubble frequency distribution, it is also found that the local bubble frequency 

shows increase as measurement location is higher along the flow direction regardless of 

experimental conditions. Regarding shapes of these radial distributions, it can be found that the 

shape of distribution shows change from flat distribution to core-peak distribution, excepting the 

case 0.05 m/s of superficial gas velocity jg. In the case of 0.05 m/s of jg, the shape of distribution 

shows change from wall-peak distribution to core-peak distribution. This tendency is similar to 

void fraction distributions. 

In the following sections, axial profiles of cross sectional averaged void fraction are focused for 

analyzing behavior of void fraction distributions toward the flow direction. 

  



Chapter 2 

 39 
 

2.5 Conclusion 

Due to physical characteristics of LBE two-phase flow, it is considered that prediction of flow 

characteristics of LBE two-phase flow using existing two-phase flow analytical model might be 

difficult because two-phase flow characteristics and turbulent characteristics are not clarified 

enough, so far. The cause of this situation is lacking of experimental data such as local void 

fraction, liquid velocity and etc. And also, measurement technique which can be applied to LBE 

two-phase flow is not developed completely. Therefore, in this study, measurement techniques 

such as EC and EM probe were developed. And also, signal processing method was established. 

Then local liquid velocity, turbulent intensity, void fraction, bubble frequency and bubble 

residence time in LBE two-phase flow were measured by utilizing HESTIA. As results, 

following conclusions were obtained. 

 From the comparison of superficial liquid velocity measured by EM probe and vortex 

flow meter, it was found that the superficial liquid velocity measured by EM probe shows good 

agreement with that measured by vortex flow meter. Hence it can be said that the signal 

processing method and estimated liquid velocity and etc. are correct in this experimental 

condition. 

 Radial profile of void fraction changes from wall-peak to core-peak along the flow 

direction. Axial development of the liquid velocity field shows similar tendency to the void 

fraction profiles.  
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Figure 2-1.  Schematic of HESTIA. 
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Figure 2-2.  Details of test section of HESTIA. 
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Figure 2-3.  Schematic diagram of mixing chamber. 
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(a) 

 

(b) 

 

 

 

Figure 2-4.  Gas injection nozzles installed in the mixing section of HESTIA, (a) 101 nozzles 

for higher superficial gas velocities region, (b) 9 nozzles for lower superficial gas velocities 

region  
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Figure 2-5  Schematic diagram of way to traverse probe.  
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Figure 2-6.  Mesh filter for preventing pipe plugging by quite small oxide particle of the LBE. 
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Figure 2-7.  Mesh filter installed in the down-comer for removing the LBE oxide from the 

molten LBE.  
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Figure 2-8.  (a)Calibration results of vortex flow meter.  
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Figure 2-9.  Detailed expression of drain tank.  
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Figure 2-10.  Schematic diagram of cold trap installed at lower plenum between outlet of 

down-comer and inlet of EM pump.  
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Figure 2-11.  Details of nitrogen closed loop.
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Figure 2-12.  Schematic diagram of single-sensor probe.  
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Figure 2-13.  Details of measurement system for single-sensor probe.  
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Figure 2-14.  Typical output signal of bubbles measured by EC probe.  
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(a) 

 

(b) 

 

 

 

 

 

 

 

 

Figure 2-15. Present signal processing procedure of single-sensor probe for separating gas and 

liquid phase. (a)First step of signal processing for original signal. (b)Final 

extracted signal. 
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Figure 2-16. Effect of threshold value on estimated time-averaged local void fraction.  
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Figure 2-17. Schematic diagram of EM probe.  
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Figure 2-18. Measurement system for EM probe.  
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(a) 
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Figure 2-19. Detail of (a) rotating test apparatus for calibration of EM probe and (b) calibration 

results of EM probe.  
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Figure 2-20.  Combination of EM probe and pre-amplifier.  
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Figure 2-21.  Typical output signal of velocity fluctuations measured by EM probe.  
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(a) 

 

(b) 

 

 

Figure 2-22. How to decide threshold values of present signal processing procedure for EM 

probe. (a) Frequency distribution to decide first threshold value of signal 

processing for original signal (b)Comparison of time derivative of moving 

averaged voltage to decide second threshold value of signal processing for 

extracted signal. 
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Figure 2-23. How to decide threshold values of present signal processing procedure for EM 

probe. (a) Frequency distribution to decide first threshold value of signal 

processing for original signal (b)Comparison of time derivative of moving 

averaged voltage to decide second threshold value of signal processing for 

extracted signal.  

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
0.2

0.3

0.4

0.5

Utilized data information

jg = 0.15 m/s, jl = 0.1 m/s

r = 0 mm

-3.4%

L
o
ca

l 
li

q
u

id
 v

el
o
ci

ty
 [

V
]

Difference against 3 [-]

+2.7%



Chapter 2 

 

64 

 

 

(a) 

 

(b) 

 

 

 

 

 

 

 

 

Figure 2-24. Final extracted signal. 
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Figure 2-25. Comparison of time averaged local void fraction measured by EC and EM probe.  
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Figure 2-26  Comparison of superficial liquid velocity measured by EM probe and vortex flow 

meter. 
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Figure 2-27  Effect of superficial liquid velocity on liquid velocity and turbulence intensity for 

LBE single-phase flow. 
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Figure 2-28  Effect of z/D on liquid velocity and turbulence intensity for jl=0.1 m/s. 
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Figure 2-29  Effect of superficial gas velocity on liquid velocity and turbulence intensity for 

jl=0.1 m/s.  
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Figure 2-30  Effect of superficial liquid velocity on liquid velocity and turbulence intensity for 

jg=0.1 to 0.15 m/s, z/D=32.4.  
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Figure 2-31  Effect of superficial liquid velocity on liquid velocity and turbulence intensity for 

jg=0.1 to 0.15 m/s, z/D=17.6. 
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Figure 2-32  Effect of superficial liquid velocity on liquid velocity and turbulence intensity for 

jg=0.1 to 0.15 m/s, z/D=3.2.  
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Figure 2-33. Effect of superficial gas velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 m/s, z/D=32.4. 
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Figure 2-34. Effect of superficial liquid velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 to 0.15 m/s, z/D=32.4. 
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Figure 2-35. Effect of superficial gas velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 m/s, z/D=17.6. 
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Figure 2-36. Effect of superficial liquid velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 to 0.15 m/s, z/D=17.6. 
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Figure 2-37. Effect of superficial gas velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 m/s, z/D=3.2. 
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Figure 2-38. Effect of superficial liquid velocity on time-averaged local void fraction, bubble 

frequency and bubble residence time for jl=0.1 to 0.15 m/s, z/D=3.2.
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Table 2-1  Detailed specification of the A/D converter  

(ADM-688PCI, Micro Science Co. Ltd.). 

A
D

M
-6

8
8

P
C

I

A
n

a
lo

g
 i

n
p

u
t 

p
a
rt

8
C

H
 /

 S
in

g
le

 e
n
d
 m

o
d
e

(s
im

u
lt
a
n
e
o
u
s 

m
e
a
su

re
m

e
n
t)

±
1
0
V

, 
±

5
V

, 
±

2
.5

V
,

0
 t

o
 +

1
0
V

, 
0
 t

o
 +

5
V

1
0
M
Ω

ty
p
 6

5
d
B

 (
b
e
tw

e
e
n
 e

a
c
h
 c

h
a
n
n
e
l)

A
/D

 c
o

n
v

e
rt

in
g

 p
a
rt

1
4
 o

r 
1
2
 b

it

(w
h
ic

h
 c

a
n
 b

e
 c

h
a
n
g
e
d
 b

y
 m

e
c
h
a
n
ic

a
l 
sw

it
c
h
 o

n
 t

h
e
 A

/D
 b

o
rd

)

(H
ig

h
 s

p
e
e
d
 m

o
d
e
)

2
μ

s 
(5

0
0
k
H

z)

(L
o
w

 s
p
e
e
d
 m

o
d
e
)

2
μ

s 
(5

0
0
k
H

z)

(H
ig

h
 s

p
e
e
d
 m

o
d
e
)

(1
μ

s)
+

(1
μ

s/
C

H
)

(L
o
w

 s
p
e
e
d
 m

o
d
e
)

(1
μ

s)
+

(4
μ

s/
C

H
)

T
e
m

p
e
ra

tu
re

 d
ri

ft
±

2
5
p
p
m

/ 
˚C

S
a
m

p
lin

g
 s

p
e
e
d
 f

o
r 

si
n
g
la

r 
c
h
a
n
n
e
l 
m

o
d
e

It
e
m

s

S
a
m

p
lin

g
 s

p
e
e
d
 f

o
r 

p
lu

ra
l 
c
h
a
n
n
e
l 
m

o
d
e

It
e
m

s

N
u
m

b
e
r 

o
f 

in
p
u
t 

c
h
a
n
n
e
l

/ 
S

in
g
n
a
l 
m

o
d
e

In
p
u
t 

si
g
n
a
l 
ra

n
g
e
s

(w
h
ic

h
 c

a
n
 b

e
 c

h
a
n
g
e
d
 b

y
 m

e
c
h
a
n
ic

a
l 
sw

it
c
h
 o

n
 t

h
e
 A

/D
 b

o
rd

)

In
p
u
t 

in
p
e
d
a
n
c
e

C
ro

ss
ta

lk

R
e
so

lu
ti
o
n



Chapter 2 

 

80 

 

Table 2-2 Physical properties of SmCo magnet. 

 

 

d × l 2 mm × 9 mm 

Residual magnetism 0.240 T 

Coercive force 700-750 kA/m 

Product (BH) maximum 175-191 kJ/m
3
 

Curie point 800 °C 
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Chapter 3 

Estimation for axial development of measured void 

fraction with one-dimensional two-fluid model 

 

3.1 Introduction 

In this chapter, development of vertical upward LBE two-phase flow is investigated through 

one-dimensional analysis along flow direction. Regarding two-phase flow analytical model, 

there are mainly three typical models to analyze gas-liquid two-phase flow, i.e. homogeneous 

flow model, drift-flux model and two-fluid model. In the homogeneous flow model, gas-liquid 

two-phase flow is regarded as homogeneous mixture which has same velocity of gas and liquid 

phases. Comparing to such homogeneous flow model, difference of velocity between gas and 

liquid phases is taken into account in the drift-flux model. In the two-fluid model, conservation 

equations of mass, momentum and energy for gas and liquid phases are introduced to precisely 

treat two-phase flow. Therefore, the two-fluid model is considered as the most accurate 

theoretical model in comparison to other analytical models. As for the two-fluid model, 

one-dimensional simplified two-fluid model was proposed by Satyamurthy et al in 1997 [3-1] 

and it was applied to vertical upward mercury-nitrogen two-phase flow in a round channel in 

order to predict void fraction development along flow direction. Hence, in this study, the same 

prediction method is applied to LBE two-phase flow to predict void fraction development. And 

then, based on the comparison between the experimental and analytical results, validity of the 

model will be discussed. 

 

3.2 Numerical analysis using one–dimensional two-fluid model 

3.2.1 Analysis using simplified two-fluid model proposed by Satyamurthy et al [3-1] 

In what follow, simplified analysis with a one-dimensional two-fluid model is explained. The 

governing equations are the conservation equations of mass and momentum. 

 Conservation equations of mass for each phase are derived as follows. As shown in Figure 

3-1, the mass of gas which flows through arbitrary surface during 1 second can be written as 

below. 

 

𝜌𝑔𝑢𝑔𝐴𝛼 

 

This mass of gas should equal to mass flow rate of gas, �̇�𝑔. Therefore, Equation (3-1) can be 
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obtained as the conservation equation of mass for gas phase. 

 

ggg
mAu                              (3-1) 

 

Also, the mass of liquid which flows through arbitrary surface during 1 second can be obtained 

by same consideration with gas phase. So, the mass for liquid phase is as follows. 

 

𝜌𝑙𝑢𝑙𝐴(1 − 𝛼) 

 

This mass of liquid should equal to mass flow rate of liquid. Hence, conservation equation of 

mass for liquid phase is expressed as following Equation (3-2). 

 

 
fff

mAu  1                          (3-2) 

 

Conservation equation of momentum for two-phase mixture is derived by following procedure. 

At first, two-phase mixture in vertical round pipe is assumed, which has Δz of thickness toward 

axial direction, as illustrated in Figure 3-2. In this case, conservation of momentum in the 

mixture is expressed as 

 

        �̇�𝑔𝑢𝑔,𝑧 − �̇�𝑔𝑢𝑔,𝑧+∆𝑧 + �̇�𝑙𝑢𝑙,𝑧 − �̇�𝑙𝑢𝑙,𝑧+∆𝑧 

                        +𝑃𝑧𝐴 − 𝑃𝑧+∆𝑧𝐴 − {𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑙}𝐴∆𝑧𝑔 − 𝜏𝜋𝐷∆𝑧 = 0. 

 

Dividing both sides of this equation by AΔz, the equation is changed to following expression. 

 

−
�̇�𝑔

𝐴

𝑢𝑔,𝑧+∆𝑧 − 𝑢𝑔,𝑧

∆𝑧
−

�̇�𝑙

𝐴

𝑢𝑙,𝑧+∆𝑧 − 𝑢𝑙,𝑧

∆𝑧
−

𝑃 𝑧+∆𝑧 − 𝑃𝑧

∆𝑧
− {𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑙}𝑔 −

𝜏𝜋𝐷

𝐴
= 0 

 

When Δz becomes small enough, above equation can be as follows. 

 

−
�̇�𝑔

𝐴

𝑑𝑢𝑔

𝑑𝑧
−

�̇�𝑙

𝐴

𝑑𝑢𝑙

𝑑𝑧
−

𝑑𝑃

𝑑𝑧
− {𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑙}𝑔 −

𝜏𝜋𝐷

𝐴
= 0 

�̇�𝑔

𝐴

𝑑𝑢𝑔

𝑑𝑧
+

�̇�𝑙

𝐴

𝑑𝑢𝑙

𝑑𝑧
= −

𝑑𝑃

𝑑𝑧
− {𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑙}𝑔 −

𝜏𝜋𝐷

𝐴
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Here, substituting Equations (3-1) and (3-2) into above equation, conservation equation of 

momentum for two-phase mixture is derived as below. 

 

𝛼𝜌𝑔𝑢𝑔

𝑑𝑢𝑔

𝑑𝑧
+ (1 − 𝛼)𝜌𝑙𝑢𝑙

𝑑𝑢𝑙

𝑑𝑧
= −

𝑑𝑃

𝑑𝑧
− {𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑙}𝑔 −

𝜏𝜋𝐷

𝐴
 

 

The last term on the right hand side expresses wall friction. In the previous study conducted by 

Satyamurthy et al. [5-1], the wall friction term is expressed by product between pressure drop 

assuming entire flow of liquid metal only and the square of two-phase multiplier, Φ𝑙𝑜, where it 

is based on Friedel correlation [3-2]. Then, Equation (3-3) is derived as the conservation 

equation of momentum for two-phase mixture.  

 

   
frlo

lofg

f

ff

g

gg
dz

dP
g

dz

dP

dz

du
u

dz

du
u 








 2)1(1      (3-3) 

 

In usual, the conservation equations used in the two-fluid model are completely separated in 

terms of gas and liquid phases. However, in this two-fluid model, the momentum equation for 

two-phase mixture is considered for the simplicity. Here, the pressure drop due to liquid metal 

flow and the square of two-phase multiplier are respectively written by Equations (3-4) and 

(3-5). 

 

(
𝑑𝑃

𝑑𝑧
)

𝑓𝑟𝑙𝑜
=

8𝑓𝑙𝑜(�̇�𝑙+�̇�𝑔)
2

𝐷5𝜋2𝜌𝑙
                          (3-4) 
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(3-5) 

 

, where the symbols, i.e. X , f ,  , 
r

F  and 
e

W , denote quality, friction factor of each 

phase, viscosity of each phase, Froude number and Weber number. Here, the friction factor f  

can be given by following Colebrook equation [3-3] 
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loelo
fRDf

51.2

7.3
log2

1 
                   (3-6) 

 

, where ε, D, Re indicate roughness at wall surface, diameter of flow channel and Reynolds 

number of each phase defined by diameter of flow channel. As mentioned in Chapter 2, 

commercial product of stainless steel pipe without any special surface treatment is used as flow 

channel. So, in this analysis, the value of roughness for normal stainless steel 304 is applied to 

Equation (3-6). In the calculation to determine the friction factor, Blasius’ equation is utilized to 

define initial value of the friction factor 

 

4

1

0791.04 eRf
ini

 ,                        (3-7) 

 

where eR   means Reynolds number of each phase defined by diameter of flow channel. 

 Equation (3-4) is momentum equation for single rising bubble. The symbols, i.e. z , P , 

D
F , 

VM
F  and 

b
V , denote axial position, pressure, interfacial drag force, virtual mass force and 

bubble diameter, respectively. 

 

b

VM

b

D

g

g

gg
V

F

V

F
g

dz

dP

dz

du
u                     (3-8) 

 

 

 In order to use Equation (3-8), it is needed to determine initial bubble diameter. The initial 

bubble diameter can be given by using Kumar’s empirical correlation as follows: 
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4.0100















 

g

D
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gf
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b


  for 700004000  Re .    (3-11) 

 

Here, note that these equations from (3-9) to (3-11) are derived based on the experimental data 

of air-water, air-kerosene and air-glycerin systems. And these equations are not for liquid-metal 

gas-liquid two-phase flow. The symbols, Re , 
f

  and 
h

D , in these equations indicate 

Reynolds number in terms of gas phase defined by inner diameter of gas injection nozzle, 

surface tension of liquid phase and inner diameter of gas injection nozzle, respectively. In this 

model, spherical bubble and its expansion corresponding to change of absolute pressure are 

taken into account. To do that, equation of state of gas is used, which is shown below. 

 

𝑃 = 𝜌𝑔𝑅𝑇                              (3-12) 

 

, where R is the gas constant and T denotes temperature of gas or liquid phase. In this analysis, 

the temperature is given as constant value of 200 ˚C since temperature of the LBE two-phase 

flow in HESTIA was controlled as constant value of 200 ˚C by temperature control units.  

 Regarding interfacial drag force, Ishii-Mishima’s empirical correlations [3-4] for interfacial 

drag force are utilized, which are shown in Equations (3-13) to (3-15) in this model. These 

equations can be used corresponding to each flow regime defined by flow regime map that was 

proposed by Taitel et al. [3-5] and these equation are correspond to bubbly, churn and slug flows, 

respectively. 
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In this model, numerical result of void fraction and entrance length shown in Equation (3-16) 

are utilized to judge flow regimes. So, in the analysis, bubbly flow is judged by condition of 
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void fraction less than 0.25, churn flow is defined by condition of void fraction larger than 0.25 

and condition of axial position, z , less than the entrance length and slug flow can be 

recognized by condition of void fraction larger than 0.25 and condition of axial position, z , 

larger than the entrance length, respectively. 
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                  (3-16) 

 

The virtual mass force developed for bubbly flow by Zuber [3-6], expressed as Equation (3-17), 

is utilized for all of flow regimes in this model. 
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In this simplified two-fluid model, void fraction and pressure profiles along flow direction can 

be obtained by conducting integration along flow direction once the initial bubble diameter can 

be given in this model. 

 

3.2.2 Simulated systems and condition 

 The schematic diagram of simulated system in the analysis is illustrated in Figure 3-3. In 

the analysis, LBE two-phase flow flowing in the vertical circular pipe having inner diameter of 

50 mm and length of 1.9 m is simulated. The origin of the z axis is located at 100 mm above the 

top end of gas-liquid mixing chamber. Although the mixing chamber is located at below from 

the origin of the z axis, the initial bubble diameter is given approximately at the origin of the z 

axis. Here, the inner diameter of gas injection nozzles is 0.75 mm. The number of the nozzles is 

101. 

 The flow parameters which used for the analysis are superficial gas velocity in the range 

from 0.05 to 0.15 m/s and superficial liquid velocity in the range from 0.1 to 0.2 m/s. The 

physical properties of the LBE and the nitrogen were calculated corresponding to 200 C̊. 

 

3.2.3 Computational procedure 

 Computational procedure for calculating axial profile of void fraction and pressure is 

illustrated in Figure 3-4. In this procedure, physical properties of nitrogen gas and LBE, 

corresponding to their temperature of 200 ˚C, are substituted into Equations (3-1) to (3-17). And 

mass flow rate which can be calculated from densities of nitrogen gas and LBE and 
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experimental conditions of jg, jl and D is given to Equations (3-1) and (3-2) as initial condition. 

Then, inner diameter of gas injection nozzle, Dh, is substituted into Kumar’s formula to estimate 

initial bubble diameter. After that, initial void fraction and pressure are introduced to Equations 

(3-1) to (3-17), where experimental results of cross sectional averaged void fraction measured at 

z/D = 3.2 was applied to this calculation as initial value and absolute pressure estimated by 

atmospheric pressure and height of LBE was given to this calculation. Then, friction factor, 

two-phase pressure drop and interfacial drag force are calculated.  

 Void fraction and pressure  are estimated by using Runge-Kutta method iteratively. From 

Equations (3-1) to (3-17), gradient of void fraction and pressure can be solved as shown in 

Equations (3-18) and (3-19). 

 

𝑑𝛼

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 1(𝛼, 𝑃)                          (3-18) 

 

𝑑𝑃

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 2(𝛼, 𝑃)                          (3-19) 

 

As shown in Figure 3-4, in the Runge-Kutta method, 4 sets of gradient for the void fraction and 

the pressure are respectively estimated from Equations (3-18) and (3-19) and axial step length, 

Δz by conducting following calculation.  

 

𝑆𝛼1 =
𝑑𝛼

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 1(𝛼1, 𝑃1)                      (3-20) 

 

𝑆𝑃1 =
𝑑𝑃

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 2(𝛼1, 𝑃1)                      (3-21) 

 

𝑆𝛼2 =
𝑑𝛼

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 1 (𝛼1 +

𝑆𝛼1𝑑𝑧

2
, 𝑃1 +

𝑆𝑃1𝑑𝑧

2
)               (3-22) 

𝑆𝑃2 =
𝑑𝑃

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 2 (𝛼1 +

𝑆𝛼1𝑑𝑧

2
, 𝑃1 +

𝑆𝑃1𝑑𝑧

2
)             (3-23) 

 

𝑆𝛼3 =
𝑑𝛼

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 1 (𝛼1 +

𝑆𝛼2𝑑𝑧

2
, 𝑃1 +

𝑆𝑃2𝑑𝑧

2
)             (3-24) 
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𝑆𝑃3 =
𝑑𝑃

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 2 (𝛼1 +

𝑆𝛼2𝑑𝑧

2
, 𝑃1 +

𝑆𝑃2𝑑𝑧

2
)             (3-25) 

 

𝑆𝛼4 =
𝑑𝛼

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 1(𝛼1 + 𝑆𝛼3𝑑𝑧, 𝑃1 + 𝑆𝑃3𝑑𝑧)             (3-26) 

 

𝑆𝑃4 =
𝑑𝑃

𝑑𝑧
= 𝑓𝑢𝑛𝑐. 2(𝛼1 + 𝑆𝛼3𝑑𝑧, 𝑃1 + 𝑆𝑃3𝑑𝑧)             (3-27) 

 

From those 4 gradients shown in Equations (3-20) to (3-27) and dz, the void fraction and the 

pressure are predicted by using average value of those gradients and dz. 

 

𝛼2 = 𝛼1 +
1

6
(𝑆𝛼1 + 2𝑆𝛼2 + 2𝑆𝛼3 + 𝑆𝛼4)𝑑𝑧              (3-28) 

 

𝑃2 = 𝑃1 +
1

6
(𝑆𝑃1 + 2𝑆𝑃2 + 2𝑆𝑃3 + 𝑆𝑃4)𝑑𝑧               (3-29) 

 

These calculations are continued until z = 1.9 m is satisfied. 

 

3.3 Comparison of calculated results with experiments 

3.3.1 Numerical results simulated by simplified two-fluid model proposed by 

Satyamurthy et al (1997)[3-1] 

 Example of comparison of cross sectional averaged void fraction profile between 

experimental and numerical results in condition of jg = 0.15 m/s and jl = 0.2 m/s is shown in 

Figure 3-5. Three plots in the figure indicate experimental results and the solid line represents 

numerical result. It is found that the numerical result cannot reproduce experimental void 

fraction profile since the numerical result overestimates the experimental results. Then, it is 

needed to modify or improve the simplified two-fluid model. 

 It can be considered that assuming only spherical bubble and no coalescence and break up 

behaviors of bubble would be one of the causes of this overestimation. No consideration in 

terms of bubble diameter distribution also would be one of the factors of the overestimation. In 

addition, making use of interfacial drag force which was derived based on the database in terms 

of air-water two-phase flow is also one of the causes of the disagreement. Therefore, in this 

work, modification of drag coefficient in interfacial drag force equations was tried to improve 

the model. 
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3.3.2 Modification method for drag coefficient in the interfacial drag force equations 

Assuming the situation of single rising bubble having rising velocity of 


u  and project area of 

d
A  in stagnant water, the drag coefficient can be derived from the balance between the 

buoyancy and drag forces, as shown in Equation (3-30). Also the rising velocity of bubble can 

be expressed by making use of void fraction weighted mean drift velocity, as shown in Equation 

(3-31). 
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Then following modified drag coefficient is able to be obtained by substituting Equation (3-31) 

into Equation (3-30). 
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Then, modified interfacial drag force can be derived, as shown in Equation (3-33) 
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 Here, the drift velocity is given through drift-flux model proposed by Zuber and Findlay 

[3-7]. The model has been applied to a wide range of two-phase flow problems due to its 

simplicity in comparison with two-fluid model. In the drift-flux model, velocity difference 

between gas and mixture is taken into account by introducing following local drift velocity 

 

juv
ggj
 .                           (3-34) 
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Using Equation (3-34), cross sectional averaged superficial gas velocity is given as  

 

gjgg
vjuj   .                    (3-35) 

 

where jg, j and   denote the superficial gas velocity, the total superficial velocity and the void 

fraction, respectively.Then following equation can be derived 

 















gjgg
vjuj

  

 

gj

g
VjC

j
 0


                         (3-36) 

 

C0 and Vgj denote the distribution parameter and the void fraction weighted mean drift velocity 

defined respectively as follows: 

 

j

j
C




0                            (3-37) 

 




gj

gj

v
V  .                           (3-38) 

 

3.3.3 Comparison of axial void fraction profile between experimental and predicted 

results by two-fluid model including modified interfacial drag force equation 

 Figure 3-6 denotes comparison of simulated axial void fraction profile in terms of change 

of some drag coefficients, i.e. the void fraction weighted mean drift velocities is regarded as 

variable. From the figure, it is found that the calculated values of axial void fraction in each case 

of the void fraction weighted mean drift velocity shows decrease with increasing the drift 

velocity. Therefore, it is suggested that the drift velocity should be given to Equation (3-24) 

precisely in order to improve prediction accuracy of the model. 

 The void fraction weighted mean drift velocity calculated by using experimental data 
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measured by Yamamoto [3-8] and Asai [3-9] is provided in Figure 3-7. In the experimental 

condition of superficial gas velocity jg = 0.15 m/s and superficial liquid velocity jl = 0.2 m/s, the 

estimated drift velocities are approximately 0.27 m/s. Hence ensemble averaged value of the 

drift velocity, which is calculated by three data plots shown in the Figure 3-7 was applied to the 

simplified two-fluid model in order to confirm the prediction accuracy of the model. Figure 3-8 

shows newly calculated result of axial void fraction using the averaged drift velocity in the same 

condition of the superficial gas velocity and the superficial liquid velocity. From the Figure 3-8, 

it can be said that the newly estimated result shows good agreement with the experimental 

results measured by Yamamoto [3-8] at any measurement locations. Other numerical results in 

different conditions of superficial gas and liquid velocities are provided in Figure 3-9 and 

Figure 3-10, which show comparison of previous numerical results (a) and newly simulated 

results. Although the numerical results show slightly underestimated values at the highest 

measurement location in case of the superficial liquid velocity equals to 0.1 m/s, as shown in 

Figure 3-9, it also can be mentioned from both of Figures 3-9 and 3-10 that the prediction 

accuracy of the model for the axial void faction is improved by the modification of the 

interfacial drag force equation.  

 

3.3.4 Axial distribution of gas and liquid velocities 

Cross averaged gas and liquid velocities are able to be simulated based on the conservation 

equation of mass shown as Equations (3-1) and (3-2) by substituting calculated void fraction 

into each equations. The comparisons of gas velocity in terms of numerical results and 

experimental results measured by 4-sensor type EC probe are shown in Figures 3-11 and 3-12, 

where Figures 3-11(a) and 3-12(a) denote the comparison before the modification of the 

interfacial drag force and Figures 3-11(b) and 3-12(b) show the comparison after the 

modification of the drag force. From these figures, it can be said that there are complete 

disagreements between the numerical results and the experimental results regardless of the 

modification of the interfacial drag force. 

 Also comparisons of numerically simulated liquid velocity with experimental results 

measured by the EM probe are shown in Figures 3-13 and 3-14, where Figures 3-13(a) and 

3-14(a) denote the comparison before the modification of the interfacial drag force and Figures 

3-13(b) and 3-14(b) show the comparison after the modification. From the Figure 3-13, it is 

found that the numerical result denotes agreement with measured liquid velocities in case of jg = 

0.05 m/s regardless of the modification for the interfacial drag force. However, in case of other 

superficial gas velocities, which are shown in Figure 3-13(a), numerically calculated liquid 

velocities show disagreement with the experimentally obtained liquid velocities with increasing 

the superficial gas velocity. From Figure 3-13(b), it is found that the numerical liquid velocities 
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indicate values close to the measured liquid velocity at the lowest axial position. However, the 

numerical results show disagreement with the experimental data at higher axial positions. On 

the other hand, in case of Figure 3-14, better predicted liquid velocities are able to be obtained 

after the modification of the equation for interfacial drag force in the simplified two-fluid 

model. 
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3.4 Conclusion 

 

In this chapter, one-dimensional analysis using simplified two-fluid model proposed by 

Satyamurthy et al. [3-1] is explained and carried out to obtain numerically simulated axial void 

fraction, gas velocity and liquid velocity. From the comparisons between the calculated results 

and experimentally measured results of these parameters show disagreement in case of utilizing 

the original simplified two-fluid model. In order to improve prediction accuracy of the model 

for analysis of LBE two-phase flow, the equation of interfacial drag force was modified by 

using void fraction weighted mean drift velocity. After the modification, the prediction accuracy 

of axial void fraction was improved. In terms of gas velocity, there is a big disagreement 

between predicted and measured one. However, as a result, more precise prediction method for 

axial void fraction profile measured in LBE two-phase flow was established through this work.  
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Figure 3-1  Mass of gas or liquid phase flowing through the arbitrary surface during 1 second, 

which is considered in one-dimensional two-fluid model.
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Figure 3-2  Physical quantities for two-phase mixture in a vertical round pipe.
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Figure 3-3  Simulated system in the analysis using one-dimensional two-fluid model.  
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Figure 3-4  Computational procedure for analyzing axial profile of void fraction.  
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Figure 3-5.  Comparison of calculated axial void fraction using the model proposed by 

Satyamurthy et al. (1997) with experimental results.  
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Figure 3-6.  Effect of drift velocity on calculated axial void fraction.  
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Figure 3-7.  Axial profile of drift velocity.  
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Figure 3-8.  Comparison of calculated axial void fraction using the modified model with 

experimental results.  
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Figure.3-9 Comparison between (a) original numerical and (b) modified results for Vgj=0.35m/s 

of void fraction development along flow direction.  
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Figure.3-10 Comparison between (a) original numerical and (b) modified results for 

Vgj=0.27m/s of void fraction development along flow direction.  
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Figure.3-11 Comparison between (a) original numerical and (b) modified results for 

Vgj=0.35m/s of gas velocity development along flow direction.  
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Figure.3-12 Comparison between (a) original numerical and (b) modified results for 

Vgj=0.27m/s of gas velocity development along flow direction.  
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Figure.3-13 Comparison between (a) original numerical and (b) modified results for 

Vgj=0.35m/s of liquid velocity development along flow direction.  
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Figure.3-14 Comparison between (a) original numerical and (b) modified results for 

Vgj=0.27m/s of liquid velocity development along flow direction. 
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Chapter 4 

Effect of wall wettability condition on drift-flux 

parameters in lead-bismuth two-phase flow  

in circular and annular bubble columns 

 

4.1 Introduction 

In this chapter, LBE two-phase flow in a cylindrical bubble column was studied. In practical 

condition of ADS, a number of fuel rods are installed. If there is the case of changing wall 

surface wettability due to flowing LBE or other factor, the effect of wall surface wettability on 

LBE two-phase flow might be larger. Therefore LBE bubble columns equipping simple circular 

channel and annular channel were studied to simulate the reactor pool condition and the fuel 

rods immersed in the pool. In the experiments, measurements of volume averaged void fraction 

were carried out to evaluate the two-phase flow characteristics of the LBE two-phase flow by 

varying the wall surface wettability. Also void fraction weighted mean drift velocity and 

distribution parameter in the bubble column were discussed. 

 

4.2 Experimental apparatus and method 

4.2.1 Experimental apparatus and conditions 

The schematic diagram of LBE bubble column apparatus, HEavy liquid metal Single and 

Two-phase flows Instrumentation for Accelerator-driven system 2; HESTIA2 which was 

developed and used for our bubble column experiments is illustrated in Figure 4-1. The 

HESTIA2 consists of a test section, a gas injection system, a drain tank, and a differential 

pressure gauge. Detailed explanation about the HESTIA2 will be described in following section. 

 

A) Test section of HESTIA2 

The test section is a vertical round stainless steel (SS 304) pipe, having an inner diameter of 

102.3 mm and a length of 1001.5 mm. As shown in Figure 4-1, in order to change the hydraulic 

equivalent diameter of the test section, three inner concentric rods can be inserted into the test 

section so that these rods were perpendicular to the bottom of test section. So, four conditions of 

hydraulic equivalent diameters, including circular pipe condition, can be achieved. Due to those 

inner concentric pipes, effect of the size of wall surface area on change of wall wettability can 

be evaluated. 



Chapter 4  

106 

 

 

B) Gas distributor 

As shown in Figure 4-1, the gas distributor is installed at the bottom of the test section and it 

consists of stainless steel circular plate having 60 holes and 60 pipes having inner diameter of 

0.15 mm, which they are arranged and inserted into the plate at even intervals. The schematic of 

the gas distributor is shown in Figure 4-2. Since the operation temperature of the HESTIA2 is 

from 200 to 280 C̊, AREMCO-BOND 526N (Aremco Products Inc.) which has sufficient heat 

resistance in that temperature region, the temperature of heat-resistance is up to 300 ̊C, was 

utilized to fix the plate and 60 pipes. 

 

C) Drain tank 

The drain tank is used for storage of the LBE and is connected to vacuum pump and 

argon-hydrogen cylinder. Then the air is removed from the tank by the pump and the 

argon-hydrogen is utilized as a cover gas to prevent oxidation of the LBE. Also the 

argon-hydrogen is used to transfer the LBE to the test section when the experiments are carried 

out. 

 

The working fluids are molten LBE (Pb: 44.5wt%，Bi: 55.5wt%) and nitrogen gas. The nitrogen 

gas was injected from bottom of the test section through the gas distributor. The nitrogen gas 

was exhausted to the atmosphere from the test section via exhaust line. The gas flow rate was 

controlled and measured by a mass flow controller (HORIBA STEC Co. Ltd.: SEC-E40, 

SEC-E50, SEC-E52). In the experiment, superficial gas velocities were changed from 0.014 to 

0.129 m/s. Those superficial gas velocities were collected by taking the static pressure at the 

measurement section into account. The differential pressure was measured by using a 

differential pressure transmitter (KOBATA GAUGE MFG. CO., LTD: MDC-Y442) for 60 

seconds at 100 Hz to estimate the time-averaged volumetric void fraction at the measurement 

section. 

 The temperature of working fluids was controlled by temperature controller units and kept 

at a constant temperature of 200 °C. The flow rate, differential pressure and temperature were 

monitored by a data acquisition unit connected to a PC. 

 

4.2.2 Surface treatment for channel wall using soldering flux 

In the LBE cooled ADS, the stainless steel is protected from corrosive nature of the LBE by 

such a passivate oxide layer. Several researches have been performed to investigate the 

erosion/corrosion resistance of materials with such oxide layer by changing oxide concentration 

and temperature of the LBE. It was found that such oxide layer shows an excellent corrosive 
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resistance up to 600 ̊C, however showing poor wettability to the LBE. Therefore, it is very 

important to understand the effect of the wettability on the thermal-hydraulics of the LBE. 

 As mentioned above, oxide layer is formed on the surface of stainless steel with enough 

oxygen in the LBE showing poor wettability. To achieve good wettability condition, the oxide 

layer should be removed [4-10, 4-28]. In this experiment, soldering flux (NIPPON WELDING 

ROD CO., LTD: Wel flux No.51) was used for removing oxide layer from the surface of the test 

section. 

 

The surface treatment process is as follows: 

I. As shown in Figure 4-3, soldering flux is poured into the test section by varying the 

surface level of the LBE. 

 

II. The oxide layer is removed from the wall surface, which is plated by the LBE. 

 

III. The soldering flux and other impurities on the free surface are removed from the test 

section. 

 

Although LBE free surface shows convex meniscus before conducting these procedures, the 

meniscus changes to concave after the surface treatment; the surface shows good wettability to 

LBE, as shown in Figure 4-4. Since the activation temperature for the soldering flux was 260 ̊C, 

the above mentioned surface treatment was carried out at 280 ̊C. The compositions of the 

soldering flux are shown in Table 4-1. 

 

4.2.3 Differential pressure gauge for void fraction measurement 

Differential pressure gauge is useful tool for measuring volumetric void fraction in gas-liquid 

two-phase flow because of its simplicity. As shown in Figure 4-5, when pressures are measured 

at different locations in a vertical pipe, absolute pressures at each pressure port and differential 

pressure between the ports can be calculated by following equations. 
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Then, the volumetric void fraction is obtained by the following equation. 
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Selection of the differential pressure gauge 

In the present experiments, the pressure receiver of the differential pressure gauge is exposed to 

a high temperature since the operating temperature of the experimental apparatuses is 200 – 

280 ̊C. Also, in general, as mentioned in Chapter 1, the LBE has strong corrosion characteristics 

to some kinds of metal [1-15 – 1-16]. Therefore, the differential pressure gauge should have 

high heat-resistance and corrosion-resistance. In this study, the diaphragm pressure gauge made 

of stainless steel was selected to prevent the heat damage and the corrosion attack from the 

LBE.  

 The length of measurement section, i.e. distance between the pressure ports, installed in the 

HESTIA2 is 350 mm. So, differential pressure between the pressure ports can be calculated 

based on Equation (2-3). The maximum differential pressure which is achieved in case of 

0
2
  is estimated as 35.9 kPa. 

 Hence, in this study, the diaphragm type differential pressure gauge that has measuring 

range from 0 to 50 kPa was used for measurement of volumetric void fraction (KOBATA 

GAUGE MFG. CO., LTD: MDC-Y442). The schematic expression of the differential pressure 

gauge is shown in Figure 4-6 and the detailed information is summarized on Table 4-2. 

 

Calibration method for the differential pressure gauge 

The differential pressure gauge can output current signal from 4 to 20 mA corresponding to the 

differential pressure from 0 to 50 kPa. Then, in order to obtain the relationship between the 

differential pressure and the signal, calibration test was carried out by using water instead of the 

LBE. The test apparatus for the calibration is shown in Figure 4-7. This apparatus consists of 

two transparent tubes, the differential pressure gauge and data acquisition unit. The output 

current signal from the differential pressure gauge is converted to voltage signal by using shunt 

resistance. In order to prevent effect of temperature drift of the resistance due to Joule heat, the 

shunt resistance of 75 Ω was selected in this study. 

 

 In the calibration, water level in one of the tube remains constant. Then water level in the 

other tube can be changed so that the differential pressure from 0 to 50 kPa can be achieved 

based on the difference of the water level. The calibration result is shown in Figure 4-8. The 

dotted line indicates approximating curve calculated by least-square method. From the 

calibration test, following result was obtained. 
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1016842064  VP                           (4-5) 

 

In the experiments explained in Chapter 4, the value of 42064 Pa/V was utilized to estimate 

differential pressure. The offset voltage of the differential pressure gauge was measured in every 

experiment to remove the effect of the offset voltage. 

 

4.3 Experimental results and discussion 

4.3.1 Volume averaged void fraction distribution 

Figure 4-9(a) shows variation of measured volumetric averaged void fraction with the gas 

superficial velocity for poor wettability condition. As shown in this figure, measured void 

fraction increases with increasing superficial gas velocity and the relationship between void 

fraction and gas velocity is not linear but concave. 

 As Ruizicka et al. [4-29] pointed out, the flow behavior in a bubble column could be 

classified into homogeneous and heterogeneous flows depending on its flow regime. They 

measured volumetric void fraction in a bubble column using two different pore sizes for bubble 

distributers, and concluded that the void fraction could be expressed as function of jg
2
 for 

homogeneous flow or jg / (1+jg) for heterogeneous flow, respectively. The obtained tendency of 

measured void fraction could be attributed to the heterogeneous flow. It is also found that the 

measured void fraction slightly increases with increasing hydraulic diameter, except for the 

hydraulic diameter of 26 mm. 

 Figure 4-9(b) shows variation of measured volumetric averaged void fraction with the gas 

superficial velocity for good wettability condition. As shown in this figure, measured results 

show almost similar tendency to those for poor wettability condition. However, the effect of the 

hydraulic diameter on the void fraction was not distinct for good wettability condition. 

 Figures 4-10 denotes the variation of the measured gas velocity with increase of superficial 

gas velocity so that the comparison with existing drift flux correlations can be made. In each 

figure, the open and close symbols denote the measured results for poor and good wettability 

conditions, respectively. The solid, broken and dotted lines denote the predicted values for cap 

bubbly, slug, bubbly and churn-turbulent flows, assuming C0 = 1.19 proposed by Ishii for 

ordinary two-phase flow. In addition to the existing correlations, the fitted lines are also shown 

by using the least square method. In any cases shown in Figure 4-10, it can be found that those 

predicted values underestimate experimental results. The difference between those predictions 

and experimental results is relatively larger for DH = 0.026 m as shown in Figure 4-10(d). 

 In Figures 4-10(a) (b), it can be seen that measured gas velocities in poor wettability 

condition show slightly larger values than those in good wettability condition. For smaller gas 
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superficial velocity jg < 0.03 m/s, it is found that there is relatively large difference of gas 

velocities in comparison regarding wall wettability condition on each figure. From the 

difference, it can be considered that the effect of the wettability on the measured gas velocity 

seems to be relatively larger than for larger superficial velocity. However, since no flow 

visualization has been conducted at the present study, the detail observation should be made to 

clarify the difference. From Figures 4-10(a)-(d), it can be expected that the dispersion of 

measured gas velocities at each jg might indicate formation of unstable flow condition in the 

LBE bubble column. 

 

4.3.2 Drift velocity and distribution parameter 

Drift velocity Vgj and distribution parameter C0 were estimated by using experimental results 

shown in Figures 4-10. The drift velocity and the distribution parameter obtained from this 

work are shown in Figures 4-11. Each figure indicates comparisons of Vgj and C0 depending on 

the different wall wettability conditions. In Figure 4-11(a), the solid line denotes the existing 

correlation for cap bubbly. In good wettability condition, the measured drift velocity shows 

good agreement with the existing correlation for cap bubbly flow except the case of DH = 0.026 

m. In poor wettability condition, however, the drift velocity shows larger values than that in 

good wettability condition and also shows increase with decreasing hydraulic equivalent 

diameter. Hasan and Kabir [4-30] reported that the bubble rising velocity increases with 

decreasing annular gap in case of slug and cap bubbly flows. Also, it was reported that bubble 

rising velocity in annular channel is larger in comparison with that in circular pipe since the top 

shape of bubbles becomes incisive against cross section of the annulus [4-31]. Therefore, the 

bubble rising velocity also in the LBE two-phase flow could increase with decreasing annular 

gap in case of annular channel. In that case, drift velocity might increase too. However, in good 

wettability condition, such trend cannot be observed in measured results. Hence, in case of LBE 

two-phase flow, it can be considered that effect of decreasing annular gap on drift velocity is 

small. However, as mentioned before, the drift velocity measured in poor wettability condition 

shows increase with decreasing annular gap. Therefore it would be considered that increase of 

the measured drift velocity might be caused by the changing of wall wettability conditions. The 

reason why the drift velocity can take higher value in poor wettability condition would be that a 

number of bubbles can easily touch to the wall surface and flow close to inner wall region, as 

mentioned above [4-11, 4-12]. 

 As for the distribution parameter C0, it is found that the effect of wall wettability on C0 is 

not so distinct as shown in Figure 4-11(b). However, the distribution parameter C0 takes higher 

values of about 4 regardless of the wettability of the wall, where the solid line denotes the Ishii’s 

correlation. Those values are larger in comparison with Ishii’s correlation. In case of gas-liquid 
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two-phase flow in stagnant water, it has been known that the distribution parameter C0 takes 

larger values than 1.2 [4-20, 4-32, 4-33]. Therefore, the distribution parameter C0 at present 

work might take larger value due to the low liquid velocity. Validity of these distribution 

parameters will be considered in section 4.4. 

 Figure 4-12 denotes comparison of the measured void fraction with predicted void fraction 

by drift flux model for both wettability conditions, where ensemble averaged values of Vgj and 

C0 estimated from present experiments were used to obtain predicted values of volumetric 

averaged void fraction. From this figure, it is found that standard deviation estimated by the 

measured and predicted void fractions is 10.6% in poor wettability condition and is larger than 

that in good wettability condition. Such difference might be caused by increase of gas velocity 

in case of lower superficial gas velocity less than 0.03 m/s and poor wettability condition, as 

shown in Figures 4-6(a) and (b). However, it can be found that the drift flux model can provide 

reasonable prediction results less than 11% of error. 

 

4.4 Numerical analysis for distribution parameter based on momentum 

transfer and drift flux model 

As mentioned in the introduction, Clark et al. [4-20] predicted liquid velocity distribution in the 

bubble column with assuming local void fraction profile and considering force balance and 

momentum transfer in the fluid. Using those numerically predicted results, distribution 

parameters in the bubble column were estimated based on the drift flux model. From their work, 

it was found that the numerically predicted distribution parameters could be higher than 1.2 

when the liquid recirculation developed. In this paper, the local liquid velocity distributions and 

the distribution parameter in the annular bubble column are investigated as well as those 

parameters in the circular bubble column by utilizing such useful prediction methods in order to 

evaluate the wall wettability effect on those parameters. However, such one-dimensional 

numerical simulations for predicting the local liquid velocity distribution have not been applied 

to two-phase flows in annular bubble column although the analysis have been adopted by many 

researchers [4-14 - 4-18, 4-34 - 4-35] to investigate the turbulent momentum transport in the 

two-phase flows. Therefore, the one-dimensional simulation proposed by Clark et al. [4-20] was 

extended to annular channel in this paper. Regarding single-phase flow in annulus, it has been 

pointed that the maximum point of local liquid velocity is located closer to inner wall in the 

annular gap, and that radial position of zero shear stress does not always correspond to the 

maximum location of local liquid velocity. However, experimental results available for 

two-phase flow has been limited to predict the maximum position in the liquid velocity profile. 

Hence, at present analysis, it is assumed that the maximum location of local liquid velocity 
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agrees with that of zero shear stress and with the location of the maximum void fraction with 

above mentioned assumptions, the simplified equations for annular bubble column have been 

derived. Both of the liquid velocity and the void fraction profile are defined for the inner and 

outer regions, which is divided by the location of zero shear stress, Rm, as shown in Figure 4-13. 

If one assumes parabolic shape profiles in radial direction, the local void fraction and the local 

mixture density can be written by Equations (4-6)-(4-9) 
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where these equations are given as quadratic functions for simplicity. Considering force balance 

in terms of intervals from R1 to R2 and from R1 to r, Equations (4-10)-(4-11) can be obtained, 

respectively 
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where subscripts, rR 
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, indicate the intervals of integrations for the mixture density; 

subsequent integrations implemented 
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Then, the shear stress can be obtained from force balance as shown in the following equation:  

 

 )(
2

)(

)(
)(

)1(,1,

2

1

2

112

1

2

22

r
r

gRr
R

RRr

rR
r

rRilmRRl

m

m










  ,             (4-12) 

 

where the shear stress at mRr   is assumed as zero. In addition, Equation (4-13) can be derived 

from momentum transfer 
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Finally, the equation in terms of local liquid velocity gradient can be obtained as shown in 

Equation (4-14) when it can be assumed that Equation (4-12) is equal to Equation (4-13), 

 

  0
)()(

)(
)(

)(
2

)(

)(

2

)1(,1,

2

1

2

112

1

2

22










dr

rdu

dr

rdu
rl

dr

rdu
r

r

gRr
R

RRr

rR
llrRilmRRl

m

m  . 

)( 1 mRrR           (4-14) 

 

Regarding the outer region, following similar equation also can be derived by the same manner: 
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, where subscripts, 
2

RR
m
  and rR

m
 , indicate intervals of integrations for the mixture 

density. For the purpose of lucidity and efficiency to calculate the liquid velocity distribution 

and the distribution parameter, non-dimensional equations shown in Equations (4-16)-(4-17) are 

also derived by using several non-dimensional values summarized in Table 4-3. 
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In above equations, the following Nikuradse’s empirical expressions [4-36] for mixing length 

are assumed:  

 

𝑙

𝑅𝐻
= 0.02(1 − 𝜂1

2)(7 + 3𝜂1
2){1 − (1 − 𝑆∗)𝜂1}(𝐵 − 𝐶)   )( * CrA       (4-18) 

 

𝑙

𝑅𝐻
= 0.02(1 − 𝜂2

2)(7 + 3𝜂2
2)(𝐵 − 𝐶).         )( BrC        (4-19) 

 

As mentioned above, disagreement between the maximum point Rm and the center of the 

annular gap had been observed in a lot of previous investigations. Rothofus et al. [4-37] have 

reported that the radius of zero shear stress was observed to take the same value in fully 

developed turbulent flow as predicted from theory for fully viscous flow. On the other hand, 

Kays and Leung [4-38] have proposed an empirical correlation of *

mr  as follows: 
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, where a is the inner-outer radius ratio R1/R2. Michiyoshi and Nakajima [4-36] compared those 

two relations proposed by Rothofus et al. [4-37] and by Keys and Leung [4-38] with available 

experimental results. They reported that Kays and Leung’s correlation agrees much better with 

the measured results. Therefore, also in this work, Kays and Leung’s correlation shown in 

Equation (4-18) was employed to evaluate the radius of zero shear *

mr . At present analysis, the 

empirical correlation by Kays and Leung was assumed to determine the void and mixing length 

distributions. However, it should be noted that the velocity profile would be affected by the void 

fraction profile and the recirculation flow in the annular channel and that such effect was 

neglected at the present calculations. Using above equations, 
** / drdu  were then solved by 

the quadratic formula. Integrating from the inner wall boundary condition, 0*

1
u  at 
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, the liquid velocity profile )( ** ru  can then be obtained. The integrating is 

repeated with varying assumed outer wall shear stress, 
2

  so that zero local liquid velocity can 

be achieved at outer wall surface, BRRr
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. Integrating  )(1 ** ru   over the cross 

section of annular gap gives non-dimensional superficial liquid velocity; namely 
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Such integrating is also repeated with varying assumed inner wall shear stress, 
1
  so that zero 

velocity of cross sectional averaged non-dimensional superficial liquid velocity can be satisfied. 

Appropriate local liquid velocity profiles are then determined, finally. Distribution parameters 

are estimated with the assumed void fraction profile α(r), the predicted local liquid velocity u(r) 

and the local drift velocity vgj via Equation (4-22) 
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At our present experiments, the local gas velocity has not been measured. To estimate the 

distribution parameter, void fraction weighted mean drift velocity Vgj is applied to the Equation 
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(4-22) as the approximate value of the local drift velocity vgj. Here, the definition of Froude 

number is as follows: 
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Using this Froude number, Equation for the distribution parameter can be obtained as the 

non-dimensional formula 
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The distribution parameters corresponding to the various Froude numbers (various drift 

velocities) can calculated with given Froude numbers. 

 

4.5 Comparison of calculated results with experimental results 

 As mentioned above, analytical method for predicting liquid velocity profile and 

distribution parameter for large diameter bubble column proposed by Clark et al. [4-20] has 

been modified so that liquid velocity profile and distribution parameter in annular bubble 

column can be calculated. If the inner diameter is zero; simple circular pipe condition, 

Equations (4-14) and (4-15) result in the same formula proposed by Clark et al. [4-20]. Figure 

4-14(a) shows predicted distribution parameters depending on variation of Galileo numbers and 

Froude numbers in terms of simple circular bubble column condition. As shown in the figure, it 

can be found that the prediction value shows good agreement with experimental results 

measured in simple circular channel condition when the Froude number equal to 0.38, which is 

the same condition with present experiments. Figure 4-15(b) presents numerical results of 

liquid velocity profile in a simple circular channel. In this figure, there are upward and 

downward flow regions in inner area and outer area, respectively. Such trend of this liquid 

velocity profile is consistent with Clark’s results [4-20]. 

In case of analysis for annulus condition, however, predicted values of C0 show much smaller in 

comparison with experimental results as shown in Figure 4-15(a). The calculated liquid 

velocity profiles are also shown in Figure 4-15(b). As shown in this figure, upward flow exists 

in the central region and downward flow can be seen at the both sides of wall, corresponding to 
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the non-slip conditions at each boundary condition. Disagreement in the prediction of 

distribution parameter may be caused by the inaccurate estimation in liquid velocity profiles. As 

mentioned before, void fraction profile need to be assumed in advance for prediction of liquid 

velocity profile. This is one of the weakness points of this kind of analysis. However the 

prediction accuracy can be better if void fraction profile can be measured before conducting 

analysis. 

 In case of single-phase flow in annulus, it was reported that the position of maximum 

velocity in turbulent flow was closer to the inner wall than in laminar flow [4-39]. In addition, it 

might be supposed that the maximum position of liquid velocity in two-phase flow could be 

closer than that in single-phase turbulent flow. Hence, in this work, numerical estimations have 

been conducted with modified void distributions by changing the location of the maximum 

point in the void fraction profile, as shown in Figure 4-16(a) and the corresponding liquid 

velocity profiles are shown in Figure 4-16(b). As can be seen from those figures, maximum 

positions of the calculated liquid velocity profiles are also closer than that for original calculated 

liquid velocity profile. Predicted values of C0 calculated by using such modified profiles are 

shown in Figure 4-17. As explained above, remembering those experimental values are almost 

4.0, it is found that predicted C0 becomes more than 3.0 and are getting closer to the 

experimental values; almost 4.0 in condition of DH =0.751 m. In other condition of DH, it is able 

to see that predicted C0 become closer values to the experimental values as shown in Figure 

4-17. However, the predicted C0 still shows smaller values in comparison with those 

experimental results even though such extreme situation of void fraction profile shown as 

condition of 003.0
21

*  RRr
m

 is assumed. Such disagreement might be suggestive of 

inaccurate assumption for void fraction profile. Actual void fraction profile might be steeper 

distribution near inner wall. In that case, it could be able to be considered that the C0 might be 

getting closer to the experimental results. 

 As shown in Figure 4-11(b), the wall wettability effect on C0 is not so distinct at present 

experimental conditions, however the measured drift velocity is strongly affected by the wall 

wettability. From these results, it could be considered that those results might be attributed to 

the difference in the phase distribution due to the wall wettability. In poor wettability condition, 

there may be a possibility of existence of sliding or slipping bubbles on the inner wall surface in 

comparison with good wettability condition resulting in increase of the drift velocity. 

 However experimental results of C0 are almost constant regardless of the increasing Vgj 

even though the predicted C0 shows decrease with increasing the Vgj, as shown in Figure 4-18, 

where those distribution parameters C0 are calculated by utilizing the assumed void fraction 

profile and the predicted local liquid velocity profile via Equation (4-24) and by varying Froude 

numbers; drift velocities. Therefore, steeper void fraction profile might be formed due to the 
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sliding bubble or slipping bubble near the wall for poor wettability condition. 

 

4.6 Conclusion 

LBE bubble columns with a simple circular channel and annulus were experimentally 

investigated by varying the surface wettability of the channel wall and the measured results are 

compared with existing correlations and with one-dimensional momentum transfer model. 

Results can be summarized as follows: 

 

(1) The surface wettability affects the drift velocity in the LBE two-phase flow in the annular 

channels due to enhancement of circulation flow by bubbles flowing close to inner wall surface. 

However, the effect of the surface wettability on the two-phase flow in a cylindrical vessel was 

not distinct, which might be attributed to the small void fraction in the near wall region caused 

by the circulation flow. 

 

(2) The distribution parameter in the LBE two-phase flow in a cylindrical vessel can be well 

reproduced by using one dimensional simulation with assumed void fraction and mixing length 

for single phase flow. In case of the annular channels, the one-dimensional simulation gives 

underestimation in the distribution parameters, because the assumed void fraction profiles may 

affect the circulation flow in the annular channel.  

 

(3) Although the C0 obtained from experiments shows almost constant values with increasing 

the experimental Vgj, the predicted C0 shows decreasing with increasing the Vgj,. This difference 

might be caused by assuming incorrect void fraction profiles in the analysis. It can be expected 

that shapes of actual void fraction profiles might show more different shapes and would seem to 

be steeper. In that case, predicted values of C0 would take higher values and would be getting 

closer to present experimental results. 
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Figure 4-1. Schematic diagram of LBE bubble column apparatus HESTIA2  
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Figure 4-2. Photograph (a) and schematic diagram (b) of gas distributor 
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Figure 4-3. Method for improving wall wettability to LBE. 
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Figure 4-4. Difference of meniscus of LBE free surface (a)before and (b)after surface treatment 

using soldering flux. 
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Figure 4-5. Principle of void fraction measurement by means of differential pressure gauge.  
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Figure 4-6. Schematic expression of differential pressure gauge.  
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Figure 4-7. Calibration method of differential pressure gauge.  
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Figure 4-8. Calibration result of differential pressure gauge.  
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Figure 4-9.  Variation of averaged void fraction with superficial gas velocity for (a)poor 

wettability condition and (b)good wettability condition. 
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Figure 4-10.  Comparison of drift flux plot assuming C0 = 1.19 with measurements for 

(a)DH=0.01023 m, (b) DH=0.0751 m, (c) DH=0.0537 m and (d) DH=0.026 m. 
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Figure 4-11.  Effect of hydraulic equivalent diameter on measured drift flux model parameters; 

(a)drift velocities and (b)distribution parameters. 
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Figure 4-12.  Comparison of void fraction with predicted void fraction by drift-flux model for 

(a)Poor wettability condition, and (b)Good wettability condition. 

10
-2

10
-1

10
-2

10
-1

-

 Poor wettability condition

C
0
=3.92

V
gj
 = 0.49 m/s

D
H
 = 0.1023 m

D
H
 = 0.0751 m

D
H
 = 0.0537 m

D
H
 = 0.026 m

P
re

d
ic

te
d

 v
o

id
 f

ra
ct

io
n

 



p
re

d
i.
 [

-]

Measured void fraction <
meas.

 [-]



+



10
-2

10
-1

10
-2

10
-1

-

C
0
=3.71

V
gj
 = 0.41 m/s

D
H
 = 0.1023 m

D
H
 = 0.0751 m

D
H
 = 0.0537 m

D
H
 = 0.026 m

P
re

d
ic

te
d
 v

o
id

 f
ra

ct
io

n
 <



p
re

d
i.
 [

-]

Measured void fraction 
meas.

 [-]

 Good wettability condition +



Chapter 4  

134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13.  Coordinates in bubble column apparatus HESTIA2 
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Figure 4-14.  Numerical predictions for DH =0.1023 [m] by Clark et al.’s method (circular 

cross section) (a) Comparison of predicted C0 with measurement results (b) Predicted liquid 

velocity distribution. 
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Figure 4-15.  Calculated results for annular channel (a)comparison of calculated distribution 

parameters with measured distribution parameters and (b)calculated liquid velocity profile. 
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Figure 4-16.  (a)Assumed void fraction profile by varying r*, (b)calculated liquid velocity 

distribution based on modified void fraction profile. 
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Figure 4-17.  Effect of maximum location of void fraction on numerical predicted distribution 

parameter 
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Figure 4-18.  Effect of drift velocity on predicted distribution parameter. 
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Table 4-1.  Composition and content of soldering flux. 

 

Soldering flux 

Composition Content wt [%] 

Phosphoric acid (H3PO4) 55% 

Methanol (CH3OH) 10% 

Aniline hydro chloride (C6H8ClN) 5% 

Water (H2O) 30% 

Surfactant Some quantities 
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Table 4-2.  Detailed specification of the diaphragm type differential pressure gauge. 

 

 

  

Measuring range 0 ～50 [kPa]

Withsranding pressure 150% F.S.

Line pressure max 1 [MPa]

Materials

Diaphram Stainless steel 316L

Flange Stainless steel 316

Capillary tube Stainless steel 316

Flexible tube Stainless steel 316

Box for amplifier ADC

Length of capillary tube 1 [m]

Sealing liquid Silicon oil

Conversion method Diffusion type semiconductor pressure sensor

Input power supply AC 100 [V]

Output signal DC 4 ～ 20 [mA]

Load resistance max 500 [Ohm]

Power consumption Approx. 2.5 [W]

Offset adjustable range ±10 [%]F.S.

Span adjustable range ±10 [%]F.S.

Span coarse adjustable range ±30 [%]F.S.

Suppression renge 120 [%]F.S.

Temperature range of

the surrounding enviroment
- 10 ～ 60 ℃

Temperature range of

the pressure transducer
- 10 ～ 60 ℃

Accuracy of output ±1.0 [%]F.S. (at 20 ℃)
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Table 4-3.  Non-dimensional values defined in equations 

 

Non-dimensional values 

a ratio between R1 and R2 [-] 
2

1

R

R
a   

A non-dimensional value in force balance equation [-] 
H

R

R
A 1  

B non-dimensional value in force balance equation [-] 
H

R

R
B 2  

C non-dimensional value in force balance equation [-] 
H

m

R

R
C   

Fr Froude number [-] 
H

gj

gD

V
Fr   

Ga Galileo number [-] 

l

lHH
DgD

Ga



  

Nτ1 
non-dimensional inner wall shear stress on outer 

pipe [-] g

D
N H

l



 1

1
  

Nτ2 
non-dimensional outer wall shear stress on inner 

pipe [-] g

D
N H

l



 2

2
  

r* non-dimensional radial position [-] 
H

R

r
r *

 



Chapter 4  

143 

 

rm
*
 ratio between Rm and R2 [-] 

B

C

R

R
r m

m


2

*
 

S
*
 non-dimensional value for mixing length [-] 

CB

AC

RR

RR
S

m

m











2

1*
 

u* non-dimensional liquid velocity [-] 
H

Dg

u
u


  

η1 non-dimensional value for mixing length [-] 
AC

rC

RR

rR

m

m











*

1

1
  

η2 non-dimensional value for mixing length [-] 
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Chapter 5 

Prediction of radial distribution of local liquid 

velocity using momentum transfer model 

 

5.1 Introduction 

As explained in Chapter 2, it was found from the experimental results that the void fraction and 

the local liquid velocity in the LBE two-phase flow take the maximum value near the wall 

region at low void fraction conditions. On the other hand, in higher void fraction conditions, the 

local void fraction and the local liquid velocity in the LBE two-phase flow show core-peak 

distributions. These experimental results might be affected by wall wettability effect and lift 

force effect on bubbles in the LBE two-phase flow. In respect to wall wettability effect on LBE 

two-phase flow, it was found from the experiments and numerical prediction using momentum 

transfer model that volume averaged void fraction in LBE two-phase flow is increased in the 

case of poor wall wettability condition and the location of maximum point of local void fraction 

is inferred to be located close to poor wetted inner wall surface in case of annular bubble 

column condition, as explained in Chapter 4. So, wettability effect on the LBE two-phase flow 

was confirmed through the Chapter 4.  

 In this chapter, analytical model used in Chapter 4 is applied to forced convection 

condition. And then, radial distribution of local liquid velocity measured in the LBE two-phase 

flow in a round tube was numerically investigated by conducting one-dimensional numerical 

simulation using momentum transfer model toward the radial direction. Through this chapter, 

reproduction of the measured local liquid velocity distributions was tried by taking inferred 

wettability and lift force effects on bubbles into account to the momentum transfer model. 

 

5.2 Numerical analysis for predicting liquid velocity profile in LBE 

two-phase flow with Clark’s model 

5.2.1 Basic equations of Clark’s model 

In this section, the local liquid velocity distributions in the LBE two-phase flow are 

investigated by utilizing useful prediction methods based on momentum transfer model 

proposed by Clark et al. [5-1, 5-2]. Detailed explanations of basic equations are given in 

following part.  

In this analysis, the radial distribution of void fraction is assumed and given as a 
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polynomial expression corresponding to measured void fraction profile by using a least squares 

method. The mixture density described as a function of radial position is given by following 

equation:  

 

  )()(1)( rrr
gl
                           (5-1) 

 

Since, generally, the density of gas can be neglected, the following equation is obtained as the 

mixture density 

 

 )(1)( rr
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                               (5-2) 

 

The axial shear stress may be found using a force balance as shown in Equation (5-3), where 

  indicates the cross sectional average density over the whole radius defined as Equation 

(5-4), and 𝜌𝑙,𝑖(0→𝑟)(𝑟) also denotes cross sectional average density calculated by integration in 

terms of the densities from pipe center to certain radial point, as defined as Equation (5-5). 
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As used in Chapter 4, using the mixing length for single-phase turbulent flow, the share stress is 

given by Equation (5-6). 

 

τ(𝑟) = −𝜇
𝑑𝑢

𝑑𝑟
− 𝜌𝑙2 |

𝑑𝑢

𝑑𝑟
|
𝑑𝑢

𝑑𝑟
                         (5-6) 

 

, where l is Nikuladse’s mixing length for single-phase turbulent flow. 
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𝑙

𝑅
= 0.14 − 0.08 (

𝑟

𝑅
)
2
− 0.06 (

𝑟

𝑅
)
4
                    (5-7) 

 

From Equation (5-3) and Equation (5-6), the following equation in terms of velocity gradient is 

obtained. 

 

0 = 𝜏𝑤 (
𝑟

𝑅
) +

1

2
𝑟𝑔{�̅� − 𝜌𝑖(𝑟)} + 𝜇𝑙

𝑑𝑢

𝑑𝑟
+ 𝜌𝑙2 |

𝑑𝑢

𝑑𝑟
|
𝑑𝑢

𝑑𝑟
            (5-8) 

 

Then non-dimensional equation corresponding to Equation (5-8) is as follows: 

 

0 = {𝑁𝜏𝑤 +
𝐺𝑎

2

1

2
(𝑋 − 𝑌)} 𝑟∗ + 2

𝑑𝑢∗

𝑑𝑟∗
+ {1 − 𝛼(𝑟∗)}𝐺𝑎 (

𝑙

𝑅
)
2
|
𝑑𝑢∗

𝑑𝑟∗
|
𝑑𝑢∗

𝑑𝑟∗
    (5-9) 

 

, where non-dimensional values used in Equation (5-9) are listed on Table 5-1. From Equation 

(5-9), the local liquid velocity gradient can be calculated. As can be seen in Equation (5-9), the 

equation is quadratic function of velocity gradient. So, in this study, the velocity gradients were 

solved by using quadratic formula for simplicity. Then, by integrating the velocity gradients 

calculated by Equation (5-9) toward the radial direction, the local liquid velocity distribution 

can be obtained, where boundary condition is 0 velocity at wall surface.  

 

𝑢𝑙(𝑟
∗) = ∫

𝑑𝑢𝑙

𝑑𝑟∗
𝑑𝑟∗

0

1
                            (5-10) 

 

Flow chart of practical computational procedure for this analysis is shown in Figure 5-1. As can 

be seen from this figure, radial distribution of void fraction, viscosity of LBE, density of LBE, 

radius of flow channel and wall share stress are given as initial conditions for the analysis. Then, 

using velocity gradient calculated by Equation (5-9) and boundary condition for velocity at wall 

surface, simulated radial distribution of liquid velocity can be obtained. From such estimated 

liquid velocity distribution and assumed void fraction profile, superficial liquid velocity can be 

obtained. In this analysis, by varying the initial condition of the shear stress at the wall, 

convergent calculation is conducted so that the given superficial liquid velocities are satisfied. 

Then finally, optimized radial distribution of local liquid velocity is obtained. In the section, 

calculated radial distribution of liquid velocity is compared with liquid velocity distribution 

measured in LBE flows. 

 



Chapter 5 

 

148 

 

5.2.2 Simulated systems and condition  

 The schematic diagram of the simulated system in this analysis is illustrated in Figure 

5-2. The system simulates the experimental setup in HESTIA, which consists of the vertical 

circular pipe having inner diameter of 50 mm and length of 1.9 m. The flow parameters are the 

superficial gas velocity in the range from 0.01 to 0.15 m/s and the superficial liquid velocity in 

the range from 0.1 to 0.2 m/s. The physical properties of the LBE and the nitrogen were 

calculated corresponding to liquid temperature of 200 C̊. In the analysis, liquid velocity profiles 

measured at z/D=32.4 were analyzed because flow field in the LBE two-phase flow can be 

considered as developed flow field. 

 

5.2.3 Local liquid velocity profiles predicted by Clark’s model using mixing length for 

single phase turbulent flow 

 First of all, Clark’s model was examined for LBE single phase flow by substituting 0 

for the void fraction in Equation (5-9). Comparisons of the measured and calculated liquid 

velocity profiles for LBE single phase flow are shown in Figure 5-3. It should be noted that 

these velocity profiles were calculated by using Equation (5-9), by assuming Nikuradse’s 

mixing length. As indicated in Figure 5-3, the calculated liquid velocity profiles show good 

agreement with experimental results over all of the present experimental conditions. From these 

results, the mixing length model can be applied to simulate LBE single phase turbulent flow 

without any special assumptions. 

 Using the Clark’s model, liquid velocity profiles in LBE two-phase flow were 

calculated. The results are shown in Figures 5-4 to Figure 5-7. These figures indicate the 

comparisons of liquid velocity between measurements and calculations, where Nikuradese’s 

mixing length was used for the calculation and ranges of superficial gas and liquid velocity are 

0.01 to 0.15 m/s and 0.1 to 0.2 m/s, respectively. It is found that calculated liquid velocity 

profiles show relatively good agreement with liquid velocity profiles measured at conditions of 

superficial gas velocity from 0.01 and 0.02 m/s. However, the calculated liquid velocity profiles 

show disagreement with experimental results measured higher superficial gas velocity 

conditions; calculated velocities overestimate experimental results at core region and also 

underestimate experimental results at wall side region. These disagreements may arise from the 

underestimation of momentum transfer term calculated by Nikuladse’s mixing length. As shown 

in Chapter 2, measured turbulence intensities for two-phase flow show quite larger values than 

those for single phase flow. Such tendency indicates that bubble induced turbulence might be 

dominant in LBE two-phase flow measured at present experimental conditions. Therefore, in the 

following section, bubble induced turbulence is taken into account to predict measured liquid 

velocity profiles.  
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5.3 Numerical analysis for predicting liquid velocity profile in LBE 

two-phase flow with Sato’s model 

5.3.1 Basic equations of Sato’s model 

 In order to take the turbulence in two-phase flow into account to momentum transfer 

model, the share stress derived from momentum transfer is given by Equation (5-11), where the 

turbulence is composed of the wall turbulence and the bubble induced turbulence, 
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, where 
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 ,   and    are the kinetic viscosity, the eddy diffusivity for the wall turbulence 

and the eddy diffusivity for the bubble induced turbulence, respectively. At present analysis, 

Equation (5-12) is used as the eddy diffusivity for the wall turbulence 
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 and   are the non-dimensional distance from wall, the non-dimensional 

radius, the experimental constant and the mixing length constant, respectively. The eddy 

diffusivity for the bubble induced turbulence is given as following Equation (5-13): 
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where 2.1
1
K  is the experimental constant. UB is the terminal velocity of a single bubble 

rising in a stagnant liquid. At present analysis, UB was given as the difference between cross 

sectional averaged gas velocity measured by EC probe [5-5] and superficial liquid velocity 

measured by EM probe. In addition, dB is the bubble diameter which is given by the following 

Equation (5-14) 
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d̂ : average bubble diameter).   (5-14) 

 

On the other hand, the axial shear stress may be expressed by same expression with Equation 

(5-3) from relationship for a force balance. Substituting Equation (5-3) for the shear stress in 

Equation (5-10), the following equation can be obtained: 
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Finally, the following non-dimensional equations can be obtained: 

 

 
dr

rdu

g

D
r

g

D
rg

g

D

R

r l

l

l

l

li

ll

w
)(

)1(
1

)(
1

2

1
0 



















 












 

 

















 

rR
l

ll

w rdr
r

rdr
RR

RgD
r

g

D

R

r
0202

2)1(
1

2)1(
1

2

2

2

1
0 











 

 

dr

rdu

g

D
l

l

l

l

l
)(

)1( 









 









 

 

    *
*

0

***

2*

1

0

**** 2)(1
1

2)(1
1

2

1

2
0 rdrrr

r
drrr

Ga
rN

r

w 







  







 

 



Chapter 5 

151 

 

*

** )(
)1(

dr

rdu

R

gD

g

D
l

l

l

l

l











 









 

 

*

**

* )(
)1(2

22
0

dr

rdu
r

YXGa
N l

l

l

l

l

w 















 
 










  

 

*

**

* )(
2

22
0

dr

rdu
Zr

YXGa
N l

w








 



 

 

*

*

**

222

1)(
r

YXGa
N

Zdr

rdu
w

l







 



,                 (5-16) 

 

where the non-dimensional values used in Equation (5-16) are listed also on Table 5-1. As can 

be seen in Equation (5-16), the equation is linear function. So, the local liquid velocity gradient 

can be easily calculated. And then, by integrating the velocity gradients in the radial direction, 

the local liquid velocity distribution can be obtained. By varying the initial value of the shear 

stress at the wall, convergent calculation is also conducted so that the given superficial liquid 

velocities are satisfied. In the following section, the liquid velocity distributions calculated by 

Equations (5-16) are compared with measured liquid velocity distributions. 

 

5.3.2 Local liquid velocity profiles predicted by Sato’s model using eddy diffusivities for 

single phase turbulence and bubble induced turbulence 

 In order to take the bubble induced effect on momentum transfer toward radial 

direction into account, Sato’s model explained in section 5.3.1 was applied to the analysis. As 

mentioned in section 5.3.1, turbulence in two-phase flow is assumed to be sum of single phase 

turbulence and bubble induced turbulences. And then, eddy diffusivities corresponding to each 

turbulence are introduced to momentum transfer model, as written in Equation (5-16).  

Predicted liquid velocity profiles are shown in Figures 5-8 to 5-11. It is found that tendency of 

calculated liquid velocities are changed to be flatter shape in conditions of superficial gas 

velocity larger than 0.1 m/s and roughly agree with experimental results in such superficial gas 

velocity conditions. It is considered that such change of the tendency is caused by larger 

momentum transfer toward radial direction than that estimated by Clark’s model using only 

mixing length for single phase turbulent flow. Such larger momentum transfer is estimated by 

introducing eddy diffusivity due to bubble induced turbulence. As mentioned in Chapter 2, 
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measured turbulence intensities for two-phase flow show quite larger values than those for 

single phase flow. And such difference of intensity is proportional to superficial gas velocity. 

Such results indicate that larger effect of bubble induced turbulence on the velocity profile 

might exist in LBE two-phase flow at present experimental conditions. Therefore, as shown in 

Chapter 2, it is considered that core-peak velocity distributions measured at condition of 

superficial gas velocity larger than 0.1 m/s may be formed by larger effect of bubble induced 

turbulence. So, it can be considered that tendencies between calculated and measured liquid 

velocity distribution are valid in the case of superficial gas velocity lager than 0.1 m/s. 

 On the other hand, it is found that measured liquid velocity distributions at condition 

of superficial gas velocity less than 0.05 m/s are not predicted well. Such measured liquid 

velocity distributions indicate same tendency in terms of distribution shape; those liquid 

velocity distributions have maximum value near the wall side, wall-peak distribution. One of the 

possibilities of cause for such wall-peak distribution is considered below. 

 As mentioned in Chapter 1, LBE has poor wettability characteristics to stainless steel. 

At present work, commercial stainless steel pipe without any surface treatment is utilized as the 

test section of HESTIA. So, it can be considered that there exists a poor wettability condition in 

the LBE two-phase flow measured in this study. Here, as for the case of air-water two-phase 

flow, it was reported that bubbles rising in a two-phase flow tend to be close to and to attach to 

and detach from the wall surface in such poor wettability condition to the wall surface [5-6, 5-7, 

5-8]. Hence, it may be able to consider that similar phenomenon can arise also in the LBE 

two-phase flow. In fact, as shown in Chapter 2, void fraction measured at condition of 

superficial gas velocity less than 0.05 m/s indicated wall-peak distribution too. Therefore, it can 

be guessed that bubbles tend to flow near the wall side. Such bubbles may continue to flow near 

the wall surface once the bubble can touch to the wall surface due to poor wettability effect on 

the bubbles. At the same time, rising velocity of such bubbles is faster than that of liquid phase. 

So, velocity gradient becomes larger near the wall surface. Therefore, bubbles may be 

accumulated by lift force due to such velocity gradient. And then, it might be guessed that liquid 

phase flowing near the wall side is accelerated by accumulated bubbles existing near the wall 

side. 

 As shown in Figure 5-3, measured liquid velocity can be predicted by momentum 

transfer model without any newly assumption at wall surface in case of LBE single phase flow. 

From that calculation results, it may be able to consider that liquid velocity at wall surface is 

almost 0 m/s. However, as explained above, liquid phase flowing near the wall side may be 

accelerated by accumulated bubbles existing near the wall side. Hence, there may be a 

possibility to exist finite liquid velocity at wall surface in case of LBE two-phase flow. In the 

practical condition, it can be considered that bubbles discretely exist on the wall surface, as 
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shown in Figure 5-12. Hence, there might be repetition of dry and wet due to such bubbles on 

the wall surface. Due to these bubbles, liquid phase may be accelerated. From space-time 

average point of view, this situation might be considered as slip condition at wall surface. 

Therefore, the finite velocity might be regarded as some kind of slip velocity at wall surface. In 

the following section, such slip velocity is taken into account to Sato’s model. 

 

5.3.3 Local liquid velocity profiles predicted by Sato’s model with assumption of slip 

velocity on the wall surface 

 To take the slip condition into account to Sato’s model, void fraction at wall surface 

was assumed because the slip velocity may be caused by bubbles accumulated on the wall 

surface. The void fraction was given by polynomial expression of even function. And also, as 

indicated in Figure 5-13, boundary condition for liquid velocity at r* = 1 was changed so that 

the calculated liquid velocity distribution agrees with measured liquid velocity distribution.  

Calculated results are shown in Figures 5-14 (right) to Figure 5-17 (right), where Figures 

located left side denotes void fraction profiles assumed in this analysis.  It is found that 

predicted liquid velocity profiles show agreement with experimental results in all of 

experimental conditions.. Therefore, there might be slip condition on the wall surface. Such slip 

conditions should be assumed to predict the liquid velocity profiles for poor wettability 

condition.  

 From those calculation results shown in Figures 5-14 to 5-17, the slip velocities 

assumed in this analysis can be obtained. Such slip velocity might come from bubbles 

accumulated on the wall surface by wettability effect and velocity gradient toward the wall 

surface, as explained above section. In that case, it is considered that there might be some 

relationships between the assumed slip velocities and gas velocities. Therefore, in this study, 

void fraction weighed mean gas velocities, <<ug>>, are estimated in order to find relationship 

between such gas velocities and the assumed slip velocity. Here, to estimate void fraction 

weighed mean gas velocity, void fraction weighed mean drift velocity, Vgj, is needed. Here, the 

<<vgj>> was given as constant value of 0.27 m/s since the Vgj are about 0.27 m/s, as denoted in 

Chapter 3. In addition, it was reported in the previous study that the distribution parameter C0 

was approximately 1 [5-5]. Hence, the C0 was given as same value of 1, in present work. Using 

Equation (3-18), <<ug>> are estimated. 

 Figure 5-18 shows the relationship between estimated <<ug>> and the slip velocity 

assumed at wall surface. It is found that the assumed slip velocities are proportional to <<ug>>. 

And also, slip velocities are about 30% of <<ug>>. From this result, radial distribution of local 

liquid velocity may be able to be predicted by using Sato’s momentum transfer model if the slip 

velocity given as about 30% value of <<ug>> and void fraction on the wall surface are 
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introduced to the model.  

 As for the meaning of the 30%, it might be considered that there exist starting point of 

bubble coalescence to become larger bubble. Mishima and Ishii [5-??] derived result of α = 0.3 

from simple geometrical consideration only. And they reported that the value, 0.3, of void 

fraction can be given as boundary of bubbly to slug flows transition because not only bubble 

collision but also bubble coalescence arise if the void fraction becomes larger than 0.3. Based 

on their consideration, it is considered that similar condition for bubbles might be formed near 

the wall surface in the LBE two-phase flow. At present experimental condition, the 

accumulation of bubbles is inferred from the consideration of wettability effect and lift force 

effect on bubbles in the LBE two-phase flow. Then, formation of larger bubbles might be started 

by bubbles which are going to be close to the wall surface if the void fraction becomes larger 

than 0.3. The formed larger bubbles might break up due to interfacial instability of bubbles. 

After that, at wall region, such phenomena might be repeated in case of LBE two-phase flow 

flowing poor wetted channel. At present work, above mentioned phenomena is inferred. 

However, in this study, measurements of liquid velocity and void fraction at wall surface have 

not been conducted so far due to problem for dimensions of EM and EC probes. Therefore, 

further investigation for the liquid velocity and the void fraction close to the wall surface should 

be needed to clarify detailed mechanism of slip velocity. 
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5.4 Conclusion 

To investigate the effect of wall surface condition on flow structure in LBE two-phase flow, the 

local void fraction and local liquid velocity in LBE two-phase flow were measured by using 

intrusive probe method. From measurement and analytical results, the following conclusions are 

obtained.  

 From the comparison of liquid velocity distributions between measured and calculated 

one, liquid velocity distributions predicted by Clark’s model using mixing length for single 

phase turbulent flow show agreement with velocity distributions measured in the LBE single 

phase flow However, in case of two-phase flow, it is found that predicted liquid velocity profiles 

show disagreement with experimental results measured higher superficial gas velocity 

conditions. This means that amount of momentum transfer is underestimated in case of using 

mixing length for single-phase flow. That means bubble induced turbulence might be dominant 

in LBE two-phase flow measured at present experimental conditions. 

 In case of using Sato’s model which introduce eddy viscosities for single phase 

turbulent flow and bubble induced turbulence, predicted liquid velocity profiles show roughly 

agreement with experimental results measured higher superficial gas velocity conditions.  

 Good agreement was obtained between experimental and predicted velocity profiles 

by assuming slip velocity on the wall surface. In case of poor wettability condition, there is 

repetition of dry and wet due to bubble on the wall surface. Therefore, macroscopic point of 

view, such slip conditions should be assumed to predict the velocity profiles for poor wettability 

conditions. 

 From the consideration in term of wettability effect and lift force effect on the bubbles, 

it is considered that the slip velocities on the wall surface might come from bubbles 

accumulated on the wall surface. In that case, it is considered that there might be some 

relationships between the assumed slip velocities and gas velocities. From the relationship 

between estimated <<ug>> and the slip velocity assumed at wall surface, it is found that the 

assumed slip velocities are proportional to <<ug>> and that slip velocities are about 30% of 

<<ug>>. From this result, radial distribution of local liquid velocity may be able to be predicted 

by using Sato’s momentum transfer model if the slip velocity given as about 30% value of 

<<ug>> and void fraction on the wall surface are introduced to the model.  

 However, in this study, measurements of liquid velocity and void fraction at wall 

surface have not been conducted so far due to problem for dimensions of EM and EC probes. 

Therefore, further investigation for the liquid velocity and the void fraction close to the wall 

surface should be needed to understanding detailed mechanism of slip velocity 
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Figure 5-1  Flow chart for numerical analysis using Clark’s model.  
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Figure 5-2  Simulated system in the analysis using momentum transfer model.   
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Figure 5-3  Comparison of liquid velocity between experimental one and calculated one, 

where Nikuradese’s mixing length was used for the calculation.  

(for jg =0 m/s, jl = 0.1 m/s) 
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Figure 5-4  Comparison of liquid velocity between experimental one and calculated one, 

where Nikuradese’s mixing length was used for the calculation. (for jg =0.05 to 

0.15 m/s, jl = 0.1 m/s)  
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Figure 5-5  Comparison of liquid velocity between experimental one and calculated one, 

where Nikuradese’s mixing length was used for the calculation. (for jg =0.01 to 

0.04 m/s, jl = 0.1 m/s) 
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Figure 5-6  Comparison of liquid velocity between experimental one and calculated one, 

where Nikuradese’s mixing length was used for the calculation. (for jg =0.1 to 

0.15 m/s, jl = 0.15 m/s) 
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Figure 5-7  Comparison of liquid velocity between experimental one and calculated one, 

where Nikuradese’s mixing length was used for the calculation (for jg =0.1 to 0.15 

m/s, jl = 0.2 m/s) 
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Figure 5-8  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.05 to 0.15 m/s, jl = 0.1 m/s)  
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Figure 5-9  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.01 to 0.04 m/s, jl = 0.1 m/s) 
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Figure 5-10  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.1 to 0.15 m/s, jl = 0.15 m/s) 
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Figure 5-11  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.1 to 0.15 m/s, jl = 0.2 m/s)
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Figure 5-12  Inferred situation of bubbles near the wall region.  
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Figure 5-13  Flow chart for numerical analysis using Sato’s model with slip condition.  
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Figure 5-14  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.05 to 0.15 m/s, jl = 0.1 m/s)  
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Figure 5-15  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.01 to 0.04 m/s, jl = 0.1 m/s) 
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Figure 5-16  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.1 to 0.15 m/s, jl = 0.15 m/s) 
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Figure 5-17  Comparison of liquid velocity between experimental one and calculated one, 

where eddy diffusivities, 𝜀′ and 𝜀", were used for the calculation.  

(for jg =0.1 to 0.15 m/s, jl = 0.2 m/s) 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

z/D=32.4 

j
g
= 0.1 m/s, j

l
= 0.2 m/s

 Exp.
 

wall
 = 0

 
wall

 = 0.13

A
su

m
m

ed
 l

o
ca

l 
v

o
id

 f
ra

ct
io

n
, 


 [
-]

Radial Position,  r/R   [-]
0.0 0.2 0.4 0.6 0.8 1.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

z/D=32.4 

j
g
= 0.1 m/s, j

l
= 0.2 m/s

 Exp.
 Original model

 
wall

 = 0.13, u
l, wall

 = 0.23 m/s at wall surface

L
o

ca
l 

li
q

u
id

 v
el

o
ci

ty
, 

u
l [

m
/s

]

Radial Position,  r/R   [-]

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

z/D=32.4 

j
g
= 0.15 m/s, j

l
= 0.2 m/s

 Exp.
 

wall
 = 0

 
wall

 = 0.26

A
su

m
m

ed
 l

o
ca

l 
v

o
id

 f
ra

ct
io

n
, 


 [
-]

Radial Position,  r/R   [-]
0.0 0.2 0.4 0.6 0.8 1.0

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

 Original model

 
wall

 = 0.26, u
l, wall

 = 0.2 m/s at wall surface

 Original model

z/D=32.4 

j
g
= 0.15 m/s, j

l
= 0.2 m/s

 Exp.

L
o

ca
l 

li
q

u
id

 v
el

o
ci

ty
, 

u
l [

m
/s

]

Radial Position,  r/R   [-]



Chapter 5 

 

176 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-18  Relationship between gas velocity and liquid velocity calculated at wall surface.  
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Table 5-1 Non-dimensional values used in Equation (5-15). 
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Chapter 6 

Conclusion 

 

Understanding of the LBE gas-liquid two-phase flow has essential importance to estimate safety 

of the heavy liquid metal cooled reactors such as ADSs and LFRs in PRASG condition. 

Experimental efforts have been made in this study to clarify the two-phase flow characteristics, 

such as void fraction profile, liquid velocity profile, and turbulent quantities. Intensive review of 

existing works in relation to the liquid-metal flows, it was found that the gas-liquid density ratio 

and wall wettability might affect the two-phase flow behavior of LBE. To measure the void 

fraction and liquid velocity fluctuations of LBE two-phase flows, an electrical conductivity 

probe (EC probe) and an electro-magnetic probe (EM probe) have been developed. From 

experimental data, basic characteristics of its two-phase flow have been theoretically analyzed, 

including wall wettability effects.  

 

 Experiments and measurements have been performed using a LBE test loop named as 

HEavy liquid metal Single and Two-phase flow Instrumentation for Accelerator-driven system 

(HESTIA). The test section was a vertical round stainless steel (Type 304) pipe and it has an 

inner diameter of 50 mm and a length of 2,000 mm. The stainless steel pipe is commercially 

available without any special surface treatment, which has a passivation film on its surface, 

showing poor wettability to the LBE. The superficial gas velocity jg was varied from 0.05 to 

0.15 m/s and the superficial liquid velocity jl was varied from 0.1 to 0.2 m/s, 

As a result, it was found that the local liquid velocity can be measured by the EM 

probe with less than ±10% of measurement error for the vortex flow meter - even in the 

two-phase flows. The measured void fraction by the EM probe was slightly larger than that by 

the EC probe due to the larger measurement area of EM probe. However, the measurement error 

of void fraction by EM probe can be minimized by adjusting the threshold value in the signal 

processing. Measurement results show the transition from wall-peak to core-peak profile in the 

void fraction and the liquid velocity at low liquid flow rate. Wall-peak profile might be formed 

by the bubble accumulations in the wall regions due to the poor wettability of LBE. 

 

 One-dimensional analysis using simplified two-fluid model was carried out to obtain 

numerically simulated axial void fraction, gas velocity and liquid velocity. From the 

comparisons between the calculated results and experimentally measured results of these 

parameters show disagreement in case of utilizing the existing simplified two-fluid model. Such 
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disagreement might be caused by the difference in the gas-liquid interfacial force between LBE 

two-phase flow and air-water two-phase flow. In order to improve prediction accuracy of the 

model for analysis for LBE two-phase flow, the equation of interfacial drag force was modified 

by using void fraction weighted mean drift velocity. Axial development of measured void 

fraction in HESTIA can be well reproduced with above mentioned modifications.  

 

 LBE bubble columns, HESTIA2, with a simple circular channel and annulus were 

experimentally investigated by varying the surface wettability of the channel wall and the 

measured results were compared with existing correlations and with one-dimensional simulation 

based on momentum transfer model toward radial direction and drift flux models. The inner 

dimeter of the test section was 102.3mm and the height was 1001.5 mm. From measurement 

results, it was found that the surface wettability affected the drift velocity in the LBE two-phase 

flow in the annular channels. As the possible cause, it might be considered that LBE circulation 

flow in the annular channels is enhanced by bubbles flowing close to inner wall surface in case 

of poor wettability condition. However, the effect of the surface wettability on the two-phase 

flow in a cylindrical vessel was not distinct, which might be attributed to the small void fraction 

in the near wall region caused by the circulation flow. The distribution parameter in the LBE 

two-phase flow in a cylindrical vessel can be well reproduced by using one dimensional 

momentum transfer model with assumed void fraction and mixing length for single phase flow. 

In case of the annular channels, the one-dimensional simulation gives underestimation in the 

distribution parameters. Such underestimation was revised by the one-dimensional simulation 

assuming void fraction profile showing maximum value near the inner wall surface. 

 

 Based on the void fraction and liquid velocity distributions measured in HESTIA loop, 

the momentum transfer models have been compared. From comparison of the liquid velocity 

profile between measured and calculated one, measured liquid velocity can be reproduced by 

momentum transfer model with assumption of local void fraction and slip velocity at wall 

surface. Measured liquid velocity cannot be predicted by using mixing length model for single 

phase flow. Similar eddy viscosity model developed for gas-liquid two-phase flow to mixing 

length model have been applied to the measurement results. Good agreement was obtained 

between experimental and predicted velocity profiles by assuming slip velocity on the wall 

surface. In case of poor wettability condition, it is inferred that there might be repetition of dry 

and wet due to bubble on the wall surface. Therefore, macroscopic point of view, such slip 

conditions should be assumed to predict the velocity profiles for poor wettability conditions. 

The main results are summarized as follows: 
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1) In order to obtain local flow structure in the LBE two-phase flow, EC and EM probe methods 

were established. Measurement error of the local liquid velocity by the EM probe was about 

10%. 

2) Measured void fraction and liquid velocity profiles show transition from wall-peak to 

core-peak distribution in condition of low superficial gas and liquid velocities. The wall-peak 

distribution might be caused by bubble accumulation near the wall surface due to the poor 

wettability between LBE and stainless steel wall. 

3) In the LBE two-phase flow, gas-liquid interfacial drag force might be small. In the case of 

assuming such interfacial drag force, axial development of void fraction can be reproduced 

by utilizing one-dimensional two-fluid model. 

4) The wall surface wettability can affect void fraction profile and liquid velocity profile also in 

the LBE two-phase flow. Tendency of distribution parameter measured in case of annular 

channel condition of LBE bubble column can be understood by assuming void fraction 

profile having maximum value near the wall surface. 

5) Local liquid velocity profile measured in condition of forced convection cannot be predicted 

by using mixing length model for single phase flow. Assuming bubble induced turbulence, 

good agreement was obtained between experimental and predicted velocity profiles by 

assuming slip velocity on the wall surface. In case of poor wettability condition, there might 

be repetition of dry and wet due to bubble on the wall surface. Therefore, macroscopic point 

of view, such slip conditions should be assumed to predict the velocity profiles for poor 

wettability conditions. 

 

 

As mentioned above, the interfacial drag, surface wettability and slip conditions in the LBE 

two-phase flow should be well investigated to clarify the flow characteristics. In present 

experimental condition, predicted cross sectional averaged void fraction along flow direction 

can be improved by taking more precise interfacial drag force into account to the two-fluid 

model. The cross sectional averaged void fraction is affected by wall wettability. The radial 

distribution of local liquid velocity is also affected by such wettability effect. In case of 

predicting such liquid velocity distribution, the assumed slip velocity on the wall surface was 

almost same value as the superficial liquid velocity. The slip velocity might be affected by the 

void fraction on the wall surface, however, the prediction of velocity field in the LBE two-phase 

flow with poor wettability system can be strongly improved by introducing the macroscopic slip 

velocity assumption.  

For further understanding of the LBE two-phase flow, the void fraction and liquid velocity 

distributions in the near wall region should be precisely measured by changing the wall 
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wettability, which could contribute to the further improvement of prediction method of the LBE 

two-phase flow.  
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