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CHAPTER-7 
BROAD CONCLUSIONS AND FUTURE SCOPE 

OF STUDY



 

Chapter-7: Broad conclusions and future scope of study 

 

A semiempirical pool scrubbing model is developed to estimate the scrubbing efficiency of 

liquid pools in SFRs. This model is useful for in-vessel bubble transport radiological source term 

evaluation. The model evaluates scrubbing efficiencies of about 80 % for 1 μm sodium iodide 

aerosol sizes in SFR pool of 5 m height. 

Three-dimensional numerical simulations are observed to simulate the realistic bubble dynamics 

than the two- dimensional simulations, with the limitation being increase in computational time. 

Similarity of bubble dynamics between water and sodium systems helps to reduce number of 

experiments in liquid sodium systems for in-vessel radiological source term evaluations in SFR.  

To study the retention of iodine vapours during mixed gas bubble rising through water pool, an 

experimental facility (IBEX) is setup. Experiments carried out in IBEX showed increase of 

iodine retention in water with increase in water pool height. The study is useful in evaluating 

bubble transport radiological source term under fuel pin failure scenario in spent fuel storage bay 

of SFR. 

Engineering scale model of a wet scrubber (SGBS) is setup to study the scrubbing efficiency of 

sodium fire aerosols during mixed gas bubble rising through water submerged gravel bed. 

Numerical simulations are also performed to evaluate aerosol removal efficiency in a submerged 

gravel bed scrubber. At low gas flow rates, semiempirical model underpredicts the removal 

efficiency for aerosols smaller than 10 μm; however, present CFD study predicts efficiencies 

above 90 % as observed during in-house experiments for the typical size range of sodium 

combustion aerosols (1-10 μm), hence, proving the suitability of SGBS as a passive device for 

sodium combustion aerosol removal.  
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The problems associated with bubble dynamics and mass transfer issues during bubble 

movements in the pools of nuclear industries have been dealt to date using a judicious mix of 

analytical correlations and few experiments. In short, though many studies are available in 

literature confining to analytical evolution of bubble dynamics and semiempirical correlations, 

scarce are the studies that focus on bubble dynamics in liquid pools by means of computational 

fluid dynamics. The present work is an attempt to fill the existing gap areas in this field of study. 

Here, the semiempirical model is developed to first understand the concept of pool scrubbing. 

This is followed by reliable simulation of bubble dynamics using OpenFOAM software and then 

validating the model with in-house experimental data. Finally similarity between water and 

sodium systems on bubble dynamics is carried out. Hence, a judicious mix of computational 

methodology with in-house experiments is presented in the thesis for simulating the pool 

scrubbing phenomena encountered in SFRs. 

Future scope of work 

The future works proposed based on the study are as follows: 

1.  Improvement of the semiempirical model for bubble dynamics with mass transfer towards 

evaluating the relative importance scrubbing efficiency for iodine in vapour (I2) and aerosol (CsI, 

NaI) forms. 

2. Iodine retention experiments can be extended in sodium pool to understand the bubble 

transport in-vessel source term in sodium pool. 

3. Submerged gravel bed scrubber experiments can be carried out for higher gas flow rates and 

higher inlet aerosol concentrations to study its performance.  
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SUMMARY 
 

 

The important issues associated with bubble dynamics and related mass transfer in pools of 

nuclear industries have been dealt to date using a judicious mix of analytical correlations and few 

experiments. Though many studies are available in literature confining to analytical evolution of 

bubble dynamics along with semiempirical correlations, scarce are the studies that focus on 

bubble dynamics in liquid pools by means of computational fluid dynamics (CFD).  

The present work is an attempt to fill gap areas in the field of bubble scrubbing related safety 

studies in SFRs. Here, a semiempirical model is developed to first understand the concept of 

pool scrubbing. The main phenomena governing the removal of aerosol and vapours from rising 

bubbles are identified. This is followed by reliable numerical simulation of bubble dynamics 

using OpenFOAM software to verify the empirical correlations used in the pool scrubbing model.  

The interFoam solver of OpenFOAM, which uses volume of fluid (VOF) method to track the 

interface between gas and liquid phases, is used in the present study. We tested the solver in 

OpenFOAM 3.0.0 and validated the method against experimental results by simulating bubbles 

rising in stagnant 2-D, 2-D axisymmetric and 3-D liquid domains. The simulated terminal 

velocity and shapes of the rising bubble were found to agree well with the experimental results. 

Custom made pulsating type conductance based sensor with enamel coated copper wire probes 

was tested in water medium to evaluate effect of bubble rise velocity on rise height and related 

uncertainties.  

Finally similarity between water and sodium systems on bubble dynamics is brought out to 

simplify SFR safety studies. The understanding from CFD and experimental studies have been 

extended to analyze mass transfer/scrubbing of vapours and aerosols encountered in liquid pool 

of SFR systems. Hence, a judicious mix of computational methodology with in-house 



 

ii 

 

experiments is presented in the thesis for simulating the pool scrubbing phenomena encountered 

in SFRs. 



 

CHAPTER-1 
INTRODUCTION



 

Chapter-1: Introduction 

 

1.1 Background 

SFRs as shown in fig. 1.1 are posed with advantages such as low pressure operation, high core 

power density, low containment design pressure, passive decay heat removal systems and few 

inherent safety features. However, it is also associated with certain disadvantages such as reactor 

core is not in most reactive configuration, reaction of liquid sodium with air, water and concrete 

and also difficulties for in-service inspection due to opaque nature of sodium. 

 

Fig.1.1 Sodium-cooled fast reactor (Lineberry and Allen, 2002) 
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The accidental sodium leakages and associated chemical reactions related incidents encountered 

in SFR plants to date resulted in losses of plant capacity factor and hence, reduced SFRs 

economic competitiveness compared to other nuclear reactors. Hence, to overcome these issues, 

it is essential for practically eliminating all the risks (associated with severe accidents, sodium 

fire etc.) posed to public and environment by incorporating related safety measures at the SFR 

design stage itself.  

The history of SFR dates back from experimental breeder reactor (EBR)-1 commissioned in 

1950 to its current position as the most developed generation (GEN) IV reactor design concept 

based on considerable operating experience gained in several countries. The categorization of 

reactors as various generations was carried out by generation IV international forum (GIF) setup 

in 2000, for which the technical secretariat is nuclear energy agency (NEA) of organization for 

economic coordination and development (OECD) and consisted of 14 member countries. The 

various generations of reactors as per the GIF classification are shown in table 1.1. A technology 

roadmap was laid down by GIF to improve SFR systems by incorporating features such as 

sustainability, safety and reliability, economic competitiveness, proliferation resistance and 

physical protection (PR&PP) in their design before the deployment of GEN IV reactors.  

To ensure the GIF goal of sustainability in terms of energy i.e., availability of fuel and 

minimization of nuclear waste, a closed fuel cycle is opted for SFRs. The various options 

considered are advanced aqueous reprocessing for minor actinide (MA) bearing mixed (uranium-

plutonium) oxide fuel and pyrometallurgical processing for mixed metal alloy (uranium-

plutonium-MA-zirconium) as fuel. The licensing of GEN IV SFR systems also requires meeting 

of stringent safety and reliability goals in instrumentation and control for reducing the likelihood 

of reactor core damage and eliminating the need for offsite emergency response. The GIF goal of 
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economic competitiveness for SFR can be achieved by usage of advanced instrumentation 

(ultrasonics, robotics) for in-service inspection and repair (ISI&R), improved instrumentation for 

detection of sodium leaks, advanced energy conversion systems, increased fuel burnup, extended 

plant lifetime of 60 years and many more for reducing capital costs. The final GIF goal of 

PR&PP in SFR can be achieved by use of advanced separation technologies which include MAs 

and hence, making diversion unattractive. For achieving its goal areas, GIF is also working 

hands in hands with international atomic energy agency (IAEA) projects such as international 

project on innovative nuclear reactors and fuel cycles (INPRO) established in 2000 having 42 

member countries towards making SFR a GEN IV reactor.  

Table 1.1 Classification of nuclear reactors based on GIF (Horvath and Rachlew, 2016; Brady 

and MacKinlay, 2016; Findlay, 2010; Behar, 2014) 

Reactor 

type 

GEN I  

(1955-1965) 

GEN II  

(1965-1995) 

GEN III 

(1995-2010) 

GEN III+ 

(2010-2030) 

GEN IV 

(>2030) 

PWR Shippingport Mihama 1 AP 600 AP 1000 SCWR 

BWR Dresden-1 Grand Gulf  ABWR  

SFR Fermi-1    ASTRID, TWR 

GCR Calder Hall AGR  PBMR HTTR, HTR-10 

PHWR Douglas Point  CANDU 6 ACR 1000  

VVER Kola 1-2 Kalinin    

RBMK  Kursk 1-4    

GFR     ALLEGRO, EM
2
 

LFR     ALFRED, ELSY 

MSR     CMSR, LFTR 

The generation IV international forum system research plan (SRP) considers four sodium-cooled 

fast reactor design concepts (Sagayama, 2017), i.e., loop option (Japan sodium-cooled fast 

reactor design track), pool option (Korea advanced liquid metal reactor design track), pool option 
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(European sodium fast reactor design track) and small modular option (AFR-100 design track). 

The safety work package of safety and operations project reviews and assesses passive/active 

safety, severe accident issues and identify additional research and development activities from 

safety issues. Till date, sodium-cooled fast reactors used deterministic, bounding assessments for 

radiological source term under severe accidents (non-energetic core melt accident and energetic 

hypothetical core disruptive accident), thus bringing out the requirement of mechanistic source 

term (MST) development as a key safety and operations project subject to be analyzed during the 

design stage towards obtaining generation IV status for the sodium-cooled fast reactor. 

Following 2011 accident at Fukushima Daiichi nuclear power station, CSNI, nuclear energy 

agency launched activities related to assessment of source term from spent fuel failure inside the 

storage bay water pool for addressing certain technical issues related to its mitigation. For the 

purposes of defense-in-depth (DiD) (Apostolakis et al., 2011), the sodium-cooled fast reactor 

containments may be provided with additional barrier in terms of filtered containment venting 

systems (FCVSs) as a safety measure for energetic severe accident scenarios (hypothetical core 

disruptive accident). 

1.2 Indian SFR program 

Sodium-cooled fast reactor program started in India with the advent of fast breeder test reactor 

(FBTR) having an installed capacity of 40 MWt as shown in fig. 1.2. Figure 1.2 also shows the 

upcoming/under construction oxide and metal fuelled Indian SFRs designed by Indira gandhi 

centre for atomic research (IGCAR), department of atomic energy (DAE), along with their 

corresponding reprocessing facilities. 
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Fig.1.2 Indian SFR program (Puthiyavinayagam et al., 2018) 

1.2.1 Fast breeder test reactor (FBTR) 

FBTR is a sodium-cooled, loop type research reactor that operates using fast neutron fission of a 

unique plutonium rich mixed (Pu, U) carbide (MC) fuel. The reactor consists of several 

components, i.e., FSA, RA, IHX, SGs to produce super heated steam. The steam from the four 

SG modules is fed into turbine generator (TG) to produce electricity and further cooled by 

main/dump condensers. The final heat sink is a wet type induced cooling tower which dissipates 

the heat to atmosphere. The schematic of various sections viz., reactor vessel (RV), IHXs, 

primary and secondary sodium pumps, SGs, steam turbine and cooling tower in the flow diagram 

are shown in fig. 1.3. The RV is surrounded by a safety steel vessel and further by two types of 

concrete namely biological shield and structural concrete. The biological shield concrete is 
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cooled by circulating water through approximately 180 coils embedded in concrete. The primary 

sodium flows into the RV from bottom and comes out from the two outlet pipes located on the 

sides of RV. 

 

Fig.1.3 FBTR flow sheet (Srinivasan et al., 2007; Puthiyavinayagam et al., 2017) 

The over flow tank in the primary circuit maintains sodium coolant at required level in reactor 

vessel. The primary sodium inlet temperature is maintained at 180 °C and ~380 °C during 

shutdown and high power operation respectively. Reactor vessel cover gas (RVCG) is a 

protective gas layer sandwiched between primary sodium in reactor vessel and top axial shield 

(Sarangapani et al., 2019) with a volume of 4 m
3
. During reactor operation, a mixture of argon 

and helium is used as reactor vessel cover gas to maintain the reactor vessel temperature at radial 

locations within the acceptable levels. RVCG is maintained at a pressure of 30 mbar above the 

air pressure in reactor containment building (RCB) to prevent air ingress. The schematic reactor 
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assembly showing RV, core, cover gas, top axial shield, biological and structural shields etc. is 

shown in fig. 1.4.  

 

Fig.1.4 FBTR reactor assembly cross-section (Ashok et al., 2019) 

1.2.2 Prototype fast breeder reactor (PFBR) 

PFBR designed for a life of 40 years with a load factor of 75% has a NSSS composed of PSPs, 

IHX and SGs (Fig. 1.5). Steam water system adopts a regenerative reheat rankine cycle for 

thermal to mechanical energy conversion with 40% thermal to electric energy conversion 

efficiency. The SG is a once through type vertical shell and tube heat exchanger made of 

modified 9Cr-1Mo (grade 91, P91) with sodium on the shell side and water/steam on the tube 

side (Narayanan, 2018; Perumalsamy, 2019; Srinivas, 2019). The balance of plant components 

include LP, HP heaters and BFPs. Steam produced in SG at high pressure (170 bar) and 

temperature (495 °C) is supplied to the TG to produce electric power of 500 MWe. The 
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generator is directly coupled to turbine. The turbine is of tandem compound design with separate 

HP, IP and LP cylinders.  

The PFBR sodium loops consists of main circuit, fill and drain, purification and allied circuits 

like argon and nitrogen. The entire sodium piping and its components are located in the RCB and 

steam generator buildings (SGB). Sodium piping in PFBR has SS 316LN/SS 304LN as material 

of construction (MOC). RCC confines the FPs leaked from fuel under hypothetical core 

disruptive accident (HCDA), so that dose limits are not exceeded. Decontamination facility is 

located inside RCB to avoid transport of highly active sodium wetted components prior to 

decontamination. Apart from RCB, PFBR also consists of FB, SGBs, building for rad-waste etc. 

The stack, 100 m tall, is located close to the rad-waste building. The condenser pump house is 

located offshore. The passive SGDHR composed of DHX, AHX and active OGDHR are the two 

DHRSs available in PFBR. 

 

Fig.1.5 PFBR flow sheet of heat transfer circuit (Sarathy et al., 2004; Babu and Roy, 2017) 
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In SGDHR, the intermediate sodium and air flow are by natural circulation. Among the four 

loops, two loops run from the RCB to SGB-1 and the other two loops runs from the RCB to 

SGB-2. Each loop can remove 8 MWt when hot pool temperature is 803 K.  

1.2.3 Commercial fast breeder reactor (CFBR) 

Safety design criteria are evolving continuously internationally. Some of them are IAEA specific 

safety requirements (SSR)-2/1, western european nuclear regulators association (WENRA) and 

GEN IV. Accordingly safety design criteria for CFBR 1&2 have been evolved. Many innovative 

design features are introduced to achieve improved safety and significant cost reduction. The 

conceptual design of CFBR started in 2009 as a 500 MWe MOX fuelled SFR with enhanced 

safety and improved economic features compared to PFBR (500 MWe). The cross-sectional 

view of CFBR RA is given in fig. 1.6. 

 

Fig.1.6 CFBR reactor assembly cross-section (Gupta et al., 2013) 
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Based on the experience gained during design, manufacture and erection of PFBR components, 

detailed and exhaustive design optimization exercises were initiated. As an outcome of this 

exercise, several design features and improvements have been considered for incorporation in the 

design of CFBR 1&2 (Gupta et al., 2013; Puthiyavinayagam et al., 2017; Gupta et al., 2017; 

Selvaraj et al., 2017; Raghupathy et al., 2017; Azhagarason et al., 2017; Sundaran et al., 2017; 

Kale et al., 2018; Pawar et al., 2018; Raja, 2018; Krovvidi et al., 2018; Gnanasekaran et al., 

2019; Bharasi et al., 2019; Chandran et al., 2019). 

1.3 Project proposal 

The use of inherent passive nature of SFR systems to reduce the consequences/risks of severe 

accidents, sodium fires etc. for public and environment is an important step in SFR design for 

enhancing safety and improving economic competitiveness of Indian SFR program. In an event 

of fuel failure accident including severe accidents in SFRs, FPs released from the failed fuel will 

be transported into cover gas region through liquid sodium of reactor MV. Among the FPs, 

release of VFPs (I, Cs) is very important for assessment of radiological consequences due to its 

high volatility, making them major contributors to public health hazard. In SFRs, the chemical 

form of released iodine would be primarily sodium iodide and cesium iodide, and that for Cs 

would be primarily Cs vapour but also CsNa and CsI. If the iodine and cesium are retained 

before release into cover gas region, health hazards of such an accident can be greatly reduced. 

Fortunately, the reaction of iodine and cesium solubility makes sodium as an important retention 

medium for VFPs in SFRs. The retention factor (RF) of VFPs in sodium for the PFBR design is 

considered based on deterministic release fractions values recommended by OECD/NEA to date. 

GEN IV SRP R&D for SFRs requires development of a mechanistic pool scrubbing model to 

evaluate the RFs of VFPs under sever accident scenarios. 
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In an event of fuel failure accident in SSSB of SFRs, FPs released from the failed fuel will be 

transported through water pool. The volatile fission products of primary importance are I-131, 

Cs-137 and Cs-134. Under postulated accident scenarios, the iodine would be primarily released 

as CsI aerosols and gaseous iodine, whereas Cs would be released as CsI, cesium molybdate and 

cesium hydroxide. The molybdenum in spent fuel would decrease the availability of cesium to 

form cesium iodide, and consequently, increase the gaseous iodine fraction. The cesium isotopes 

are likely to be the largest contributors to latent cancer fatalities and land contamination. In the 

case of fast breeder fuels, high burnups and short cooling times allows only a very limited 

reduction of the I-131 content by the time the fuel is moved to the spent fuel storage pool and 

hence I-131 can be an important contributor to early health effects, eventhough it has short half 

life. In case of fuel failure in SSSB, to the extent that iodine is released in elemental form along 

with noble gas bubbles, the dissolution of iodine in water towards its retention is an important 

data for SSSB design as few experimental studies exist till date. 

Under a scenario of sodium fire in RCB during severe accident, RCB will be pressurized and 

contained with sodium combustion aerosols. The RCB wall dampers will be closed immediately 

within 60 s to prevent the venting of aerosols to the environment. Use of FCVSs in the RCB 

exhaust to capture sodium fire aerosols reduces the pressurization of RCB and release of aerosols 

in environment. This helps in reducing the containment wall thickness at design stage and hence, 

improves SFR economic performance and maintains adequate safety towards meeting GIF goals. 

PFBR incorporates HEPA, charcoal and delay beds in the RCB exhaust which are typically used 

as FCVS for water reactors. Hence, a low cost and simple prescrubber named submerged gravel 

bed scrubber (SGBS) is proposed for future Indian FBR RCB exhaust. FCVS designs to take 
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care of sodium fire aerosols with constant ventilation to reduce the capital cost of reactor 

containment building. 

Answers to the above mentioned project goals can be obtained by carrying out a detailed 

research and development program on mass transfer from mixed gas bubble rising in quiescent 

liquid pool for SFR systems both theoretically and experimentally. The incorporation of such 

inherent passive features of SFR pools and passive FCVS in RCB exhaust system can improve 

the safety features of Indian SFR program, make SFR economically competitive and enhance its 

potential towards commercialization. 

1.4 Scope of the study 

Mass transfer from gas bubble rising in liquid pools finds applications in the suppression pools 

of nuclear reactors during severe accidents as discussed in previous sections. Figure 1.7 shows 

the scope of the study w.r.t to SFRs in the areas of reactor and SSSB, for which only few 

prototypic experimental and theoretical studies are available to date.  

  
(a) (b) 

Fig.1.7 Pool scrubbing during VFP bubble transport (a) reactor (b) SSSB 
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Fig.1.8 Pool scrubbing in EACS 

Submerged graved bed scrubber (SGBS) as shown in fig. 1.8 is a passive emergency air cleaning 

system (EACS), which can be used to remove sodium fire aerosols from the gas during 

containment venting in SFRs. Scarce are the experimentally and theoretically available studies to 

evaluate the air cleaning efficiency of Submerged gravel bed scrubber.  

Hence, the scrubbing of aerosol/vapour by liquid pools of SFR play vital role in its safe 

operation. Therefore, in this thesis, mass transport from rising bubble to liquid pools of SFR is 

studied systematically both theoretically and experimentally for better understanding of the 

phenomena. The study is carried out in two parts, (i) understanding the bubble dynamics and (ii) 

bubble dynamics with mass transfer. Both the interacting phenomena are analyzed in detail. 

Firstly, literature survey is carried out to find gap areas in the R&D project and to frame the 

objectives. The insight to the problem was given theoretically from the range of semiempirical 

correlations to numerical simulations. Finally the computational results are validated with in-

house experiments towards predicting the phenomenon by well validated computational model. 
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1.5 Closure 

This chapter briefs the SFR technology available worldwide with main focus on Indian program 

towards successful developments to achieve the second stage of nuclear program. Basic design 

and safety features were highlighted. Finally the objective of the thesis is brought out clearly 

after careful consideration of the existing literature. Next chapter is dedicated to the literature 

review related to area of research presented in the thesis.  



 

CHAPTER-2 
LITERATURE REVIEW
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In this chapter detailed literature survey on mass transfer from mixed gas bubble rising in liquid 

pool of SFR is described.  

2.1 Radionuclide bubble transport 

Following fuel pin failure, gases (mostly noble gases) released from the fuel pin will create 

bubbles within the primary sodium. Some of the VFPs released from the fuel pin will become 

entrained within the bubbles as aerosols/vapours. As the bubble moves through the sodium, a 

fraction of these aerosols/vapours will be removed from the bubble. However, the fraction which 

will not be removed from the bubble will bypass the sodium pool and be released to the cover 

gas. Bubble transport is the most influential phenomenon/highest ranking gap area for 

assessment of transport and release of radionuclides from a reactor system to the environment 

under severe accident scenarios, since it provides a mechanism to bypass the sodium pool, a 

major radionuclide barrier, and has large uncertainties with little available data. 

2.1.1 Review of experiments 

Iodine bubble experiments were conducted at atomics international (AI) in 1962 to study the 

sorptive properties of liquid sodium at 260 °C and 537 °C for iodine. Capsules containing iodine 

were punctured at depths of 1.8 m and 3 m in a liquid sodium pool, nitrogen gas was used to 

sweep out the cover gas and passed through charcoal filter, and the filter was analyzed for iodine 

after the cover gas was displaced ~5 times. The amount of iodine retained in sodium varied from 

98.5% for a total amount of 0.6 mg to about 99.9% for 60 mg (Begley, 1962; Kunkel, 1966). The 

capsules, were fabricated either of 39/29 ml tubing sealed by flat SS top and bottom sheets. To 

facilitate puncturing, the top sheet was of 0.1524 mm shim stock. The capsule was first purged 
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with nitrogen sweep gas through a 6.35 mm tube welded in the side, and preweighed iodine 

crystals were placed in the capsule. The nitrogen pressure in capsule was varied from 0-90 wt. %. 

The iodine nitrogen capsules were rigidly attached to rings which were in turn welded to a steel 

frame suspended in the test column. The test column consisted of a 101.6 mm diameter pipe, 

3657.6 mm long, which included attached heaters, thermocouples, and insulation. A SS rod was 

operated through a sliding seal in the top plate. The bottom end of rod terminated in a conical 

plunger and was used to rupture the capsule lid and release N2 + iodine gas to the sodium pool. 

The depth of sodium in the test column was 3048 mm and temperatures were maintained 

constant with controllers. The iodine N2 mixture was released from one capsule at a time by 

driving the plunger through each thin capsule cap. The released gas traveled up through sodium 

column and entered the 609.6 mm deep cover gas region above the sodium pool. Before each 

capsule was ruptured, sweep gas flow was initiated. Neutron activation techniques utilized to 

determine the total iodine in the charcoal filters. 

The earlier bubble experiment was repeated in 1965 with more realistic insertion of FP activity. 

The plenum simulator was a SS 304 cylinder, with 177.8 mm ID and 482.6 mm, inside height. A 

circular ring was welded in the center of the bottom plate to hold the irradiation capsule in the 

proper position. The irradiation capsule was also of SS, with a volume of 26 ml. A rupture disc 

mounted on top of the capsule was calibrated to rupture at 8.62 bar gauge pressure for ambient 

temperature and 5.1 bar gauge pressure at 260 °C. A 0.0381 mm thick disc of uranium metal (93% 

U-235) weighing 129 mg was supported on three pillars at the base of capsule. The capsule was 

evacuated inside a helium atmosphere chamber, purged with helium, and loaded with the fuel 

disc. There was no sodium inside the capsule in the experiment. Following the placement of the 

capsule in position, the lid of plenum simulation chamber was secured and plenum simulator 
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evacuated and purged with helium several times. The temperature was then raised to 204 °C and 

4.53 kg of liquid sodium was introduced from the fill chamber. The temperature of the plenum 

simulator was next stabilized at 537 °C for 2 hr, the flow of helium over the top of the chamber 

was established at 0.2 lpm, and the firing chamber loaded with argon gas. The rupture disc was 

opened by 6.89 bar gauge pressure, as was noted by a sudden decrease on the pressure gauge 

affixed to the firing chamber. Following the initial burst of rupture disc, the firing chamber was 

again charged with argon, and this was introduced to the small capsule. Temperature of sodium 

in the plenum simulator was maintained at 537 °C for 2.5 hour, at which time the off gas 

sampling stream was diverted from both the May pack and the diffusion tube sampler, and the 

valve closed preparatory to removing filter components and diffusion tube samples for gamma 

spectrometric analysis. At the end of sampling period, the temperature of sodium in the plenum 

simulator was lowered to 204 °C, and as the sodium was drained from bottom of the simulator 

tank, samples of the sodium were taken for analysis. Ten samples of sodium were obtained 

varying in weight ranging from 7-13 g sodium. The May pack components were disassembled, 

and each filter disc removed for radioactivity analysis. Similarly, the diffusion tube sampling 

network was disassembled and the tubes were sectioned into approximately ten samples, for 

gamma counting. The original inventory of fuel disc at the time of rupture is estimated to be 48 

μCi of I-131 and 2.6 μCi of Xe-133. By relating the approximate limit of I-131 detected in 

sodium by chemical separation and gamma spectrometry to the amount in the cover gas, a 

retention factor of 85% was obtained (Kunkel, 1966; Atomics International, 1965). 

Based on half size SFR model studies with air bubbles in water at Hanford engineering 

development laboratory (HEDL), Dickinson and Nunamaker (1975) projected the bubble 

diameter and behaviour of fission gas discharged from SFR FSAs into sodium pool upon 
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potential Loss of Clad Integrity (prototype). The scaling for appropriately simulating bubble 

behaviour in sodium by a water test was achieved by matching the model's Froude and Weber 

numbers to those of the prototype at the same time. The diameter of the bubble would then be 

scaled in the same way as the other linear dimensions. In the test model, a scale factor of 0.512 

was chosen rather than the optimum 0.625 to allow for the use of readily available lucite tubing 

for the chimney and to save vertical space. Tests were performed with water in a 0.51 scale 

model to determine the bubble sizes and degree of contact of liquid and gas in the clinch river 

breeder reactor (CRBR) outlet plenum following a hypothetical large sudden release of fission 

gas from the fuel. The test assembly simulated the tops of six FSAs encircling a control rod, as 

well as the chimney above them and the free area in the outlet plenum up to the suppressor plate. 

By rapidly opening a valve from a pressurized storage reservoir, a known volume of gas was 

introduced. The number of FSAs with gas release (1 and 6), liquid flow rate (modelling 0, 10, 

and 50% CRBR flow), volume of gas released (modelling 40 and 100 percent of end-of-life gas 

inventory) and the speed of gas release (less than 1 s and 8 s) were all investigated. All of the 

settings examined showed effective breakdown of the gas discharged into tiny bubbles. Gas was 

spread in a cloud of bubbles with a typical diameter of 6.35 mm between the fuel outlets and the 

bottom of the chimney. The bubbles collected into a dense cloud, froth, or, in some 

circumstances, a continuous cylinder of gas as they made their way up the chimney. The gas 

erupted from the top of the chimney in a column of either extremely concentrated bubbles or 

pure gas, often with powerful pulsations that resulted in gigantic surges or bubbles with a 

diameter slightly larger than the chimney's diameter.  Discrete bubbles are difficult to recognize 

and quantify in the area below the chimney, however they do not appear to be larger than 6.35 

mm with few exceptions. Individual bubbles following breakup were visible in the area above 
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the chimney. The largest visible bubbles have diameters of ~7.62 mm, while most are 5.08 mm 

or smaller. In the top of plenum, the one largest bubble is 20.32 mm diameter, a few others are 

7.62-12.7 mm, and the great majority is in neighborhood of 5.08 mm. To apply to sodium in 

CRBR, the bubble sizes seen in this test should be scaled up by a factor of two. As a result, 

nearly all of the fission gas created in CRBR would travel through the sodium pool in bubbles of 

12.7 mm diameter or smaller under the conditions tested. The authors also indicated that rather 

of using observed bubble sizes in conjunction with independent studies of iodine removal from 

single quiescent bubbles, it might be able to establish the degree of iodine removal expected in 

SFR solely from gas release studies.  

Nelson et al. (1976) conducted an experiment to determine the decontamination factor (DF), 

which is defined as the ratio of the initial iodine mass in the mixed gas bubble to the discharged 

mass into the cover gas. The experimental settings, on the other hand, were restricted to areas 

with smaller bubble sizes, lower sodium temperatures and larger concentrations. 

Based on the 1/2" (12.7 mm) bubble diameter predicted at HEDL, series of tests were conducted 

at AI (1976) to determine attenuation factor (AF) as a function of pool depth for elemental iodine 

within a bubble of mixed xenon and krypton rising in sodium. AF/DF was evaluated as the 

product of constant initial attenuation (10) and rise time dependent specific attenuation. A series 

of tests were conducted to determine the attenuation of elemental iodine within a bubble of 

mixed xenon and krypton rising in sodium. The test apparatus consisted of a pressure vessel of 

430 mm diameter by 1800 mm high. The vessel was filled with 145 kg of sodium, providing a 

1400 mm high sodium column. The simulant fission gas mixture (xenon, krypton, and iodine) 

was introduced into a separate 5 liter reservoir. The concentration of gaseous iodine in this 

externally heated reservoir was maintained constant by the vapour pressure of iodine at 154 °C. 
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The test vessel was modified to accept various test nozzles and provided with a bubble collection 

apparatus. The bubble generator, which was connected to xenon, krypton, and iodine reservoir, 

consisted of a section of 6.4 mm OD tubing with a 6.4, 12.7, or a 38 mm diameter nozzle 

attached. As the bubbles were generated, simultaneous sampling of the cover gas collection 

volume was made by passing the collected xenon, krypton, unreacted iodine, and sodium iodide 

through a prefilter and charcoal sample train. The volume of gases which passed through the 

filter train was measured with a wet test meter. The quantity of iodine injected into sodium 

column was determined by observing the pressure decrease of mixed gas (xenon, krypton, and 

iodine) reservoir during the injection period. The mass of iodine collected on the millipore and 

charcoal filters and the activated charcoal filter train was determined by neutron activation 

analysis (NAA). The sample train filters and the standards were irradiated in the AI L-85 reactor 

and analyzed using a gamma detector and a 4000-channel analyzer. Iodine attenuation tests were 

conducted using the 6.4-38 mm diameter nozzles positioned at sodium depths ranging from 10-

540 mm. Twenty tests were conducted at low sodium temperatures, 105-227 °C, to minimize the 

amount of sodium vapour in rising bubble. Fourteen tests were conducted at high sodium 

temperature, 450 °C, to show the effect of iodine reaction with vapour within the rising bubble. 

The measurement of iodine attenuation due to the formation of sodium iodide within the bubble 

and the reaction of iodine with the sodium bubble surface was conducted in a two part series. In 

the first series of tests, bubbles ranging in volume from 0.22-9.65 ml were produced by various 

diameter nozzles. The nozzles were positioned at various depths in the sodium column, which 

was held to 105-227 °C bulk temperature. The sodium vapour pressure was low compared to 

iodine at these temperatures, therefore only a minor reaction between sodium vapour and iodine 

was expected. Under these conditions, the loss of iodine diffusing to the bubble surface during 
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the bubble rise period would dominate. The second series of iodine attenuation tests were 

conducted with a bulk temperature of 450 °C to verify the magnitude of the iodine sodium, 

vapour reaction. Optical microscopy (40X) observations were made of samples collected in both 

low and high temperature sodium tests. Samples collected in the low temperature tests showed 

the presence of sodium iodide crystals with absorbed condensed iodine. Volatization tests 

showed that these samples were ~ 45% by weight sodium iodide and 55% by weight iodine. All 

of the samples collected in high temperature tests were sodium iodide. The 6.4-12.7 mm 

diameter nozzles produce bubbles bracketing the 12.7 mm diameter SFR bubbles predicted by 

HEDL based on half scale SFR model experiments. There is an initial attenuation factor, A1 of 

~10-20 independent of bubble size. This indicates an initial reaction of the iodine vapour as soon 

as the bubble forms in contact with sodium. The subsequent attenuation, A2, per meter depth 

(specific attenuation) occurs as bubble rises. The study showed that out of the total iodine vapour 

released/injected a large fraction (~90% or more) gets trapped in the pool as sodium iodide 

(Heisler et al., 1975). 

The SABER experiment by PNC (Miyahara et al., 1995a; Miyahara et al. 1996) was carried out 

to understand the in-vessel source term. The bubble was created in the sodium pool by shattering 

a quartz ball containing xenon iodine mixed gas, and the mixed gas was subsequently discharged 

into argon cover gas to determine the iodine mass transferred to the pool in the SABER tests. 

Chen-type void sensors were mounted vertically in the pool to detect the rising bubble velocity. 

During the rising time, the bubbles disintegrated into multiple smaller spherical cap bubbles. The 

SS test vessel carries 180 kg of sodium and has an inner diameter of 300 mm and a height of 

3000 mm. At the bottom of the vessel is a bubble generating device consisting of a quartz glass 

ball containing mixed xenon iodine gas and a cracking device for the ball. To collect the mixed 
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gas, a funnel device is attached to the sodium surface in the cover gas. Two Chen type sensors 

with an outside diameter of 0.65 mm make up a void sensor assembly. They're attached to four 

arms that extend toward the test vessel's center axis. To measure the rising velocity of mixed gas 

bubbles, the four assemblies are mounted at 450, 750, 1050, and 1350 mm from the quartz ball in 

the vessel. The bubbles were created instantly by splitting the quartz ball at the vessel's bottom. 

Signals from sensors mounted vertically in a sodium pool were used to calculate the speed of 

rising bubbles. To capture sodium iodide aerosols, the bubbles reaching the surface of the 

sodium pool were passed through an aerosol filter sampling device. In distilled water, the 

materials that had accumulated on the filters were dissolved. An inductively coupled plasma 

mass spectrometer (ICP-MS) was used to determine the amount of iodine in the solution. The 

diameter of the quartz ball was changed from 50 to 120 mm, resulting in an initial bubble volume 

of 65-900 ml, which is similar to the fission gas volume in a fuel pin at an 80 GWd/T burnup. 

The ball's gas pressure was set to match the surrounding sodium pressure. Throughout the 

experiment, the cover gas pressure was kept at atmospheric pressure. Iodine concentrations in the 

ball ranged from 1 to 40% initially.  4 mol percent is the fraction of iodine produced with a 

burnup of 80 GWd/T among the values. Because the sodium coolant is 500 degrees Celsius, the 

temperature of the sodium pool was varied between 300 and 600 degrees Celsius. To study the 

bubble rise time, the depth of the sodium pool was adjusted from 30-2000 mm. With the 

exception of the initial phase, the bubble rises linearly with time. With a rise in the initial bubble 

volume, the bubble's rising velocity also increases. The measured velocities are found to be 

lower than Clift's calculated terminal velocity of a spherical cap shaped bubble, and the 

divergence grows as the initial bubble volume increases, implying that the bubble broke up into 

multiple smaller bubbles. The rising bubble's behaviour was observed in a water pool that was 
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1500 mm deep, 300 mm long and 300 mm broad (Miyahara et al. 1996). Similar to the sodium 

pool experiment, the bubbles were formed by fracturing a quartz ball containing air. The water 

tests were carried out in the same conditions as the sodium experiments, with the same range of 

dimensionless numbers. It was also discovered that changes in the initial bubble volume and 

sodium temperature have no effect on the transferred mass. With rising iodine concentration, the 

mass transfer rate (which declines immediately shortly after bubble production and then 

gradually for subsequent periods) is observed to increase. This means that a more mechanistic 

analysis is needed to accurately predict DF over a long period of time, as well as just after the 

bubble has formed. Depending on the initial iodine concentration, sodium temperature, bubble 

rise time and bubble diameter the release fraction ranged from 1-100 percent.  

2.1.2 Review of theoretical models 

Miyahara et al. (1995b) developed analytical model to clarify the process of the iodine mass 

transfer observed during the SABER experiments. Analytical models for mass and heat transfer 

in the xenon iodine mixed gas bubble are built based on observations of bubble rising through 

sodium pool and simulated water pool. The study employed the following models: (1) Diffusion 

model in which heat transfer is controlled by conduction and radiation and mass transfer is 

controlled by diffusion for a short time from the static spherical bubble (2) Convection model in 

which mass transfer is controlled by the aerosol deposition processes from a spherical cap bubble 

as it rises through the pool. The following assumptions were employed in the research: (a) 

Initially iodine vapour is uniformly dispersed in the bubble (b) The sodium is saturated at surface 

temperature and evaporates at the bubble's interface (c) On a spherical reaction front, iodine 

vapour reacts with sodium vapour, generating heat of reaction and sodium iodide aerosols with a 

mass median diameter of 0.1 μm (d) Chemical reaction has no effect on the spherical bubble size 
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and pressure (e) Aerosols settle on the bubble surface by diffusiophoresis, thermophoresis and 

brownian motion (f) Aerosol concentration gradients between the reaction front and the bubble 

surface are roughly proportional to sodium concentration and temperature gradients and (g) 

Convective flow in the rising bubble enhances aerosol settling in the convection model. The 

reaction front advances from the bubble surface to the bubble center over time, generating heat 

and sodium iodide aerosols in the process. The rate at which aerosols are produced is determined 

by the reaction rate. The following results were drawn from the analytical investigation. The heat 

generation at the reaction front increases as the initial iodine concentration rises, raising the 

temperature at the reaction front. The contribution of thermophoresis to the deposition of sodium 

iodide aerosols on the bubble surface is significantly increased when the temperature difference 

between the reaction front and the bubble surface is raised. The diffusion model's DF predicted 

in the spherical bubble accurately represents the measured DFs' quick growth in the first stage, as 

well as their increase with the initial iodine concentration. The fact that the measured DFs are 

between the DF curves with the bubble diameter of 10-30 mm is consistent with the original 

bubble breaking up into little bubbles during rising through the sodium pool. The convection 

model-derived DF curve in a spherical cap bubble demonstrates a gradual increase in measured 

DFs over time. 

The computer code TRACER (transport phenomena of radionuclides for accident consequence 

calculation of reactor) was developed by Japan in 1996 to evaluate the in-vessel source term; the 

species and quantities of FPs released into the cover gas (Miyagi et al., 1996). Important 

transport phenomena analyzed in the code included the transport behavior of FP gas bubbles and 

aerosols in connection with bubble dynamic behavior and the sodium flow, evaporation into 

cover gas and deposition onto structure wall. The code uses the earlier developed analytical 
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model for evaluation of DF for fission gases. The code validation for iodine bubble 

decontamination was performed with the results of SABER experiment on gas bubble behavior. 

The code yields the time histories of FP concentrations in the cover gas as well as in coolants and 

bubbles. The TRACER code (Nakagiri et al., 2000) has been developed since early 1990‘s and 

continued to be modified and expanded as understandings of various FP transport phenomena 

improved in time. The TRACER version 1.0 was described in the report published in 2002 

(Toyahara et al., 2002). The code has been improved in terms of the models and its structure 

since then. More recently, the manual of the TRACER version 2.3 was issued in 2005 (Toyahara 

et al., 2005).  

The transport of FPs by bubble transport to cover gas in SFR is evaluated using RCS code 

(Umbel, 2011). Sedimentation, inertial impaction and diffusion are the three deposition modes 

that determine the transmitted fraction. Gravitational settling is sedimentation, and inertial 

impaction happens when molecules are unable to follow the flow lines. Brownian motion and the 

random nature of gas molecule collisions cause diffusion. The terminal velocity and diameter of 

the bubble are required to calculate the deposition fraction. The transfer of fission gas in vapour 

form rather than as an aerosol was also considered. The release fraction for vapours was 

evaluated using fitted equation based on molecular diffusion. 

2.2 Iodine retention in water 

Following fuel handling accident, the water pool above spent fuel storage racks plays an 

important role in scrubbing and reducing the amount of radionuclides (I-131) available for 

release. Hence, the radiological source term evaluation for spent fuel pool under such accidents 

for SFRs is also equally important to the MST evaluation of radionuclide bubble transport 

mentioned in the earlier section. However, this work received little attention in the literature, but 
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for SFRs that use a water pool system for fuel storage, the GIF-SFR-SDC/SDG ensures that 

future designs will prevent the uncovering of FSAs in all plant states relevant to the spent fuel 

pool, therefore eliminating the conditions that could lead to a substantial radioactive release.  

Few experimental and theoretical studies were carried out till date towards evaluating the DF of 

iodine in suppression pools of light water reactors (LWRs). These experiments showed that even 

a boiling water pool can have an appreciable DF (Cunnane et al., 1986; Merilo, 1986; Paul et al. 

1985). Until the mid-1990s, a number of experimental programmes have attempted to resolve the 

pool scrubbing problem in LWRs (Fuchs, 1964; Demitrack and Moody, 1983; Powers and 

Brockmann, 1986; Kuhlman et al., 1986; Hashimoto et al., 1988; McCormack et al., 1989; 

Güntay, 1990a; Güntay, 1990b; Hashimoto et al., 1991; Furrer and Passalaqua, 1992; Ramsdale 

et al., 1992; Marcos et al., 1993; Peyres, 1995; Fischer et al., 1996; Fischer et al., 1997; Dehbi et 

al., 2001). 

2.2.1 Review of experiments 

In part, iodine retention experiments in water was carried out aiming at quantifying the retention 

of iodine vapours by the final barrier in the DiD strategy (wet well/pressure suppression pools) 

of BWRs. Findings from these experiments indicated the retention of volatile iodine compounds 

had influence of certain geometric and physicochemical parameters. The role played by 

hydrolysis reaction regarding the DF has shown that the aqueous concentration of iodine and the 

pH may be influencing parameters, and that the aqueous chemistry of iodine may be an 

important boundary condition in the pool scrubbing processes for volatile iodine. In the literature 

survey Diffey et al. (1965) experimental programme seemed to be the most suitable to test the 

computer models. 
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They (Diffey et al., 1965), performed a series of experiments at the united kingdom atomic 

energy authority (UKAEA) for investigating the retention of molecular iodine in water pool, 

from the point of view of accident conditions. The retention of molecular iodine in water pools 

depended on proportion of air in the inlet gas, the final concentration of iodine in the pool and its 

chemical reactivity. As shown mainly by the POSEIDON and ORNL (General Electric) 

experiments, the most relevant geometric parameters for DF are submergence and diameter of 

the injector. Submergence increases the residence time of the gas in the pool, and consequently 

the DF. Injection via small orifices contributes to the formation of smaller bubbles, thus 

increasing the transfer surface area and DF. Especially outstanding among the physicochemical 

parameters are the steam fraction in the inlet gas, the pool temperature and the iodine mass 

injected. The presence of sufficient steam in the inlet gas to promote condensation contributes to 

removal of iodine present inside the gas, as was concluded in the UKAEA Hillary and Diffey et 

al. (1965) experiments. Temperature has a complex influence, since it affects diffusion, partition 

coefficient, and chemical reactivity of iodine in the pool and under favorable conditions, may 

promote evaporation inside the bubble. Therefore, the overall effect of temperature on DF 

depends on balance of all these processes. Finally, the chemical reactivity of iodine in aqueous 

phase, which depends to a large extent on mass of iodine present, may under certain conditions 

affect retention of iodine in the pool. In this regard, the UKAEA (Diffey) experiments concluded 

that the concentration of molecular iodine in the water had an important influence on the DF. At 

low concentrations (<10
-6

 M), an important fraction of the iodine suffered reactions with water 

giving low volatility compounds and contributing to increase the partition coefficient, and 

consequently DF. The role played by chemical additives has not been widely explored. 

Nevertheless, mention might be made of the UKAEA (Diffey) and ORNL experiments, which 
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found that certain chemical additives in the pool might enhance chemical reactions tending to 

decrease the volatility of the system, thus increasing the DF. In all the tests it was found that the 

mass released to the atmosphere was less than 1.8% of the mass injected.  

2.2.2 Review of theoretical models 

Fuchs (1984) articulated quantitative models for aerosol deposition processes within spherical 

bubbles. Moody and coworkers (Demitrack and Moody, 1983) have published expressions for 

the deposition rates in ellipsoidal bubbles. The computer model VANESA was developed in 

1986 at sandia national laboratories (SNL), USA to determine aerosol decontamination for 

evaluation of LWR ex vessel source term (Powers and Brockmann, 1986; Powers and Sprung, 

1992). In connection with the boiling pool experimental works two computer codes have been 

developed, suppression pool aerosol removal code (SPARC) (Owczarski at al., 1985) and 

suppression pool retention analysis (SUPRA) (Wassel et al., 1985; Wassel et al., 1985). SUPRA, 

bubble scrubbing analysis (BUSCA) (Ramsdale et. al, 1992) and SPARC90 (Owczarski and 

Burk, 1991) which were primarily created in the 1980s, contained a large portion of the LWR 

experimental inquiry. The codes predict retentions ranging from 97-99% for molecular iodine in 

water. Both SPARC and BUSCA model the retention of volatile iodine compounds on the basis 

of the penetration theory of diffusion. Penetration theory evaluates the iodine removal during 

bubble rise using diffusive mass transfer coefficients calculated for the gas and liquid sides of 

bubble interface. Diffusive mass transport velocities uD are calculated as 

 

Where D is the diffusivity of iodine in the gas or liquid phase, and te is the time of surface 

exposition. The interfacial concentration ci is calculated from the continuity of the diffusive mass 

flow as 
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where uD,l and uD,g are the diffusive transport velocities (mass transfer coefficients) at the liquid 

and gas side, respectively; cl and cg are the associated bulk molar concentrations, and He is the 

Henry number. 

Despite the similarity in two models, there exist some differences mainly focused on the 

boundary conditions in the aqueous phase and in the species involved in models. Thus, in 

SPARC both molecular iodine and methyl iodide are considered as well as an approach to the 

aqueous chemistry of iodine is included. BUSCA only deals with molecular iodine and does not 

have any chemical model. The sensitivity analysis performed for both models has shown that 

different sensitivity of SPARC and BUSCA codes is due to the differences regarding the 

chemistry between both models. Despite the uncertainties associated with the Diffey et al. (1965) 

experimental data, the results of SPARC and BUSCA have been qualitatively compared and 

rationalized. The SPARC results showed a good agreement with the experimental trend. On the 

contrary, the BUSCA predictions were not influenced by the iodine concentration in the pool. In 

consequence, the aqueous chemistry model included in SPARC makes it more suitable to the 

modelling of pool scrubbing phenomena for volatile iodine.  

2.3 Filtered containment venting system (FCVS) 

The most expensive system/component in SFR plant design is the containment. The use of low 

design pressure and vent/filter containment is found to have the potential to reduce plant capital 

costs by approximately 5%. Filtered containment venting systems (FCVS) have been used 

historically in United States at fast flux test facility (FFTF) of Hanford site (Postma and Hilliard, 

1980). A filtered vent design was also planned for the CRBR. The conventional method for 

filtering radioactive aerosols is to utilize HEPA filters, which are capable of removing even 
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submicron particles with great efficiency. HEPA filters, on the other hand, have a finite amount 

of loading capacity. The pressure drop rises as the amount of aerosol on the filter increases, and 

the filter fails. A substantial release of radioactive material is invariably accompanied by a huge 

emission of sodium aerosols, which have typically interacted with air to generate sodium oxide 

aerosols in SFR severe disaster scenarios. As a result, any filter evaluated for an SFR vent/filter 

system must be able to contain a significant amount of sodium compound aerosols. Hence, 

several experiments were carried out to find the most suitable passive FCVS for SFRs. 

2.3.1 Review of experiments 

The EACSs typically used for sodium fire aerosol control are dry filters (HEPA filters, sand and 

gravel beds) and wet scrubbers (spray chamber, pool, venturi and PBSs). The dry filters feature 

high aerosol removal efficiency but has lower mass loading. When loaded with moist aerosols to 

1.6-10 kg/m
2
, dry fibre filters and sand and gravel beds clogged, giving lower loadings. To 

handle the effluent from a massive sodium fire, a very large installation would be necessary. Wet 

scrubbers are suitable for high mass loadings and have high aerosol removal efficiency when 

used in series and not individually. Several types of traditional aqueous scrubbers were 

investigated (ejector venturi, irrigated fibre bed and spray chamber). There was no single stage 

scrubber that could match both the high efficiency and high mass loading capacity requirements. 

When these components were connected in series, they provided outstanding efficiency (>99.9%) 

and loading capabilities limited only by the amount of water available. However, the ideal 

scrubber for containment venting in SFRs require features such as low electricity demand, high 

aerosol removal efficiency and high mass loading, which are not met by commercially available 

wet scrubbers. Several EACSs were experimentally tested at HEDL, USA to find the most ideal 

scrubber suitable for sodium fire aerosol removal in SFRs.  
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The SGBS designed in 1979 by HEDL, USA satisfactorily met most of the requirements of an 

ideal scrubber for SFR. The SGBS adds the advantages of both dry (sand and gravel bed) and 

wet (pool) scrubbers and hence, has characteristics of both high mass loadings and aerosol 

removal efficiency when used individually for sodium aerosol removal. The self cleaning SGBS 

featured a passive (no electrical demand), low cost scrubber that occupies less space compared to 

commercially available wet scrubbers. Its efficiency as a stand-alone air cleaner was >99%, and 

it was >99.9% when combined with a fibre demister. Except for the alkalinity of aqueous 

solution confined to 5 M due to corrosion reasons, its mass loading capacity was 100 times 

greater than that of a sand and gravel bed. 

The SGBS conceived at HEDL, consisted of a water pool submerged gravel bed. Air carrying 

sodium fire aerosols entered the SGBS through a down comer inlet pipe. Aerosols were scrubbed 

from the air while rising up through the submerged gravel bed and cleaned air left the SGBS via 

an outlet pipe. Removal of sodium fire aerosols takes place primarily by inertial impaction on the 

gravels in SGBS. The presence of air in gravel bed region reduced the liquid density inside the 

bed, resulting in natural circulation of water in the SGBS pool. The cleaning of aerosols 

collected in bed by natural circulation of water resulted in a self cleaning bed. Several studies 

were carried out in the past from 1978-1995 (Postma and Hilliard, 1980; Owen and Postma, 

1980; Owen, 1980; Hilliard and Muhlestein, 1982; de Cuy, 1978; Boehm and Jordan, 1976; 

Barreca and McCormack, 1980; Hilliard et al., 1981; Boehm et al., 1974; Hilliard et al., 1979; 

Eckardt and Losch, 2012; Knaus, 1995) related to improving SGBS aerosol removal efficiency 

and scaling up for bigger containments. 

For the 90% removal efficiency case, even though both eductor venturi and SGBS were rated as 

prime candidates, the SGBS was superior to the eductor venturi in passivity and mechanical 
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simplicity but it lacks an extensive use history (Postma and Hilliard, 1980). Similarly, for the 99% 

removal case, both eductor venturi and the SGBS were also prime candidates when SGBS was 

upgraded by adding a packed bed back-up stage of polypropylene fibers. A 0.61 m deep bed of 

crushed rock with a diameter of 0.95-1.27 cm is an appropriate bed design option. For gas 

superficial velocities ranging from 0-0.5 m/s, scrubber performance is maintained. The gas-

induced liquid circulation through the bed is a unique feature of SGBS. The pressure drop in the 

scrubber is roughly equivalent to a static head of water. The removal efficiency of three chemical 

types of sodium aerosol studied, Na2CO3, Na2O2, and NaOH, was practically the same. 

A hydraulic scale-up for a bed capable of handling 275 real m
3
/hr has been demonstrated. For 

inlet gas temperatures up to 120 °C, cooling to within 2 °C of the liquid temperature was 

demonstrated. The SGBS/HEFD test article's overall performance was outstanding, with great 

aerosol removal, strong flow control, stable pressure differentials, great gas cooling, and high 

aerosol mass loading. Except for the addition of water to offset evaporation losses, the unit was 

completely passive. The SGBS/HEFD system outperformed a commercial system that consisted 

of a water spray quench tank, ejector venturi, and fibrous scrubber connected in series. The 

SGBS unit had a little higher particle removal efficiency (99.987 percent vs. 99.956 percent ) and 

more consistent pressure differentials. The SGBS/HEFD system has a significant benefit over the 

quench/venturi/fibrous scrubber method in that it does not require pumps (passive). It operates at 

a larger pressure drop (9.0 kPa vs. 2.0 kPa), which could be a disadvantage. Hydraulic tests on 

three scale models of the SGBS show that scaling up to units of 10-20 m
3
/s (20,000-40,000 

ft
3
/min) may be possible, but large-scale hydraulic testing should be done to verify flow 

distribution. The gravel bed for a 10 m
3
/s scrubber would be 5.0 m in diameter, based on a 

recommended superficial gas velocity of 0.5 m/s. 
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The SGBS/HEFD System has an excellent efficiency at eliminating sodium fire aerosol particles, 

averaging 99.987 percent which translates to a DF of 7700. The SGBS had very high removal 

efficiency without the demister, averaging 99.24 percent (DF of l30). Only two operating 

parameters, aerosol particle size and sodium content in the SGBS liquid pool, had any 

discernible effect on the measured efficiency. The change in sodium fire aerosol's aerodynamic 

mass median diameter (AMMD) from 3.4 to 8.4 μm had only a slight impact, however 

submicron particles were collected with lesser efficiency, as expected. Due to entrainment 

carryover, which is a property of all scrubbers, a high sodium concentration in the scrubber 

liquid caused the efficiency to fall significantly. Small particles which penetrated the SGBS were 

captured efficiently (98%) by diffusion in the HEFD (Owen and Postma, 1980). The EACS is 

highly efficient and adaptable because to the SGBS's high mass loading capacity and the HEFD's 

effective small particle retention (Owen and Postma, 1980). The pressure drop across the 

scrubber system changed predictably with gas flow rate and did not appreciably change over 

time. This demonstrates the system's ability to capture significant amounts of aerosol without 

clogging. The system's total mass loading capacity is determined by the amount of water 

available. Aerosol deposition was significant in the duct leading from containment to the 

scrubber (Owen, 1980). 

2.3.2 Review of theoretical models 

Theoretically, the SGBS efficiency were evaluated to date using semiempirical correlations 

available for PBSs. Jackson and Calvert (1966) model considered the scrubber bed as a series of 

channels in nonsubmerged condition through which the air carrying aerosols passes through and 

aerosol capture primarily occurred by inertial impaction phenomenon on the gravels. Empirical 

constants related to channel width were used in the Calvert model making it semiempirical. 
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SGBS aerosol removal efficiency was considerably underestimated by the mathematical model 

based on impaction. Two mechanisms believed responsible for higher than predicted 

performance are: (a) particle growth due to water condensation, and (b) enhanced turbulence due 

to energy dissipation. Particle size increase due to water condensation and greater turbulence due 

to energy dissipation are two factors thought to be responsible for better-than-predicted 

performance. 

2.4 Gap areas and objectives 

It is clear from the extensive review of literature presented in previous sub-section that 

experiments carried out till date related to iodine retention in sodium pool under fuel pin failure 

scenario, were limited to the initial iodine masses between 0.6-2697 mg, bubble sizes between 

7.5-120 mm, sodium temperatures between 105-600 °C and pool heights ranging from 25.4-3000 

mm. Iodine retention in sodium pool varied from about 60-100 %, depending upon the bubble 

diameter, bubble rise time, initial iodine concentration and pool temperature. However, the 

experimental results were highly scattered and hence, iodine retention and mass transfer rate 

could not be successfully correlated with experimental parameters till date. The computer codes 

available in literature to evaluate the retention of iodine in sodium pool were based on 

empirically evaluated bubble dynamic parameters such as bubble shape (spherical, ellipsoidal 

and spherical cap), rise time, velocity and trajectory which were well developed for normal 

liquids (water) than liquid metals (sodium) and report about 0-99 % retention. Even though 

similarity in bubble dynamics between water and sodium is considered in literature, a systematic 

study to prove this similarity is missing in literature. Hence, there is still scope in the research 

field both experimentally and theoretically to bring out the effects of various parameters on 

iodine retention in liquid pools of SFR clearly.  
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Pool scrubbing experiments have been previously carried out aiming at quantifying the scrubbing 

efficiency for removal of iodine vapours in water (Polo et al., 1996). SPARC, SUPRA, and 

BUSCA, codes intended to calculate iodine scrubbing in accident situations, are acknowledged 

to rely on speculative modelling (Beghi et al., 2018). The validation of these algorithms is based 

on a single series of trials (Diffey et al., 1965; Guentay et al., 1996), and the verified parameter 

range is limited, as Fischer et al. (1997) pointed out. Despite this, there is currently a lack of a 

systematic assessment of iodine scrubbing and an intelligible data set for model development. 

Hence, there are still more scopes in the research field both experimentally and theoretically to 

bring out the effects of various parameters on iodine retention in water pool.  

Experiments carried out in recent past in SGBS evaluated the aerosol scrubbing efficiencies for 

sodium fire aerosol up to 96-99.9 %, for specific experimental conditions. The conditions 

considered were aerosol size of 1.5-15 μm, aerosol concentration of 0.01-50 g/m
3
, bed height of 

0.305-0.610 m, crushed basalt rock size of 6.4-15.9 mm and air flow rate of 120-2100 

liter/minute. Theoretically, the SGBS efficiency were evaluated to date using semiempirical 

correlations available for PBSs. Jackson and Calvert (1966) model considered the scrubber bed 

as a series of channels in nonsubmerged condition through which the air carrying aerosols passes 

through and the aerosol capture primarily occurred by inertial impaction phenomenon on gravels. 

Empirical constants related to channel width were used in Calvert model making it 

semiempirical. Even though, the passive SGBS gives high aerosol removal efficiencies at low air 

flow rates in reality, the Calvert semiempirical model is observed to under predict the SGBS 

efficiency at low air flow rates. Hence, to reduce the dependence on empirical constants and to 

uphold the passive nature of scrubber at low air flow rates, better and advanced theoretical 

models have to be brought out for capturing aerosol scrubbing efficiency of SGBS. These gap 
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areas were clearly identified from the literature survey and formed the basis and objective of the 

Ph. D thesis. 

2.5 Closure 

This chapter was dedicated to extensive review of existing literature in area of bubble dynamics, 

aerosol removal efficiency and iodine retention in water pool. The major findings were 

highlighted in detail and gap areas are identified. These gap areas framed the objectives of the 

thesis. Next chapter is dedicated to semiempirical model correlations for bubble dynamics with 

mass transfer. 



 

CHAPTER-3 
SEMIEMPIRICAL MODEL FOR BUBBLE 

DYNAMICS WITH MASS TRANSFER



 

Chapter-3: Semiempirical model for bubble dynamics with mass transfer 

 

3.1 Introduction 

The aerosol/vapour mass transfer from rising gas bubbles in liquid pools typical of SFR is 

evaluated in this chapter using a basic wet scrubbing model. Classical mass transfer theories, 

which were developed for the scenario of an isolated bubble rising through liquid, are used in 

this theoretical model.  It calculates the aerosol scrubbing efficiency by evaluating deposition 

coefficients for ellipsoidal bubble shape and the vapour scrubbing efficiency by solving the 

Fick's diffusion equation analytically. This chapter also goes through the parametric tests that 

were done to see how several important parameters like aerosol size, inert gas component, pool 

height and bubble rise time affected pool scrubbing. 

3.2 Description of model  

Modules for evaluating bubble dynamics and mass transport of aerosol/vapour make up the wet 

scrubbing model. Based on literature correlations, the bubble dynamics module calculates the 

terminal velocity, shape and diameter. The aerosol/vapour scrubbing for bubble rise through the 

liquid pool is evaluated using the mass transport module.  

3.2.1 Model assumptions 

The primary system in SFR works at atmospheric pressure. As a result, in the current model, 

atmospheric pressure is assumed above the pool. Because the maximum stable bubble diameter 

is limited by hydrodynamic instability during bubble rise, the same is used in the model as the 

initial bubble size. Sedimentation, inertial impaction and diffusion are the scrubbing processes 

studied for the aerosol sub-module. Scrubbing of VFPs by vapour phase condensation is not 

explored since the quantity of evaporative flow at the gas liquid interface may augment or inhibit 
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efficiency.  As a result, at the bubble entry site, the current model assumes instantaneous thermal 

equilibrium between the liquid and gas phases. The vapour scrubbing module's process entails 

vapour diffusion to the bubble surface, followed by instantaneous dissolution/reaction at the gas-

liquid interface and removal into sodium.  The assumption is based on fast reaction rate of iodine 

vapour with sodium at the bubble boundary and cesium's high solubility in sodium.  

3.2.2 Module for bubble dynamics 

The correlations available in the literature are used to evaluate the bubble dynamic parameters. 

The diameter and terminal velocity of a rising bubble affect the amount of mass transported. The 

Levich (1962) correlation was used to calculate the maximum stable bubble diameter. The 

parameterization equation derived by Park et al. (2017) determines the variation of bubble 

terminal velocity with diameter.  

 

 

Dimensionless numbers like Reynolds number, Morton number, Eötvös number and Tadaki 

number characterize bubble dynamics in terms of shape and rise velocity. 

3.2.3 Module for mass transfer 

During bubble rise, the mass transfer module has sub-modules for aerosol and vapour scrubbing 

by liquid pool. The module is divided into sub-sections as follows.  

3.2.3.1 Scrubbing of aerosols in liquid pool 

The reaction between sodium vapour and iodine is substantial and dominant at higher pool 

temperatures, resulting in the generation of NaI aerosols at the reaction front produced inside a 
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bubble.  Aerosol removal models were used to determine the liquid pool's aerosol scrubbing 

efficiency for mixed gas bubbles (Bucknor et al., 2017; Umbel, 2007; Powers and Sprung, 

1992). Sedimentation, inertial impaction and diffusion are the deposition mechanisms studied in 

this model.  For a variety of particle sizes (dp), the amount deposited was estimated. The terminal 

velocity and bubble diameter anticipated by the bubble dynamic module are used to calculate the 

deposition fractions.  

 

3.2.3.2 Scrubbing of vapour in liquid pool 

During liquid pool scrubbing, VFPs (I, Cs) can be also be transported in vapour form. If the 

vapour reacts/dissolves quickly at the gas-liquid interface and is removed into the liquid pool 

owing to sodium flow, Fick's law can be used to describe the volatile species mass transport from 

a bubble into a pool. Because of its high solubility, cesium vapour that reaches the gas-liquid 

interface dissolves in the sodium pool. At the gas-liquid interface, iodine vapour interacts 

instantly with liquid sodium, releasing the product NaI into the sodium (Miyahara and 

Shimoyama, 1995). When compared to iodine, sodium vapour pressure is low at lower pool 

temperatures, and only a minor reaction occurs between sodium vapour and iodine. During the 

rising stage, diffusive iodine loss to the bubble surface thus takes precedence. Starting with 

uniform concentration inside and zero boundary condition, the model for vapour scrubbing 

solves Fick's second law of diffusion in spherical geometry (Welty et al., 2009).  
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where SEv is the vapour scrubbing efficiency, Cv0, Cv, Cvs are the bubble's starting, final, and 

surface vapour concentrations, R is the bubble's radius, t is the time of bubble ascent, r is the 

radial coordinate, and Dvi is the inert gas vapour diffusion coefficient. The Chapman-Enskog 

theory (Welty et al., 2009) was used to calculate the vapour diffusion coefficient in an inert gas. 

3.3 Experimental and theoretical comparison of model 

For the aerosol scrubbing sub-module of the wet scrubbing model, an experimental comparison 

was conducted. The scrubbing efficiency of sodium pool for nitrogen iodine mixture gas bubbles 

rising in sodium pool was investigated in the iodine bubble experiment (Kunkel, 1966). Initial 

bubble volume of 39 ml,  iodine concentrations of 10, 50, and 100 percent, pool depths of 1.8-3 

m, pool temperatures of 260-538 °C were used in the experiment. Using experimental data at 

high pool temperatures, an experimental comparison of the aerosol scrubbing sub-module of the 

wet scrubbing model was carried out. In comparison to the diffusion transfer of iodine vapour to 

the bubble surface during the rise period, the iodine sodium vapour reaction dominates at high 

temperatures. As shown in fig. 3.1, the experimental pool scrubbing efficiency at 538 °C for pool 

depths of 1.8 and 3 m was found to be closer to the scrubbing efficiency anticipated by the 

current model for aerodynamic particle diameter  of 5.7 μm (particle 

diameter, dp of 3 μm). 
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Fig.3.1 Aerosol sub-module experimental comparison 

The vapour scrubbing sub-module was compared theoretically using estimated values for the 

xenon cesium mixed gas bubble obtained in the literature. Umbel (2011) looked at how 

successful sodium was at scrubbing cesium from a xenon cesium mixed gas bubble rising in a 

pool. Pool temperature and depth of 510 °C and 4.47 m, respectively, were considered for the 

evaluation. Umbel evaluated the efficiencies as 99 percent and 99.99 percent at pool rise times of 

3 s and 12 s, respectively, using fitted equations valid for spherical diffusion at long time scales 

(Fo > 0.5). Figure 3.2 demonstrates that the current model's estimated efficiencies are 11 percent 

and 0.07 percent lower than Umbel's figures. The discrepancy in fig. 3.2 at 3 s is due to Umbel's 

model's larger time scale assumption.  
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Fig.3.2 Vapour sub-module theoretical comparison 

3.4 Discussion of the findings 

The variation of bubble terminal velocity with diameter was evaluated using the bubble dynamic 

module, as illustrated in fig. 3.3 for a rise height of 1 m. The terminal velocity in fig. 3.3 reduces 

as the bubble diameter increases in the range of 1-10 mm due to the shift of the bubble shape 

from spherical to ellipsoidal, then increases. In table 3.1, the sizes and shapes of bubbles for the 

three gas-liquid systems are also listed. The results demonstrate that for bubble diameters greater 

than 10 mm, the shape is ellipsoidal/spherical cap for all three systems tested. The model was 

used to study the dynamics of a xenon bubble rising in a sodium pool at 527 degrees Celsius. 

The temperature of the gas bubbles is assumed to be the same as that of the pool. The height of 

the rise taken into account for bubble rise is 4.47 m. 
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Fig.3.3 Terminal velocity of bubble as a function of its diameter 

Table 3.1 Shape of bubbles as a function of size 

G-L system Ar-NaK Xe-Na Air-H2O 

Diameter for spherical to ellipsoid transition (mm) 9.4 9 5.6 

Diameter for ellipsoid to spherical cap transition (mm) 29 27.6 17.1 

Maximum diameter for stable bubble (mm) 32.9 30.2 21.2 

 

The bubble diameter is 28.9 mm at 527 °C, and the terminal velocity is 39.7 cm/s, resulting in a 

rise time of 11.26 seconds. Based on liquid and gas temperatures, the transport characteristics of 

liquid sodium and xenon gas (Fink and Leibwitz, 1995; Kestin and Wakeham, 1972) were 

studied. Re = 41930.1, Eo = 43.7, M = 8.3 x 10
-15

, and Ta = 24.2 are the non-dimensional 

numbers considered for bubble ascent. According to Levich (1962), the bubble diameter grows 

with increasing temperature up to 527 °C and then drops due to the balance of density and 

surface tension forces. Surface tension, liquid and gas density all decrease when liquid and gas 
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temperatures rise. The fluctuation of bubble terminal velocity with temperature follows the same 

pattern as bubble diameter. Bubble diameter and terminal velocity fluctuations in relation to 

temperature are projected to be within 3.5 percent and 1.3 percent, respectively. As a result, these 

characteristics are unaffected by the temperature of the sodium pool.  

 

Fig.3.4 NaI aerosol scrubbing as a function of its size 

The scrubbing efficiency of the liquid pool for NaI aerosols contained in xenon bubble has been 

determined based on the model evaluated bubble dynamics of xenon bubble rising in sodium 

pool at 527 °C. Figure 3.4 shows the total scrubbing efficiency of NaI aerosols contained in 

xenon bubbles rising via sodium pool as a function of aerodynamic particle size, which can be 

calculated by combining the individual contributions due to sedimentation, inertial impaction and 

diffusion deposition mechanisms. The inertial impaction mechanism provides for the majority of 

overall scrubbing efficiency in the larger size range, whereas the diffusion mechanism accounts 

for the majority of overall scrubbing efficiency in the smaller size range, as shown in fig. 3.4. As 
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shown in fig. 3.4, scrubbing efficiency is small for aerodynamic particle sizes less than 1 μm and 

is mostly dictated by diffusional deposition, but scrubbing efficiency is substantial for particles 

higher than 1 μm. 

 

Fig.3.5 NaI aerosol scrubbing as a function of pool height 

The overall scrubbing efficiency as a function of pool height for various aerodynamic particle 

sizes is shown in Figure 3.5. In a sodium pool at 527 °C, 100% removal of aerosols occurs 

within 1 m of rise height for aerodynamic particle sizes bigger than 7.6 μm for NaI aerosols, and 

the inertial impaction mechanism accounts for the majority of the overall scrubbing efficiency. 

The scrubbing efficiency of the liquid pool for Cs vapour contained in xenon bubble has been 

determined based on the model evaluated bubble dynamics of xenon bubble rising in sodium 

pool at 527 °C. The diffusion coefficient of cesium in a xenon bubble at 527 °C is predicted to be 

2.3 x 10
-5

 m
2
/s. For bubble rising through SFR pool of 4.47 m, the vapour scrubbing 

effectiveness is 99.99 percent.  Figure 3.6 depicts the variation in cesium concentration along the 

radial coordinate of the bubble at various bubble rise times.  
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Fig. 3.6 Relative variations of Cs concentration along radial coordinate inside bubble  

However, when the initial flow velocity, bubble expansion in the channel, and swarm effect are 

taken into account, the bubble rise time is significantly reduced. Scrubbing efficiency is 97.74 

percent with a rising time of 3 seconds. Cesium vapour diffusing in xenon gas was used in these 

computations. Krypton and helium are also likely to be present in the bubble. As demonstrated in 

fig. 3.7 and table 3.2, the diffusion coefficient for cesium diffusion in helium is nearly an order 

of magnitude higher, resulting in a higher scrubbing efficiency. For inert gases with lower 

molecular weight, these results in a smaller amount of cesium vapour bypassing the pool via 

bubble transfer.  
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Fig.3.7 Pool scrubbing efficiency for Cs vapour as a function of pool height 

Table 3.2 Scrubbing efficiency for change of inert gas component. 

Gas Xenon Helium 

Time of rise (s) 3 3 

Coefficient of diffusion (m
2
/s) 2.3 x 10

-5
 1.8 x 10

-4 

Efficiency (%) 97.74 99.99 

Inertial impaction and diffusion, respectively, are responsible for the majority of liquid pool 

scrubbing of very big and very minute aerosol particles, according to this model. According to 

the findings, during bubble rise through a 1 m deep pool, virtually all big particles larger than 4 

μm are eliminated. Due to the higher vapour diffusion coefficient, vapour scrubbing efficiency is 

higher for lower molecular weight inert gas.  

3.5 Closure 

The creation of a pool scrubbing model to analyze the scrubbing efficiency of aerosol/vapour 

from rising gas bubbles in SFR liquid pools was highlighted in this chapter. Modules for 
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evaluating bubble dynamics and aerosol/vapour mass transport are included in the model. 

Starting with uniform concentration inside and zero boundary condition, the model simulates the 

scrubbing of volatile vapours (I, Cs) based on molecular diffusion in spherical shape. Aerosol 

(NaI) capture through gravitational sedimentation, inertial deposition and brownian diffusion are 

all considered in the model. The vapour scrubbing efficiency is found to be higher when the 

vapour diffusion coefficient in the gas bubble is higher. The size over which scrubbing efficiency 

becomes significant in aerosols was also established. The efficiency of vapour and aerosol 

scrubbing rises as the pool height/rise time increases. The pool scrubbing model is useful for 

assessing the scrubbing effectiveness of liquid pools in SFRs and evaluating source terms. 

Bubble dynamics significantly influence the mass transfer of vapours and aerosols from rising 

mixed gas bubbles. Therefore, next chapter is dedicated to the bubble dynamic studies carried 

out. 



 

CHAPTER-4 
INVESTIGATION OF BUBBLE DYNAMICS IN 

LIQUID POOL



 

Chapter-4: Investigation of bubble dynamics in liquid pool 

 

4.1 Introduction 

The semiempirical model developed for pool scrubbing of aerosols/vapours is highly dependent 

on the bubble dynamics module, which uses correlations available for bubble terminal velocity in 

water. To understand the applicability of correlations used for water in the pool scrubbing model 

developed for liquid sodium, a thorough understanding of bubble dynamics in liquid water and 

sodium based on numerical and experimental studies is essential. Evaluation of bubble dynamics 

is essential for determining SFR in-vessel source term arising from to core melt accident fuel 

failures. In SFR liquid pools, the rise velocity is a crucial parameter that controls heat and mass 

transfer from rising bubbles. The bubble deformation in a stagnant sodium pool is a basic study 

to be carried out towards understanding its dynamics. The major parameters influencing bubble 

dynamics are bubble diameter, gas-liquid system, domain aspect ratio and dimension. 

Understanding single bubble dynamics is the first step towards development of a numerical 

model for pool scrubbing in SFRs involving complex heat and mass transport phenomena. 

Experimentally, single gas bubbles are generated using low gas injection rates. Bubble dynamic 

experiments were mainly conducted for air-water system due to the transparent nature of water 

(Clift et al., 1975). Experiments carried out in liquid metals such as liquid sodium and NaK were 

few due to the limited measuring techniques available for opaque liquids. Both invasive and non-

invasive techniques such as soft field tomography and hard field tomography are used to measure 

gas-liquid metal flows (Clift et al., 1975). However, the most used technique for liquid metals is 

X-ray attenuation (Han and Holappa, 2003; Guézennec et al., 2004; Shevchenko et al., 2013). 

The advent of computational fluid dynamics (CFD) has made it possible to theoretically study 
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bubble dynamics in a cost-effective manner. Such studies supplement experimental 

measurements and provides for a more detailed physical explanation of the phenomena. To date, 

several CFD studies have been conducted on bubble dynamics for better understanding of the 

same (Krishna and Baten, 1999; Wang and Tong, 2008; Raees et al., 2011; Islam, 2013; 

Klostermann et al., 2013; Zahedi, 2014; Xu et al., 2015; Wang, 2015; Verma et al., 2017). The 

majority of these studies are run on commercial software platforms like CFX and Fluent and 

only few studies employ open source programme, OpenFOAM for such simulations. The 

OpenFOAM-based researches were limited to 2-D/2-D axisymmetric domains, which under/over 

predicted rise velocities and were not validated by experimental tests. This brings in the 

requirement of validated OpenFOAM-based studies to predict realistic bubble dynamics. 

In literature, few studies characterized bubble dynamics in sodium using water experiments 

(Atomics International, 1965; Dickinson and Nunamaker, 1975). Based on the bubble sizes 

determined from HEDL water experiments simulating SFR fuel failure scenario and similarity of 

non-dimensional numbers, the average bubble diameter predicted for sodium pool was 1.27 cm. 

Sodium experiments were carried out at AI for bubble sizes in the range from 1.1-4.1 cm based 

on water tests at HEDL. Bubbles in the size range between 1-3 cm are typically studied in 

sodium experiments for SFR in-vessel source term analysis (Miyahara et al., 1995a; Miyahara et 

al., 1996). Based on similarity of non-dimensional numbers, Miyahara et al. (1996) conducted 

water experiments to model bubble dynamics in a sodium system. However, theoretical studies 

on bubble dynamics in sodium pool were limited to terminal velocity correlations and computing 

the equation of motion. Theoretical studies on bubble dynamics to establish similarity between 

water and sodium systems are also scarce in literature. Although bubble dynamics similarities 

between water and sodium systems have been documented in the literature, most investigations 
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lack a quantitative investigation.  

Bubble dynamics in liquid sodium and water pool are investigated in this work using the 

interFoam solver of open field operation and manipulation (OpenFOAM) for 2-D, 2-D 

axisymmetric, and 3-D situations. The interFoam module used in present study is verified against 

2-D and 3-D numerical benchmark data (Hysing et al., 2009; Adelsberger et al., 2014) available 

in literature. The solver is also validated using 2-D experimental data available in literature and 

in-house 3-D experimental results. The optimal mesh size for simulating bubble rise in liquid 

sodium is determined after a rigorous grid independence research. The bubble dynamics in liquid 

sodium is studied for various domain aspect ratio and range of bubble diameters to understand 

their influence on bubble behavior.  

For the first time, 3-D numerical studies and experiments are wisely coupled to prove the 

quantitative nature of bubble dynamics similarities between water and sodium systems. A 

similarity criterion obtained from the numerical work is used to set up an experimental facility 

for researching bubble dynamics in sodium systems using water. Terminal velocity and shape of 

the bubble in water system is monitored using void sensors and camera recording. Numerical 

predictions are validated using the experimental measurements and correlations available in 

literature. The research reveals open source numerical methods for capturing bubble dynamics as 

well as a novel way for measuring bubble velocity in vast pools of fluids utilizing void sensors 

created in-house. The current research is also a first step towards creation of an OpenFOAM-

based pool scrubbing model for SFR fuel failure accident scenario involving complex heat and 

mass transfer processes. 

4.2 Experiment 

The bubble dynamic similarity between water and sodium systems can be obtained by equating 
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the non-dimensional Weber and Froude numbers (Dickinson and Nunamaker, 1975). 

Equating Weber numbers  

 

Equating Froude numbers 

 

The mass and momentum transport parameters determine the bubble dynamic similarity between 

water and sodium. Table 4.1 gives the mass and momentum transport properties of water and 

liquid sodium.  

Table 4.1 Transport properties of water and liquid sodium 

Properties Water Sodium 

T (°C) 30 200 

ρl (kg/m
3
) 995 904.3 

μl (Pa.s) 0.0008 0.0004 

σ (N/m) 0.071 0.189 

From Eqs. 4.1 and 4.2, 

 

According to this similarity, the bubble diameter of 0.58-2.38 cm in water system corresponds to 

diameter of 1-4.1 cm in sodium system. The similarity between water and sodium systems, on 

the other hand, has never been investigated using bubble aspect ratio as the basis. The present 
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study fills the gap area of establishing quantitative similarity between bubble dynamics in 

sodium and water systems numerically. The bubble rise velocity is measured using conductance-

based void sensors in this experiment, and the bubble aspect ratio is measured using image 

analysis. The experimental methodology is discussed in depth in the following sub-sections. 

4.2.1 Experimental setups 

Two experimental facilities are developed and used to carry out these studies. The experimental 

setup-I for studying 0.5 cm bubble case consists of a cylindrical tank with diameter of 10 cm and 

height of 80 cm as shown in fig. 4.1a.  

  

(a) (b) 

Fig.4.1 Experimental setups for air bubble dynamics in water (a) I (b) II 

It is made of transparent acrylic walls and provided with arrangements for filling and draining 

water upto desired level. Air was introduced via a nozzle at the bottom of the tank into the water 

column by means of syringe injection system. The air volume injected from the graduated 

syringe is used to determine the initial bubble volume. The experimental setup-II is used to study 
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rise behavior for higher bubble sizes. It comprises of a tank (see fig. 4.1b) with dimensions of 61 

cm x 61 cm x 122 cm and a single bubble generating device (see fig. 4.2). 

 

Fig.4.2 Single bubble generating system 

The experimental tank made of acrylic is filled with water upto a depth of 117 cm. An acrylic 

cup (ID=17.8 cm) is mounted 22 cm above the tank bottom via a shaft that passes through a 

rotary seal housing attached to the column side wall. A plummer block kept outside the tank 

supports the other end of shaft which can be rotated around its axis. A nozzle made of SS tube 

(ID = 0.6 cm) is positioned centrally 7 cm above the tank bottom to introduce air into the cup. A 

compression fitting is attached at the other end of the steel tube, which consists of a rubber 

septum compressed between a back ferrule and the fitting nut. 

The septum fitting prevented backflow of water into the syringe during air injection. The bubble 

is initially confined inside the cup till required air volume is injected using syringe, followed by 

rotating the cup to release the bubble. By controlling the rotation rate of shaft, the generation of 

secondary bubbles during bubble release can be avoided.  
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4.2.2 Void-detection sensors 

The bubble rise velocities in water setups I and II are measured using void-detection sensors 

developed using a conductance technique.  As part of a miniaturized resistance capacitance type 

logic gate oscillator (LGO), the conductance sensor consists of a pair of electrodes inserted in the 

sensing medium. In the LGO, the probe served as the resistance component of the tank circuit, 

while the capacitor component had a fixed value. The LGO oscillates and creates pulses of 5V 

amplitude when powered by 5V DC. The resistance and capacitance components of the tank 

circuit determine the number of pulses generated by the LGO. The change in resistance provided 

by bubbles flowing between the electrodes in the aqueous medium causes a change in resistance 

component, which is quantified in terms of pulse output from the LGO in this study. For further 

measurement, the pulse output is converted to frequency. 

Customized conductance probes are designed and made for use in the experimental settings to 

detect bubble velocity. For great sensitivity and to eliminate the wall effect, wire electrodes are 

utilized. The bubbles travelled between the electrodes in the wire type electrodes in a few 

milliseconds, which is less than the gate time. During test runs, the two sets of probes are fixed 

apart at a given vertical distance. The change in conductance observed by the probes due to the 

passage of air bubbles is used to calculate the time it takes for an air bubble to move from the 

first to the second probe. 

4.2.3 Details of instruments 

Two single channel rapid counter units receive the frequency output from two void-detection 

sensors. A 5V DC battery power supply, optical isolator circuit, microcontroller-based data 

acquisition circuit (DAQ) and 5V DC regulated power supply from the mains compose the 

channel quick counter card that interfaces the PC and LGO. A 5V DC battery source powers 
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LGO, while the hardware system is powered by a controlled 5V DC mains supply (50 Hz, 230V 

AC). The LGO generated pulses are optically isolated to avoid ground interference with the 

interface counter card's mains power supply. Figure 4.3 shows a block schematic of interfacing 

electronics. 

 

Fig.4.3 Rapid counter interface unit block diagram 

Design of single channel digital pulse counter card was carried out to sample LGO pulse output 

with a user-defined gate time. In this study, the gate time for logging the change in frequency 

output from the void-detection sensors is standardized to 50 ms. The 8-bit microcontroller 

ATMEL 89C4051 is used in the rapid counter unit's counter card. One of the microcontroller's 

three 16-bit timers has been set up as a counter. A 1 MHz crystal-based frequency generator 

circuit is used to generate a 10 kHz reference clock. The strobe pulse for the counter is generated 

using this reference clock. The counter is latched every 50 milliseconds to keep track of how 

many pulses are generated at the LGO output.  
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The frequency value is calculated by dividing the number of pulses emitted by the LGO by the 

time period during which the pulses are counted, and the firmware is written in C++ to connect 

to the PC through an RS 232 serial port interface. Through the serial port on the PC, application-

specific graphical user interface (GUI) software written in Visual Basic gets data from the single 

channel rapid counter interfacing unit. This value is plotted in real time online and recorded for 

later examination. Options for recording time, data logging file path, parameter display and 

calibration coefficients can all be customized by the user. Windows 98, 2000, and XP are all 

supported by the application software. Figure 4.4 depicts a screenshot of the GUI. The frequency 

output from two void-detection sensors is logged using two rapid counter units. A time marker is 

used to keep a common reference time for both GUIs. The actual travel time of bubbles recorded 

in the GUI is estimated separately using this reference time. 

 

Fig.4.4 Screen capture of GUI 
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4.2.4 Methodology for sensing 

Voids in a two-phase medium can be detected in a variety of ways, including sensing the 

changes in the medium's magnetic property as bubbles travel through an inductor, resistance 

provided by the bubbles in the conductance channel, or capacitance change induced by the 

bubbles while passing through the capacitor arrangement. What kind of sensor can be used to 

measure the bubble rise velocity depends on the intrinsic properties of the fluid and bubble 

dynamics. Based on water properties, it was chosen to employ conductance-based sensing 

approach in order to achieve greater detection capability and repeatability than other sensing 

approaches. The conductance-based sensors used to detect bubbles will be referred to as ‗void-

detection sensors' from now on. The novelty and strength of this sensing technology is its ability 

to precisely detect bubbles regardless of their size, shape, or course of passage. By using two 

void-detection sensors of the same type separated at a specified distance and sensing the 

existence of a bubble, it is possible to determine the bubble velocity. A dip in conductance can 

be seen as the bubble passes between the sensor electrodes. The sensor output is used to calculate 

the time difference between two such dips from two void-detection sensors. Bubble velocity is 

estimated using the information from the computed time difference in the basic equation of 

motion. 

4.2.5 Electronics for sensors 

The current work utilized a novel class of digital sensors called as pulsating sensors (Praveen et 

al., 2010; Sahoo et al., 2010; Malathi et al., 2015), which have been developed and applied in a 

variety of physicochemical applications. Pulsating sensors basic electrical response, unlike 

traditional sensors, is in pulse form, i.e. in the digital domain, bypassing intermediate signal 

processing stages like preamplification, postamplification, and analog to digital conversion. In a 
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physical or physicochemical system, pulsating sensors can be designed to employ one of four 

basic electrical properties: (i) electromotive force (ii) dielectric permeability (iii) 

resistance/resistivity (or conductance/conductivity) and (iv) inductance. Any parameter that 

indirectly/directly affects either of the above properties becomes measurable. These four 

independent sensing parameters allow a lot of versatility for redundantly monitoring a parameter, 

whether used individually or in combination. The signal output from each of these sensors is a 

digital pulse frequency that conveys information about the physical parameter being detected. 

Appropriate in situ calibration is used to determine the relationship between frequency and the 

sensed parameter. Pair of electrodes is put in the sensing medium and are part of the timing 

circuit of a tiny resistance capacitance type LGO. The sensing electrodes constitute resistance of 

the LGO. In the oscillator's timing circuit, a fixed value capacitor is used. When powered by 5V 

DC, the LGO oscillates between two logic states: "0" and "1." The LGO signal is a series of 

rectangular pulses with 5V amplitude from which the pulse frequency is calculated. Without any 

additional amplification or signal processing, these digital pulses can be interfaced with any 

digital input/output card for further data processing. A simplified block diagram of signal routing 

from the probe end to the Graphical user display in the PC is shown in Figure 4.5. 

 

Fig.4.5 Signal flow from probe end to PC display in block diagram 
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4.2.6 Construction of sensing probe 

The main purpose of a void-detection sensor is to determine how quickly a void rises in a static 

pool. As a result, the sensor for the void sensing probe is immersed in a static pool. Electrodes of 

various designs are already constructed and optimized for conductance-based void detection 

because they give good results in such situations (Aggarwal et al., 2012). Mesh type, ring type, 

and wire type electrodes were among the designs tested earlier. Because of their high sensitivity, 

wire electrodes were chosen to avoid the wall effect and generate more consistent results. A pair 

of enamel coated copper wires with a diameter of 2 mm, arranged parallel to each other, were 

chosen as the probe material. To ensure sufficient insulation and serve as a fixture, wires were 

placed into a 12 mm diameter teflon rod. Figure 4.6 shows a schematic of an electrode fixture. 

 

Fig.4.6 Schematic diagram of electrode fixture 
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Depending on the water column height, two similar electrode pairs were mounted one above the 

other at appropriate distances. To prevent lateral movement of the sensors, they were tightly 

attached with bolts at the top of the experimental tank. 

4.2.7 Experimental campaign 

In setup-I, there is only one campaign in the bubble rise experiment. In a water column with a 

specified aspect ratio, the campaign assessed the rise velocity of a 0.5 cm bubble. For the 

campaign, a bubble volume of 65 μl and pool height of 55 cm is used to determine the bubble 

rise velocity. The supporting fixtures are positioned such that the distance between two sets of 

conductance probes is set at 20 cm. To increase the accuracy of the rising time estimation, the 

tests are repeated ten times. Three campaigns make up the bubble rise experiment in setup-II. 

The rise velocity of three bubble sizes was measured for each campaign for a certain aspect ratio 

of the water column. For this experiment, bubble volumes of 2 ml, 4 ml, and 6 ml were explored. 

To investigate the impacts of water column aspect ratio on bubble rise velocity, three pool 

heights of 75 cm, 95 cm, and 107 cm are fixed. The spacing between two sets of conductance 

probes is modified during each campaign. Aspect ratios of 1.2, 1.5, and 1.9 are achieved by 

spacing the probes 25 cm, 50 cm, and 75 cm apart, respectively. To increase the accuracy of the 

rise time estimation, each bubble diameter test is done ten times. 

4.3 Theoretical study 

The next sub-sections go over the available theoretical correlations as well as an in-house 

numerical research that was utilized to characterize bubble dynamics. 

4.3.1 Empirical correlations 

Bubble dynamics are defined by the velocity, shape and size of the bubbles. In order to 

determine bubble terminal velocity, correlations available in the literature require information on 
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bubble shape, which requires information on bubble size. As indicated in table 4.2, there are 

several correlations available in the literature for analyzing clean water terminal velocity (Davies 

and Taylor, 1950; Mendelson, 1967; Talaia, 2007).  

Table 4.2 Bubble terminal velocity correlations 

 Shape Correlation 

Davies and Taylor (1950) spherical cap  

Mendelson (1967) ellipsoidal 

 

Talaia (2007) spherical cap 

 

Grace (1973) and Park et al. (2017) used bubble shape diagrams to show the link between bubble 

size and shape. As indicated in table 4.3, correlations for measuring the bubble aspect ratio of 

water are also available in the literature (Taylor and Acrivos, 1964; Lee and Choi, 2014). 

Table 4.3 Bubble aspect ratio correlations 

 Correlation 

Taylor and Acrivos (1964) 
 

Moore (1965) 
 

Lee (2014)  

4.3.2 Numerical model 

The correlations available in literature as mentioned in earlier sub-section are mostly developed 

for normal liquids and not liquid metals. Hence, the applicability of these interrelated 

correlations for bubble dynamic parameters in case of liquid sodium systems has to be verified 
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numerically. The following sub-sections illustrate the numerical studies carried out for 

understanding bubble dynamics.  

4.3.2.1 The problem's physical description 

In two-dimensional, axisymmetric, and three-dimensional domains, single bubble (fluid 2) 

dynamics in liquid sodium (fluid 1) pools are investigated numerically. Figure 4.7 shows the 

geometry and boundary conditions used for simulations in both two-dimensional and three-

dimensional domains. 

 

(a) (b) 

Fig.4.7 Computational domain (a) 2-D (b) 3-D 

The spherical bubble, with a diameter of dB, is placed at 0.5dB above the bottom wall, along the 

central vertical axis. The analysis takes into account a gravitational acceleration of 9.81 m/s
2
. 

The current study focuses on the gas bubble and liquid pool's thermal equilibrium condition.  

4.3.2.2 Method of computation 

The interFoam solver (Damián, 2012) from OpenFOAM version 3.0.0 (Greenshields, 2016), an 

open source CFD application, is used to numerically investigate the ascent of an inert gas bubble 

in a liquid sodium pool. 
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4.3.2.2.1 Equations that govern 

The mass, momentum, and phase fraction conservation equations are listed below. 

Equation of continuity 

 

 

The volume fraction of fluid 1  

 

Momentum equation 

 

 

 

 

Volume fraction equation for phase 1 (Damián, 2012)  

 

  

curvature of the interface is given by, 

 

4.3.2.2.2 Conditions at boundaries 

A no-slip boundary condition has been added to the bottom and side walls. The gradient of the 

volume fraction of fluid 1 in the direction normal to the wall boundary has been set to zero, as 

has the velocity. Based on the velocity boundary condition anticipated boundary flux , the 
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gradient of pressure normal to the wall boundary is determined. The top barrier is open to the 

atmosphere, allowing in and outflow. As a result, the upper boundary is subjected to a mixed 

boundary condition. Outflow has a fluid 1 volume fraction gradient of zero in the direction 

corresponding to the top boundary, whereas inflow has a fluid 1 volume fraction of unity. For 

outflow , the gradient of velocity in the direction normal to the top boundary is set to 

zero, and for inflow , velocity is set to zero. By subtracting the dynamic pressure from 

the required total pressure, the static pressure at the top boundary is derived. 

4.3.2.2.3 Method of solving 

The interFoam solver solves the governing conservation equations by combining the volume of 

fluid (VOF) method (Hirt and Nichols, 1981) with surface compression (Brackbill et al., 1992). 

Klostermann et al. (2013) explains the interFoam solver's algorithm and the discretization of 

governing equations in great detail (2013). 

4.3.2.2.3a Details of discretization 

The implicit Euler approach is utilized for temporal discretization and the finite volume gaussian 

integration approach is employed for spatial discretization. The convective term in the 

momentum equation is interpolated using a limited linear technique. The van Leer scheme (Van 

Leer, 1979) and a specific interface compression strategy were utilized to interpolate the first and 

second convective terms in the phase fraction equation, resulting in smoother interfaces. To keep 

the volume fraction limited when solving volume fraction equations, the Multidimensional 

universal limiter for explicit solution (MULES) technique is used (Damián, 2012). 

4.3.2.2.3b Algorithm for solution 

PIMPLE (merged pressure implicit with splitting of operator (PISO) and semi implicit method 

for pressure linked equations (SIMPLE) algorithm) is used for pressure velocity coupling. It has 
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three correction steps for pressure and two sub-cycles for interface correction. The PIMPLE 

method has two loops, one inner and one outer, in which the outer loop solves all equations and 

the inner loop only solves the continuity equation. To obtain time accuracy, the pressure equation 

is solved in the outer loop for three correction steps. For transitory flow, the total number of 

loops over fluid 1 volume fraction equals one, and the number of sub-cycles for which fluid 1 

volume fraction is calculated equals two. In the phase fraction equation, conservative 

compression is utilized for the compression term. Pressure correction, first pressure loop, second 

and last pressure loops, and the velocity equation are among the equations that have been solved. 

For velocity equations containing asymmetric matrices, the preconditioned bi-conjugate gradient 

(PBiCG) with diagonal incomplete-lower upper (DILU) preconditioner is employed, while for 

pressure equations containing symmetric matrices, the diagonal incomplete cholesky (DIC) 

preconditioned conjugate gradient is employed. 

4.3.2.2.3c Details of computation 

The computer used for simulation has an Intel Core 2 Duo processor running at 2.4 GHz and 4 

GB of RAM, and it runs Ubuntu 14.04 OS. For a grid size of 544 x 544, the typical 

computational time for a 10 mm argon bubble in a two-dimensional domain of liquid sodium is 4 

days. For a grid size of 128 x 128 x 128, the typical calculation time for a 10 mm argon bubble 

growing in a three-dimensional domain of liquid sodium is 4 days. 

4.3.2.3 Data processing after simulation 

The Swiss Army Knife for Foam (swak4Foam) toolbox is used for post-processing. The user can 

apply a few conditions to the retrieved data, as well as construct expressions that incorporate the 

fields, using the toolbox. In this study, the center of mass (COM) position coordinates of the 
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bubble and the bubble rise velocity in the y direction were analyzed using swak4Foam. The 

following equation is used to calculate the bubble's center of mass location coordinates. 

 

where,  denotes the individual cell‘s center of mass position in the computational 

mesh. Dividing the axial displacement of the center of mass by the rise time at any given 

moment yields the average bubble rise velocity. 

In the y direction, the bubble rise velocity is given as: 

 

where uy signifies a single computational mesh cell's velocity in the y direction. The terminal 

velocity is computed by averaging the non-fluctuating rise velocity readings. 

4.3.2.4 Computational domain 

Numerical simulations are carried out using two-dimensional, axisymmetric and three-

dimensional domains to investigate the dependence of bubble dynamics on size of computational 

domain. 

4.3.2.4.1 Effect of domain aspect ratio for 2-D case 

The effect of domain aspect ratio on bubble dynamics in the argon-sodium system in 2-D is 

studied using simulations. By altering the domain height and width independently, the effect of 

aspect ratio on bubble dynamics is investigated in depth. 

4.3.2.4.1a Domain height effect 

For a fixed domain width of 160 mm, the aspect ratio is adjusted by adjusting the height of the 

domain. For the purposes of analysis, the domain aspect ratios of 1, 1.25, and 1.5 for a fixed 
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bubble diameter of 20 mm are used. Figures 4.8 and 4.9 depict the temporal fluctuation of bubble 

dynamics as a function of cavity aspect ratio by varying domain height. Figure 4.8 demonstrates 

that for all aspect ratios studied, the 20 mm bubble rise velocity reaches 0.2 m/s in 0.025 s.  

As shown in fig. 4.9a, the highest horizontal deviation from the central axis is ~4% at half width 

of the domain cavity and is inconsequential. The rising trajectory of the 20 mm bubble is thus 

rectilinear, regardless of the aspect ratio investigated. Figure 4.9b further shows that the 

difference in rise height between AR = 1.5 and AR = 1 at 0.425 s is less than 1%, indicating that 

the deviation is minor. 

 

Fig.4.8 Bubble rise velocity variation with domain height for 2-D case 
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 (a)  (b) 

Fig.4.9 Bubble (a) path (b) rise height variation with domain height for 2-D case 

 

Fig.4.10 Terminal velocity variation with domain height for 2-D case 
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Fig.4.11 Average bubble rise velocity variation with domain height for 2-D case 

As illustrated in fig. 4.10, the average bubble terminal velocity is 0.23 m/s for aspect ratios of 1 

to 1.5 for varied domain height. For AR = 1 and 1.5, the terminal velocity is found to be 0.238 

m/s and 0.235 m/s, respectively, with no significant difference between them. Figure 4.11 

shows the variation in average rise velocity with rise height of a 20 mm bubble for various 

aspect ratios as a function of domain height. The domain height of 8dB is hence clearly suitable 

for bubble dynamic simulation in this investigation. 

4.3.2.4.1b Domain width effect 

This section presents the results of the effect of domain width for a fixed domain height of 160 

mm. For a given bubble diameter of 20 mm, the three domain aspect ratios examined for the 

analysis are 0.73, 1 and 1.6. Figures 4.12 and 4.13 depict the temporal fluctuation of bubble 

dynamics as a function of cavity aspect ratio for varied domain width. 
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Fig.4.12 Bubble rise velocity variation with domain width for 2-D case 

The rise velocity for a 20 mm bubble size reaches 0.2 m/s in 0.025 s for all aspect ratios 

examined, as shown in fig. 4.12. The largest horizontal deviation from the central axis at the 

half width of the domain cavity for an aspect ratio of 0.73 is 4.2 percent, while the least 

divergence is 0.75 percent for an aspect ratio of 1.6, which is modest, as shown in fig. 4.13a. 

The rise trajectory of the 20 mm bubble is thus rectilinear for aspect ratios of 1 and 1.6. At 

0.425 s, the bubble rise height for AR = 1 and 1.6 is 10.1 percent and 1.9 percent lower than 

that for AR = 0.73. (fig. 4.13b). For a range of aspect ratios from 0.73 to 1.6 for varied domain 

widths, the average terminal velocity is 0.24 m/s (fig. 4.14). 

For AR = 1.6, the terminal velocity is 0.22 m/s, which is 13.6 percent lower than the terminal 

velocity of 0.25 m/s obtained for AR = 0.73. Figure 4.15 shows the fluctuation of average rise 

velocity with rise height of 20 mm bubble as a function of domain width for various aspect 
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ratios. To eliminate wall effects, the investigation reveals that a minimum domain width of W = 

8dB must be provided. 

  

(a) (b) 

Fig.4.13 Bubble (a) path (b) rise height variation with domain width for 2-D case 

 

Fig.4.14 Terminal velocity variation with domain width for 2-D case 
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Fig.4.15 Average bubble rise velocity variation with domain width for 2-D case 

4.3.2.4.2 Effect of domain aspect ratio for 2-D axisymmetric case 

The effect of domain aspect ratio on bubble dynamics in the argon-sodium system in a 2-D 

axisymmetric scenario is studied using simulations. By altering the domain height and width 

independently, the effect of aspect ratio on bubble dynamics is investigated in depth. 

4.3.2.4.2a Domain width effect 

To explore the effects of the sidewall on bubble behavior, the physical diameter of vessel, W, is 

increased from 6dB to 10dB corresponding to model domain widths of 3dB to 5dB respectively. 

Figures 4.16a and 4.16b show the temporal fluctuation of instantaneous rising bubble velocity 

and center of mass for a 0.9 cm argon bubble rising in sodium. For the three domain widths 

tested, the bubble behavior is observed to be in close agreement. As a result, the study 

demonstrates that in axisymmetric simulations, W = 8dB is sufficient to eliminate side wall effect. 
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(a) (b) 

Fig.4.16 Bubble (a) instantaneous rise velocity (b) COM variation with domain width for 2-D 

axisymmetric case 

4.3.2.4.2b Domain height effect 

The solution domain height, H is varied from 6dB-10dB, so that the effect on bubble behavior can 

be studied. For a 0.9 cm argon bubble rising in sodium, figure 4.17 depicts the temporal 

fluctuation of bubble dynamics in terms of instantaneous rising velocity and center of mass. 

  

(a) (b) 

Fig.4.17 Bubble (a) instantaneous rise velocity (b) COM variation with domain height for 2-D 

axisymmetric case 
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For the three domain heights tested, the bubble behaviour is observed to be in close agreement. 

As a consequence of the research, it was discovered that an 8dB domain height is sufficient for 

the bubble to attain terminal velocity. 

4.3.2.4.3 Effect of domain aspect ratio for 3-D case 

The effect of domain aspect ratio on bubble dynamics in the argon-sodium system in 3-D is 

studied using simulations. By altering the domain height and width independently, the effect of 

aspect ratio on bubble dynamics is investigated in depth. 

4.3.2.4.3a Domain width effect 

To explore the effects of the sidewall on bubble behavior, the domain width, W, is increased 

from 6dB to 10dB.  Figures 4.18a and 4.18b show the temporal fluctuation of instantaneous rising 

bubble velocity and center of mass for a 0.9 cm argon bubble rising in sodium. For the three 

domain widths tested, the bubble behaviour is observed to be in close agreement. As a result, the 

research shows that an 8dB domain width is sufficient to prevent side wall effect. 

  

(a) (b) 

Fig.4.18 Bubble (a) instantaneous rise velocity (b) COM variation with domain width for 3-D 

case 
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4.3.2.4.3b Domain height effect 

To explore the effect on bubble behavior, the height of the solution domain, H, is increased from 

6dB to 10dB. Figures 4.19a and 4.19b demonstrate the temporal variation of bubble dynamics in 

terms of instantaneous bubble rise velocity and center of mass for a 0.9 cm argon bubble rising in 

sodium. For the three domain heights tested, the bubble behaviour is observed to be in close 

agreement. As a result, the study reveals that a domain height of 8dB is sufficient for the bubble 

to attain terminal velocity in 3-D case. 

  

(a) (b) 

Fig.4.19 Bubble (a) instantaneous rise velocity (b) COM variation with domain height for 3-D 

case 

4.4 Grid sensitivity study 

The grid size for simulating bubble rise in quiescent liquid sodium pool is determined through a 

grid sensitivity research. The studies are carried out for argon gas bubble rising in liquid sodium 

pool by evaluating temporal variation of rise velocity and center of mass position. The results of 

two-dimensional, axisymmetric and three-dimensional domains for different grid sizes are 

presented in the following sub-sections. 
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4.4.1 Grid independence for 2-D case studies 

For the two-dimensional investigation, an argon gas bubble with an initial diameter of 20 mm is 

used. A domain height and width of 160 mm is considered for the study. At 200 °C, the 

thermophysical characteristics of sodium (Na) and argon (Ar) are assessed. For the current 

system, grid sensitivity is achieved by modelling the case for three grid sizes: 576 × 576 (fine), 

544 x 544 (medium) and 512 x 512 (coarse). In fig. 4.20, the study's results for various grid sizes 

are compared. 

  

(a) (b) 

Fig.4.20 Bubble (a) average rise velocity (b) COM variation with mesh size for 2-D case 

Figures 4.20a and 4.20b show that the average bubble rise velocity and center of mass position 

are nearly identical for all three grid sizes investigated. As a result, in this investigation, a 

domain with a grid size of 544 × 544 was used. Simulating a grid size of 544 × 544 takes around 

4 days of computation time. 

4.4.2 Grid independence for 2-D axisymmetric case studies 

For the argon-sodium system, the dynamics of a 0.9 cm bubble in a 2-D axisymmetric domain 

with dimensions of 4dB x 8dB are explored. The study was carried out using three grids, coarse 



Chapter-4: Investigation of bubble dynamics in liquid pool 

82 

 

(150 x 350), medium (200 x 400) and fine (250 x 450). Figure 4.21a demonstrates that the 

greatest percentage departure of the medium grid from the coarse grid in the case of rising 

velocity is 6.5 percent, whereas the maximum percentage deviation of the fine grid from the 

medium grid is only 3.9 percent. The highest percentage divergence of the medium grid from the 

coarse grid in the case of the center of mass is 1.5 percent, as shown in Figure 4.21b. The fine 

grid, on the other hand, only accounts for 0.6 percent of the medium grid. In 2-D axisymmetric 

cases, the medium grid (200 x 400) is chosen based on the grid independence analysis. 

  

(a) (b) 

Fig.4.21 Bubble (a) instantaneous rise velocity (b) COM variation with mesh size for 2-D 

axisymmetric case 

4.4.3 Grid independence for 3-D case studies 

In a 3-D cubic domain with dimensions of 8dB x 8dB x 8dB, the dynamics of a 0.9 cm bubble are 

investigated for the argon-sodium system. The research was conducted using three distinct grids: 

fine (144 x 144 x 144), medium (128 x 128 x 128) and coarse (112 x 112 x 112). Figure 4.22a 

demonstrates that the highest percentage departure of the medium grid from the coarse grid in 

the case of rising velocity is 8.3 percent, whereas the maximum percentage deviation of the fine 

grid from the medium grid is only 3.4 percent. Figure 4.22b indicates that the greatest percentage 
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departure of the medium grid from the coarse grid is 1.3 percent, whereas the highest percentage 

departure of the fine grid from the medium grid is just 0.4 percent. For the current 3-D domain 

simulation, a medium grid of 128 x 128 x 128 was chosen after extensive grid independence 

investigation. 

  
(a) (b) 

Fig.4.22 Bubble (a) instantaneous rise velocity (b) COM variation with mesh size for 3-D case 

4.5 Verification and validation studies 

The numerical benchmark results available in literature for rising bubble are used to verify the 

interFoam solver utilized in this study. The solver is additionally validated against published 

correlations as well as in-house experimental data. The following sub-sections go into the 

numerical verification and experimental validation of the solver for 2-D and 3-D domains. 

4.5.1 Solver verification 

The interFoam solver's VOF module is verified using two-dimensional and three-dimensional 

numerical benchmark results for single bubble dynamics from the literature. The verification 

domain is 2 metres in height and 1 metre in width, and it is filled with fluid 1. In the domain, a 

bubble holding fluid 2 is initially positioned with its center of mass at 0.5 m above the bottom 
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wall along the central axis. For dB = 0.5 m, verification studies are conducted using two 

benchmark cases: (1) high surface tension and (b) low surface tension. The fluid properties in 

each of the benchmark cases are as shown in table 4.4.  

Table 4.4 Two benchmark validation cases fluid characteristics 

Case 1 2 

Density of fluid 1 (kg/m
3
) 1000 1000 

Density of fluid 2 (kg/m
3
) 100 1 

Viscosity of fluid 1 (kg/ms) 10 10 

Viscosity of fluid 2 (kg/ms) 1 0.1 

Surface tension (kg/s
2
) 24.5 1.96 

Gravitational acceleration (m/s
2
) 0.98 0.98 

 

The top and bottom boundaries have no-slip   conditions, while the side boundaries have 

slip conditions. In the direction normal to the top, bottom, and side boundaries, the gradient of 

volume fraction of fluid 1 is set to zero. For the top and bottom boundaries, the velocity is set to 

zero. The normal velocity component is set to zero, and the gradient of the tangential velocity 

component in the normal direction is set to zero in the slip boundary conditions for the side wall. 

The dynamic pressure gradient in the direction normal to the bottom and side borders is set to 

zero, and the top boundary is set to constant pressure. 

4.5.1.1 Two-dimensional numerical verification  

Hysing et al. (2009) used FreeLIFE, MooNMD and TP2D numerical codes to produce 

quantitative 2-D benchmark solutions of bubble rise dynamics for two different cases. To track 

the location of the interface between two fluids, the TP2D (transport phenomena in 2D) 

algorithm and FreeLIFE (free-surface library of finite element) use finite element (FE) 

discretization  using a level set technique. MooNMD (mathematics and object-oriented numerics 
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in magdeburg) is also based on FE discretization and uses the arbitrary Lagrangian Eulerian 

(ALE) technique to analyse incompressible two-phase flows. TP2D and FreeLIFE numerical 

benchmarks have grid sizes of h = 1/320 and h = 1/160, respectively, with time steps of h/16 and 

h/2. Štrubelj et al. (2009) adopts an enhanced two-fluid model with a conservative level set 

method to sharpen the interface. Klostermann et al. (2013) used VOF technique in OpenFOAM 

version 1.5.1 to perform numerical simulations for the two different benchmark situations. 

Klostermann et al. (2013) employed a grid size of h = 1/320 with a time step of h/2. The 

benchmark cases 1 and 2 are investigated using four alternative mesh sizes, h = 1/40, 1/80, 

1/160, and 1/320, in order to verify the interFoam solver with current discretization schemes. As 

indicated in table 4.5, a grid size dependent time step of t = h/16 is used for simulating bubble 

rise time (tfinal) of 3 s.  

Table 4.5. Computation parameters for 2-D benchmark verification cases. 

Grid refinement (1/h) 40 80 160 320 

number of elements 3200 12800 51200 204800 

time step (Δt) 1.5 x 10
-3

 7.8 x 10
-4

 3.9 x 10
-4

 1.9 x 10
-4

 

Computation time for case 1 3.5 minutes 52 minutes 13.5 hour 13 days 

Computation time for case 2 3.7 minutes 1.7 hour 10.1 hour 12 days 

Table 4.5 shows the compute times for both test scenarios for a better understanding of the 

operating system's computing performance. The bubble profile produced for benchmark case 2 at 

t = 3 s is compared to the forms computed by other authors (fig. 4.23). Although the shapes are 

very close, it is impossible to determine the solver verification just on a visual qualitative 

comparison. 
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Fig.4.23 Qualitative verification of case 2 for 2-D case 

  

(a) 

  

(b) 

Fig.4.24 Quantitative verification of (a) case 1 (b) case 2 for 2-D case 
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Table 4.6 Verification of 2-D benchmark data for case 1 

 
COM (m) 

at time = 3 s 

umax (m/s) 

time (s) maximum 

h = 1/40 1.062 0.941 0.236 

h = 1/80 1.063 0.938 0.236 

h = 1/160 1.065 0.944 0.237 

h = 1/320 1.069 0.967 0.236 

TP2D (Hysing et al., 2009) 1.081 0.921 0.242 

FreeLIFE (Hysing et al., 2009) 1.080 0.931 0.242 

MooNMD (Hysing et al., 2009) 1.081 0.924 0.242 

Hysing et al. (2009) 1.081 0.927 0.242 

Štrubelj et al. (2009) 1.068 0.924 0.246 

Klostermann et al. (2013) 1.070 0.952 0.235 

 

At h = 1/320, a percentage deviation of 1% is recorded for the final position of the COM at t = 3 

s, 5% for the incidence time of maximum velocity (umax), and 3% for umax. However, the 

percentage difference of the current study for h = 1/320 compared to Klostermann et al. (2013) 

OpenFOAM results is 1% for all benchmark case 1 parameters. Grid independence is not 

observed as mesh refinement increases in case 1, when surface tension is high, although the 

predictions are within a respectable range of the benchmark data.  

As demonstrated in fig. 4.24 and table 4.7, increased mesh refinement combined with lower 

surface tension resulted in estimates that were comparable to those obtained using the FreeLIFE 

method. At h = 1/320, a percentage deviation of 1% is detected for the ultimate position of the 

COM at t = 3 s and incidence time of second maximal velocity (umax2), 3% for incidence time of 

first maximum velocity (umax1) and umax1, and 4% for umax2. However, when h = 1/320 is 

compared to Klostermann et al. (2013) OpenFOAM results, the percentage difference is less than 

1% for all parameters except the incidence time of umax1, which is roughly 5% for benchmark 
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case 2. VOF solver used in this study is capable of predicting bubble rise benchmark results for 

both low and high surface tension fluids, according to the verification investigations. 

Table 4.7 Verification of 2-D benchmark data for case 2 

 

COM (m) 

at time = 

3 s 

umax (m/s) 

time  (s) 

of first 

maximum 

first 

maximum  

(m/s) 

time  (s) 

of second 

maximum 

second 

maximum  

(m/s) 

h = 1/40 1.099 0.767 0.249 1.706 0.218 

h = 1/80 1.104 0.753 0.245 1.872 0.225 

h = 1/160 1.111 0.746 0.242 1.953 0.230 

h = 1/320 1.119 0.749 0.244 2.003 0.234 

TP2D (Hysing et al., 2009) 1.138 0.733 0.252 2.07 0.243 

FreeLIFE (Hysing et al., 

2009) 
1.125 0.728 0.251 1.984 0.244 

MooNMD (Hysing et al., 

2009) 
1.139 0.732 0.250 2.06 0.239 

Klostermann et al. (2013) 1.122 0.716 0.247 2.005 0.235 

4.5.1.2 Three-dimensional numerical verification  

Verification of interFoam module is also done for 3-D benchmark data available in literature. A 

cuboid of 1 m length, 1 m width, and 2 m height is the 3-D domain examined for verification. 

Along the center axis, a bubble containing fluid 2 is positioned 0.5 m above the bottom of the 3-

D domain filled with fluid 1. The fluid characteristics from table 4.4 were used to verify dB = 0.5 

m. A mesh size of h = 1/40 was used to study the benchmark cases. In order to better understand 

computing performance, table 4.8 compares 2-D and 3-D simulations for a rising time of 3 s and 

the accompanying computation times for both test cases. The top and bottom boundary 

conditions were no-slip, whereas the sides were slip. Verification has been done for quantitative 

parameters of bubble vertical velocity and center of gravity. 
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Table 4.8 Computation parameters for 2-D and 3-D benchmark verification cases  

Dimension of domain Two-dimension Three-dimension 

Grid refinement 40 40 

Number of elements 3200 128000 

Case 1 computing time 3.5 minutes 1.8 days 

Case 2 computing time 3.7 minutes  1.5 days 

 

With a mesh size of 1/40, figure 4.25 displays the verification of rise velocity and COM in the 3-

D domain for benchmark cases 1 and 2. The results of the simulation are compared to the 

benchmark results. For benchmark cases 1 and 2, Adelsberger et al. (2014) employed the VOF 

methodology in OpenFOAM version 2.2.2 to execute three-dimensional numerical simulations. 

As seen in fig. 4.25, the vertical position of the bubble in this study is higher than the values 

anticipated by DROPS and NaSt3D. 

Figure 4.25 depicts the bubble's ascent velocity in benchmark case 1 with high surface tension. 

The vertical velocity increases from zero to 0.384 m/s at around 0.95 s in the early stages of 

simulation. In DROPS, the highest velocity is 0.357 m/s, in NaSt3D it's 0.35 m/s, and in 

OpenFOAM V 2.2.2 it's 0.33 m/s. In the current investigation, the COM location is shown to be 

higher due to changes in rise velocity during the last stage of simulation, as shown in fig. 4.25. 

The rise velocity plot of bubble in fig. 4.25 for benchmark case 2 with low surface tension is 

likewise in good agreement for all flow solvers considered. At 0.54 s, all solvers attain maximum 

velocities in the order of 0.37 m/s, whereas at 0.56 s, the current study reaches a maximum rise 

velocity of 0.395 m/s. The velocity of the bubble decreases over time, peaking at 0.31 m/s after 3 

seconds. 
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(a) 

  

 (b) 

Fig.4.25 Quantitative verification of (a) case 1 (b) case 2 for 3-D case 

4.5.2 Experimental validation of solver 

The experimental validation of solver is carried out for both 2-D and 3-D domains. The 2-D 

bubble dynamics is validated using terminal velocity correlations available in literature (Krishna 

and Baten, 1999). Similarly, the 3-D bubble dynamics is validated using both available 

correlations and in-house 3-D experimental results. The details of validation are described in the 

following sub-sections. 
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4.5.2.1 Two-dimensional experimental validation 

The experimental validation of solver is carried out with correlations for bubble terminal 

velocity. The test case 2-D domain considered for validation study is shown in fig. 4.7a. The 

validation of the Froude number  for an air-water system is shown in Figure 4.26. 

 

Fig.4.26 Validation of solver for 2-D case 

For bubble diameter to domain width ratios of 0.125 and 0.4, simulations are run for a 20 mm air 

bubble rising in a water column. As demonstrated in fig. 4.26, a good connection between 

numerical prediction and experimental correlation (Krishna and Baten, 1999) is obtained, 

proving the validity of the interFoam solver for this study. 

4.5.2.2 Three-dimensional experimental validation 

The in-house experimental data for the air-water system and the Mendelson (1967) correlation 

were used to validate the 3-D numerical model. Because the solution domain is set to W = 8dB, 

the sidewall influence on bubble behavior is minimal. The temporal variations in bubble 
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dynamics are studied to validate the 3-D numerical model for the water system. Effect of bubble 

diameter for air bubble rising in water is depicted in fig. 4.27 for diameters ranging from 0.5-0.7 

cm.  

  

(a) (b) 

Fig.4.27 Air-water system (a) instantaneous rise velocity (b) COM variation with bubble size for 

3-D case  

For a 0.5 cm, 0.6 cm, and 0.7 cm bubble in water, the numerically anticipated terminal velocity 

is 23.5 cm/s, 23.8 cm/s, and 22.7 cm/s, respectively. A 0.5 cm bubble's terminal velocity, 

measured experimentally is 24.6 cm/s, with an uncertainty of 2.5 cm/s. The in-house experiment 

and Mendelson (1967) correlation used to validate numerically predicted terminal velocity for an 

air-water system are shown in Figure 4.28. For the 0.5 cm bubble scenario, the numerically 

predicted terminal velocities are in close accord with Mendelson (1967) correlation and are -4.5 

percent lower than the in-house experimental result. The numerically anticipated aspect ratio of a 

0.5 cm bubble in water is 0.62, which is quite near to the values of 0.624 obtained from Taylor 

and Acrivos (1964) correlation and 0.6 acquired from an in-house experiment following 

extensive image analysis. 
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Fig.4.28 Validation of solver for 3-D case 

4.6. Results and discussion 

Numerical simulations are carried out using two-dimensional, axisymmetric and three-

dimensional domains to evaluate the effects of various parameters influencing bubble dynamics 

for gas-liquid systems. 

4.6.1 Two-dimensional bubble dynamics in sodium system: numerical study 

The influence of bubble size and gas-liquid components on inert gas bubble dynamics in a liquid 

sodium/NaK pool is examined systematically using a 2-D numerical simulation. The evaluation 

is broken down into the sub-sections below. 

4.6.1.1 Bubble size effect 

For the argon gas and liquid sodium system at 200 °C, simulations are carried out to study the 

effect of initial bubble diameter on bubble dynamics. To ensure that the side wall effects are 

avoided and bubble reaches terminal velocity, the domain height 'H' and width 'W' are set to 

"8dB". The diameters of the bubbles used for analysis were 10 mm, 15 mm, and 20 mm. The 
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characteristic bubble velocity   is used to calculate the non-dimensional parameters 

for bubble dynamics, as given in table 4.9. 

Table 4.9 Argon-sodium system's bubble conditions 

Bubble diameter (mm) 10 15 20 

Morton number 6.7 x 10
-14 

6.7 x 10
-14

 6.7 x 10
-14

 

Reynold number 6262.0 11505.7 17714.0 

Eötvös number 4.7 10.6 18.8 

Capillary number 7.5 x 10
-4 

9.1 x 10
-4 

1.1 x 10
-3 

Figure 4.29 shows the simulation results of bubble rising trajectories and shapes in liquid sodium 

for various bubble sizes. Table 4.10 shows the rising time, number of elements, and computing 

time for various bubble diameters in the current investigation.  

   

(a) (b) (c) 

Fig.4.29 Bubble contours for sizes (a) 10 mm (b) 15 mm (c) 20 mm in 2-D case 

Table 4.10 Computation parameters for 2-D case in current study 

dB (mm) Rise time (s) nelements Computation time 

10 0.225 295936 4 days 

15 0.350 295936 4 days 

20 0.425 295936 4 days 

 



Chapter-4: Investigation of bubble dynamics in liquid pool 

95 

 

The 20 mm bubble is relatively stable in comparison to previous case studies, as seen in fig. 

4.29(a-c), and its ascending trajectory is essentially rectilinear. Figures 4.30 and 4.31 

demonstrate the temporal variation of bubble dynamic characteristics and the rise trajectory for 

COM position of bubble sizes ranging from 10 to 20 mm. Figure 4.30 demonstrates that the 

bubble rise velocity for 10 mm, 15 mm, and 20 mm bubbles reaches 0.2 m/s in 0.104 s, 0.062 s, 

and 0.025 s, respectively. Because of the effects of horizontal velocity components, oscillations 

in the bubble vertical velocity component are visible and predicted. Smaller bubbles have more 

prominent oscillations, and the amplitude diminishes as the bubble diameter grows. With 

increasing bubble diameter, the greatest deviations in rise velocities for 10 mm and 15 mm 

bubble diameters from the 20 mm case are observed to decrease. The largest variations in rise 

velocity of 10 mm and 15 mm from the 20 mm bubble example, as shown in fig. 4.30, are 31.6 

percent and 28.1 percent, respectively. 

 

Fig.4.30 Bubble rise velocity variation with diameter for 2-D case in current study 
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As shown in fig. 4.31a, the departure from rectilinear motion is least for 20 mm, with a 

maximum divergence of 0.0009 m from the central axis at 0.425 s. It denotes that at a bubble 

diameter of 20 mm in an argon-sodium system, the bubble ascent becomes rectilinear. For 

bubble sizes of 10 mm, 15 mm, and 20 mm, Figure 4.31b depicts the temporal fluctuation of 

COM position. The discrepancy in starting sizes and elevation for each bubble causes the 

offsets at time t = 0 s. The 20 mm bubble travels 0.047 m vertically in 0.225 s, as shown in 

Figure 4.31b. The vertical distance traversed by a 10 mm bubble at t = 0.225 s is 12% less than 

that of a 20 mm bubble due to its lower rise velocity. Table 4.11 shows the largest horizontal 

deviations from the center axis. The variance for 20 mm is 1% at the half width of the domain 

cavity, as can be shown from table 4.11. When compared to 10 mm and 15 mm bubbles, a 20 

mm bubble's rising trajectory is rectilinear because its horizontal departure from the central axis 

is the least. For bubble diameters ranging from 10 to 20 mm, the average bubble terminal 

velocity is 0.21 m/s. As shown in fig. 4.32, the maximum value of bubble terminal velocity is 

0.24 m/s for a 20 mm bubble and the lowest is 0.18 m/s for a 10 mm bubble. 

  

(a) (b) 

Fig.4.31 Bubble (a) path (b) rise height variation with diameter for 2-D case in current study 
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Fig.4.32 Terminal velocity variation with diameter for 2-D case in current study 

Table 4.11 Ar-Na system maximum horizontal deviation from central axis (AR = 1) 

Bubble diameter (mm) 10 15 20 

Horizontal deviation from the central axis at 

its maximum (m) 

9.8 x 10
-4 

6.2 x 10
-3

 9.1 x 10
-4

 

% of horizontal divergence from domain 

cavity's half width 

2.5 10.3 1.1 

 

4.6.1.2 Gas-liquid component effect 

To better understand the impact of various gas-liquid system components on bubble dynamics, 

simulations are run. The argon-NaK system at 30 °C, argon-sodium system at 200 °C and xenon 

(Xe)-sodium system at 547 °C are the gas-liquid systems studied. The height (H) and width (W) 
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of the domain are set to "8dB". The analysis is based on a bubble diameter of 20 mm. Table 4.12 

shows the transport parameters of the gas-liquid systems under consideration for investigation. 

Table 4.12 Inert gas-liquid system fluid properties 

Case Argon-NaK  

(T = 30 °C) 

Argon-sodium  

(T = 200 °C) 

Xenon-sodium  

(T = 547 °C) 

Density of fluid 1 (kg/m
3
) 874 904 820 

Density of fluid 2 (kg/m
3
) 1.63 1.04 1.97 

Viscosity of fluid 1 (kg/ms) 5.3 x 10
-4 

4.5 x 10
-4 

2.2 x 10
-4 

Viscosity of fluid 2 (kg/ms) 2.8 x 10
-5 

3.2 x 10
-5 

5.6 x 10
-5 

Surface tension (kg/s
2
) 0.177 0.189 0.155 

 

 

Fig.4.33 Bubble rise velocity variation with gas-liquid systems for 2-D case in current study 
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(a) (b) 

Fig.4.34 Bubble (a) path (b) rise height variation with gas-liquid systems for 2-D case in 

current study 

 

Fig.4.35 Terminal velocity variation with gas-liquid systems for 2-D case in current study 

Figures 4.33 and 4.34 depict bubble dynamics as a function of the gas-liquid component. For all 

three gas-liquid systems studied, the bubble rise velocity approaches 0.2 m/s in 0.025 s, as shown 

in Figure 4.33. With increasing surface tension, the maximum deviation in rise velocities for 

various gas-liquid components from the argon-sodium system scenario is shown to decrease. The 

rise velocities of the xenon-sodium system (= 0.155 N/m) and argon-NaK system (= 0.177 N/m) 
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are 19 percent lower at 0.26 s and 13 percent lower at 0.41 s, respectively, than the argon-sodium 

system (= 0.189 N/m). For the argon-NaK system, the maximum horizontal deviation from the 

central axis for the gas-liquid component investigated is 5% at half width of the domain cavity 

(fig. 4.34a). The rising trajectory of the 20 mm bubble is thus rectilinear, regardless of the gas-

liquid component investigated. The highest bubble rise height for the argon-sodium system is at 

0.425 s, as shown in Figure 4.34b. The xenon-sodium system has a 1.7 percent lower rise height 

than the argon-sodium system, therefore the difference is negligible. As a result of this research, 

it is obvious that the effect of the gas-liquid component on bubble dynamics is negligible for 

bubbles with a diameter of 20 mm. With varied gas-liquid system components, the average 

bubble terminal velocity remains nearly constant (0.24 m/s), as illustrated in fig. 4.35. The 

argon-sodium system's bubble terminal velocity is 0.238 m/s, while the xenon-sodium system's is 

0.236 m/s, with the divergence being minor. 

4.6.1.3 Water and sodium bubble dynamics 

Bubble dynamics for 20 mm initial bubble diameter are studied between air-water and argon-

sodium systems to see if there is a similarity between regular liquid and liquid metal single 

bubble dynamics. Table 4.13 shows the transport parameters of the fluids utilized to simulate the 

air-water and argon-sodium systems. Figures 4.36 and 4.37 exhibit the temporal fluctuations of 

bubble dynamics for 20 mm air-water and argon-sodium systems, respectively. Figure 4.38 

depicts the bubble contour for a 20 mm bubble in both air-water and argon-sodium systems at t = 

0.425 s. In both argon-sodium and air-water systems, the rise velocity reaches 0.2 m/s in 0.025 s, 

as shown in Figure 4.36. The largest departure in air-water rise velocity from an argon-sodium 

system is 39%, and it occurs at a time interval of 0.135 s, owing to bubble breakup. As 

demonstrated in fig. 4.37a, the deviation from rectilinear motion is lower for the air-water system 
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(highest departure of 0.0003 m from the central axis at 0.425 s) and larger for the argon-sodium 

system (highest departure of 0.0009 m from the central axis at 0.425 s). 

Table 4.13 20 mm bubble fluid characteristics for argon-sodium and air-water systems 

Case Argon-sodium  

(T = 200 °C) 

Air-water  

(T = 30 °C) 

Density of fluid 1 (kg/m
3
) 904 995 

Density of fluid 2 (kg/m
3
) 1.0 1.2 

Viscosity of fluid 1 (kg/ms) 4.5 x 10
-4 

8.0 x 10
-4 

Viscosity of fluid 2 (kg/ms) 3.2 x 10
-5 

1.8 x 10
-5 

Surface tension (kg/s
2
) 0.189 0.07 

Morton number 6.7 x 10
-14 

1.1 x 10
-11 

Reynold number 17714 10953 

Eötvös number 18.8 54.9 

 

Fig.4.36 Simulation results of 20 mm bubble for instantaneous rising velocity of bubble in 

2-D 
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(a) (b) 

Fig.4.37 Bubble (a) path (b) rise height similarity between water and sodium systems for 2-

D case  

  

(a) (b) 

Fig.4.38 Bubble contour for (a) air-water system (b) argon-sodium system in 2-D case 

For the argon-sodium system, the highest horizontal deviation from the central axis is 1% at 

half width of the domain cavity, which is negligible. The rise trajectory of the 20 mm bubble is 

thus rectilinear for both systems. The rising height of the argon-sodium system is higher than 

that of the air-water system at 0.425 s, as shown in Figure 4.37b. The rise height of an air-water 

system is 3% lower than that of an argon-sodium system, making the difference 
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inconsequential. In an air-water system, the bubble terminal velocity of a 20 mm bubble is 

0.233 m/s, which is 2% lower than in an argon-sodium system. Except for the bubble breakup, 

the systems bubble dynamic properties appear to be similar.  

The air-water system has substantially more secondary bubble breakup than the argon-sodium 

system, as shown in Figure 4.38. This shows that, as anticipated by Levich (1962), bubble 

breakage occurs at smaller diameters for liquids with reduced surface tension. At 0.425 s, the 

bubble bottom oscillations are stronger in the argon-sodium system than in the air-water system, 

as shown by comparisons of figs. 4.38a and 4.38b. This is owing to sodium's higher surface 

tension when compared to water, and it agrees with Wang and Tong's findings (2008). 

4.6.2 Three-dimensional bubble dynamics in sodium system: numerical study 

A systematic numerical investigation of the argon bubble rising in the sodium system is carried 

out after a comprehensive numerical validation of the three-dimensional computational model 

using theoretical correlations identified in the literature and in-house experiments. The following 

sub-sections go through the most important findings regarding the effects of various critical 

parameters on bubble dynamics. Figure 4.7b depicts the three-dimensional domain used in 

numerical simulations. 

4.6.2.1 Effect of bubble diameter 

Figures 4.39a and 4.39b demonstrate the temporal fluctuation of bubble dynamics in terms of 

bubble rise velocity and COM for an argon bubble rising in sodium. 
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(a) (b) 

Fig.4.39 Bubble (a) instantaneous rise velocity (b) COM variation with bubble size for 3-D case 

in current study 

For 0.9, 1 and 1.2 cm bubble sizes in sodium, the numerically evaluated terminal velocity is 30.2, 

29.8, and 28.87 cm/s, respectively. For the 1.2 cm bubble case, the estimated terminal velocity is 

determined to be 6.9% lower than the value obtained from the Mendelson (1967) correlation (fig. 

4.40). 

 

Fig.4.40 Current study bubble terminal velocity with correlation for 3-D case 
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4.6.2.2 Effect of domain dimension 

Using a 5 mm bubble rise case, the effect of domain dimension on bubble velocity is simulated. 

The argon-sodium system evaluated for investigation at 200 °C is listed in Table 4.14. 

Table 4.14 Fluid properties for argon-sodium system at 200 °C 

Case Argon-sodium  

(T = 200 °C) 

Density of fluid 1 (kg/m
3
) 904 

Density of fluid 2 (kg/m
3
) 1.0 

Viscosity of fluid 1 (kg/ms) 4.5 x 10
-4 

Viscosity of fluid 2 (kg/ms) 3.2 x 10
-5 

Surface tension (kg/s
2
) 0.189 

Gravitational acceleration (m/s
2
) 9.8

 

Figures 4.41 and 4.42 give the bubble's evolution with time and bubble quantitative parameters 

variation with domain dimension respectively. 

  

                                       (a)        (b) 

Fig. 4.41 Bubble contours (a) 2-D (b) 3-D 
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(a) (b) 

Fig. 4.42 Bubble (a) instantaneous rise velocity (b) COM variation with domain dimension in 

current study 

Table 4.15 Computation parameters for 2-D and 3-D cases in current study. 

Dimension Two-dimension Three-dimension 

Grid refinement 4 4 

Number of elements 28000 2048000 

Simulation time 11.3 minutes 6 days 

 

Figure 4.42 indicates that terminal velocities of 0.224 and 0.331 m/s are computed using two-

dimensional and three-dimensional simulations, respectively. To understand computing 

efficiency, Table 4.15 illustrates the computing times for 2-D and 3-D. A realistic velocity is 

predicted by the three-dimensional scenario, which is quite similar to Mendelson's (1967) 

correlation value of 0.338 m/s. The axisymmetric case even though has a low computation time 

(~12 hours) than the 3-D case, it limits the bubble movement confined to the axis and hence over 

predicts the terminal velocity (fig. 4.42) compared to the realistic 3-D case.  
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4.6. Water and sodium similarity 

To date, the similarity requirements between water and liquid sodium have been determined by 

equating the non-dimensional numbers. The equivalent bubble diameter in the water system is 

0.58 of the corresponding diameter in the sodium system to imitate a bubble of a certain 

dimension in the sodium system. To get the terminal velocity in the sodium systems, the terminal 

velocity obtained from the water experiment has to be divided by 0.76. The bubble dynamics of a 

0.5 cm bubble in a water system and a 0.9 cm bubble in a sodium system are numerically 

examined in this section. The numerical value for the ratio of terminal velocities between the 

water and sodium systems is 0.77, which is quite similar to the value obtained using non-

dimensional numbers. The resemblance in bubble profiles produced from 3-D numerical 

simulation for the sodium and water systems is shown in Figure 4.43. A 0.5 cm water bubble and 

a 0.9 cm sodium bubble have aspect ratios of 0.62 and 0.61, respectively (fig. 4.44). 

  

(a) (b) 

Fig.4.43 3-D numerical model for (a) 0.5 cm bubble in water (b) 0.9 cm bubble in sodium 
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Fig.4.44 3-D simulation results of aspect ratio for rising bubble 

 

Fig.4.45 Bubble shape diagram 
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It can also be noted that the 0.9 cm bubble aspect ratio in the sodium system agrees well with the 

0.5 cm bubble aspect ratio in water. As demonstrated in fig. 4.45, the observed bubble sizes from 

similarity investigations in sodium and water systems fall into the spheroidal domain of the 

bubble shape diagram. As a result, a sufficiently scaled-up water system can be utilized to 

simulate sodium system for bubble dynamic research connected to SFR in-vessel source term 

evaluation, taking into account the similarity criterion developed for medium to large-sized 

bubbles. 

4.6.4 Experimental study of bubble dynamics in water system to replicate sodium system 

An in-house water experimental facility has been established to simulate sodium system bubble 

dynamics based on the similarity criteria created between water and liquid sodium systems using 

the numerical model in the previous section. Bubble rise velocities for diameters of 0.5-2.25 cm 

ranged from 24.6 ± 2.5 cm/s to 29.1 ± 3.5 cm/s, according to in-house bubble dynamic research. 

When the experimentally measured bubble rise velocities in the water system for diameters 

ranging from 0.5 to 2.25 cm are scaled up, the rise velocities in the sodium system are 31.9-40.9 

cm/s for diameters ranging from 0.84 to 3.8 cm. The results are quite close to the values 

anticipated by Mendelson (1967) for the argon-sodium system, which are 30.8-44.7 cm/s. The 

proposed water set-up can be used to examine bubble dynamics in SFR pools connected to in-

vessel bubble transport source term studies since the corresponding diameter range of bubbles 

created from the in-house water setup simulates the diameter range in sodium research.  

The experimentally measured average rise velocity of 0.5 cm bubble, for a pool height of 55 cm 

is 24.6 cm/s. For a pool height of 75 cm, the experimentally measured rise velocity of a 1.97 cm 

bubble ranged from 24.5 cm/s to 32.8 cm/s, with an average value of 27.9 cm/s. For a pool 

height of 95 cm, the rise velocity ranged from 24.6 cm/s to 27.7 cm/s, with an average of 26.0 
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cm/s. The rise velocity for a pool height of 117 cm ranged from 28.0 cm/s to 29.0 cm/s, with an 

average of 28.5 cm/s. Because of the attainment of terminal velocity, the variances in rise 

velocity for a given bubble diameter decreased as the rise height increased. As a result, the 1.97 

cm bubble's actual measured rise velocity is 28.5 cm/s. Similarly, for bubble diameters of 1.56 

cm and 2.25 cm, the rise velocities are 25.7 cm/s and 31.5 cm/s, respectively. As the bubble 

diameter grows larger, the rise velocity increases. 

Non-dimensional numbers like Morton number, Reynolds number, Capillary number and Eötvös 

number characterize bubble dynamics in terms of shape and rise velocity. The Morton number 

for an air-water system, which is dependent on fluid characteristics, is 1.1 x 10
-11

.  The 

thermophysical parameters of the air-water system are used to calculate the Reynolds number 

(ratio of inertial to viscous force), Capillary number (ratio of viscous to surface tension force) 

and Eötvös number (ratio of gravitational to surface tension force) as shown in table 4.16 and 

4.17. The experimentally obtained rise velocities are used to estimate the non-dimensional 

numbers in table 4.17. Table 4.16 shows the thermophysical characteristics at 30 degrees 

Celsius. 

Table 4.16 Properties of air-water system 

Case Air-water  

(T = 30 °C) 

Density of fluid 1 (kg/m
3
) 995 

Density of fluid 2 (kg/m
3
) 1.26 

Viscosity of fluid 1 (kg/ms) 8.0 x 10
-4 

Viscosity of fluid 2 (kg/ms) 1.86 x 10
-5 

Surface tension (kg/s
2
) 0.071 

Table 4.17 and fig. 4.46 illustrate the results of evaluating bubble dynamics for four different 

bubble sizes. The Levich correlation predicts that the maximum stable bubble diameter for an 



Chapter-4: Investigation of bubble dynamics in liquid pool 

111 

 

air-water system at 30 °C is 2.1 cm, after which bubble breakup occurs. Figure 4.46 depicts the 

air-water system's terminal velocity as well as the bubble velocity predicted from literature 

correlations. 

Table 4.17 Experiment-derived dimensionless numbers 

Case Air-water  

(T = 30 °C) 

Bubble diameter (cm) 0.5 1.56 1.97 2.25 

Bubble velocity (cm/s) 24.6 25.7 28.5 31.5 

Weber number 4.24
 

14.44 22.49 31.32 

Reynold number 1529 4968 6959 8787 

Eötvös number 3.43 33.47 53.14 69.63 

Capillary number 0.0027 0.0029 0.0032 0.0035 

 

Fig.4.46 Experimental variation of rise velocity with bubble equivalent diameter 

The relationship between the Weber number (We) and the Reynolds number (Re) is investigated, 

with both dimensionless values derived from bubble rise velocity measurements. For the domain 
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under consideration, the results show that We increases with Re. As illustrated in fig. 4.47, the 

predicted Weber number was compared to the value derived via Raymond and Rosant 

correlation for the appropriate Reynolds number. For the Morton number range of Mo ~ 9 x 10
-7

 

to 7, the Raymond and Rosant correlation was derived as follows: 

 

 

Fig.4.47 Weber number as a function of Reynolds number 

The present experimental study predicted Weber numbers around 86% lower than the 

correlation. Islam (2013) numerically predicted Weber numbers around 32% lower than the 

correlation for 0.5 cm air bubble in water as observed in the present experiment. Raymond and 

Rosant (2000) projected a larger value for the air-water system, which could be owing to the low 

Mo ~ 1x10
-11

 for water. According to the current experimental investigation and numerical 

results of Islam (2013), the deviation of Raymond and Rosant correlation from air-water 

experimental measurements increases with increasing bubble diameters. 
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During the rising time, photographs and films of the four bubble sizes are shot. In the air-water 

system, the bubble diameters of 1.97 cm and 2.25 cm show slight breakup during the rising 

period, as illustrated in fig. 4.48. The photos in fig. 4.48 were created by adjusting the saturation 

of a captured movie and then using a video to image converter to create still photos. The 

breaking of a 1.97 cm bubble into secondary bubbles (fig. 4.48c) matches the 2-D numerical 

research prediction for a 2 cm bubble quite well. 

    

(a) (b) (c) (d) 

Fig.4.48 Images for bubble sizes of (a) 0.5 cm (b) 1.56 cm (c) 1.97 cm (d) 2.25 cm in the air-

water system 

4.7 Closure 

In 2-D, 2-D axisymmetric, and 3-D domains, the interFoam solver of the open source CFD 

program OpenFOAM version 3.0.0 is used to simulate the rise dynamics of a single gas bubble 

in a liquid sodium pool. The solver's VOF module, as well as the discretization techniques 

employed in this study, have been validated against numerical benchmark data and experimental 

results. To better understand the mechanics of air bubble ascent in the water column, 

experiments are being carried out. The bubble's rise velocity is measured in the pool using void-

detection sensors created in-house. For various equivalent bubble diameters and water column 

aspect ratios, the experimental study investigated bubble rise velocity in a water column. With an 

increase in the initial bubble diameter, the measured bubble rise velocity increases. The bubble 

velocity is measured using a new type of digital sensors called pulsating void-detection sensors, 
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which are based on conductance measurement. The chapter's research looks into the dynamics of 

an inert gas bubble rising in a liquid sodium/sodium-potassium alloy (NaK) pool. To better 

understand the impacts of domain aspect ratio, bubble diameter and gas-liquid system on bubble 

rise dynamics, parametric simulations are conducted. For liquid sodium systems, the bubble rise 

velocity rises with diameter, according to the research. The bubble dynamics for 20 mm size in 

liquid sodium and water systems are comparable, with the exception of lower breakup and 

stronger bubble bottom oscillations in sodium systems due to higher surface tension. For both 2-

D and 3-D situations, bubble behaviour was simulated for a 5 mm bubble rise in sodium. The 

terminal velocity data from the literature backs up the 3-D bubble simulation. The findings 

reveal that terminal velocity varies with domain dimension, and that the 3-D scenario accurately 

predicts true velocity values. As a result, the study backs up the use of water as a sodium system 

simulant in bubble dynamic tests, as proposed in the literature for SFR source term research. For 

the first time, we provide novel similarity criteria for understanding bubble dynamics in liquid 

sodium systems using water as a working fluid by intelligently combining computational and 

experimental data. The bubble aspect ratios of water and scaled up sodium systems are similar, 

according to the experiment and numerical study. A remarkable resemblance in bubble aspect 

ratio exists between a water bubble of dimension 0.5 cm and a sodium bubble of diameter 0.9 

cm. As a result, the defined water-to-sodium similarity criteria will be useful in performing 

water-based experiments to investigate bubble dynamics in sodium systems. Chapter 5 details 

the investigation of bubble dynamics with mass transfer for vapours. 



 

CHAPTER-5 
INVESTIGATION OF BUBBLE DYNAMICS 

WITH MASS TRANSFER FOR VAPOURS
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5.1 Introduction 

The extent to which radioactive iodine  is released in elemental form from failed fuel pin 

of fast breeder reactors (FBRs) into environment is an important safety issue to be addressed 

with reference to its radiotoxicity. Radioiodine  is a short lived fission product 

 and decays to  with beta and gamma emissions, but is highly radioactive with 

a specific radioactivity of 124 MCi/kg. Radioactive  may enter human body via 

contaminated water, milk or air. The ingested  is dangerous, since it accumulates in thyroid 

gland of human body, which plays a fundamental role in childhood development and increases 

the risk of thyroid cancer. Radioactive iodine toxicity varies greatly with age, with children and 

adolescents being far more sensitive than adults.  

The spent fuel subassemblies in typical SFR are cooled in the in-vessel storage locations for 185 

effective full power days towards reducing the decay heat to less than 5 kW/SA before being 

shifted to spent fuel storage bay (Chetal et al., 2015). Storage is in a pool of demineralized water, 

which has a capacity to store 710 subassemblies. The bay is designed to hold spent FSA, BSA 

and also failed SA housed in partially water-filled leak tight containers for ~240 days, till the 

decay heat is reduced sufficiently to less than 2 kW/SA. SSSB houses spent SA storage racks 

with storage locations for storing spent SA & containers. Under the postulated design basis 

events of failure of fuel cladding during storage, fall of SA during handling and complete 

draining of SSSB releases gaseous and volatile fission products to the water pool. In the case of 

fast breeder fuels, high burnups and short cooling times allows only a very limited reduction of 
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the I-131 content by the time the fuel is moved to the spent fuel storage pool. Iodine may exist 

in spent fuel either in the free state or in a number of complex molecular forms with uranium, 

other fission products, or with other species present in the fuel or sodium such as alloying 

metals, cladding materials, impurities, etc. In case of fuel failure in SSSB, to the extent that 

iodine is released in elemental form along with noble gas bubbles, it is required to understand its 

scrubbing efficiency by the overhead water pool. This chapter is dedicated to iodine absorption 

in water pool during its travel to cover gas region above the pool and also demonstrates the mass 

transfer for a vapour. 

An experimental facility to assess the iodine bubble retention in water is setup in the laboratory. 

The experimental setup consisted of three parts: bubble injection system, bubbler tank and 

bubble collection system. The bubble injection system is used to mix the inert gas with 

contaminant (i.e. iodine), followed by release of mixed gas bubbles into the liquid pool. The 

bubbler tank contains water and is used for interaction of water and mixed gas bubbles. The 

collection system is used to collect the off gas for analysis. The schematic of iodine bubble 

experiment (IBEX) facility is depicted in fig. 5.1.  

As discussed in previous part, the objective of this experimentation is to study the iodine 

retention in water pool. The scslvofMassTransfer solver (Taqieddin, 2018) in OpenFOAM v4.1 

has been validated against experimental results by simulating bubble rising in stagnant 2-D 

liquid domains with mass transfer. The solver couples one-fluid species transport model of 

Haroun (2010, 2012) with s-CLSVOF (Albadawi, 2013) two phase flow solver considering the 

interface changes due to the mass transfer. The simulated scrubbing efficiency of iodine agrees 

with the experimental results.  



Chapter-5: Investigation of bubble dynamics with mass transfer for vapours 

118 

 

 

Fig.5.1 Schematic of iodine bubble experiment (IBEX) facility 

5.2 Theory 

Iodine is a chemical element with atomic number 53. It is heaviest of the stable halogens and its 

thermodynamics can be observed from the phase diagram (fig. 5.2).  

 

Fig.5.2 Phase diagram of iodine (Yolcu and Gürses, 2016) 
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The quantity of iodine injected into the water column is determined by observing the pressure 

decrease of the gas reservoir during the injection period using the following equation. 

 

Table 5.1 Maximum mass of iodine injected as a function of temperature 

Temperature 

(°C) 

Vapour 

pressure of 

iodine (atm)  

Maximum mass 

of iodine 

injected, mI2,in (g) 

120 0.146 1.21 

130 0.207 1.68 

140 0.286 2.26 

150 0.387 2.99 

160 0.518 3.91 

170 0.686 5.06 

180 0.893 6.44 

190 1.143 8.07 

The maximum mass of iodine injected for a specified temperature is obtained when the system 

pressure reduces to zero from initial reservoir pressure. The maximum mass of iodine injected as 

a function of temperature is given in table 5.1. 

The hydrolysis of iodine is an important reaction which controls the overall absorption rate of 

iodine vapour contained in argon gas by water. Hydrolysis of iodine results in formation of 

hydrated iodine cation and hypoiodous acid. The chemical reactions involved are as follows: 

 

Formation of hydrated iodine cation  which is precursor of hypoiodous acid ( ) 

 

Formation of hypoiodous acid (HOI) 
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The triiodide ion is formed as a result of reaction of iodine with iodide ion (Eq. 5.6) produced by 

hydrolytic reactions of iodine (Eq. 5.3, 5. 4 and 5.5). 

 

 

The chemical reactions change the solubility of iodine in water due to the formation of triiodide 

ions. 

The retention factor (RF) of iodine in water pool    =  

5.3 Experimental setup 

Figure 5.3 depicts the IBEX setup for experimentation to analyze the removal efficiency of 

iodine. The bubbler tank is made of acrylic tube and is filled with water upto the desired height. 

Bubble injection system comprises of argon gas cylinder, gas reservoir, pressure gauge, needle 

valves and gas inlet line extending upto the nozzle (Table 5.2). The bubbler collection system is 

comprised of collecting funnel, needle valves, activated charcoal filter, wash bubbler, vacuum 

pump and rotameter (Table 5.2). 

 

Fig.5.3 Experimental facility to carry out the experiments of iodine removal efficiency 
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Table 5.2 Experimental setup details 

 Component Purpose Location 

A cylinder To supply argon - 

B regulator Filling of argon in gas reservoir After the cylinder 

C needle valve-1 To isolate the gas reservoir from cylinder after 

required pressurization of the gas reservoir 

After the pressure 

regulator 

D gas reservoir To store the iodine flakes After the needle 

valve-1 

E pressure gauge To read the pressure at the inlet of gas reservoir Prior to bubbler tank 

F needle valve -2 To control the quantity of iodine injected In the connection line 

G bubbler tank The contain water pool for interaction with 

mixed gas 

After needle valve-2 

 

 

Fig.5.4 Gas reservoir with heater 
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Fig.5.5 Bubble collection system 

The gas reservoir and inlet line of bubble injection system are provided with insulations and 

heater controller units for maintaining required temperatures. The gas reservoir is provided with 

two different extension lines: pressurization line and release line (fig. 5.4). The bubble collection 

system consists of activated charcoal filter and wash bubbler sampler as shown in fig. 5.5 to trap 

iodine released from water pool. The quantity of activated charcoal in the outlet filter is decided 

based of the amount of iodine to be trapped.  

5.4 Procedure for experiment  

During the test run, a known amount of iodine flakes is taken into a stainless steel crucible (fig. 

5.6), which is placed inside the gas reservoir. The reservoir is initially pressurized using argon 

gas via the pressurization line to the required pressure. The reservoir and gas inlet lines are 

properly insulated and heated to required temperatures (above iodine melting point) using 

corresponding heater controller units. The iodine vapours generated during heating mix with 
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argon gas inside the pressurized heated gas reservoir. The initial pressure of gas reservoir after 

heating is monitored before the start of gas release into bubbler tank.  

The needle valve in the release line of gas reservoir is opened in a controlled manner to adjust 

the gas release duration during the test run. Distilled water is used as the scrubbing medium in 

the bubbler tank and experimental test runs are carried out by varying the water pool heights 

from 25-92 cm as shown in fig. 5.7.  

 

Fig.5.6 Iodine in crucible before experiment 

    

(a) (b) (c) (d) 

Fig.5.7 Test runs in IBEX facility for various pool heights 
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The bubble collection system is simultaneously operated using vacuum pump during the bubble 

injection period of the test run to collect the non-retained iodine in activated charcoal and wash 

bubbler samplers. The release line needle valve is closed post-experiment and heaters are 

switched off before samples are collected for iodine measurements. The post-experimental image 

of iodine above the water pool is shown in fig. 5.8. Samples of water are collected from the 

bubbler tank and outlet tank for analysis. The activated charcoal filter after the test run is rinsed 

with distilled water, which is further analyzed for iodine content. 

 

Fig.5.8 Iodine vapours collected at the top of the bubbler tank 

Iodimetric titration is used in the present study to determine quantities of iodine in distilled water 

samples because of its accuracy, relatively easy to use and low cost sampling. Earlier studies 

used methods such as inductively coupled plasma mass spectrometry (ICP-MS)/neutron 

activation analysis (NAA) which are either very expensive or require several stages of 

manipulation for routine analysis.  
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(a) (b) 

Fig.5.9 (a) sample (b) sample with acetic acid and potassium iodide 

 

Fig.5.10 Sample solution after starch test 
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Samples of water containing iodine are collected in the sampling bottles. Starch test is carried out 

initially to find the presence of iodine. About 40 ml of sample in taken in a conical flask as 

shown in fig. 5.9a to which about 0.5 ml of acetic acid and 0.5 g of potassium iodide is added, 

resulting in an yellow solution as shown in fig. 5.9b. When starch is added to the resultant 

solution, it turns dark blue as shown in fig. 5.10. This indicates presence of iodine in water 

samples collected after the experiment.  

Next step is an iodimetric titration as shown in fig. 5.11, which uses 0.001 N sodium thiosulfate 

solution as the titrant. The analyte consists of water sample mixed with acetic acid and potassium 

iodide. Starch is used as indicator.  

 

Fig.5.11 Iodimetric titration in chemical lab 
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Fig.5.12 Iodine in crucible post experiment  

The iodine left behind in the crucible post experiment is shown in fig. 5.12. The iodine deposited 

inside the gas reservoir after the experiment is cleaned by rinsing the gas reservoir with sufficient 

inventory of water, followed by titrating the resultant mixture with sodium thiosulphate in 

presence of acetic acid (0.5 ml), potassium iodide (0.5 g) and using starch solution as indicator as 

shown in fig. 5.13. The iodine deposited in the pipeline is estimated by heating the pipeline to 

required temperature, followed by flushing argon gas through the pipeline into the bubbler tank 

containing 1 m water column as shown in fig. 5.14. The iodine collected in the water column is 

determined using iodimetric titration. 

 

Fig.5.13 Iodine left behind in the gas reservoir 
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Fig.5.14 Iodine left behind in the gas inlet line  

5.5 Numerical model 

In the present study sclsvofMassTransfer solver is setup in OpenFOAM v.4.1 and used to 

investigate the iodine retention in water pool.  

5.5.1. Physical description of the problem 

The numerical investigation of iodine mass transfer is carried out in a two-dimensional domain 

of width 30 mm and height 480 mm as shown in fig. 5.15. Initially, the spherical bubble of 

diameter dB = 10 mm contains 1 mol/m
3
 iodine. 

 

Fig. 5.15 Computational setup of bubble rising with species transport in a stagnant viscous 

liquid. 
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5.5.2. Computational model 

The sclsvofMassTransfer solver setup in OpenFOAM v.4.1 is used to simulate the bubble rise 

dynamics with mass transfer. The governing equations, boundary conditions and solution 

algorithm are described in the following sections.    

5.5.2.1. Equations that govern  

The mass, momentum, phase fraction, and species transport conservation equations are listed 

below. 

 

where  is the source term due to the interfacial mass transfer and represents the total mass 

transfer of all chemical species. 

 

where A is the interfacial area, I is the total number of chemical species, and MWi (kgmol
-1

) is 

the molecular weight of species i. Calculating the total mass transfer in Eq. (5.10) requires 

computation of interfacial area, A, at which the species transfers across the interface. The value 

of A can be determined as follows 

 

where Vcell (m
3
) is the volume of the computational cell at the interface and  inside the 

fluid phases and  at the interface. 

The mass transfer,  (mol/s) from the single species transport between two phases can be 

defined as: 

 

Where  is the interface normal vector, which can be obtained from the LS model 
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The LS function, , is constructed from the field of  as: 

 

The momentum conservation equation is given as: 

 

where  is the relative pressure which accounts for the hydrostatic variations avoiding sudden 

changes and is defined as 

 

The first two terms in Eq. (5.15) accounts for the volume temporal and convection variations in 

the fluid momentum. In the right side of Eq. (5.15) the body and surface forces on the fluid, 

balance the momentum variations in the fluid to satisfy the conservation of momentum. In the 

presented framework, the surface tension force is calculated based on the interface identified by 

the LS model as shown in Eq. (5.17)  

 

where  is the surface tension coefficient and  is the interface curvature which is defined as 

 

One of the aspects of the LS method is the accuracy in calculating the surface tension, which is 

satisfied numerically by the Dirac function,  in the form: 
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The  function is used to limit the surface tension influence to a narrow region at the interface, 

where the function is centered at the interface, which has thickness of , and has a zero value 

in both phases. 

The physical properties of the fluid (i.e. density and viscosity) are calculated based on the VOF 

method as given in Eqs. (5.20) and (5.21). 

 

 

When computational cell is located in the liquid phase then  and the fluid properties 

correspond to the liquid properties since the term . The later term represents the 

volume fraction that is occupied by the gas phase, noticing that the sum of the liquid and gas 

volume fractions equals 1. On the other hand, when  the cell will be located in the gas 

phase and the fluid properties are the same as the gas phase properties. In fact, the properties 

averaging takes place in the computational cells of the interface at which . 

 

The conservation equation of the volume fraction is given as: 

 

where  is the volume fraction of liquid phase and  is the source term due to mass 

transfer which is defined as: 

 

The species transfer conservation model as follows: 
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where ci is the concentration, Di is the diffusion coefficient, and Ri is the source term of the 

chemical reaction for the chemical species i. 

where, Hei is Henry's constant and is defined as per the chemical equilibrium as: 

 

For I2 in water, partition coefficients (inverse of Henry‘s constant) have been measured and are 

used as function of temperature only (Hasty, 1968): 

 

The Haroun model determines the concentration of the one-fluid domain based on the arithmetic 

mean of volume fraction, 

 

Where  and  are, respectively, the concentration at the interface from bubble and liquid sides 

for species i and the diffusion coefficients are obtained based on harmonic averaging, 

 

where Di is the diffusion coefficient for the chemical species i, and the harmonic averaging of the 

diffusion coefficients reduces the spurious fluxes compared to the linear averaging. Diffusion 

coefficient in gas were calculated by the Hirshfelder, Bird and Spotz (1949) equation with the 

Wilke and Lee (1955) modification. 
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Where, MWg is the molecular weight of gas, P(atm) is the total pressure.  

The collision diameter,  is given as 

 

 is the collision integral for mass diffusivity and is a function of  

Where 

 

where  is the characteristic energy of interaction between molecules and k is the Boltzmann 

constant. 

On the basis of data tabulated by Hirschfelder, Curtiss, and Bird (1954) 

 

Range  with average deviation of 0.1% from tabulated data. 

Wilke and Chang (1955) presented a relationship for calculation of diffusion coefficients in 

liquids: 

 

where V is the molecular volume of diffusing substance, 71.5 cm
3
/gmol for iodine. The viscosity 

of liquid water,  is given as: 

 

5.5.2.2. Boundary conditions 

The boundary conditions at the bottom are set to fixedValue uniform (0 0 0), zeroGradient, and 

zeroGradient for the velocity, pressure and volume fraction, respectively. At the walls, the 

boundary conditions for the velocity, pressure, and volume fraction are, respectively, noSlip, 
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fixedFluxPressure, and zeroGradient. Finally, the boundary conditions at the outlet are selected 

as inletOutlet uniform (0 0 0), totalPressure uniform 0, and zeroGradient for the velocity, 

pressure, and volume fraction, respectively, and the level set function is set to zeroGradient 

boundary condition at all boundaries.  

5.5.2.3 Solution methodology 

Figure 5.16 shows the computational algorithm that is implemented to evaluate the governing 

equations of mass, momentum, concentration, and volume fraction conservation models using 

the sclsvofMassTransfer solver. We note that the discretization schemes of the 

sclsvofMassTransfer solver are based on the finite volume approach in OpenFOAM v4.1. 

Starting with initializing the u, p, c and  and setting the boundary condition, OpenFOAM starts 

the sclsvofMassTransfer algorithm as shown in Fig. 5.16. Then  field is constructed from  

using Eq. (5.14). After that the time marching of the simulation takes place ensuring the time 

stability. The numerical stability is associated with Courant number, Co, which controls 

simulation stability by satisfying the Courant-Friedrichs-Lewy (CFL) condition that is defined 

as: 

 

where  is the time step size, n is spatial dimension (i.e. one, two, or three dimensional),  is 

the fluid velocity,  is the cell size, and  is the maximum Courant number which is 

. Following the time stability, advection of volume fraction is carried out. 

OpenFOAM solves the advection equation of  using the MULES algorithm which is based on 

the method of flux corrected transport.  
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Fig. 5.16 Schematic algorithm of the proposed sclsvofMassTransfer solver 

This algorithm implements an additional limiter cutoff on the face-fluxes at the critical values. 

Following the advection of ,  is reinitialized and the fluid properties gets updated. Then  

computes the normal vectors, evaluate the interface curvature and the surface tension. After that 

the velocity field is predicted, then transport of species is carried out. From the transport of 

species, the interfacial mass transfer can be calculated. Lastly, the pressure convergence is 

checked using pressure-implicit with splitting of operators algorithm, PISO loop. At this stage 

the updated continuity equation is implemented in calculating the pressure. 
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where  is the corrected pressure,  is the pressure matrix equation coefficients. The pressure 

is called corrected since it is evaluated based on the corrected velocity field and updated mass 

transfer of the cell faces by satisfying the continuity in Eq. (5.9) as last step of the algorithm, 

where the pressure at the beginning of the computational algorithm is guessed in the momentum 

predictor step to evaluate the velocity equation. 

The coefficients  are evaluated from the discretized momentum equation to determine the 

pressure. If the pressure convergence is not achieved the solver goes back to the advection of  

step re-evaluating and correcting the fields till reach the pressure convergence condition. Once 

the pressure convergence criteria is satisfied the computational algorithm in Fig. 5.17 leaves the 

PIMPLE loop starting a new time step or stopping the simulation in case the final time is 

reached.  

5.5.2.4 Post processing 

The post processing has been carried out using paraView. We have used the velocity of the 

center of gravity of the bubble to approximate the rise velocity of the bubble (Raees et al, 2011). 

In OpenFOAM, it can be written as 

 

5.5.3 Verification  

This section provides a verification test to show the accuracy of the s-CLSVOF solver in 

OpenFOAM v4.1 by simulating a stationary bubble in 3-D liquid domain. We compare the 

interfacial pressure to Young-Laplace pressure and the pressure that obtained from VOF. In the 

same section, we run another verification test for the one-fluid transport of species model by 

simulating a transport of species between a two phase planar layers. We compare the 

concentration results with published computational results.  
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5.5.3.1 Verification of bubble dynamics solver  

At the interface between two fluid phases the, the capillary pressure between two static fluids is 

described by the Young-Laplace equation.  

 

Pressure discontinuity across the interface occurs as part of the equilibrium with the surface 

energy (i.e. surface tension). Young-Laplace pressure is considered as a fundamental and direct 

approach to compare the computational result to a well-established analytical equation. In this 

manner, we perform a case study by simulating a stationary bubble in a 3-D liquid domain as 

shown in Figure 5.17.  

 

Fig. 5.17 Spherical bubble is positioned in stagnant liquid 

The simulation is performed one time using interFoam and another using s-CLSVOF with 

bubble radius = 0.01 m, , and a cubic domain with edge length=0.04 m and 

computational mesh of 80x80x80. The results are shown in Figure 5.18. The density and 

viscosity ratios between the two phases are, respectively, 10 and 1. The pressure profile 

calculated by the s-CLSVOF solver is closer to the theoretical result compared to the interFoam 
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solver as shown in Fig. 5.18. The estimated error of the s-CLSVOF is approximately 2.5 % as 

compared to the interFoam which underestimates the pressure by 12.85 % compared to the 

analytical result by Young-Laplace equation. Therefore, this test case proves the improvement 

and accuracy of s-CLSVOF compared to interFoam. 

 

Fig. 5.18 Pressure distribution in the x direction along the central axis 

5.5.3.2 Verification of species transport solver  

Here, we reproduce two tests to validate our transport of species in one-fluid model. Verification 

test studies the concentration profile across the planar domain which is shown in Fig. 5.19. In 

this test, Henry's constant is selected to be  and the diffusion coefficients ratio are 

 and  respectively. The initial condition  and  are respectively, the 

initial concentration of the gas and liquid phases, which are taken for this problem as   

and , and h is the elevation of the computational domain which is selected to be 1 cm. The 

boundary conditions are  and . 
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Fig. 5.19 Schematic of planar transport of species between two phases to validate the one-fluid 

model of species transport in OpenFOAM 

The obtained results are shown in Figs. (5.20) and (5.21) respectively for the two diffusion 

coefficient cases. These simulation results match the computed profiles by Nieves-Remacha et 

al. (2015) who compared the OpenFOAM simulations to MATLAB models. The jump in 

concentration at the interface reveals a smooth transition between the two phases at the final 

time. By this, the constructed one-fluid transport of species model works as expected in 

OpenFOAM with interFoam. 

 

Fig. 5.20 Concentration profiles using OpenFOAM over time across a planar domain with He = 

100 and diffusion coefficients ratio equals 1 
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Fig. 5.21 Concentration profiles using OpenFOAM over time across a planar domain with He = 

100 and diffusion coefficients ratio equals 100 

5.6 Results and discussion 

By analyzing the experimental data, it is found that the water setup is able to remove ~80 % of 

the iodine from the argon gas for ~1 m water pool height. The efficiency is low compared to 

earlier studies because of absence of steam condensation and presence of non volatile iodine 

species as in earlier experiments by Diffey et. al. (1965) and low solubility of iodine in water. 

Table 5.3 illustrates the results of the experimental study on iodine removal efficiency. The 

variation of iodine scrubbing efficiency with pool height is also given in fig. 5.15. 

Table 5.3 Iodine removal efficiency of water facility 

S. 

No. 

Pi 

(kg/cm
2
) 

 Pf, 

(kg/cm
2
) 

T 

(°C) 

mI2,c  

(g) 

mI2,in 

(g) 

Hp 

(cm) 

t 

(min) 

mI2,pool 

(g) 

RF 

(%) 

1 6.3 0 190 30.021 6.77 25 4 0.181 2.67 

2 6.7 0 190 20.002 7.71 92 8 6.16 79.87 

3 6.9 0 190 20.004 2.05 75 40 1.655 80.72 

4 6.3 0 190 20.0294 1.28 50 4 0.595 46.36 
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In test no. 1 the mass of iodine left behind in the crucible post experiment is 8.176 g. The iodine 

deposited inside the gas reservoir post experiment is collected by rinsing the gas reservoir with 

~6 liters of water. The mass of iodine left behind in gas reservoir is estimated to be 14.49 g. The 

iodine deposited in the pipeline is estimated by heating the pipeline to required temperature 

(190 °C) maintained during experiment, followed by flushing argon gas through the pipeline into 

the bubbler tank containing 1 m water column. In the test no. 1 the mass of iodine deposited in 

pipeline is estimated to be 0.2 g. 

The numerical study is performed by running 2-D simulation of bubble flow with transport of 

iodine species across the bubble. The initial concentrations inside the bubble and in the liquid 

medium are 1 mol/m
3
 and zero respectively. The boundary conditions of the species are set to 

zero gradient everywhere, with He = 0.017, MW= 254 g/gmole, and Dg/Dl= 5498. For the 2-D 

simulation ∆x = 0.00015 m was used with an adaptive time step for fixed values of Comax = 0.2 

and ∆tmax= 0.0005 sec. The comparison of numerical model with experimental results for iodine 

retention in water obtained from in-house experiments and those from Beghi et al. (2018) are 

presented in fig. 5.22. Beghi et al. (2018) used a bubbling volume absorbent scrubber to purify 

gaseous molecular iodine. A bubble column reactor was 1.5 m high and 0.2 m in diameter loaded 

with DI water kept at constant level of 0.96 m. The numerical model was observed to predict 

more closely with Beghi et al. (2018) experimental results. The scrubbing efficiency 

experimental results showed close results at rise time of 3.3 s, but was observed to decrease with 

increase in inlet iodine concentration at rise time of 0.73 s. Since the numerical model does not 

model the chemical reaction between iodine and water, the variation of scrubbing efficiency with 

inlet concentrations could not be modeled. 
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Fig. 5.22. Comparison of numerical model with experimental results for iodine retention in water 

5.7 Closure 

An experimental water setup, IBEX has been designed, fabricated and installed at Indira gandhi 

centre for atomic research (IGCAR) to study iodine retention in water pool. The setup consists of 

iodine bubble injection system, bubbler tank and bubble collection systems. This work uses the 

rapid, simple, reliable, affordable, and flexible iodimetric titration method for the measurement 

of iodine concentration in water samples. The maximum iodine removal efficiency of ~80 % is 

obtained for the water pool of ~1 m height from the present study. A numerical study on iodine 

retention in water pool is also carried out and is in good agreement with experimental results. 

Next chapter is dedicated towards bubble dynamics with mass transfer for aerosols. 



 

CHAPTER-6 
INVESTIGATION OF BUBBLE DYNAMICS 

WITH MASS TRANSFER FOR AEROSOLS
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6.1 Introduction 

Accidental leakage of hot liquid sodium into contained air atmospheres of SFRs may result in 

sodium fire. The sodium fire generates sodium compound aerosols, which are harmful for public 

safety due to its chemical and radiological effects (Ballif et al., 1979). The aerosols can impair 

vision and upon inhalation damages mucous membrane of respiratory tract.  

Several EACS were experimentally tested at HEDL, USA (Hilliard et al., 1976) to find the most 

ideal scrubber suitable for sodium fire aerosol removal in SFRs. The SGBS designed in 1979 by 

HEDL, USA satisfactorily met most of the requirements of an ideal scrubber for SFR, due to its 

passive and self cleaning nature. The air carrying aerosols is drawn in through the central duct 

downwards and later bubbles up through the submerged gravel bed as shown in fig. 6.1.  

 

Fig. 6.1 Submerged gravel bed scrubber schematic 

 



Chapter-6: Investigation of bubble dynamics with mass transfer for aerosols 

145 

 

Theoretically, the SGBS efficiency was evaluated to date using semiempirical correlations 

available for packed bed scrubbers. The Calvert‘s model (Jackson and Calvert, 1966) is given by 

the following equation: 

 

 

where, j = 0.192 is empirical constant relating channel width to packing diameter, ε = 0.45 is bed 

void fraction and Hd = 0.2 is fraction of bed occupied by liquid. In this chapter an in-house 

engineering scale model of SGBS is described in detail. The setup is designed, installed and 

fabricated in-house and experimental test runs were carried out on the scrubber for varying inlet 

sodium fire aerosol concentrations. Computational fluid dynamic (CFD) simulations are also 

performed to evaluate aerosol penetration in SGBS. A single channel of gravel packing is 

considered for the analysis and caps contact approach is used to overcome the difficulties in 

meshing. Three-dimensional (3-D) numerical simulations are carried out for evaluating aerosol 

removal efficiency for both nonsubmerged and submerged cases. Computational model used in 

the present study is validated against Calvert semiempirical correlation (Jackson and Calvert, 

1966) available for packed bed scrubbers. The elaborate grid independent sensitivity analyses are 

carried out to arrive at the appropriate mesh size for the CFD investigation. Parametric studies 

are carried out to investigate the effect of aerosol diameter, gravel diameter and bed height on 

aerosol penetration. The study is useful in decreasing the aerosol penetration and enhancing the 

performance of EACS for SFRs. 

Detailed description of the study is presented in the following sections. Section 6.2 explains the 

experimental setup and its details. Section 6.3 details the computational model setup for 

evaluating the sodium fire aerosol removal efficiency of SGBS. In section 6.4, the validation of 
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model with Calvert model is presented and grid independence studies are carried out in section 

6.5. 

6.2 Setup for experiments  

An engineering scale experimental setup of submerged gravel bed scrubber has been setup at 

Indira gandhi centre for atomic research to evaluate its scrubbing efficiency for sodium fire 

aerosols. The design details of SGBS installation and experiments carried out towards evaluating 

its efficiency are described in the following sub-sections. 

6.2.1 Design, installation and commissioning details 

The SGBS installed at IGCAR is shown in fig. 6.2. A blower with maximum capacity of 50 m
3
/h 

is used to induce gas flow of 2.1 m
3
/h through the scrubber. Gas flows from the aerosol source 

through the SGBS and then through the blower. The technical specifications of installed SGBS 

are given in table 6.1. 

 

Fig.6.2 Setup of submerged gravel bed scrubber 
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Table 6.1 Technical specifications of SGBS at IGCAR 

Design parameter Value  

inlet duct 

gas inlet duct outer diameter 74 mm 

gas inlet duct inner diameter 67 mm 

gas flow rate 2.1 m
3
/h 

depth of inlet duct below bottom perforated 

plate 

13 mm 

material stainless steel 304L 

gravel Bed 

bed diameter 305 mm 

bed height 610 mm 

material blue metal chips (crushed granite stones) 

packing material diameter 6.4-10 mm 

packing material density 2500 kg/m
3
 

inner tube 

inner tube diameter 311 mm 

inner tube length 762 mm 

inner tube thickness 3 mm 

material stainless steel 304L 

perforated plates 

top and bottom perforated plate opening 6 mm 

number of openings on top and bottom 

perforated plate 

374 

perforated plate thickness 3 mm 

material stainless steel 304L 

elevation of bottom perforated plate 150 mm 

depth of skirt below bottom perforated plate 130 mm 

outer tank 

outer tank length 780 mm 

outer tank breadth 780 mm 

outer tank height 930 mm 

tank thickness 4 mm 

material stainless steel 304L 

tank lid 

lid length 780 mm 

lid breadth 780 mm 

lid height 760 mm 

lid thickness 4 mm 

material stainless steel 304L 

outlet duct 

gas outlet duct outer diameter 74 mm 

gas outlet duct inner diameter 67 mm 

material stainless steel 304L 
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Fig.6.3 Photos of step by step installation of SGBS 
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Fig.6.4 Photo of top of SGBS before mounting top lid 

The photos of installation of SGBS are given in fig. 6.3. The blower was switched on and 

observation was made visually from the top of SGBS. The observation confirmed that air 

bubbled through the wetted packing as expected. The photo of the top of SGBS before mounting 

lid with blower in operation is shown in fig. 6.4. The bubble flow rate was significant resulting in 

entrainment of water drops to the region above the water pool. To avoid significant entrainment 

of drops upto the blower, a top tank lid was installed to provide the air outlet line 500 mm above 

the free surface of water pool. 

6.2.2 Experimental determination of aerosol removal efficiency 

To evaluate the effect of aerosol concentration on SGBS efficiency, combustion tests were 

carried out using different initial sodium masses as shown in table 6.2. Tests are performed using 

aerosol generated by sodium fire in a 0.0625 m
2
 heated pan located in a 1.125 m

3
 volume SS 304 

chamber. The sodium fires are created by delivering approximately 0.05-1 kg of solid metal to a 

preheated burn pan at about 250 °C. Correspondingly the inlet mass concentrations of aerosols 

ranged from 0.04-19.94 g/m
3
 for a gas flow rate of 0.0006 m

3
/s. The generated aerosol is drawn 

through 2 meters of 2.5 inch diameter pipe to the scrubber.  
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Table 6.2 SGBS performance efficiency tests at various aerosol inlet concentrations 

Test Mass of 

sodium (kg) 

Inlet aerosol 

concentration 

(g/m
3
) 

Efficiency (%) 

1 0.05 0.017 13.77 

2 0.2 
0.28 85.7 

1.02 96.57 

 

3 

 

0.31 

0.04 75 

0.72 93.75 

0.42 94.05 

 

4 

 

0.29 

0.32 89.06 

0.38 90.79 

0.26 94.23 

0.18 86.11 

 

5 

 

1 

0.67 70.15 

2.63 98.73 

3.94 99.66 

19.94 99.93 

 

6 

 

1.043 

2.55 97.5 

5.65 99.03 

11.4 99.68 

Test runs are carried out with inlet aerosol concentration as a parameter. During each test run 1-6 

filter paper samples were taken from both scrubber inlet and outlet ports at specified time 

intervals. Aerosol samples (filters) are taken from the inlet duct immediately preceding the 

scrubber and entrance to the outlet duct. The aerosol mass concentrations are determined 

gravimetrically. Aquarium stone/enamel gravels of size 10-30 mm was used in test 1, which gave 

lower efficiencies and hence, the packing material was changed to blue metal granite stones of 
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size range 6.4-10 mm in the further test runs. Figure 6.5 shows the variation of scrubber 

efficiency.  

 

Fig.6.5 Variation of SGBS scrubbing efficiency with inlet aerosol concentration 

 

Fig.6.6 Grade efficiency curve from Calvert‘s model 



Chapter-6: Investigation of bubble dynamics with mass transfer for aerosols 

152 

 

The study shows that at very low gas flow rate and superficial velocity, the SGBS has the 

potential to scrub sodium fire aerosols with removal efficiencies of 75-99.93% for inlet aerosol 

concentrations in the range of 0.04-19.94 g/m
3
. The inlet aerosol concentrations corresponded to 

a size range of 0.7-5.2 μm based on Kitani correlation (Kitani et al., 1973). Hence, higher the 

aerosol mass concentration at the SGBS inlet, higher is its size and removal efficiency. The 

scrubber provides efficiencies higher than 90 % for inlet concentration greater than 1 g/m
3
 even 

at low gas flow rates of 0.0006 m
3
/s.  However, the semiempirical Calvert model is found to 

under predict the scrubber efficiency at low superficial gas velocities as shown in fig. 6.6 for the 

aerosol size range studied. This brings out the requirement for better theoretical models to 

capture the SGBS scrubbing efficiency. 

6.3. Computational model  

The 3-D numerical simulations are carried out for evaluating aerosol penetration in a packed bed 

of spheres for both nonsubmerged and submerged cases. A commercial CFD solver is used to 

solve the governing transport equations involved in the physical process. 

6.3.1 Geometry and grid  

The study considers a single channel of packed bed column for computational analysis of aerosol 

penetration in SGBS. The gravels are assumed to be spherical in shape and arranged in cubic 

type packing. The points of contact between spheres and between the sphere and side wall result 

in narrow fluid regions and hence, problems in meshing. To avoid difficulty in meshing the 

sphere-sphere junction and sphere-wall junctions, the caps contact approach (Dixon and 

Nicholas, 2017) is used. The study uses a gap of 0.5 mm and 0.25 mm between the capped 

spheres and the capped sphere and side wall respectively. The 3-D gravel bed geometry is 
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constructed from 20 basic capped sphere units contained within a cuboid. The basic unit of 

capped sphere used for present study is shown in fig. 6.7.  

 

Fig.6.7 Basic capped sphere unit 

  

(a) (b) 

 

Fig.6.8 Meshed model (a) isometric and (b) side view 
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The computational domain has a cuboid shape of dimensions, 20 mm (L) x 20 mm (B) x 50 mm 

(H), from which 20 capped sphere volumes have been subtracted. Inlet and outlet openings of 6 

mm are provided at bottom and top wall respectively for the air flow carrying aerosols. The 

typical grid used for computational simulations are as shown in fig. 6.8. 

6.3.2. Numerical details  

The governing equations for mass, momentum, volume fraction and discrete phase are solved 

using commercial CFD solver in 3-D domain. The equations are as follows. 

The continuity equation for continuous phase is given by: 

 

The conservation equation for momentum is described by: 

 

For nonsubmerged case 

 

For submerged case 

 

where, the volume fraction of fluid is given by:  

 

The interface surface curvature, k is given by: 

 

The mixed density, viscosity and velocity of fluid are described as: 
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The volume fraction (F1) of phase 1 is obtained by solving the conservation equation given by: 

 

The packed bed Reynolds number is given as follows: 

 

The flow regimes can be classified based on packed bed Reynolds number as laminar ( <1), 

transitional (1< <2000) and turbulent ( >2000). The packed bed Reynolds number for flow 

through packed beds considered in the present study is in the transitional regime. This brings in 

the requirement for usage of a turbulence model with low Reynolds number effects to model the 

flow situation. The present study uses RNG k-ε turbulence model, which takes care of the low 

Reynolds number effects based on a differential formula for effective viscosity.  

The renormalized group (RNG) k-ε turbulent model is derived from instantaneous navier stokes 

equations and uses renormalization group theory of Yakhot and Orszag (1986).  

 

 

The model uses effective viscosity obtained from RNG theory, which accurately defines the 

variation of effective turbulent transport with effective Reynolds number required for low-Re 

flows and is given by, 
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where, Cv = 100 

 

For high Reynolds numbers, the effective viscosity is given as follows: 

 

where, the coefficient, Cμ = 0.0845, C1ε=1.42 and C2ε=1.62 are derived using RNG theory.  

The aerosol trajectory is evaluated by stepwise integration of the aerosol equation of motion. The 

aerosol force balance in the z-direction of cartesian coordinate is given as follows: 

 

where, FD is the time constant for momentum transfer due to drag force and Fz is the additional 

force per unit aerosol mass arising from those required to accelerate the fluid surrounding 

aerosols and fluid pressure gradient.  

 

 

 

 

The discrete random walk model is used to determine the instantaneous gas velocity (u'). Time 

integration of Eq. 6.19 gives the instantaneous aerosol velocity along its trajectory, which is 

predicted using the following equation. 
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The aerosol trajectory Eqs. 6.19 and 6.24 are similarly solved for each coordinate direction to 

predict the trajectories of discrete aerosols.  

For given air and aerosol flow rates at domain inlet as inputs, the solver computes the aerosol 

inlet concentration (Cin). The aerosol outlet concentration (Cout) at the domain outlet is computed 

after the numerical simulation reaches steady state, i.e. no more variation in aerosol outlet 

concentration. Aerosol removal efficiency for the packed bed domain is evaluated in the present 

model as: 

 

The aerosol penetration is evaluated in the present model as: 

 

6.3.3 Computational details  

Pressure-velocity coupling is carried out using SIMPLE algorithm. For spatial discretization, the 

pressure staggering option (PRESTO) scheme is chosen for pressure and first order upwind 

scheme for momentum. 

6.3.4 Boundary conditions  

The bottom wall, gravel surfaces and top wall are assigned with noslip boundary conditions and 

symmetry boundary conditions for cuboid sides. The ―trap‖ boundary condition is assigned to the 

gravel surfaces, ―escape‖ boundary condition to inlet, outlet surfaces and ―reflect‖ to bottom, top 

walls for discrete phase modeling. The ―trap‖ and ―escape‖ surface boundary conditions 

terminate the trajectory calculations, once the aerosol position encounters corresponding surface. 

The ―escape‖ boundary condition is typically used for flow boundaries. The ―reflect‖ surface 

boundary condition rebounds the aerosol off from the corresponding surface with momentum 
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change defined by coefficient of restitution (COR). The present model assumes elastic collision 

and hence, COR=1.  

6.4 Grid independence study 

The present study considers a sodium combustion aerosol density of 1000 kg/m
3
 and size of 1 

μm. Gravel diameter of 10 mm is considered in the model. The air and aerosol mass flow rates of 

1.87x10
-6

 kg/s and 1.36 x 10
-9

 kg/s are considered at inlet. The carrier air mass flow rate of 1.87 

x 10
-6

 kg/s at inlet 6 mm opening corresponds to an overall flow rate of 37 liter/minute flowing 

through various channels of gravel bed in the SGBS design. The aerosol mass flow rate of 1.36 x 

10
-9

 kg/s at inlet 6 mm opening corresponds to an aerosol inlet concentration of 727 ppmw/0.073 

wt% to the scrubber. 

The elaborate grid independence test is carried out by simulating nonsubmerged and submerged 

cases for three different uniform mesh sizes. The results of studies for various mesh sizes are 

compared in tables 6.3 and 6.4.  

Table 6.3 Grid independence study for nonsubmerged case 

Mesh Efficiency % deviation 

141812  95.8 %  -  

195316  94.9 %  -0.98 %  

301207  94.3 %  -0.55 %  

Table 6.4 Grid independence study for submerged case 

Mesh Efficiency % deviation 

141812  97.2 %  -  

195316  95.4 %  -1.88 %  

301207  96.1 %  0.66 %  

In table 6.3, it can be seen that the deviation of aerosol removal efficiency for 195316 mesh size 

as compared to a case of 141812 mesh is -0.98 %. However, the change in predictions of aerosol 
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removal efficiency is less than -0.55% for the mesh size of 301207 as compared to 195316 mesh 

case. Therefore, the mesh of 195316 is chosen for further analysis in nonsubmerged case. In 

table 6.4, it can be seen that the deviation of aerosol removal efficiency for 195316 mesh case 

from 141812 mesh case is -1.88 %, but only 0.66 % for 301207 mesh case from 195316 mesh 

case. Hence, the mesh of 195316 is chosen for the submerged case in subsequent analysis.  

6.5 Validation 

The numerical verification of present model is carried out by comparing the grade efficiency 

curve with results of Chang (2003) for a dust cleaning packed bed scrubber operating at 53 

liter/minute air flow rate (9.14 x 10
-5 

kg/s) and 2 liter/minute water flow rate. Chang (2003) 

studied dust removal grade efficiency curve for the packed bed scrubber using fluent 5. The 

cuboid considered in packed bed model of Chang (2003) was 20.1 mm in width, 20.1 mm in 

length and 55.2 mm. Eight droplets on each solid sphere corresponded to the total volume of 

liquid droplets (liquid holdup) on a single solid sphere and were affixed with boundary condition 

for trapping dust particles. Chang (2003) also experimentally studied the grade efficiency curve 

for a packed bed scrubber of height 19 cm and diameter 7.8 cm operating at an air flow rate of 53 

liter/minute and water flow rate of 2 liter/minute. Comparison of the present model is also 

carried out using semiempirical model of Jackson and Calvert (1966).  

In present study, we consider a packed bed model of 20 mm width, 20 mm length and 50 mm 

height. The packed bed Reynolds number for validation study is ~220 and hence flow through 

the packed bed is in transitional regime. This brings in the requirement for usage of RNG k- ε 

turbulence model that works well for low Reynolds number flows encountered in the transition 

regime. The present study using RNG k- ε model evaluates pressure drop of 1.62 Pa/cm across 
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the packed bed scrubber compared to values of 1.87 Pa/cm and 2.06 Pa/cm predicted by Chang 

(2003) numerical and experimental studies respectively. 

Figure 6.9 shows comparison between grade efficiency evaluated from the present CFD study 

and Chang‘s numerical study for a packing height of 50 mm. A comparison is also provided in 

fig. 6.9 between RNG k- ε model and standard k- ε model for modeling the flow field in present 

validation case study. The computational time taken by RNG k- ε model to converge for the 5 μm 

case is 3 hours 16 minutes and that for standard k- ε model is 4 hours in an Intel core i5 processor 

with 8 GB RAM. The RNG k- ε model slightly underpredicts the scrubber efficiency compared 

to standard k- ε model with a maximum deviation of ~1.3 % at 3 μm aerosol size and is hence 

insignificant. The comparison shows that both k- ε models gives similar results, with RNG k- ε 

model being faster to converge than standard k- ε model and hence proves its validity for usage 

in low Reynolds number turbulent flows in packed beds.  

 

Fig. 6.9 Verification of present CFD model 
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The present CFD study is observed to better predict the grade efficiency curve compared to 

Calvert model for particle sizes in the range from 3-10 μm as can be seen in Fig. 6.10 for a 

packing height of 190 mm. The deviation of scrubbing efficiency for 3 μm aerosol size from 

experimental value is ~3% for present model and -64% for Calvert model. Similarly, the 

deviation of scrubbing efficiency for 10 μm aerosol size from experimental value is ~0.9% for 

present model and ~0.2% for Calvert model. The limits of separation (x98) predicted by both 

present numerical study and Calvert model are within 10 μm and in close agreement with the 

experimental value due to the higher superficial velocity of 0.179 m/s in the validation case. This 

proves the validity of present numerical study for studying the scrubbing efficiency for aerosol 

sizes typically expected at the scrubber inlet during sodium fire in SFR containment. 

 

Fig. 6.10 Validation of present CFD model 
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6.6 Results and discussion 

This study deals with investigation on the sodium fire aerosol removal efficiency in a SGBS. The 

gap between adjacent gravels and gravel and side wall is maintained as 0.5 mm and 0.25 mm 

respectively. Simulations were carried out for nonsubmerged and submerged cases. Figure 6.11 

shows the CFD derived velocity contour for air mass flow rate, Mg of 1.87 x 10
-6

 kg/s at inlet.  

In the nonsubmerged case, the air flow field is observed to cover the entire void volume 

available in gravel bed as shown in fig. 6.11a, thus increasing the gravel surface area available 

for aerosol removal but decreases the superficial velocity required for inertial impaction. 

However, in submerged condition, the air flow field is confined to rise trajectories of air bubbles 

above the inlet opening as shown in fig. 6.11b, thus reducing the gravel surface area available for 

aerosol removal but increases the superficial velocity required for inertial impaction. The overall 

penetration of 1 μm aerosols with mass flow rate of 1.36 x 10
-9

 kg/s for nonsubmerged case is 

illustrated in fig. 6.12a. The aerosol penetration is determined in terms of the ratio of outlet 

aerosol concentration to inlet aerosol concentration. Figure 6.12b shows the CFD derived volume 

fraction contour of submerged case for air mass flow rate, Mg of 1.87 x 10
-6

 kg/s at inlet.  

  

(a) (b) 

Fig.6.11 Velocity contours (m/s) (a) nonsubmerged (b) submerged 
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(a) (b) (c) 

Fig.6.12 CFD model prediction (a) nonsubmerged case aerosol penetration (b) submerged case 

water volume fraction contour (c) submerged case aerosol penetration 

The overall penetration for 1 μm aerosol with mass flow rate of 1.36 x 10
-9

 kg/s for submerged 

case is illustrated in fig. 6.12c. The values of aerosol penetration are comparable for both 

nonsubmerged and submerged cases (fig. 6.12). For air flow rate at 1.87 x 10
-6

 kg/s, the overall 

aerosol separation efficiency Etotal is obtained for different gravel-gravel gap, aerosol size, gravel 

diameter and bed heights. The results are illustrated in the following sub-sections. 

6.6.1 Gravel-gravel gap 

Numerical simulations are carried out to understand the effect of gravel-gravel gap on sodium 

fire aerosol removal efficiency in a SGBS. The packed bed height considered for the study is 50 

mm. The gap between adjacent gravels and between gravel and side wall is varied from 0.25-

0.75 mm and 0.125-0.5 mm respectively. The variation of Etotal with gravel-gravel gap is given in 

fig. 6.13.  
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Fig.6.13 Variation of Etotal with gravel-gravel gap 

The variation is observed to be almost linear, showing the independence of scrubbing efficiency 

with gravel-gravel gap in the study range considered. Hence, a gap of 0.5 mm between adjacent 

gravels and 0.25 mm between gravel and side wall is sufficient for evaluation of aerosol removal 

efficiency in a PBS. The study also shows the validity of caps contact approach for packed bed 

flow problems and is in line with the observations made by Dixon and Nicholas (2017). 

6.6.2 Aerosol size 

Numerical simulations are carried out to understand the effect of aerosol size on sodium fire 

aerosol removal efficiency in a SGBS. The packed bed height considered for the study is 50 mm. 

Figures 6.14 and 6.15 show the tracks of 20 μm and 80 μm size aerosols respectively in terms of 

residence time inside the scrubber. It is clear from figs. 6.14 and 6.15 that no penetration occurs 

for aerosols in nonsubmerged case and very small penetration happens in submerged case due to 

the air bubble carrying aerosols reaching the scrubber top. 
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(a) (b) 

Fig.6.14 CFD model predicted residence time (s) of 20 μm aerosols (a) nonsubmerged (b) 

submerged 

The variation of Etotal with aerosol size (fig. 6.16) is essentially the grade efficiency curve. Etotal 

is observed to increase with increase in aerosol size. As the aerosol size increases, its mass 

increases and hence, improves the inertial deposition of aerosol, i.e. there is a greater deviation 

of aerosols from the air streamlines to impact on the capped gravel spheres. It is clear from this 

figure that the CFD study predicts a limit of separation (x98) of ~12 μm and ~61 μm for the 

nonsubmerged and submerged cases respectively. However, the Calvert semiempirical model 

(Jackson and Calvert, 1966) predicts x98 value of ~84 μm. The predicted grade efficiency curves 

for both nonsubmerged and submerged scrubbers are in concurrence with the experimental value 

of cut diameter (x50) for typical SGBS, which is below 1 μm as predicted by Owen (1980). 

Differences observed between the experimental and CFD derived limit of separation can be due 

to lower height of packed bed considered for the CFD study. Hence, the present CFD study is 
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observed to better predict the grade efficiency curve compared to Calvert model (Jackson and 

Calvert, 1966) for sodium fire aerosols at low air flow rates. 

 

(a) (b) 

Fig.6.15 CFD model predicted residence time (s) of 80 μm aerosols (a) nonsubmerged (b) 

submerged 

 

Fig.6.16 Variation of Etotal with aerosol size 
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6.6.3. Gravel diameter 

The sensitivity of gravel diameter (dR) as a parameter on sodium fire aerosol removal efficiency 

of SGBS is studied. The packed bed height considered for the study is 5dR and the gravel 

diameter is varied from 6-15 mm. The decrease in gravel diameter improves the Etotal as shown 

in fig. 6.17. The decrease in sphere diameter increases the inertial impaction parameter, which 

results in increased aerosol impaction on spheres and hence scrubbing efficiency. However, the 

increase is much small as compared to predictions made from semiempirical Calvert model as 

observed in table 6.5 due to the lower prediction of SGBS cut diameter (x50) by the present study. 

The Calvert model predicts an increase of 125 % on decreasing the gravel diameter by 60 % 

from an initial diameter of 15 mm for the similar conditions. 

 

Fig.6.17 Variation of Etotal with sphere diameter 
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Table 6.5 Effect of sphere diameter on scrubbing efficiency 

Sphere diameter (mm)  Efficiency 

(Calvert)  

Efficiency 

(nonsubmerged)  

Efficiency 

(submerged) 

6  0.09 %  95.5%  97.0% 

10  0.06 %  94.9%  95.4% 

15  0.04 %  93.3%  96.2% 

6.6.4. Bed height 

Numerical simulations are carried out to understand the effect of bed height on sodium fire 

aerosol removal efficiency in a submerged gravel bed scrubber. The packed bed height 

considered for the study is varied from 50-150 mm. The increase in bed height also improves the 

Etotal as shown in fig. 6.18 and table 6.6.  

 

Fig.6.18 Variation of Etotal with bed height 

The increase in bed height increases the aerosol inertial impaction on spheres and hence, 

scrubbing efficiency. The scrubbing efficiency is observed to increase by 4.7 % and 5.3 % on 
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doubling and tripling the bed height respectively from the initial height of 50 mm for the studied 

geometry and flow conditions of scrubber under nonsubmerged condition. Similarly, the 

scrubbing efficiency increases by 4.3 % and 4.8 % on doubling and tripling the bed height 

respectively in submerged case.  

Table 6.6 Effect of bed height on scrubbing efficiency 

Bed height(mm)  Efficiency 

(Calvert)  

Efficiency 

(nonsubmerged)  

Efficiency 

(submerged) 

50  0.06 %  94.9%  95.4% 

100  0.11 %  99.3%  99.5% 

150  0.17 %  99.9%  99.9% 

Chang (2003) developed a mathematical relation to evaluate the scrubbing efficiency of packed 

bed with height ‗n‘ times the height of packed bed for which the scrubbing efficiency is known.  

 

Based on the scrubbing efficiencies evaluated using the present CFD model for 50 mm high 

gravel bed for both nonsubmerged and submerged cases, the efficiencies for bed heights of 100 

mm and 150 mm were evaluated using Eq. 6.16 and were found to be in close agreement with 

data obtained in present study. 

6.7 Closure  

This chapter details the investigation on efficiency of submerged gravel bed scrubber (SGBS) in 

removing sodium fire aerosols. The wet scrubber is designed and installed to reduce the aerosol 

concentration in vented air to permissible limits under the event of sodium fire inside combustion 

chamber. The functionality of SGBS in generating uniform bubbles was visually tested from the 

scrubber top during its commissioning. The performance of SGBS is also studied experimentally 

for sodium fire aerosol removal by generating test aerosols inside sodium fire chamber. The 
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sodium fire aerosols removal efficiency of SGBS is experimentally measured to be in the range 

from 75-99.93 % for inlet aerosol concentrations in the range of 0.04-19.94 g/m
3
 at low gas flow 

rate of 0.0006 m
3
/s. The semiempirical Calvert model is found to underpredict the scrubber 

efficiency at lower superficial gas velocities. This brings in the requirement for better theoretical 

models for capturing the scrubbing efficiency of SGBS. Computational fluid dynamic (CFD) 

simulations are performed to evaluate aerosol penetration in a SGBS. A single channel of gravel 

packing submerged in liquid is considered for the analysis and caps contact approach is used to 

overcome the difficulties in meshing. Commercial CFD solver is used to solve the transport 

equations for mass, momentum, volume fraction and discrete phase modeling for path 

trajectories of aerosols. The model validation is carried out with data available in literature for 

packed bed scrubbers. Parametric studies using gravel-gravel gap shows validity of caps contact 

approach used in the CFD study. The simulations are carried out at a low inlet air flow rate of 

1.87x10
-6

 kg/s to prove the passiveness of SGBS for both nonsubmerged and submerged 

conditions. Increasing the bed height from 50 mm to 150 mm increases the scrubbing efficiency 

of 1 μm aerosols by 5.3 % and 4.7 % in nonsubmerged and submerged cases respectively at an 

inlet concentration of 727 ppmw. It is also found from the grade efficiency curves obtained for 

nonsubmerged and submerged cases that the SGBS cut diameter is below 1 μm as observed in 

literature. Both submerged and nonsubmerged cases predict similar results for SGBS scrubbing 

efficiency, but considering the computation time involved in modeling two-phase flow the 

nonsubmerged case is proposed for simulating SGBS. The study is useful to understand the 

scrubbing phenomena in SGBS for sodium fire aerosols and also overcomes the deficiencies 

posed by Calvert model at low air flow rates. Next chapter is dedicated to the broad conclusions 

drawn from these studies presented in this thesis and the future scope of the work. 
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Latin 

A Area (m
2
) 

C Concentration (kg/m
3
, mole/m

3
), Coefficient, Constant 

d Diameter (m) 

D Diffusion coefficient (m/s
2
), Density at STP (g/l) 

F Force per unit mass (m/s
2
), Source term (kg/m

2
s

2
), Time constant (1/s) 

g Acceleration due to gravity (m/s
2
) 

G Generation of turbulent kinetic energy (kg/ms
3
) 

h Height (m) 

H Fraction of bed occupied by liquid 

j Empirical constant relating channel width to packing diameter 

k Turbulent kinetic energy (m
2
/s

2
), Interface surface curvature 

M Mass flow rate (kg/s) 

n Normal 

p Pressure (N/m
2
), Pressure before injection (torr) 

q Mass injected (g) 

r Radial coordinate 

R Radius (m) 

S Partial pressure (torr), Source term (kg/ms
3
) 

t Time (s) 

T Temperature (°C) 

u Velocity (m/s) 

V Volume (l), Superficial velocity (m/s) 

x Position, Size (μm) 

Y Fluctuating dilation in turbulence  

z Distance (m) 

Z Bed height (m) 

Greek 

α Deposition coefficient, Phase fraction, Inverse effective Pr 
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Δ Change 

ε Turbulent dissipation rate (m
2
/s

3
), Bed void fraction 

μ Dynamic viscosity (Pa.s) 

ρ Density (kg/m
3
) 

σ Surface tension (N/m) 

Superscripts 

n Ratio of bed heights 

T Transpose 

Subscripts 

0 Initial 

1 Phase 1 

2 Phase 2 

50 Cut 

98 Limit of separation 

a Aerosol, Aerodynamic 

b Bubble, Buoyancy 

c Center of mass 

D Drag 

diff Diffusion 

eff Effective 

g Gas, Air 

i Inert 

in Injected, Inlet 

iner Inertial 

k Turbulent kinetic energy, Mean velocity gradients 

l Liquid 

M Compressible 

ntotal N times total 

out Outlet 

p Particle 

R Packing 
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rgh Dynamic 

s Surface tension 

sed Sedimentation 

sod Sodium 

t turbulent 

T Terminal 

total Total 

v Vapour 

w Water 

y Y direction 

z Z-direction 

ε Turbulent dissipation  

Non-dimensional 

AR Aspect ratio 

Ca Capillary number 

COR Coefficient Of Restitution 

DF Decontamination factor 

E Particle removal efficiency 

Eo Eötvös number 

F Volume fraction 

He Henry number 

Kp Inertial impaction parameter 

M Morton number 

Pr Prandtl number 

Pt Penetration 

RF Retention factor 

Re Reynolds number 

SE Scrubbing efficiency 

Ta Tadaki number 

We Weber number 
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A semi-empirical model is developed to first understand the 

concept of pool scrubbing. The main phenomena governing the 

removal of aerosol and vapors from rising bubbles are identified. 

This is followed by reliable numerical simulation of bubble 

dynamics using OpenFOAM software to verify the empirical 

correlations used in the pool scrubbing model. The simulated 

terminal velocity and shapes of the rising bubble as shown in Fig. 

1a were found to agree well with the experimental results (Fig. 

1b). In the experimental investigations, an innovative data 

processing technique was used to measure average bubble rise 

velocity in large pools of fluids based on in-house developed void 

sensors as shown in Fig. 1b. Finally, similarity between water and 

sodium systems on bubble dynamics is brought out to simplify 

SFR safety studies. 

The understanding of bubble dynamics gained from CFD and 

experimental studies have been extended to analyze mass 

transfer/scrubbing of vapors and aerosols encountered in liquid 

pool of SFR systems. An experimental water setup has been 

installed to study iodine vapor retention in water pool (Fig. 2a). 

The setup consists of iodine bubble injection system, bubbler 

tank and bubble collection systems. This work uses iodimetric 

titration method for the measurement of iodine concentration in 

water samples. A numerical study on iodine retention in water 

pool is also carried out as shown in Fig. 2b and is in good 

agreement with experimental results.  

Engineering scale model of a wet scrubber (SGBS) is setup as 

shown in Fig. 3a to study the scrubbing efficiency of sodium fire 

aerosols during mixed gas bubble rising through water 

submerged gravel bed. Numerical simulations (Fig. 3b) are also 

performed to evaluate aerosol penetration in a submerged 

gravel bed scrubber. At low gas flow rates, semiempirical model 

underpredicts the removal efficiency for aerosols; however, 

present CFD study predicts efficiencies as observed during in-

house experiments for the typical size range of sodium 

combustion aerosols, hence, proving the suitability of SGBS as a 

passive device for sodium combustion aerosol removal.  

Pool scrubbing requires information on bubble dynamics and mass transfer. Since bubbles dynamics controls 

the phenomenon, it is of interest to study the same using a judicious mix of numerical models and in-house 

experiments. This necessitates proper choices of system parameters such as bubble diameter and pool 

height. In addition, mass transfer from bubble requires inclusion of aerosol and vapor transport parameters. 

The thesis addresses key interesting issues in the field of bubble scrubbing related safety studies in SFRs. 

          

Fig. 1 (a) Experimental setup (b)numerical 

model for air bubble dynamics in water. 

          

Fig. 2. (a) Experimental setup(b) numerical 

model for iodine scrubbing in water pool. 

 

Fig. 3.(a) Experimental setup of submerged 

gravel bed scrubber and (b) numerical 

model results for aerosol penetration. 

(a) (b) 

(a) (b) 

(a) (b) 
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