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Abstract. Harsh coolant environment in lead-cooled fast reactors (LFRs) can cause steam generator tube leakage 

and/or rupture (SGTL/R). Steam from secondary side can then be entrained by the primary coolant flow into the 

core which has adverse effects on the reactor performance including heat transfer deterioration and reactivity 

feedbacks. In this paper, this issue is studied using a deterministic-probabilistic approach. 

Deterministic Eulerian-Lagrangian CFD model is used to simulate the primary coolant flow field of ELSY reactor 

and the post-SGTL transport of bubbles. Uncertainties in the relevant bubble size distribution and drag coefficient 

for bubbles moving in liquid metals have been studied. Probabilistic methodology to estimate the core and primary 

system voiding rates is proposed and demonstrated. 

It has been found that a correlation by Tomiyama et al. (1998) gives the best prediction of drag for steam bubbles 

in liquid lead. Highest probability for being entrained by the flow is for small bubbles in contaminated coolant. 

The lower the leak in the SG, the higher the risk of void accumulation in the primary system. Analysis also revealed 

that certain amount of gas can stay entrapped in the primary coolant flow. 
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1. Introduction

1.1.Background 

The Generation IV International Forum (GIF) aims to develop advanced nuclear power plants 

that can be licensed, constructed and operated in sustainable, economic, safe, reliable and secure 

manner. GIF selected six reactor types, so-called Generation IV reactors, as promising and 

worthy of further development. One of them is a lead-cooled fast reactor (LFR) [1]. 

Lead and lead-alloy coolants feature several attractive properties including low neutron capture, 

leakage, and moderation; high heat capacity, high boiling point, high thermal conductivity, high 

thermal expansion; chemical inertness with water and air [2]–[4]. This supports passive safety 

system designs with radiation shielding, natural convection and low system pressure [5], [6]. 

An overview of recent advancements, current status and future R&D needs regarding 

experimental and industrial LFR projects can be found in [4], [7], [8]. 

A fine balance between economics and safety of LFRs lies on assuring the feasibility of having 

all important reactor components (e.g. core, pumps, steam generators (SGs)) in the primary 

circuit, thus eliminating the need for, and economic burden of, an intermediate circuit which is 

used in sodium-cooled fast reactors (SFRs). However, complex thermal-hydraulic phenomena, 

severe operating conditions in terms of pronounced corrosion and erosion, large 

primary/secondary pressure differential and the SG proximity to the core raises safety concerns 

related to steam generator tube leakage and/or rupture (SGTL/R) [6], [9]. High uncertainty in 

the characteristics and statistics of the SG tube degradation and failures exists in LFRs due to 

lack of research and operational experience. 
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Leakage of SG tubes is not a new safety issue. PWRs have been plagued with SG reliability 

problems since the inauguration of the commercial technology in the late 1950’s [10], [11]. By 

mid-1990’s, about 50 % of the operating PWRs all over the world have had to remove from 

operation or repair more than 100,000 SG tubes indicating that there is a significant number of 

PWRs operating with defective SG tubes. Moreover, leaking SG tubes are even allowed up to 

a certain extent. US NRC limit for leakage through a single SG is about 0.4 L/min during 

normal operation and 3.8 L/min in case of accident [12]. Estimated frequency of a large rupture 

is about 6E-3/reactor year and about 6E-2/reactor year for a small leak [9]. SGs have also 

proven to be troublesome components in SFRs [13]. Only few studies in the literature address 

the SGTL/R issue in LFRs [14]–[16]. And it seems that most of the research attention has been 

paid on the rupture scenarios which may be thought to carry more risk compared to leakage. 

A comprehensive review of SGTL/R phenomena and an approach to resolve the issue on risk 

analysis basis is described in [9]. Considering relatively harsher environment compared to 

LWRs and SFRs, there is no evidence to expect lower probability of SG leaks in in LFRs. 

Moreover, it is difficult to detect the small leaks (characterized by longer incubation periods) 

in LFRs due to the opacity of the coolant. 

1.2.Consequences of steam generator tube failure 

In order to provide adequate defense-in-depth methods against the risks related to SGTL/R, 

relevant probabilities and consequences need to be clarified. The safety related phenomena and 

specific consequences have been identified hereafter. 

 Fluid-Structure Interaction (FSI). Sudden rupture of one or more SG tubes causes water

from the high-pressure secondary side to burst into high-temperature/low-pressure

primary side where it evaporates and expands rapidly leading to a sudden increase of

primary system pressure [16]–[18]. The related hydrodynamic forces and sloshing may

lead to FSI within the SG, between adjacent SGs and even in the reactor core.

 Thermal-hydraulic coolant-coolant interaction (CCI). In certain circumstances, rapid

transfer of energy from hot lead to cooling water can lead to steam explosion and/or

sloshing [19]. Thermal CCI may result in local lead freezing due to overcooling by the

feed-water which can cause flow blockage and/or deterioration of heat transfer.

 Chemical CCI. Oxide formation, precipitation and accumulation between water and

lead may cause flow blockage and heat transfer deterioration in the core or in SGs. This

phenomenon was the reason for core damage in a nuclear submarine Project 645 in 1968

in Soviet Union [20].

 Radioactivity release to the environment. Design pressures in primary vessel and

containment in fast reactors are generally lower than that of the LWRs [13]. Pressure in

the primary system increases due to excess water/steam from an SGTL/R that may call

for venting. This can potentially release radioactive materials into the atmosphere.

 Core voiding. Hardened neutron spectrum and increased reactivity, especially in the

active part of large cores, leads to positive coolant expansion/void coefficients fast

reactors [21]–[25]. Entrainment of water vapor into the core region effectively reduces

the coolant density or in an extreme case, voids the whole core leading to power

excursions and reactivity initiated accidents (RIA) [26], [27]. Increased power and

reduced heat transfer results in increased fuel and cladding temperature posing a threat

of damage due to local burnout. The core voiding can take different forms as explained

in FIG. 1. Scenario (a) is the build-up of small bubbles circulating in the primary system,
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scenario (b) considers steam bubbles getting stuck in the in-core structures and scenario 

(c) can be envisaged as accumulation and growth of bubbles somewhere in the primary 

system where they then move to the core region in the form of a bigger slug. The effects 

of these scenarios on neutronics including detectability have been studied in [28], [29]. 

FIG. 1. Core voiding scenarios: Homogeneous voiding (a), void accumulation in the core (b) and 

slugs of void entering the core at once (c). 

1.3.Outline 

Considering the uncertainty and severity of potential consequences (e.g. core damage, release 

of radioactive material), SGTL/R accident can become a showstopper for licensing the LFR 

technology. According to the safety approach for the LFR plants developed within LEADER 

project,  SGTL/R is classified as a DBC3 (design basis category 3) event which may occur 

very infrequently (10−2 < 𝑓 < 10−4) per reactor year and which the plant shall cope with

within the defined radiological protection requirements [30]. 

The goal of this work is to quantify the likelihood and magnitude of primary system voiding 

during an SG tube leak in ELSY reactor. A methodology used to evaluate the primary system 

voiding is proposed. Aleatory (statistical) and epistemic (systematic) uncertainties pertaining 

to SGTL/R will be discussed and addressed. The drag model validation and use in the bubble 

transport simulations in the ELSY nominal operation primary system flow field is described. 

2. Modeling of ELSY primary system

2.1.ELSY design 

ELSY is a conceptual design of an industrial size LFR using simple engineering features while 

fully complying with the Generation IV goals [31], [32]. It has thermal power of 1500 MW 

with electric design power of 600 MW (at efficiency of ~40%). 

ELSY is a pool-type reactor with all important components placed inside the cylindrical vessel 

with hemispherical bottom (FIG. 2 (left)). The height and diameter of the reactor are 8.65 m 

and 12.3 m, respectively. Reactor roof is a steel plate with penetrations for several in-pool 

components (e.g. fuel assemblies, SGs and dip coolers). In normal operation, the heat produced 

in the core is removed by eight compact spiral-wound tube bank SGs [33] (FIG. 2 (right)). SGs 

are anchored to the roof by a flange and immersed in the primary coolant as symmetrically 

positioned pairs around the core. The core is in the lower middle-part of the primary system to 

enhance the natural circulation heat removal capability. Coaxial pumps installed in every SG 

unit drive circulation of liquid lead. 
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FIG. 2. Primary system configuration of ELSY (left) and spiral-wound SG (right). 

The primary side of ELSY is characterized by relatively slow (<2 m/s) single-phase liquid metal 

flow at hydrostatic pressure and high temperature (in the range of 400-480°C). Secondary side 

operates at high flow rates and high pressures (13-26 MPa) using either Rankine (steam) or 

Brayton (gas) cycle depending on the particular choice [34]. 

2.2.Simulation of nominal steady state operation conditions 

Lead flow field in the primary system of ELSY at nominal operational conditions is simulated 

with Star-CCM+ CFD code. Computational domain represents a 1/8th slice of the reactor and 

its components including reactor core, SG and a 90 degree bent connection pipe (see FIG. 3). 

FIG. 3. Mesh and definition of regions in ELSY 

computational domain 

FIG. 4. Mesh study results. Parameters 

normalized by their finest mesh value. 

The steady state incompressible turbulent flow of liquid lead under gravity is simulated using 

a coupled implicit solver with 2nd-order upwind discretization scheme. Lead material properties 

are defined according to lead/LBE handbook prepared by OECD/NEA [4]. Reynolds-Averaged 

Navier-Stokes (RANS) formulation in Eulerian framework with Realizable 𝑘 − 𝜀  eddy 

viscosity turbulence model is selected for momentum and energy transfer. A Buoyancy Driven 

Two-Layer All-𝑦+ wall treatment is used, in which the model automatically switches between

resolving viscous sublayer in fine mesh regions and uses wall functions in coarser regions [35]. 

The core, reflector, pump and SG are modeled as porous media using inertial resistance 

coefficients to predict the pressure drops in those regions. Core power is defined as total heat 

source of 187.5 MW (1/8th of 1500 MW). Heat removal in the SG is modelled by a temperature 

dependent heat sink that removes 187.5 MW when lead is at 480°C and 0 W when lead is at 

Steam generator

Pump
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335°C, the temperature of the water at the secondary side inlet. Flow is driven by a momentum 

source defined in the pump. 

A mesh study was carried out to assess the effects of numerical discretization on the relevant 

physical parameters (see FIG. 4). A model with ~356,000 polyhedral cells and 8 prismatic 

layers on the wall was selected. This model predicted the mass flow rate of 16,090 tons/s and 

core inlet and outlet temperature of 402.6 °C and 480.8 °C, respectively. Pressure drop over the 

core was 0.94 bar and over the SG 0.42 bar. These are in accordance with the design values 

[32], [36], [37]. Steady state temperature and velocity fields are shown in FIG. 5. The separation 

of hot and cold leg as well as lead heat-up in the core and cool-down in the SG are clearly 

visible in the temperature plot. Highest velocity is detected in the inner curve of the bend and 

in the pump where the flow area is smallest. Velocity in the downcomer, an important parameter 

for bubble transport, is ~0.26 m/s on average whereas maximum downward component is 

0.53 m/s. 

FIG. 5.ELSY steady state temperature and velocity fields. 

3. Bubble transport phenomena in liquid lead

Formation, motion, coalescence and break-up are the fundamental hydrodynamic phenomena 

governing bubbly flows [38]. These phenomena depend on the physicochemical properties of 

the gas and liquid phases and thermal-hydraulic state of the system in order to determine, among 

others, the interface morphology and the bubble size distribution. Successful simulation of most 

engineering applications involving bubbles, drops and/or particles relies on the accuracy of size 

distribution together with empirical models for size-dependent mass/momentum/heat transport 

characteristics. In this chapter, we attempt to characterize the bubble size distribution during an 

SGTL in liquid metal reactors using experimental data from literature. Secondly, we address 

the uncertainty in the drag coefficient for gas bubbles in liquid lead. 

3.1. Bubble size distribution 

The maximum stable bubble size is governed by the hydrodynamic instabilities on the gas-

liquid interface above which the bubble is subjected to break-up. When the forces on the liquid 

side exceed the surface tension of the gas-liquid interface the bubble becomes unstable and 

disintegrates [39], [40]. Break-up occurs at critical Weber number which depends on the type 

of deformation and on the flow pattern around the bubble [41]. Estimates for critical Weber 

number at different bubble-liquid configurations may vary from 1 to 5 [41], [42]. The maximum 

diameter that corresponds to this upper limit of critical Weber number is 5.3 mm. 
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Bubble size distribution has been measured at LFR-relevant conditions in few studies (see FIG. 

6). 

FIG. 6.Number and volume distributions of experimentally observed bubbles. 

Terasaka et al. measured size distribution of nitrogen bubbles generated through a 15 μm slit 

orifice submerged in water at normal conditions [43]. Pressure drop over the nozzle was 1 bar. 

This small crack resembles an early-phase SG tube failure and produces “submilli-bubbles” 

with a mean diameter of 0.499 mm. Beznosov et al. performed experiments of bubbling 150-

250°C water-steam mixture at 22-24 MPa into liquid lead at a depth of 2 m through a 1 mm 

nozzle and observed a range of 1-10 mm bubbles [44]. Xie et al. blew gas bubbles (mostly 

nitrogen, but also argon and helium) into 100°C molten Wood’s metal and proposed a log-

normal bubble size distribution [45]. 

Considering that the slit-like cracking leading to small, infrequent bubbles, is the most common 

type of tube failure, the smaller end of bubble size spectrum is of high interest. Bubbles leaking 

in small cracks can be “wiped away” by turbulent flow before reaching full equilibrium size. 

Smaller bubbles are also more prone to be entrained by the flow compared to large, buoyant 

bubbles. Based on this, a range of 0.1–10 mm has been used here. 

3.2.Drag coefficient 

Bubble rise in liquid is a function of bubble characteristics (size and shape), properties of the 

gas-liquid system (density, viscosity, surface tension, concentration of impurities), liquid 

motion (velocity, turbulence), and system state (pressure, temperature, gravity, gradients) [38]. 

Accurate prediction of single bubble motion requires definition of a complete set of forces 

involved. According to the Newton’s second law applied to a bubble: 

Σ𝐅 = 𝐅𝐵 + 𝐅𝑊 + 𝐅𝐷 = 𝑚𝐚 (1) 

where the buoyancy force 𝐅𝐵 is defined as the weight of fluid displaced by the object,

𝐅𝐵 = 𝑉𝐺𝜌𝐿𝐠 (2) 

the weight 𝐅𝑊 is a force acting on an object due to gravity,

𝐅𝑊 = 𝑉𝐺𝜌𝐺𝐠 (3) 

and the drag force 𝐅𝐷 is an approximation of the combined effect of different forces (surface

tension, viscous shear etc.) acting in the direction of the surrounding flow: 

𝐅𝐷 =
1

2
𝜌𝐿|𝐔|𝐔𝐶𝐷𝐴𝑒 (4) 



7 IAEA-CN245-356  

When the buoyancy force exceeds the weight objects tend to rise. This, also called as positive 

buoyancy, is the case for gas bubbles in liquids. When the drag force, exerted on the object by 

the flow, dominates the object is entrained. When all forces are at equilibrium, bubble moves 

at a constant, so-called terminal rise velocity: 

𝑈𝑇 = √
4

3

(𝜌𝐿 − 𝜌𝐺)𝑔𝑑𝑒

𝜌𝐿𝐶𝐷

(5) 

The drag coefficient, 𝐶𝐷, is a dimensionless quantity describing the resistance of a bubble in

fluid flow. In practice, it is difficult to adequately resolve the complex small-scale phenomena 

responsible for the drag. Therefore, empirical correlations have been developed to establish a 

relationship between bubble morphology, flow conditions and drag [38]. 

Jamialahmadi et al. developed a correlation for the terminal rise velocity applicable in a wide 

range of gas-liquid properties by combining the Stokes’ law describing steady creeping flow 

past small spherical particles with no slip condition (𝑈𝑇
𝑠𝑝

) and Mendelson’s equation based on

wave analogy (𝑈𝑇
𝑤) [39], [46], [47]:

𝑈𝑇 =
𝑈𝑇

𝑠𝑝
𝑈𝑇

𝑤

√(𝑈𝑇
𝑠𝑝

)
2

+ (𝑈𝑇
𝑤)2

(6) 

Very few experiments have been done for gas bubbles rising in liquid metals and none have 

been found for lead alloys. However, there are few experiments with other liquid metal systems. 

In FIG. 7, the prediction of Eq. 6 is compared with relevant experimental data for rising bubbles 

found in literature: argon in mercury and in distilled water (to check the reliability of the 

measurement technique) [48], nitrogen in mercury [49], argon in tap water and in eutectic 

GaInSn [50]. It appears that Eq. 6 matches the experiments in water and mercury reasonably 

well, but overestimates the velocity in GaInSn. Latter is attributed to the impurities (e.g. oxides) 

in the melt reducing the surface tension and increasing drag [51]. Even though there is no data 

for bubbles smaller than 1 mm, the uncertainty in this region is considered small since the 

phenomena is well-described by Stokes’ law [39]. From these considerations, it can be assumed 

that Eq. 6 predicts adequately terminal rise velocity of bubbles in liquid metals. 

Eq. 6 is now used as a benchmark in the drag model validation. A model of 0.5×0.5×2 m column 

of stagnant lead was set up in Star-CCM+. Bubbles of 0.1-10.0 mm in diameter were injected 

at the bottom of the column and their rise was simulated using a Lagrangian model with surface 

tension, drag and history force. Six empirical drag coefficient correlations were tested: 

 Schiller-Naumann correlation. Suitable for spherical solid particles, liquid droplets, and

small-diameter bubbles [52],

 Rodrigue correlation. An explicit drag correlation derived based on a correlation for

terminal rise velocity of a single gas bubble in steady Newtonian fluids [53], [54],

 Bozzano and Dente correlation. This correlation accounts simultaneously for friction

and shape deformations of bubbles [55], and

 Tomiyama et al. correlation. A correlation based on a force balance approach in

combination with available theoretical and empirical data for terminal rise velocity [56].

Three versions of this correlation to cover a wide range of bubble-fluid systems:

o pure system:

𝐶𝐷 = max {min [
16

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687),
48

𝑅𝑒𝑝
] ,

8

3

𝐸𝑜

𝐸𝑜 + 4
} (7) 
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o slightly contaminated system:

𝐶𝐷 = max {min [
24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687),
72

𝑅𝑒𝑝
] ,

8

3

𝐸𝑜

𝐸𝑜 + 4
} (8) 

o and contaminated system:

𝐶𝐷 = max {
24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687),
8

3

𝐸𝑜

𝐸𝑜 + 4
} (9) 

FIG. 8 illustrates the variation in the results that is attributed to different assumptions in each 

model. Schiller-Naumann model, based on the Stokes law combined with a constant for inertial 

regime, fails to capture the non-linear medium-size bubble regime. Rodrigue correlation also 

fails to predict the rise velocity curve shape. Correlations by Tomiyama, and Bozzano and 

Dente successfully predict the general shape of the velocity curve. These correlations differ 

from others in that they take Eötvös number (𝐸𝑜), a ratio of body forces to surface tension, into 

account. However, Tomiyama models predict the peak slightly better and are flexible in terms 

of modeling the effect of contamination level, which seems to be important. In order to cope 

with the uncertainty in drag model, two bounding correlations are used in the remainder of this 

work – the pure and contaminated by Tomiyama. 

FIG. 7. Terminal rise velocity of different gas-

liquid systems compared with Eq. 6. 

FIG. 8. Rise velocity of steam bubble in liquid 

Pb with different drag correlations. 

4. LFR primary system voiding analysis

4.1.Methodology 

Transport of steam bubbles in ELSY primary system is simulated with the verified CFD model 

and validated drag correlations. Primary system voiding characteristics are estimated by 

injecting, collecting and counting bubbles at different locations in the system. This allows to 

obtain the fraction of “dangerous” bubbles in all injected bubbles per injection location FIG. 9. 

P1-P3 are the probabilities that that bubbles injected at random position on the injector plane 

reach the monitoring location in the primary system (core inlet, pump inlet). E1-E3 are the 

probabilities that randomly injected bubbles escape from the system through lead free surface. 
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FIG. 9: : Injection locations (IL1-IL3, brown), entrainment (P1-P3) and escape probabilities (E1-E3). 

Two definitions have been used for “dangerous” bubbles – i) bubbles that reach the location of 

interest inside the primary system and ii) bubbles that do not escape the primary system through 

free surface. Such distinction helps to determine the amount of bubbles accumulating in the 

primary coolant which can happen due to, for example, low-pressure recirculation zones. 

The water/steam accumulation rate in the primary system is estimated as: 

𝑄̇𝑝𝑟𝑖𝑚𝑎𝑟𝑦 =  𝑄̇𝑙𝑒𝑎𝑘𝑆𝐺 ∑ (𝑓𝑑𝑖
∏ 𝑃𝑗𝑑𝑖

3

𝑗=1

)

𝑁

𝑖=1

 (10) 

where 𝑄̇𝑙𝑒𝑎𝑘𝑆𝐺 is the volumetric leak rate, 𝑓𝑑𝑖
and 𝑃𝑗𝑑𝑖

are volume fractions and probabilities 

for a bubble with size 𝑑𝑖 , and 𝑁 is the number of bins in the bubble size distribution. 𝑃𝑖

means either entrainment probability or one minus escape probability, depending which 

definition for dangerous bubbles is used.  

It can be that in certain circumstances the bubbles that leak into primary system are entrained 

by the flow but do not manage to get through the core, meaning that the void builds up 

somewhere in or before core and can move to the core at once. This void accumulation is 

estimated using only the first probability (P1, or E1): 

𝑄̇𝑐𝑜𝑟𝑒 = 𝑄̇𝑙𝑒𝑎𝑘𝑆𝐺 ∑ 𝑓𝑑𝑖
𝑃1𝑑𝑖

𝑖=1,𝑁

(11) 

The gas carry-under factors (fraction of flow that is entrained) are evaluated to provide leak 

rate-independent characteristic for the gas entrainment: 

𝐶𝑈𝑐𝑜𝑟𝑒 =
𝑄̇𝑐𝑜𝑟𝑒

𝑄̇𝑙𝑒𝑎𝑘𝑆𝐺
, 𝐶𝑈𝑝𝑟𝑖𝑚𝑎𝑟𝑦 =

𝑄̇𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑄̇𝑙𝑒𝑎𝑘𝑆𝐺
(12) 

While the probabilities and bubble volume distributions are design specific (depend on e.g. 

coolant material, detailed geometry) the methodology is applicable for any LFR design. 

4.2.ELSY primary system voiding results 

Entrainment probabilities 

P1

IL2

IL3

Hot free 
surface

Cold free surface

8.55

6.87

5.20

IL1  

P2

P3

E2

E1
E3
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The probability of “dangerous” as a function of bubble size is shown in FIG. 10. Clean system 

is represented by black and contaminated (realistic) system by red curves. Round symbols take 

only the bubbles reaching the monitor location into account (e.g. core inlet, pump inlet) while 

square symbols consider also the bubbles that do get stuck somewhere in the primary system. 

Injection location 1 (IL1) refers to the case where bubbles are transported from SG to core. 

FIG. 10. Bubble entrainment probabilities. 

Based on those results, following can be learned: 

 All curves reflect the non-linearity of the drag coefficient as a function of bubble size,

regardless the injection location. Sub-millimeter bubbles (𝑑𝐵 < 0.5 𝑚𝑚 ) are always

entrained by the flow because of the maximum drag in viscosity dominated regime. Mid-

size bubbles (0.5 𝑚𝑚 < 𝑑𝐵 < 1.2 𝑚𝑚) always have the lowest entrainment probabilities

(surface tension regime with the lowest drag), which increases again for the larger bubbles

(𝑑𝐵 > 1.2 𝑚𝑚) for which the form drag starts.

 Effect of leak location. Bubble entrainment probability increases with the depth of leak

location in the SG. This is explained by more pronounced downward velocity component

in the bottom of the SG region and adjacent to SG in the downcomer (FIG. 11).

FIG. 11. Velocity streamlines originating from the three injection locations in the SG. 
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 Effect of liquid contamination. Contamination increases the entrainment probabilities

due to increased drag. The effect is especially strong in the 0.2-2.0 mm range, which is

so-called surface tension dominated since this property depends on the interface purity.

 Effect of definition of “dangerous” bubbles. Bubbles which do not escape the system

nor reach the monitored location of interest, are assumed to remain in the system. This

effect is governed by the balance between drag and buoyancy forces and is pronounced

for mid-size bubbles (peak in the probability of remaining in FIG. 12). When either

buoyancy or drag strongly dominates, e.g. low velocity region in the upper part of the SG

or high velocity in the connecting pipe, respectively, bubbles do not remain in the flow.

Therefore, the (1-E1) probability results in more conservative voiding analysis.

FIG. 12. Probability for bubbles to remain in the system. 

Void accumulation rates 

Experimental studies and SGTL/R accidents in PWRs have demonstrated leak rates from single 

bubble per minute up to 10 L/min ([13], [43], [44], [57]–[59]). This translates up to 15 m3/day 

which can be a concern even when a fraction of it reaches the core. Considering that since 

atmospheric primary side the pressure difference in LFRs is larger than that of PWRs, such leak 

rates are definitely of interest here too. FIG. 13 illustrates the void buildup rates in the primary 

system and in the core as a function of leak rate considering the entrainment probabilities 

calculated earlier. Different curves correspond to different bubble size distributions and system 

contamination levels. It is clear that in case of leak at the top of SG (8.55 m level), gas 

entrainment is negligible. When leak occurs in the middle of SG (6.87 m level), only small 

bubbles in contaminated system are entrained. It is instructive to note that such small size 

distribution results from small leak rates of up to 1 L/min that corresponds to void accumulation 

of 0.5 L/min in the core and 0.4 L/min in the primary system. The most dangerous leak location 

is the bottom region of SG (5.2 m level) where smallest bubbles contribute most to the void 

buildup, but also larger end of the size distribution is important. 
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FIG. 13. Core and primary system voiding rates as a function of leak rate in SG. 

FIG. 14 shows the carry under factors for different analyzed configurations. It can be seen that 

the most dangerous is a leak in the lower part of the SG and bubble entrainment is pronounced 

by small bubble sizes and contaminated systems. Up to 50% of the gas from leak can reach 

core. 

FIG. 14. Carry under factors. 

5. Conclusions

Steam generator tube leakage is an important safety issue in LFRs due to potentially severe 

consequences on the reactor performance including reactivity-initiated accidents and heat 

transfer deterioration in the core. Since in many reactors the tubes have leaked before rupturing, 

this study focusses on the behavior of small discrete bubbles in the primary system of an LFR. 
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ELSY reactor has been used as a reference case. Bubble-coolant multiphase flow has been 

modelled with a Eulerian-Lagrangian CFD approach. A mesh study of the flow model has been 

carried out to verify the solution of the local velocity field which is important for drag modeling. 

Several uncertain parameters governing the SGTL phenomena have been analyzed in detail. 

Among those, bubble size distribution and drag coefficient are found to be the most crucial and 

receive the main attention. Since slit-like cracking is the most common type of tube failure, the 

smaller end of bubble size spectrum (0.1-10 mm used here) is of high interest. Drag coefficient 

has been validated using the experimental data, though scarce, available for bubble motion in 

liquid metals. 

A probabilistic-deterministic methodology has been proposed to quantify separately voiding of 

the core, primary system and identify fraction of bubbles that get stuck in the primary system. 

The main outcome includes the following: 

 Gas entrainment depends on the leak location, bubble size distribution and system

contamination levels.

 Leak in the lower part of SG is the most dangerous in terms of subsequent gas

entrainment.

 Gas leaking in the upper part dominantly escapes to the free surface of lead.

 Gas carry under is significant for small bubbles in contaminated systems which

corresponds to increased drag situation.
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