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Abstract 

 
Modelling of Liquid Film Off-take in 

Reactor Vessel Upper Downcomer Based on 

High-fidelity Experiment and Simulation 

 

Chi-Jin Choi 

Department of Energy System Engineering 

The Graduate School 

Seoul National University 
 

This study focuses on the modelling of the film off-take phenomenon in a 

reactor vessel downcomer based on local flow parameters obtained from 

experiment and computational fluid dynamics (CFD) analysis. Experiments are 

conducted in the reduced-scale downcomer annulus of a nuclear reactor pressure 

vessel to investigate the liquid film behaviors under emergency core coolant (ECC) 

bypass conditions and to obtain high-fidelity data for the validation of two-phase 

flow CFD codes. The main instrumentation is an electrical conductance sensor for 

measuring the local liquid film thickness, which is developed in this study. The 

fabrication of the electrodes on a flexible printed circuit board enabled the 

installation of the sensor on the curved surface. The developed sensor is used to 

measure the time-averaged liquid film thickness, which shows the influence of the 

lateral air flow on the liquid film flow, and the results are compared with visual 

observations. As the air velocity increased, a droplet that was created in the thick 
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part of the liquid film appeared, and the wisps generated near the broken cold leg 

could be observed. In the experiment, qualitative and quantitative analyses of the 

measurement results showed the reliability of the developed sensor, and helped to 

understand the liquid film behavior in the ECC bypass phenomenon. Furthermore, 

the measured film thickness could contribute to film off-take modelling and to 

validating the CFD codes, which have not been validated sufficiently because of 

the absence of local measurement data. 

Recent advances in computational power have resulted in the application of 

CFD to nuclear reactor safety analyses, which require accurate predictability for 

two-phase flow with three-dimensional (3D) geometrical effects. Even though the 

different flow regimes can exist simultaneously in the real flow, the traditional two-

phase CFD models have a disadvantage with respect to regime dependency. 

Therefore, the CFD study used VOF-slip, which is a hybrid model combining 

volume of fluid (VOF) and mixture model offered by STAR-CCM+ 15.04 was used. 

This approach enables the large-scale interface to be treated using the VOF method 

and the subgrid-scale interface to be treated with a mixture model that accounts for 

a phase slip via the drag law. The key parameters of the VOF-slip model for the 

film off-take phenomenon were the droplet diameter and the interface turbulence 

damping coefficient. Therefore, the sensitivity analyses are conducted by varying 

droplet diameter and damping coefficient and a suitable value was determined 

based on the film spreading width and ECC bypass fraction. The droplet diameter 

was determined to be 150 μm for all simulation cases. The interface turbulence 

damping coefficients ranged from 0 to 30 and mesh-independent damping term 

ranged from 2.7×10-5m to 5.7×10-5m. 

From experiment and CFD analysis studies, it was confirmed that the liquid 
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film off-take phenomenon is governed by the air flow rate, water flow rate, and the 

film boundary position. Considering these three parameters, the normalized film off 

take rate was correlated with 𝑅𝑒 , 𝑊𝑒, 𝑅 , and Bo. The concept of the model 

was to divide the off-take volume into two sections (LEFT and RIGHT) through a 

virtual boundary so that the model could evaluate the film off-take rate in each 

section differently.  

The developed film off-take model was implemented in MARS-multiD, and it 

was validated with the SNU experiment (1/10 scale) and DIVA test (1/5 scale). The 

validation results showed that the newly developed film off-take model could 

improve the predictability of the bypass fraction. In addition, the MIDAS test with 

steam-water flow was simulated using the developed model, and the results was 

confirmed that the phenomenon accompanied by condensation should be 

experimentally investigated in future study to accurately predict the film off-take in 

the steam-water condition. 
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Chapter 1 

Introduction 

 

 

 

 

1.1 Background and Motivation 

 

1.1.1 Liquid film off-take in reactor vessel downcomer 

 

In a nuclear power plant, various two-phase flow phenomena are expected to 

occur. In particular, in an accident condition, a liquid film can appear in the areas 

such as reactor core, reactor downcomer, and heat exchanger surface. The behavior 

of the liquid film is an important factor that impacts the safety analysis of a nuclear 

reactor and the evaluation of heat exchanger performance. Therefore, there have 

been many studies to investigate the thermal-hydraulic phenomena related to the 

liquid film. For example, condensation heat transfer through the liquid film has 

been studied to evaluate the performance of passive safety systems and the integrity 

of reactor cores and containments. Annular film dryout, which is one of the 

mechanisms of the critical heat flux (CHF) phenomenon, has been investigated 

because of safety concerns about the transients of pressurized water reactors (PWRs) 

and boiling water reactors (BWRs) with respect to their design and safety 

assessment. Moreover, an accurate description of the liquid film behavior in the 

reactor vessel (RV) downcomer has been attempted to determine the coolant flow 
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rate for core cooling and to provide experimental data for safety analysis code 

validation (MPR-1329, 1992, Kwon et al., 2003). As explained above, in a nuclear 

system, it is very important to investigate liquid film behavior accurately for safety 

assurance and design improvement. 

The phenomenon of interest in the present study is the bypass of emergency 

core coolant (ECC) during the reflood phase of a loss of coolant accident (LOCA) 

in a PWR, as shown in Fig. 1.1. If a LOCA breaks out with a break in a primary 

coolant system of a PWR, the ECC is injected by the emergency core cooling 

system. The steam generated in the reactor core with the decay heat flows out 

through the broken cold leg, and some of the ECC bypasses out, off-taken by the 

steam flow. The bypassed ECC is then discharged from the break to the containment 

building. Depending on its temperature and pressure, it can evaporate in the nuclear 

reactor containment building, increasing the containment pressure or flow down, 

and accumulate in the containment sump. The more the ECC bypasses out, the less 

will be its contribution to the emergency core cooling. If the liquid flow is 

insufficient to remove the decay heat, the reheating of nuclear fuel rods may result. 

For this reason, a number of experimental and analytical studies were carried out to 

better understand its mechanism and predict it more accurately (Bae et al., 2000, 

Cho et al., 2005, Yang et al., 2017). In the ECC bypass during the reflood phase, 

the key thermal-hydraulic phenomena are the interaction between falling liquid film, 

upward, or transverse gas flow, and droplet entrainment as those two determine the 

momentum transfer between two phases, and consequently, the fraction of the ECC 

bypass. 
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1.1.2 Challenges with multi-dimensional system code simulation 

 

Under an accident condition in a light water reactor, a steam-water two-phase 

flow is established, and the interaction between each phase leads to complex 

thermal-hydraulic phenomena. With the increased need to predict more realistic 

flow behaviors, most of the nuclear reactor safety analysis codes have adopted 

multi-dimensional modules, for example, RELAP5-3D (Idaho National Laboratory, 

2005), MARS (Korea Atomic Energy Research Institute, 2007), SPACE (Korea 

Hydro and Nuclear Power, 2012), TRACE (U.S. Nuclear Regulatory Commission, 

2007), and CATHARE (Geffraye et al., 2011). They include the multi-dimensional 

modules for simulating multi-dimensional two-phase flows with increased accuracy. 

The verification and validation (V&V) of the models and correlations in these codes 

have been carried out to improve the prediction capability of the modules. The 

MARS (Multi-dimensional Analysis of Reactor Safety) code has been developed 

by KAERI (Korea Atomic Energy Research Institute) for the multi-dimensional 

thermal-hydraulic system analysis of reactor transients (KAERI, 2007), and it is 

currently being used for the regulatory audit calculation by KINS (Korea Institute 

of Nuclear Safety) (Lee et al., 2016). It incorporates two different multi-

dimensional modules; one is “Vessel,” which is dedicated to the reactor pressure 

vessel analysis, and the other is “MultiD,” which is used for general purpose 

applications. The former is based on the COBRA-TF code (Salko and Avramova, 

2015) consolidated with the one-dimensional (1D) code, and the latter is newly 

developed by extending the one-dimensional code and adding the turbulent 

diffusion terms. In particular, the RV downcomer is the component in which the 

multi-dimensional flow appears as dominant under accident conditions. The 

phenomena that occur in the RV downcomer are of great importance for the reactor 
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safety analysis as they determine the behaviors of the emergency core coolant (ECC) 

and the safety systems.  

However, even if the multiD module in the system code can consider 

multidimensional effects, it has inherent limitations in that the computational 

volume size cannot be configured to be as small as the CFD scale, and the 

momentum source terms in the two-fluid model are estimated using the 1D model 

dependent on flow regimes. Figure 1.2 shows a possible problem when the code 

interprets the liquid film off-take phenomenon in reactor downcomer. In a 

computational volume in which the film off-take occurs (off-take volume), the code 

does not recognize the actual liquid film configuration and assumes annular flow 

with a gas flow toward the broken cold leg. Then, the interfacial friction estimated 

for the annular flow regime causes liquid film to be off-taken to the broken cold leg; 

this leads to an overestimation of the amount of water bypass. 

To solve the issue described above, a film off-take model that correlates the 

branch quality and total gas flow rate for ECC bypass phenomenon was proposed 

and implemented in the system codes (KAERI, 2005). However, even if the existing 

film off-take model predicts the ECC bypass rate well under specific experimental 

conditions, it is still unclear whether it can cover a variety of flow conditions 

because the film off-take phenomenon may be more complicated than the way it is 

modelled with only the gas flow rate. This has motivated the development of a more 

physical film off-take model with identifying the major parameters other than air 

flow rate in this study. Here, to identify the parameters governing the film off-take 

phenomenon, there is need to investigate the local flow behaviors. Therefore, high-

fidelity experiment and simulation studies were required in order to obtain local 

flow variables such as the liquid film thickness, liquid film velocity, and gas 
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velocity, which could provide a deeper understanding of film off-take mechanisms, 

enabling its use to model the local phenomenon. 

 

1.2 Literature Review 

 

1.2.1 ECC bypass experiment 

 

In a previous experimental study for ECC bypass phenomenon, a direct vessel 

injection visualization and analysis (DIVA) test was carried out using air-water two-

phase flow (KAERI, 2002). The DIVA test facility consists of the downcomer, four 

cold legs, two hot legs, air-water separator, four water injection systems, and a 

steam supply system. The four DVI nozzles are connected from the high-pressure 

safety injection (HPSI) simulators to the upper downcomer for injection of water. 

There are three intact cold legs, which are the inlet of steam flow, and a broken cold 

leg, which functions as the exit of the air flow. The test sections were 1/7 and 1/5 

APR1400 RV annulus downcomer, and they were made of transparent acryl to 

enable better visualization of the bypass phenomenon. From the visual observation, 

it was found that the flow regime in the downcomer is dominated by two-

dimensional (2D) film flow during the late reflood phase of the LBLOCA (Cho, 

2004). In addition, the ECC bypass fraction, which is defined as the ratio of the 

break water mass flow to the total injection water mass flow, was obtained in the 

test. 

The multi-dimensional investigation in downcomer annulus simulation 

(MIDAS) test is a steam-water ECC bypass experiment in 1/5 APR1400 RV 

downcomer (Yun et al., 2002). The configuration of the test facility is similar to that 
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of DIVA. However, because the steam was used as the working fluid instead of air, 

a steam boiler was utilized to supply the steam flow. The maximum allowable 

operating conditions were a pressure of 10 bars and a temperature of 300℃. As in 

the DIVA test, the ECC bypass fraction was also measured in the MIDAS test. 

In the experiment conducted by the Korea Advanced Institute of Science and 

Technology (KAIST), by using the test facility of plane-channel type scaled down 

to 1/7 ratio of the prototype reactor, the water film spreading width and ECC bypass 

fraction were investigated (Lee, 2004). Based on the results obtained from the water 

film spreading test, the curvature effect was found to be negligible. 

The 1/10 air-water bypass tests were performed by Seoul National University 

(SNU) to assess and optimize the DVI system (KAERI, 2001). This study also 

focused on the ECC bypass measurement by considering the air-water flow 

characteristics in the scaled-down model. The results indicated flow characteristics 

that were similar to those of the DIVA test. 

Another test conducted at SNU and KAERI was the 2D air-water film flow 

experiment (Yang et al., 2015). The experiment was performed in a 1/10 plane-

channel type downcomer, and focused on the 2D behavior of liquid film without 

describing film off-take to the broken cold leg. Pitot tubes, a depth-averaged particle 

image velocimetry (PIV) method, and the ultrasonic gauge were applied to obtain 

the local measurement of the air velocity, the liquid film velocity, and the liquid 

film thickness, respectively. The measured data from the experiment were used to 

evaluate local wall and interfacial friction factors, and they were able to improve 

the predictability of the liquid film behavior with the nuclear safety analysis code 

MARS-KS. 

As described above, most of the ECC bypass experiments focused on obtaining 
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the ECC bypass fraction rather than measuring local flow variables. Because of the 

insufficient local measurements of two-phase flow parameters under ECC bypass 

conditions, there have been limitations with respect to the CFD validation or 

improvement of the film off-take model. In the case of the air-water film flow 

experiment, even though local flow parameters such as the liquid film velocity and 

thickness were measured, the ECC bypass phenomenon was not described, and 

could not investigate the relationship between the local flow behavior and film off-

take. Therefore, a new experiment was needed to provide local flow parameters 

under ECC bypass conditions in order to validate CFD simulation and to develop 

the film off-take model proposed in this study. 

 

1.2.2 Liquid film thickness sensor 

 

An appropriate measurement technique for flow parameters should be 

determined prior to setting up the high-fidelity experiment. To measure the liquid 

film thickness, Yang et al. (2015) used an ultrasonic gauge in the air-water film flow 

experiment. However, the ultrasonic gauge was found to be not an appropriate 

measurement method for applying to the high-fidelity experiment owing to the 

reasons given below. 

First, the ultrasonic gauge is only available on the point measurement of the 

liquid film thickness. To obtain the field data at once, numerous sensors are required, 

which is not cost-effective. Furthermore, because of the physical size of the 

measurement sensor, installations with a high degree of integration are limited.   

In addition to the ultrasonic method, techniques based on neutron, laser-induced 

fluorescence (LIF), electrical conductance and capacitance are capable of 
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measuring the liquid film thickness; each of them has strengths and weaknesses, as 

shown in Table 1.1. Among them, the electrical conductance method has been 

widely used to obtain a high temporal resolution because of its electrical 

characteristics and simple setup. In this method, the measuring point consists of a 

pair of electrodes, and the voltage drop between the two electrodes is used to obtain 

the liquid film thickness.  

Recently, there have been studies that apply an array of multiple measuring 

points to the sensor and use it on a curved plane. Damsohn et al. (2010) fabricated 

an array of 64 × 16 measuring points on a flexible printed circuit board (FPCB). 

FPCBs with substrates of polyimide film have great flexibility, so they are 

applicable to curved sections. This sensor was developed to measure the liquid film 

thickness in an annular flow that can be observed around BWR fuel rods. The size 

of a measuring point in the sensor is 2 mm × 2 mm for a maximum film thickness 

of 0.8 mm. To measure a thicker liquid film of up to 3.5 mm, Lee et al. (2017) 

enlarged the measuring point so that it consisted of ring-shaped electrodes with 

dimensions of 15 mm × 15 mm. The unique feature of this sensor is that it can be 

used in a temperature-varying condition by adopting the three-electrode method 

that uses the voltage ratio of two receiver electrodes. However, owing to the 

characteristics of electrical signals according to the distance between the transmitter 

and receiver, the measurement accuracy for very thin and thick film was confirmed 

to be low. This limitation that appears when measuring a wide range of film 

thickness values was also reported by Tiwari et al. (2014). In their study, a sensor 

was designed based on the same electrode shape from Damsohn et al. (2010). Then, 

the role of the electrode changed during the measurement to obtain three different 

measuring point sizes of 2 mm × 2 mm, 4 mm × 4 mm, and 12 mm × 12 mm for a 
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maximum film thickness of 3.5 mm. It was found that the measurable film thickness 

range was affected by the measuring point size because when the distance between 

the transmitter and receiver is short, the electrical signal is saturated in the thick 

film region, and when the distance is long, the electrical signal is saturated in thin 

film region. 

Based on the results of this literature review, it was concluded that the electrical 

conductance method is an eligible measurement technique for covering a wide area 

of the liquid film and being applied to a curved surface, such as the downcomer 

annulus, and it was selected as the candidate measurement method for the present 

study. However, as noted above, the configuration of electrodes that constitute a 

measuring point should be carefully designed considering the target film thickness 

to prevent the measurement accuracy from decreasing. 

 

1.2.3 CFD analysis 

 

The field of CFD has come to occupy an important position in nuclear reactor 

safety analyses that require the accurate prediction of 3D geometrical effects for 

two-phase flow. Small-scale flow processes that are not seen by system codes can 

be accessed with CFD, which would result to in a better estimation of safety 

margins. Furthermore, in the case of this study, the local flow parameters such as 

liquid film velocity and gas velocity, which were not measured experimentally, 

could be obtained from CFD simulations, and could be used for modelling the film 

off-take phenomenon. 

The prediction of the ECC bypass phenomenon using CFD codes was first 

attempted by Kwon et al. (2003). The objective of their study was to verify the 
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similarity of the velocity profile in the RV downcomer, which is scaled down based 

on the modified linear scaling method (Yun et al., 2004). A commercial CFD code, 

FLUENT ver. 5.5, is applied to analyze gas flow characteristics in a full-scale RV 

downcomer for the APR1400 and 1/5 scale for the MIDAS test facility. In addition, 

the spreading phenomenon of the ECC film on the inner downcomer wall was 

simulated using the volume of fluid (VOF) model, and it was validated based on 

experiment results. 

 Kwon et al. (2007) showed that CFD analysis could be extended to the two-

phase film off-take phenomenon. Using the two-fluid model in CFX code, the DIVA 

test was simulated and the effect of the azimuthal angle of the DVI nozzle on the 

ECC bypass was quantified. As a result, the predicted ECC bypass fraction was in 

good agreement with the experimental data with the current DVI location (15°), but 

it was overestimated with the shifted DVI location (52°).  

Yoon et al. (2015) numerically investigated the effects of the cross flow on the 

advanced DVI (DVI+) system for the new APR+ design. Then, the performance of 

the Emergency Core Barrel Duct (ECBD) was assessed by predicting the bypass 

fraction. To consider the two-phase flow of air and water, a homogenous model 

considering the surface tension and volume fraction at each phase was used. They 

quantitatively determined the fraction of the ECC water outside the ECBD by cross 

flow and derived the loss coefficient using the CFD analysis results. 

As described above, in most of the previous CFD studies, the overall prediction 

capability of CFD codes for the two-phase phenomena was assessed by only 

comparing the calculation results of global parameters, such as the bypass fraction, 

with experimental data. This was because of the lack of local measurements of two-

phase flow parameters, which did not enable the CFD code to be validated 
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sufficiently and which limited the model improvement. In the 2D air-water film 

flow experiment conducted by KAERI and SNU, although local liquid film velocity 

and thickness were measured, it was not possible to explain the ECC bypass using 

local flow behavior because the film off-take phenomenon was not described in the 

experiment. 

In addition, the traditional two-phase flow models such as VOF and two-fluid 

model used in these studies are not very suitable for multi-regime flow, where 

continuous and dispersed phases coexist. This will be explained in detail in Chapter 

4.  

 

1.2.4 Modelling 

 

In order to accurately predict the ECC bypass phenomenon with the system-

scale codes, a thorough understanding of phase separation occurring near the branch 

is required. The liquid off-take and vapor pull-through for a branch connected to a 

horizontal pipe have been studied extensively with respect to SBLOCA, and the 

correlations had been built into RELAP/MOD3.3. However, the liquid off-take 

model in the branch connecting the vertical annular downcomer has not been 

provided in the existing system codes. Meanwhile, KAERI (2001) proposed a 

model that is applicable to the film off-take phenomenon in the downcomer based 

on DIVA and MIDAS test results. The form of the newly proposed film off-take 

model is the same as that of existing off-take model, and only the coefficients in the 

model are different. The model consists of critical height correlation (Smoglie, 1984) 

and branch quality correlation (Schrock et al., 1986), and it predicts the quality at 

the branch based on the gas flow rate. Even though this film off-take model became 
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available in the system codes, it could be concluded that the model was required to 

be further modified because the film off-take phenomenon may be more 

complicated than the way it is modelled with only the gas flow rate. 

In the case of Yang et al. (2015), the correlations for wall and interfacial friction 

factors were developed based on the air-water film flow experiment. Then, they 

found that the developed wall friction model could yield a better estimation of the 

bypass fraction in the MIDAS simulation using the MARS multiD component. 

Nevertheless, MARS overestimated the bypass rate under low gas flow conditions, 

which is an inherent limitation associated with the use of system codes. This means 

that a unique model, such as aforementioned off-take model proposed by KAERI, 

is required for the film off-take phenomenon, and is not simply described by the 

two-fluid model in the system codes. 

All of the literature reviews including experiment, sensor, CFD analysis, and 

modelling are summarized and shown in Fig. 1.3. 

 

1.3 Objectives and Scopes 

 

The objective of this study is to model the film off-take phenomenon using local 

flow parameters obtained from high-fidelity experiments and CFD simulations. The 

contributions of this study are as follows: first, the liquid film thickness sensor was 

developed based on electrical conductance method. The developed sensor is an 

array-type, and is used to measure the field data and adopted the three-electrode 

method to widen the measurable film thickness range. Second, with the developed 

sensor, the local liquid film thickness and ECC bypass fraction were measured using 

an air-water film flow experiment (SNU experiment) that describes the film off-
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take phenomenon. Third, the CFD analysis was performed with the VOF-slip model, 

and a parametric study was conducted to determine key parameters using 

simulations. Then, the simulation results were validated with the experimental data. 

Fourth, the film off-take model was developed based on local flow parameters 

obtained from the CFD and experiment results. Finally, the developed film model 

validated with the results from the SNU experiment (1/10 scale) and DIVA test (1/5 

scale) using the MARS multiD component. The outline of this study is described in 

Fig. 1.4.  
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Table 1.1 Comparison of measurement methods of the liquid film thickness 

 

 

 

 

 

 

Measurement 

techniques 
Features 

Neutron 

- Neutron source 

- Time-averaged measurement 

- High spatial resolution 

- Complicated setup 

Ultrasound  
- Measurement of round-trip time of an ultrasonic wave 

- Limitation in multiple-point measurements with high spatial integrity 

Laser induced 

fluorescence (LIF) 

- Measurement of emitted light of the fluorescent tracer using camera 

- High spatial resolution 

- Limited temporal resolution with insufficient fluorescent light 

- Complicated setup 

Conductance 

- Measurement of electrical conductance of liquid film 

- High temporal resolution 

- Simple setup 

- Low spatial resolution 

Capacitance 
- Measurement of electrical capacitance of liquid film 

- Measurement for non-conductive fluid 
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Figure 1.1 ECC bypass phenomenon 

 

 

 

 

 

 

 

 

Figure 1.2 Limitation in current multi-dimensional code 
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Figure 1.3 Literature reviews 
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Figure 1.4 Outline of the study  
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Chapter 2 

Liquid Film Thickness Sensor 

 

 

 

 

In this chapter, the development process of the liquid film sensor is introduced. 

The sensor is for efficiently obtaining local film thickness data, which can be used 

to validate the CFD analysis and to develop the physical model governing the film 

flow behavior. The contents included in this chapter have been published in Choi 

and Cho (2019). 

 

2.1 Sensor Design 

 

2.1.1 Features with flush-mounted electrode 

 

The sensor designed in this study is based on the electrical conductance method, 

and it utilizes electrodes mounted flush to the substrate. A measuring point in the 

sensor consists of three different types of electrode: the transmitter electrode (Tx), 

receiver electrode (Rx), and ground electrode. The transmitter electrode transfers 

the electrical signal from outside the sensor to the receiver electrode, as shown in 

Fig. 2.1. In principle, the electrical potential difference between the transmitter 

electrode and the receiver electrode can be converted to the liquid film thickness, 

because the liquid film is related to the electrical resistivity covering both electrodes. 
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Here, the penetration depth which indicate the maximum film thickness the sensor 

can measure is limited by the distance between the transmitter electrode and the 

receiver electrode. In general, the penetration depth increases as the distance 

between two electrodes increases. However, in order to increase the spatial 

resolution of the sensor, the transmitter and receiver electrodes in each pair need to 

be placed as close to each other as possible. Besides, if the distance is far enough 

to measure the thick film (e.g., 3.5 mm), the sensitivity of signal according to the 

film thickness would be low in the very thin film region of less than 1 mm, which 

greatly reduce the measurement accuracy. This feature with flush-mounted 

electrode has been also confirmed in Tiwari et al. (2014). Therefore, in this study, 

it was necessary to design the electrode configuration in a new way to widen the 

measurable film thickness range. 

 

2.1.2 Electrode design 

 

In the present work, the size of a measuring point in the sensor was set to 6 mm 

×  12 mm to measure the maximum film thickness of 3.2 mm, which was 

determined based on the results of a 2D film flow experiment using the slab-shaped 

test section (Yang et al., 2015). The configuration of the electrodes in the measuring 

point is proposed as illustrated in Fig. 2.2. This concept is based on that of Damsohn 

et al. (2010), but a special feature distinct from their design is that there are two 

different types of receiver electrode in a measuring area. These two electrodes, Rx-

1 and Rx-2, can be classified as the ‘‘NEAR Rx” and ‘‘FAR Rx,” according to their 

distance from the transmitter electrode. Obviously, the maximum film thickness 

that the sensor can measure is dependent on the relative location of the far receiver: 

the longer the distance between the electrode and receiver, the thicker the 
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measurable film thickness. In the case of measuring a relatively thin film, however, 

the result based on the far receiver may have a large degree of uncertainty, because 

the relationship between the voltage drop and the liquid film thickness is nonlinear. 

To compensate for this weakness, the NEAR Rx, was added in the measuring point. 

Even if the near receiver is only available in a narrower range of film thickness 

compared with the FAR Rx, the sensitivity of the signal from it in the thin film 

region is better. Accordingly, by utilizing the results obtained from both receivers, 

measurement accuracy can be improved in a wider range of film thicknesses (Fig. 

2.3). 

Meanwhile, a cross-talk effect may exist, because the electrical current can be 

transferred from one transmitter to several receivers other than the receiver in the 

pair. In order not to degrade the measurement accuracy of the sensor, this effect 

needs to be reduced as much as possible, and for that purpose, ground electrodes 

were installed. The ground electrode was kept at a zero potential and served to 

reduce the cross-talk effect and to increase the penetration depth as well. In regard 

to the penetration depth, Damsohn et al. (2010) has reported that the further the 

ground reaches into the insulating gap between the transmitter and receiver 

electrodes, the higher is the penetration depth (Fig. 2.4). 

In order to optimize the electrode configuration, COMSOL Multiphysics code 

(COMSOL, 2015) were used to analyze the electrical potential field with solving 

the Maxwell equation as below: 

 

∯ 𝐸 ∙ 𝑑𝑆 = ∭ 𝜌𝑑𝑉          (2.1) 

 

∇ ∙ 𝐸 =            (2.2) 
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where 𝐸 is the electric field and 𝜖  is the permittivity of free space. Eqs. (2.1) 

and (2.2) are integral and differential equation respectively representing the gauss 

law of the electrical potential, which means that the electric flux out of enclosed 

surface is proportional to the total charge of the enclosed surface. 

Figure 2.5 shows the computational domain in COMSOL analysis. Flush-

mounted electrodes were covered with uniform liquid film with electric 

conductivity, and the other boundary of the bottom plane was set to insulated plane. 

Electric potential of 5V was applied on the transmitter electrodes, and the ground 

potential was applied on the receiver and ground electrodes. Then, the developed 

electric field was shown in Fig. 2.6. The electric flux diffused from the transmitter 

and converged to the receivers and grounds. 

During the optimization process we focused on to increase the signal sensitivity 

according to the liquid film thickness and to minimize the cross-talk effect. As 

shown in Figs. 2.7 and 2.8, electric field analysis was performed by changing the 

electrode size and shape, and the final determined shape was presented in Fig. 2.9. 

Based on the final configuration, a measurement point was extended to an array 

of 24 ×  24 measuring points, and it was fabricated on an FPCB to obtain the 

distribution of film thickness (Fig. 2.10). The copper electrode was covered by a 

nickel layer, followed by a thin protective layer of gold. The circuit wires in the 

FPCB were arranged in four different layers according to the type of electrode 

connected to them. Figure 2.11 shows a simplified cross-sectional view of the 

fabricated sensor. 
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2.1.3 Circuitry design 

 

In order to acquire the data from the three electrodes (Tx, Rx-1, Rx-2), three 

signal lines for each probe are required in general signal processing methods. In the 

case of multiple-point measurement system such as N × N array, 3N  signal lines 

are needed and this amount of signal lines require massive DAQ (Data Acquisition) 

devices. 

Wire-mesh circuity system has the circuit pattern, which can address the above 

problem with crossing the signal lines of transmitters and receivers (Damsohn et al., 

2010). The transmitter electrodes located in the same row are connected in parallel, 

and the receiver electrodes located in the column are coupled in parallel. The 

inducing signal is supplied to the first transmitter line and measurement is 

conducted in the sensors which are connected to the first transmitter line. After 

measuring and recording are finished, the inducing signal is switched to next 

transmitter line. As a result, the data from entire measurement points can be 

obtained by successive signal switching, which can reduce the number of signal 

lines to 2N for N × N array sensor system. 

In this study, the circuitry system is modified to apply on the three-electrode 

method as illustrated in Fig. 2.12. For the N × N array sensor system, N signal 

lines are deposed for transmitters and 2N signal lines are deposed for receivers. 

The signal lines of transmitters and receivers are crossed with similar pattern of the 

wire-mesh circuitry. Voltage signal (AC sine wave) is induced to transmitter line 

and 2N of receiver lines transfer the currents, and the measurement for liquid film 

thickness is proceeded successively with changing the connecting nodes by the use 

of the switching board (Fig.2.13). Figure 2.14 shows the change of active 

measurement region by switching the induced signal to the transmitter lines. When 



23 
 

a signal is applied to the first channel, the measurement region connected to induced 

transmitter line becomes active. By switching the induced signal, when it is applied 

to the second channel, then the active measurement region changes as shown in the 

figure. The layout of circuit composition in the sensor is shown in Fig. 2.15. 

 

2.2 Sensor Calibration 

 

2.2.1 Calibration method 

 

For the sensor calibration, the method proposed by Ito et al (2016) was utilized. 

The calibration method is illustrated in Fig. 2.16. This figure shows the liquid film 

sensors attached to the acrylic curved plate and the calibration plate beneath the 

sensors. The diameter of the curved plate was 400 mm, which was 1/10.93 of the 

inner diameter of the Advanced Power Reactor 1400 (APR1400) RV downcomer. 

To minimize the measurement error caused by the curvature effect, the sensor was 

calibrated while attached to the curved plate. A calibration plate was installed to 

generate a certain film thickness, and the inner part of it was dented to a target 

calibration thickness. Total six calibration plates were used to form different liquid 

film thicknesses (0.2 mm, 0.7 mm, 1.2 mm, 2.2 mm, 2.7 mm, and 3.2 mm). The 

error of the gaps in the calibration plates was quantified using a confocal chromatic 

sensor (CCS-PRIMA CL4), and it was included in the uncertainty analysis. The 

specification of the CCS was presented in Table 2.1.  

When the curved plate is on the calibration plate and sunk under water, a 

uniform liquid film is formed in the gap between the calibration plate and the sensor. 

Afterward, the curved plate is rolled back and forth; then, the gap size of the 

calibration plate becomes the minimum film thickness that each measuring point 
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can have. The local minima of the signal were obtained when rolling the curved 

plate, and the values were used for the calibration as the voltage drop values that 

corresponded to the thickness of the dent (Figs. 2.17 and 2.18). The temperature 

and conductivity of the water used in the calibration were 20 ℃ and 6 𝜇𝑆/𝑐𝑚, 

respectively, and the same values were maintained during the experiment.  

 

2.2.2 Calibration result 

 

The calibration results at a measuring point in the film thickness range of 0.2 

mm to 3.2 mm are presented in Fig. 2.19. In this graph, the normalized voltage 

means the measured voltage divided by the voltage at the film thickness of 3.2 mm. 

The error bars indicate the uncertainty of the calibration plate assessed by the CCS 

sensor and the two-sigma range of the measured voltage. The two calibration curves 

obtained from the FAR Rx and NEAR Rx have different characteristics from each 

other. In the case of the NEAR Rx, the sensitivity of the signal according to the film 

thickness is high in the thin-film region (approximately 0.2–1.2 mm), but the signal 

increment becomes nearly saturated at 2.8 mm. On the other hand, in the case of 

the FAR Rx, steeper inclination of the signal is confirmed in the thick-film region 

(approximately 1.2–3.2 mm), although its sensitivity is low in the thin-film region. 

Based on these results, the method for determining the film thickness is proposed 

that a set of calibration results from two receivers is selectively used considering 

the reference film thickness of 1.2 mm (Fig. 2.20). This has the advantage of 

improving the measurement accuracy of the sensor for wide range of film thickness. 

The accuracy of the sensor can be defined as the uncertainty in the calibration 

process. Considering the two-sigma value of the measured voltage and the 

unevenness of the calibration plates, the maximum error of the calibrated sensor 
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was estimated to be 8%.  

Meanwhile, our previous work confirmed that the calibration result worked 

successfully when it is applied to the liquid film with gas-liquid interface; the 

comparison showed good agreement between the result from the developed film 

sensor and the ultrasonic thickness gauge. Figure 2.21 shows the advantage of 

current method for film thickness determination. In thick film region, accuracy of 

the NEAR Rx measurement is relatively low, which shows large discrepancy in film 

thickness measurement. On the other hand, in thin film region, accuracy of the FAR 

Rx measurement is relatively low, which shows large discrepancy in film thickness 

measurement. 
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Table 2.1. Specification of CCS-PRIMA CL-4 
 

 
 
 
 
  

 Specification 

Measuring range 4000 𝜇𝑚 

Working distance 16.5 mm 

Static noise 110 nm 

Max. linearity error 300 nm 

Min. measurable thickness 110  𝜇𝑚 
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Figure 2.1 Working principle of electrical conductance method 

 

 

 

 

Figure 2.2 Electrode design  
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Figure 2.3 Adoption of two receivers (NEAR Rx and FAR Rx) 

 

 

 

 
Figure 2.4 Sensor characteristic for different ground electrode shapes (Damsohn et 

al., 2010) 
 

 

 

 

 



29 
 

 

Figure 2.5 Computational domain in COMSOL 
 

 

 

Figure 2.6 Electrical potential analysis using COMSOL 
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Figure 2.7 Design optimization with changing size of receiver electrodes 
 

 

Figure 2.8 Design optimization with changing shape of ground electrodes 
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Figure 2.9 Final configuration of electrodes 
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Figure 2.10 Fabricated sensor based on FPCB (24 × 24 array of measuring 
points) 
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Figure 2.11 Cross-sectional view of 4-layer FPCB 

 

 
Figure 2.12 Circuitry system  
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Figure 2.13 Signal switching board 

 

 

 

 

 
Figure 2.14 Change of measurement region by switching the signal 
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Figure 2.15 Layout of circuit composition  
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Figure 2.16 Calibration method 
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Figure 2.17 Raw data during sensor calibration at 0.7 mm liquid film 
 

 

Figure 2.18 Raw data during sensor calibration at 1.2 mm liquid film 
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Figure 2.19 Calibration results 

 

 
Figure 2.20 Determination of film thickness with two receivers 
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Figure 2.21 Advantage of current method for film thickness determination 
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Chapter 3 

Experiment for Two-phase Film Flow 

 

 

 

 

An experimental work was carried out to investigate the film off-take under 

ECC bypass conditions using the developed film sensor. This chapter comprises the 

scaling method, experimental setup, and experimental results, which have been 

have been published in Choi and Cho (2019, 2020). 

 

3.1 Scaling for ECC bypass phenomenon 

 

To derive the important dimensionless parameters of the ECC bypass 

phenomenon, film flow analysis associated with gas-liquid the cross-flow was 

performed by Cho et al. (2005). In this analysis, the Wallis parameter has been 

derived as a dominant dimensionless parameter, which starts from the momentum 

equation for a control volume. The Wallis parameter was originally derived from 

the counter-current flow limitation (CCFL) analysis by Wallis (1969), but also has 

been widely accepted as one of the dominant dimensionless numbers regarding 

ECC bypass. In the present work, the original Wallis number was extended to the 

two-dimensional control volume considering flow direction in the downcomer of 

the direct vessel injection. The definition of the Wallis parameter is as follows. 
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𝑗∗ = 𝛼𝑣
/

=
̇

/

 (3.1) 

 

where 𝛼, 𝑣 , �̇� , 𝜌 , 𝐷 , and 𝐴  denote the volume fraction, the velocity 

of k-phase, the mass flow rate of k-phase, the density of k-phase, the downcomer 

gap size, and the flow area, respectively. The Wallis parameter is expressed as the 

ratio of the inertia force and gravitational force, and it works as a dominant 

parameter when the balance between the interfacial friction and gravitational force 

is important. This dimensionless number is often referred to as the modified Froude 

number or densiometric Froude number.  

The modified scaling method (Yun et al., 2004), which was developed based on 

the Wallis parameter, was applied in the present experiment. In this scaling method, 

the velocity ratio was reduced to the square root of the length ratio to preserve the 

Wallis parameter between the prototype and the model. Scaling ratios for major 

parameters including the velocity, void fraction, and time were shown in Table 3.1 

when the modified scaling method is applied. It preserves the aspect ratio of the 

geometry, as the conventional linear scaling method does, but requires reduced time 

and velocity compared with the prototypic. This requirement is expected to preserve 

the balance between the interfacial friction and gravitation forces. 

The details of the validation of the scaling analysis are explained in Cho et al. 

(2005). In the study, the experimental data produced in the 1/1, 1/4.0, 1/7.3 scale 

tests were compared with each other. The validation results showed that the liquid 

film spreading width and the ECC bypass fraction were well preserved with the 

scaling method. Although the effect of the interfacial heat transfer between the 

steam and ECC water was not considered in the derivation of the modified scaling 

method, it is still valid to investigate the dynamic interaction between two phases 
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in the ECC bypass condition.  

Meanwhile, an ECC bypass experiment conducted in a full-scale downcomer 

geometry, UPTF-Test 21D, found that the condensation efficiency was close to the 

unity during the reflood phase of LBLOCA (MPR-1329, 1992), which means that 

the liquid film temperature increased up to the saturation temperature. If the liquid 

becomes saturated, no more condensation occurs and the two-phase flow becomes 

isothermal. This experimental result supports that the application of the modified 

linear scaling is an appropriate approach to preserve the ECC behavior in the 

reduced scale test facility using air and water as the working fluids. 

 

3.2 Experimental Setup and Conditions 

 

3.2.1 Experiment facility 

 

To experimentally investigate the film off-take phenomenon under ECC bypass 

conditions, the air-water experiment facility was designed. A schematic diagram of 

the test facility is presented in Fig. 3.1. The major systems of the facility comprise 

an air injection section, water injection section, and air–water separation section. In 

the air injection section, the air is supplied into the test section through two pipes 

corresponding to the intact cold legs using the two air blowers. The angles between 

the two intact cold legs and the center of the test section were -60° and +60°. The 

test section describes the RV downcomer, and the shape of it is half of the 

downcomer annulus. To visualize the film flow in the test section, it was made of 

transparent acryl. The inner wall of the annular test section can be separated into 

three parts, and the middle part was corresponding to the curved plate utilized in 
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the sensor calibration. The film sensor attached on the curved plate measures the 

film thickness in the region between the DVI nozzle and the cold legs. The test 

section is a 1/10 scale model of the APR1400. In the actual plant, the angle between 

the ECC injection nozzle and the broken cold leg is 15°, but the nozzle in the facility 

is placed at the same angle with the broken cold leg, which has advantageous of 

these fundamental investigations and modelling the test section with the nuclear 

reactor safety analysis codes. A schematic and the actual shape of the test section 

are shown in Figs. 3.2 and 3.3, respectively. A valve to control the water level was 

connected to the lower part of the test section. Because of the constant water level 

in the test section, the injected air could not pass through the bottom of the test 

section, and the air–water separator became the only exit for the air. The pipe 

connecting the test section and the separator represented the broken cold leg. In the 

air–water separation section, a two-phase mixture from the test section was 

separated into water and air by the gravitational force through a perforated plate. 

The air was discharged through the top of the separator, and the water was returned 

to the water tank. 

In the air injection section, a thermal mass flow meter was installed in each cold 

leg to measure the air inlet velocity. Two electromagnetic flow meters were used to 

measure the water inlet velocity and the water penetration velocity. The 

temperatures in the air and water injection sections were measured by K-type 

thermocouples. All details of the instruments used are presented in Table 3.2. 

 

3.2.2 Test matrix 

 

The boundary conditions in the test were determined based on the transient 
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analysis results of the APR1400 during a cold leg break LOCA (KAERI, 2002). 

According to the modified linear scaling method, the water velocity was varied in 

the range of 0.63 to 0.89 m/s, and the air velocity was varied in the range of 0 to 14 

m/s for each intact cold leg. In an actual RV of APR1400, three intact cold legs are 

arranged asymmetrically with respect to the broken cold leg. Therefore, the gas does 

not flow symmetrically to the broken cold leg under actual conditions. Because the 

simplified test section with two intact cold legs and a broken cold leg was used in 

the test, the air inlet velocities at the two inlets had to be different to generate an 

asymmetric airflow distribution around the broken cold leg. Therefore, the ratio of 

the air inlet velocity (𝑣 , :𝑣 , ) was changed from 1.00:1.00 to 1.33:0.67, based 

on the real arrangement of the three intact legs, maintaining a constant air outlet 

velocity. Table 3.3 gives the test conditions including the water inlet velocity, 𝑣 , 

and air superficial velocity at the outlet, 𝑗 ,  , which are also provided with the 

Wallis parameter and Reynolds number. To calculate the Wallis parameter defined 

by the Eq. (3. 1), the mass flow rate at the inlet boundary was obtained instead of 

the void fraction which was unknown locally. In the case of calculating 𝑗∗, the total 

gas mass flow at the outlet was used for �̇� , and the vertical cross-section of the 

downcomer (annulus gap × diameter of cold leg) was used for 𝐴 . In the case 

of calculating 𝑗∗ , the horizontal cross-section of the downcomer was used for 

𝐴  (annulus gap × arc length of annulus). The Reynolds numbers for liquid 

and gas phases were estimated with the inlet and outlet boundary conditions, 

respectively. The water conditions used in the experiment were the same as those 

used in the sensor calibration. 

The uncertainties of the measured values in the test were analyzed for major 

measurement parameters. Based on the error propagation theory, the uncertainty of 
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the water mass flow rate was calculated with the uncertainties of the volumetric 

flow rate and the water density that is related to the temperature. These uncertainties 

of the measurement parameters were estimated by considering the instrument 

accuracy as a bias error and the deviation in the measurement as a precision error. 

Then, the uncertainty of the bypass fraction was obtained with the uncertainties of 

the water inlet mass flow rate and the water penetration mass flow rate. The details 

of the uncertainty of the bypass fraction are given in Appendix A. For the 

uncertainty of the liquid film thickness, the bias error that was confirmed to be 8% 

in the sensor calibration and the precision error were considered. In the experiment, 

the liquid film is fluctuating by the interaction with gas and its nature. Thus, the 

measurement data showed significant oscillation where the thick liquid film existed. 

This fluctuation was regarded as the precision error of the thickness measurement, 

which was used for the uncertainty analysis.  

 

3.3 Experimental Results 

 

3.3.1 Time-averaged film thickness 

 

Symmetric airflow conditions 

Under the symmetric airflow conditions, the distribution of the liquid film 

thickness was measured using the developed sensor. The data acquisition continued 

for 10 sec for one transmitter line with the time resolution of 0.04 sec so that 250 

samples of the raw data were acquired. Then, the time-averaged film thicknesses 

could be obtained. Next, the activated transmitter line was switched using the signal 

switching board, and the procedure was repeated until the whole measurement area 
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was covered.  

The photographs of falling liquid film when there is no airflow are presented in 

Fig. 3.4. To capture the liquid film flow more clearly, the figure shows the side of 

the test section where the sensor was not installed. The injected water first made a 

jet impingement on the inner wall of the test section. Because of the hydraulic jump 

near the impingement area, the thick film created at the liquid film boundary. After 

that, the liquid film fell along the wall due to the gravitational force, and the film 

thickness decreased as the film velocity increased. The liquid film width became 

wider as the inlet water velocity increased. Figure 3.5 shows the local measurement 

results of the liquid film thickness. The origin of the graph indicates the center point 

of the water injection nozzle. In the measurement results, the thick liquid film 

appears at the film boundary region, and the decreasing trend of the film thickness 

along the elevation as the liquid accelerated by gravity is clearly confirmed. 

Qualitatively comparing Fig. 3.5 with the visual observation results (Fig. 3.4) shows 

that the measured film thickness agreed well with the visual observation. 

The profile of the film thickness was extracted along a vertical line passing 

through the center of the water injection nozzle, and it is plotted in Fig. 3.6. The 

liquid film thicker than 3.2 mm is formed near the water impingement, however, 

the measurement result was set here to the maximum film thickness of 3.2 mm. The 

signal from the NEAR Rx was used for liquid film thicknesses of less than 1.2 mm 

(red symbols in Fig. 3.6), and the signal from the FAR Rx was used for liquid film 

thicknesses of 1.2 mm or more (blue symbols in Fig. 3.6). The average thicknesses 

from the FAR Rx and NEAR Rx were used for the two measuring points located at 

the upper part above the water injection nozzle and the middle part of the test 

section (green symbols in Fig. 3.6). In the case of the former, as the measurement 
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point was close to the water impingement, the spatial gradient of the film thickness 

was large, which caused a significant discrepancy between the measured film 

thicknesses from the NEAR Rx and the FAR Rx. Then, the mean value of the liquid 

film thicknesses from both receivers can be assumed to be a representative value of 

the measuring point. In the case of the latter, the liquid film thicknesses measured 

at both receivers were close to 1.2 mm, and the mean value could be used for a 

smooth transition. This sample of the line extraction shows that the switch between 

the measured data from the near and far receivers depending on the film thickness 

works properly as it was designed. 

When the air was supplied from two intact cold legs symmetrically with 𝑗 ,  

of 24 m/s, the airflow toward the broken cold leg narrowed the spreading width of 

the liquid film. The thick film boundary was shifted toward the broken cold leg and 

dragged by the transverse airflow because of the interfacial friction force. (Figs. 3.7 

and 3.8). It can be seen that the large the liquid film flow rate, the less the film 

boundary is dragged by the airflow. 

Figure 3.9 is the distribution of the liquid film thickness with different air 

velocities (𝑣 =0.63 m/s). When the air velocity at the break reached approximately 

𝑗 ,  of 20 m/s, entrainment could be observed, and some parts of the liquid film 

began to bypass in the form of droplets. As the air velocity increased, the liquid film 

width became narrower, and the liquid film thickness near the broken cold leg 

became thicker. Under the conditions with 𝑗 ,  of 28 m/s at the break, more than 

80 % of the water was bypassed out. In this case, a thick liquid film just below the 

broken cold leg was observed in the thickness measurement results. This region 

appeared as the gravitational and interfacial friction forces were balanced, creating 

a hanging liquid film. As the hanging film became thicker, droplets were generated 
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by entrainment and bypassed out through the broken cold leg. 

The variance of the liquid film boundary with changing air injection velocities 

can be seen in more detail in Fig. 3.10. In this figure, the film boundary was 

obtained from the contour line at a liquid film thickness of 0.15 mm, which was the 

smallest value of time-averaged liquid film thickness. To determine how much air 

flow influenced the liquid film boundary according to the elevation, the 

displacement (∆𝑑  in Fig. 3.10) of the film boundary between the no-air-flow 

condition and condition with 𝑗 ,  of 28 m/s was obtained at three positions (z = 0 

mm, 90 mm, and 210 mm). The displacement increased as the elevation was 

lowered because the liquid film boundary approached the level of the intact cold 

legs and the break. When the elevation became less than 90 mm, the displacement 

rapidly increased, which shows that this region is the active region for the transverse 

gas flow and ECC bypass phenomenon.  

Figure 3.11 shows the profile of the liquid film thickness along the x-direction, 

which provides insight into the behavior of the liquid film influenced by the lateral 

air flow. At the lower part of the measurement region (z = -243 mm), the peak of 

the film thickness gradually moved toward the break, and the peak value decreased 

as the air velocity increased. This shift of the peak reflects the width of the liquid 

film being narrowed, and the decreasing peak value is the result of the thinned liquid 

film caused by entrainment at the thick boundary (see Fig. 3.12). When 𝑗 ,  

reached 24 m/s, the thickness of the liquid film near the break (x < 50 mm) increased 

dramatically. As the liquid is concentrated near the break, the ECC bypass flow rate 

increases sharply, and this can be one of the important mechanisms of the bypass 

phenomenon along with entrainment near the thick edge of the liquid film (see Fig. 

3.12). In the middle elevation of the measurement region (z = 117 mm), the change 
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of peak position with increasing air velocity was not as significant as the previous 

one, because the liquid film was less affected by the air flow as the distance from 

the break was relatively large. In addition, an increment of the peak value was 

observed when the air started to be injected at 𝑗 ,  of 20 m/s. This was because, at 

this elevation, the increment of the peak by the shifted film at the boundary was 

more dominant than the decrement of the peak by entrainment. As the air injection 

rate increased, however, the peak value tended to decrease because of the 

enhancement of the entrainment effect. 

 

Asymmetric airflow conditions 

It is obvious that asymmetric air inlet flow makes liquid film flow asymmetric 

in the test section; this means the liquid film flow had to be measured at the other 

half wall where the sensor was not installed. Thus, the experiment was performed 

twice for a single experimental case by switching the inlet velocities at the two 

different air inlets.  

Figures. 3.13(a) and (b) present the time-averaged liquid film thicknesses at 𝑣  

= 0.63 m/s and 0.89 m/s, respectively, versus the ratio of air inlet velocities while 

the outlet velocity is maintained at 𝑗 ,  = 24 m/s. In Fig. 3.13(a), it can be seen that 

the interfacial friction force makes the spreading width of the liquid film narrower 

toward the broken cold leg when the air velocities at the two inlets are identical. 

During asymmetric airflow with an air inlet velocity ratio of 1.33:0.67, the liquid 

film boundary on the left side shifts more significantly toward the broken cold leg; 

this creates a thicker liquid film near the broken cold leg with strong radial airflow, 

as shown with the red circle in Fig. 3.13(a). On the right side, the weakened airflow 

allows the liquid film to spread wider, so the thick boundary moves farther from the 



50 
 

broken cold leg. However, the liquid film near the broken cold leg further thickens 

because the high interfacial friction force provided by the airflow from the left side 

is balanced with the gravitational force and creates a hanging film. When the water 

inlet velocity increases as shown in Fig. 3.13(b), the liquid film spreads wider and 

becomes thicker. Although the effect of asymmetric airflow on the liquid film flow 

is not as significant as that of the increased water flow rate, the overall trend of the 

changes in the liquid film boundary and thickness is similar to the results presented 

in Fig. 3.13(a). 

To confirm the quantitative change in the local liquid film behavior with 

asymmetric airflow, the difference between the liquid film thickness at air velocity 

ratios of 1.33:0.67 and 1.00:1.00 is presented in Fig. 3.14. In the figure, the red 

color indicates positive values, which means the asymmetric airflow thickens the 

liquid film. When asymmetric airflow is formed, the liquid film on the right side 

above the broken cold leg (Region 1) tends to thicken, but the film boundary 

becomes thinner. This might be caused by the strong airflow from cold leg 1, which 

makes the flow boundary on the right side slightly narrower. Near the broken cold 

leg (Region 2), a significant increase in the liquid film thickness stands out, as 

already confirmed in Fig. 3.13(a). In Region 3, shifting of the thick boundary 

generates a distinct difference in the film thickness distribution. 

Figure 3.15 shows the circumferential profiles of the liquid film thickness 

obtained at the four elevations. The profiles clarify the effect of the asymmetric 

airflow on the liquid film distribution as previously stated. The error bars in the 

graph were obtained as the two-sigma value of time-averaged film thickness, which 

indicates the fluctuation of the liquid film. At the highest elevation of the liquid film 

(z = -72 mm), a thick film is observed at the centerline and its boundary with the 
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symmetric inlet air velocity. Even under asymmetric airflow, where the ratio is 

1.33:0.67, there is a minor change in the profile; however, there exists a slightly 

thicker liquid film and narrower boundary on the right side. 

At the middle elevation (z = -165 mm), the liquid film spreads wider and 

becomes thinner compared with that at the top elevation. However, there is also an 

insignificant difference in the profile according to the ratio of the air inlet velocities. 

At the lower elevation (z = -225 mm), a thick liquid film appears on the centerline 

and film boundary. When asymmetric airflow is supplied, the liquid film boundary 

on the left side is shifted toward the centerline owing to the strong airflow, and the 

boundary on the right side is shifted toward cold leg 2. As for lowest elevation (z = 

-243 mm), a stronger air velocity from the left side increases the peak of the liquid 

film at both sides near the broken cold leg. 

Figure 3.16 shows the peak position of the liquid film boundary according to 

the air velocity ratio. In Part 1, there is little difference in the peak position; however, 

on the other side (Part 2), the peak moves toward the centerline of the test section 

under asymmetric airflow, which is already confirmed in Figs. 3.14 and 3.15. The 

changes in Parts 3 and 4 are typical results under asymmetric airflow; the peak in 

Part 3 moves toward the broken cold leg and that in Part 4 moves toward cold leg 

2. 

 

3.3.2 Fluctuation of film thickness 

 

Symmetric airflow conditions 

The airflow inside the test section changes not only the distribution of the liquid 

film but also the shape of the liquid film interface, which induces entrainment. In 

this respect, local data concerned with liquid film fluctuation can be used to 
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determine the positions where the droplets are actively generated. 

Figure 3.17 shows the fluctuation of the liquid film thickness under symmetric 

airflow by obtaining the standard deviation of the film thickness measured for 10 s 

at a water injection rate of 0.63 m/s. Because an irregular oscillating wave with a 

large amplitude was observed at the boundary of the liquid film flow, the standard 

deviation in this area was calculated to be relatively large. When the air velocity 

reached 24 m/s, a strong fluctuation appeared at the boundary in the middle of the 

test section (z = -183 mm −  -117 mm). This was due to the entrainment 

phenomenon that generates droplets actively from the film wave, which is directly 

related to the degree of ECC bypass. When the air velocity was increased to 28 m/s, 

the fluctuation at the boundary in the middle of the test section was rather decreased. 

This might happen because entrainment no longer occurs actively at the liquid film 

as it is thinned by the strong air flow. Instead, the fluctuation near the break region 

further increased with a thicker film. Thus, the fluctuation of the liquid film can 

provide information on entrainment, which influences the amount of ECC bypass. 

 

Asymmetric airflow conditions 

Figure 3.18(a) shows the liquid film fluctuation under asymmetric airflow 

conditions. Figure 3.18(b) shows the discrepancy between standard deviations in 

two different cases, with the air velocity ratios of 1.00:1.00 and 1.33:0.67. Under 

symmetric airflow, the fluctuation at the liquid film boundary is relatively strong. 

In the upper and middle parts of the liquid film, the large fluctuation is caused by 

circumferential airflow. However, entrainment did not occur in that region because 

the air velocity was not high enough to overcome the surface tension on the liquid 

film surface. However, active droplet generation was observed in the lower part 
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where the airflow became highly effective. Under asymmetric airflow, the 

fluctuation on the right side (Region 1) where the air velocity is relatively low 

shows a distinct increase. The reason for this might be the unbalanced airflow on 

both sides that leads to unstable airflow inside the test section; this causes violent 

fluctuations in the liquid film boundary in the circumferential direction. 

Nevertheless, entrainment was not observed in the upper and middle parts, which 

implies that increased fluctuation in those regions does not directly affect the ECC 

bypass phenomenon. In the lower part adjacent to the broken cold leg (Region 2) 

where the droplets were actively generated, the increase in fluctuation was 

confirmed near the thick liquid film; this change contributed to an increase in the 

ECC bypass. Generally, the droplets are generated out of a disturbance wave that 

has a large film thickness. The hanging film in Region 2 acts as a disturbance wave 

in the sense that it has a peak similar to a wave crest where the droplets can be 

generated.  

 

3.3.3 ECC bypass fraction 

 

In the experiment, the ECC bypass fraction can be calculated by measuring the 

water injection and penetration rate through the bottom of the test section as follows. 

 

Bypass fraction = 1 −
̇

̇
        (3.2) 

 

At first, the mass balance error with no air injection was checked by comparing 

the inflow and outflow of the water, and it was found to be 0.89% on average.  
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Symmetric airflow conditions 

Under the symmetric airflow conditions, the calculated bypass fraction 

according to Eq. (3.2) is shown in Fig. 3.19. It shows that the ECC starts to be 

bypassed when 𝑗 ,  reaches 20 m/s, and the bypass fraction rapidly increases when 

𝑗 ,  reaches 22 m/s in all cases. As mentioned previously, entrainment occurs at the 

boundary of the liquid film flow when 𝑗 ,  = 24 m/s, and this can be inferred to 

affect the bypass of ECC. At higher velocities, 𝑗 ,  > 24 m/s, a thick liquid film 

that is dragged by the air flow appears near the break, and droplet generation from 

this thick liquid film contributes greatly to a significant increase in the ECC bypass 

fraction. Eventually, at 𝑗 ,  = 28 m/s, almost 90% of injected water was bypassed. 

Meanwhile, the bypass fraction shows a decreasing tendency with increasing liquid 

flow rate. This is related to the liquid film distribution and relative distance between 

the broken cold leg and the liquid film boundary. With increasing liquid flow rate, 

the liquid film edge spreads farther from the break. Then, more entrained liquid 

from the liquid film boundary escapes from the bypass and penetrates down as the 

distance the droplets must travel toward the break increases. 

 

Asymmetric airflow conditions 

The variation in the liquid film boundary is illustrated in Fig. 3.20 when the 

airflow changes from symmetric to asymmetric. On the left side where the air flows 

faster, the liquid film boundary reaches closer to the broken cold leg, which induced 

an increased ECC bypass. On the right side, the liquid film boundary spreads farther 

with decreased airflow that contributes to a decrease in the ECC bypass. Therefore, 

these two conflicting behaviors of the liquid film flow determine the increase or 

decrease in the total amount of ECC bypass. 
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In Fig. 3.21, the comparison of the ECC bypass fraction with different ratios of 

air velocities is presented along with the air outlet velocities. When 𝑗 , ≤ 24 m/s, 

the bypass fraction increases with the asymmetry of the inlet air velocity; this means 

the effect of increasing the ECC bypass on the left side is dominant. When 𝑗 ,  

reaches 26 m/s, more than 70% of the ECC was bypassed, but the bypass fraction 

rather decreases on increasing the asymmetry of the airflow. This is because the 

spreading width of the liquid film on the left side is sufficiently narrowed toward 

the broken cold leg and almost all the liquid on the left side bypasses owing to the 

strong airflow. Thus, the effect of the increased airflow on the left side on raising 

the ECC bypass is saturated in this condition. Then, the bypass fraction follows the 

trend of the liquid film behavior on the right side. Therefore, the wider width of the 

liquid film caused by the decreased airflow on the right side affects the ECC bypass, 

causing a decrease in the bypass fraction at the highest velocity. 
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Table 3.1 Scaling ratio with the modified linear scaling methodology 
 

 

 

 

 

Table 3.2. Accuracy of measurement instruments 
 

 
 

 

 

Parameter Scaling ratio 

Length ratio [𝑙 ] 𝑙  

Area ratio [𝑎 ] 𝑙  

Time ratio [𝑡 ] 𝑙
/  

Velocity ratio [𝑣 ] 𝑙
/  

Void fraction ratio [𝛼 ] 1 

Gravity ratio [𝑔 ] 1 

Instrument (model) Full Scale Accuracy 

Thermocouple (K-type) -200 – 1300 C ±2.2 C 

Thermal Gas Mass Flow Meter 

(Sierra 620S) 
0.0 – 400.0 m3/h ±1.0% FS 

Electromagnetic Flow Meter 

(Toshiba GF630/LF620) 
0.0 – 10.0 m/s ±0.3% of rate 

Pressure Transmitter  

(Rosemount 3051TG) 
-1 – 10 bar ±0.04% of span 

Liquid film thickness sensor 0 – 0.3 mm ±8.0% 
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Table 3.3. Test conditions 
 

 

 

Water inlet 

velocity 

𝒋𝒇
∗   𝑹𝒆𝒇  𝒗𝒇 [m/s] 

0.026 2.32×104 0.63 

0.031 2.76×104 0.75 

0.037 3.28×104 0.89 

Air velocity 

𝒋𝒈,𝒐
∗   𝑹𝒆𝒈,𝒐  𝒋𝒈,𝒐 [m/s] 𝒗𝒈,𝑪𝑳𝟏:𝒗𝒈,𝑪𝑳𝟐 

3.40 1.00×105 20 

1.00:1.00 

1.20:0.80 

1.33:0.67 

3.74 1.10×105 22 

4.08 1.20×105 24 

4.43 1.30×105 26 

4.77 1.40×105 28 



58 
 

 
 

 
Figure 3.1 Schematic of experiment facility 
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Figure 3.2 Schematic of test section 
 

 

Figure 3.3 Photograph of test section 
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Figure 3.4 Photograph of liquid film with different water inlet velocities  
 
 
 
 
 

 
Figure 3.5 Measurement of liquid film thickness with different water inlet 

velocities 
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Figure 3.6 Measurement of liquid film thickness with different water inlet 
velocities 
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Figure 3.7 Photograph of liquid film with different water inlet velocities (𝒋𝒈,𝒐 =

24 m/s) 
 

 

 

 
Figure 3.8 Liquid film measurement with different water inlet velocities (𝒋𝒈,𝒐 =

24 m/s) 
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Figure 3.9 Liquid film measurement with different air velocities (𝑣 = 0.63 m/s) 
 

 
Figure 3.10 Change of the liquid film boundary with different air velocities (𝑣 =

0.89 𝑚/𝑠) 
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Figure 3.11 Liquid film thickness profile along the x-direction (𝑣 = 0.89 𝑚/𝑠) 
 

 
Figure 3.12 Positions where liquid film off-take occurs 
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(a) 𝑣 = 0.63 𝑚/𝑠 

 
(b) 𝑣 = 0.89 𝑚/𝑠  

Figure 3.13 Time-averaged liquid film thickness with different ratios of air inlet 
velocity (𝑗 , = 24 𝑚/𝑠) 
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Figure 3.14 Difference between liquid film thickness at air velocity ratios of 

1.33:0.67 and 1.00:1.00 (𝑣 = 0.63 𝑚 𝑠⁄ and 𝑗 , = 24 𝑚/𝑠) 
  



67 
 

 
 

Figure 3.15 Liquid film thickness profiles with asymmetric air flow (𝑣 =

0.63 𝑚 𝑠⁄ and 𝑗 , = 24 𝑚/𝑠) 
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Figure 3.16 Peak positions of liquid film boundary with 𝑣 = 0.63 𝑚/𝑠 and 

𝑗 , = 24 𝑚/𝑠: (a) peak positions and (b) changes in peak positions with 
asymmetric airflow 

 
 
 
 

 
Figure 3.17 Fluctuation of liquid film thickness with different air inlet velocities 
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Figure 3.18 Fluctuation of liquid film thickness with 𝑣 = 0.63 𝑚/𝑠 and 𝑗 , =

24 𝑚/𝑠: (a) fluctuation and (b) difference in fluctuation 

 
 

 
Figure 3.19 ECC bypass fraction under symmetric airflow conditions 

  



70 
 

 
Figure 3.20 Shifted liquid film boundary with asymmetric air inlet flow 

 
 

 
Figure 3.21 ECC bypass fraction under asymmetric airflow conditions 
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Chapter 4  

CFD Analysis 

 

 

 

 

4.1 Two-phase CFD Models 

 

Several two-phase CFD models such as Volume of Fluid (VOF), two-fluid 

approach, and mixture approach have been used to predict multiphase flow behavior. 

However, each of the traditional models is known for providing relatively reliable 

outcomes only for one of the dispersed or segregated flows, which is not appropriate 

to simulate the ECC bypass phenomenon. The main features of traditional two-

phase flow models will be presented in this section.  

 

4.1.1 VOF model 

 

VOF method is one of the most widely used methods to capture the interface 

developed by Hirt and Nichols (1981). In VOF method, two-phase flows are 

recognized as homogeneous mixtures consisting of immiscible fluids. With this 

assumption, the continuous and dispersed phase can be lumped into a single 

continuum, sharing the same pressure and velocity fields. The governing equations 

for the continuity and momentum assuming that there is no mass transfer across the 

phases are as follows: 
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Continuity equation: 

+ ∇(𝜌𝐯) = 0      (4.1) 

 

Momentum equation: 

( 𝒗)
+ 𝛻 ∙ (𝜌𝐯𝐯) = −𝛻𝒑 + 𝜌𝒈 + 𝛻 ∙ 𝑻 + 𝒇𝒔    (4.2) 

 

where 𝐯  is the mixture velocity, 𝑻  stands for the stress tensor and 𝒇𝒔  is the 

surface tension force. The transport equation for volume fraction, 𝛼  as follows: 

 

Volume fraction transport equation: 

+ 𝛻 ∙ (𝛼 𝐯) = 0                    (4.3) 

 

where the subscript 𝑖 denotes the different phase, and the summation of volume 

fraction at each cell must be equal to one as below: 

 

∑ 𝛼 = 1      (4.4) 

 

In VOF approach, sharp interface can be obtained by the use of high-resolution 

difference scheme such as HRIC (High Resolution Interface Capturing) and RHRIC 

(Refined High-Resolution Interface Capturing). Thus, The VOF model can be used 

in problems where the prediction of free surface behavior is crucial. For dispersed 

flow, however, VOF would overestimate the velocity of dispersed phase which 

cannot be captured with grid because it does not consider velocity difference 

between two phases. Therefore, the application of VOF approach is restricted to 
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free surface flow due to its shared momentum concept. 

 

4.1.2 Mixture model 

 

Mixture model is for interpenetrated phases which are treated as a mixture in a 

cell. Thus, the model solves the transport equations for the mixture as a whole, not 

for each phase separately, which is computationally more efficient than simulate 

each phase separately. The mixture is similar to VOF in that it solves a single set of 

transport equation. However, the model cannot be expected to resolve a sharp 

interface even on a fine grid as the VOF method does. Besides, phase slip velocity 

is considered in mixture model so that the behavior of dispersed phase which cannot 

be captured with coarse grid can be properly simulated. The volume faction 

transport equation and momentum equation including slip velocity term are as 

follows: 

 

Volume fraction transport equation: 

+ 𝛻 ∙ (𝛼 𝐯) = − 𝛻 ∙ 𝛼 𝜌 𝐯𝒅,𝒊        (4.5) 

 

Mixture momentum equation: 

( 𝐯)
+ 𝛻 ∙ (𝜌𝐯𝐯) = −𝛻𝑝 + 𝜌𝒈 + 𝛻 ∙ 𝑻 + 𝒇𝒃 + 𝛻 ∙ ∑𝛼 𝜌 𝐯𝒅,𝒊𝐯𝒅,𝒊    (4.6) 

 

where 𝐯𝒅,𝒊  is the diffusion velocity and 𝒇𝒃  is the body force. The diffusion 

velocity, 𝐯𝒅,𝒊  means the difference between phase velocity and mass-averaged 

velocity, and it is defined as: 
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𝐯 , = 𝐯 − 𝐯       (4.7) 

 

The diffusion velocity and slip velocity are connected by 

 

𝐯 , = − 1 𝐯          (4.8) 

𝐯 = 𝐯 − 𝐯         (4.9) 

 

where p and s denote primary and secondary phase, respectively. The relationship 

of diffusion velocity, slip velocity and mass-averaged velocity was illustrated in Fig. 

4.1.  

 

4.1.3 Two-fluid model 

 

In two-fluid model (Ishii, 1975, Ishii and Mishima, 1984), the continuity and 

momentum equations are solved separately for each phase so that the phases are 

allowed to have different velocities as follows: 

 

Continuity equation: 

+ 𝛻 ∙ (𝛼 𝐯𝒊) = − 𝛻 ∙ (𝛼 𝜌 𝐯𝒊)       (4.10) 

 

Momentum equation: 

( 𝐯𝒊)
+ 𝛻 ∙ (𝜌 𝐯𝒊𝐯𝒊) = −𝛼 𝛻𝑝 + 𝛼 𝜌 𝒈 + 𝛻 ∙ (𝛼 𝑻𝒊) + 𝑭𝒊   (4.11) 
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where the subscript 𝑖 denotes the different phase and 𝑭 is the interfacial force, 

which contains the momentum exchanges between two phases. In general, two-

fluid model require more computing power than mixture model because it solves 

two sets of transport equations. Besides, for simulating free-surface flow, two-fluid 

model is less accurate than the VOF model due to empirical closures in the averaged 

equations. 

Features of traditional two-phase flow models including VOF, mixture model, 

and two-fluid model were depicted in Fig. 4.2.   

 

4.2 CFD Modelling 

 

4.2.1 VOF-slip model 

 

As mentioned in the previous section, the VOF model as an interface capturing 

method is suitable for describing free surface flow, where the interface length is 

larger than the mesh size. However, the model is not capable of describing dispersed 

phase flow, where the interface length is smaller than the mesh size because one 

velocity field is shared between the phases in VOF method. On the other hand, the 

mixture model does not capture the interface but it accounts for phase slip velocity 

via drag law so that the model is capable of describing dispersed phase flow.   

A commercial CFD code, STAR-CCM+ v13.02 introduced VOF-slip as a 

hybrid model combining the VOF and the mixture models, which can treat the 

large-scale interface and small-scale interface simultaneously. In VOF-slip model, 

the formulations of the volume fraction transport equation and momentum equation 

are same with that of mixture model (Eqs. (4.5) and (4.6)), and HRIC scheme is 

applied as in VOF model.   
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The phase slip velocity that determines the diffusion velocity in Eq. (4.8) is 

difference between velocities between phases, and it can be modelled with drag 

coefficient 𝐶  and specific body force 𝐛 as below. 

 

𝐯 = 𝐶 𝐛                        (4.12) 

 

𝐛 = 𝐠 − (𝐯 ∙ 𝛻)𝐯 −
𝐯
                    (4.13) 

 

In STAR-CCM+, the Schiller-Naumann drag model can be used to obtain 𝐶 , 

which assumes that the primary phase is continuous and the secondary phase is 

dispersed. The drag coefficient was modelled as follows: 

 

𝐶 = 𝐶 =  
( )

     (4.14) 

 

𝜏 =                 (4.15) 

 

𝑓 =
  1 + 0.15𝑅𝑒 .  𝑖𝑓 𝑅𝑒 ≤ 1000

  0.0183𝑅𝑒          𝑖𝑓 𝑅𝑒 > 1000
 ,  𝑅𝑒 =

𝐯
   (4.16) 

 

where 𝑑  is the interaction length scale (droplet diameter) and 𝜇  is the viscosity 

of the primary phase (gas phase in this study). From the Eqs. (4.14) – (4.16), the 

drag coefficient 𝐶   increases as droplet diameter increases, which means slip 

velocity increases. Although 𝐶   is determined with droplet diameter 𝑑   as an 

input parameter, there is no available reference diameter obtained from the 
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experiment. Therefore, sensitivity analysis of droplet diameter was conducted to 

determine the proper diameter that can predict reasonable bypass fraction. 

 

4.2.2 Interface turbulence damping 

 

The immaturity in both interface modeling and turbulence modeling leads to 

unphysical predictions, for which one well-known issue is that the turbulence 

behavior near the interface is mis-predicted. For instance, according to both 

experimental studies (Fabre et al., 1987, Rashidi and Banerjee, 1990) and direct 

numerical simulations (DNS) (Fulgosi et al., 2003), the gas–liquid interface in 

stratified flows behaves similarly to a solid wall in single-phase flows. In order to 

reproduce this wall-like behavior in CFD simulations where turbulence models are 

used, researchers have made various attempts trying to damp the turbulence around 

the interface such that the interface could behave more like a wall.  

One of the most widely used way of damping the interface turbulence is to apply 

Egorov model (Egorov, 2004). In this model, a source term is added in the ω 

equation of the 𝑘 − ω model, which enhances the specific turbulence dissipation 

rate as follows: 

 

ω transport equation in k- ω model: 

( )
= 𝛻 ∙ 𝜇 + 𝛻𝜔 + 𝜌𝛼 𝑃 − 𝜌𝛽𝜔 + 𝑆    (4.17) 

 

Source term in Egorov damping model: 

𝑆 = 𝛼𝐴 ∙ ∆𝑛𝛽𝜌 (𝜔 ) = 𝛼𝐴 ∙
∆

     (4.18) 
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𝜔 = 𝐵
∆

       (4.19) 

 

where B is damping coefficient and ∆𝑛 is cell height across the interface. 

This source term is only activated in the interfacial region by introducing an 

indicator 𝐴  . As a damping coefficient B increases, the specific dissipation rate 

increases, which makes eddy viscosity decreases as below: 

 

 𝜇 = 𝑎∗                (4.20) 

 

Thus, to determine B is crucial for predicting the free surface behavior that is 

affected by the interfacial friction. However, there has been no general guideline 

for the selection of B in the previous studies. In most cases, B used to be tuned to 

predict the experimental results well as presented in Table 4.1.  

Because the effect of interface turbulence damping is also dependent on cell 

height as shown in Eq. (4.18), Frederix et al. (2018) introduced a grid-independent 

length scale δ, which was incorporated in the Egorov approach to observe consistent 

results independent of the grid cell size as below: 

 

δ =
∆

                          (4.21) 

 

In the present study, the effect of B on the simulation results was investigated 

and the trend of B that gives reasonable results at each case was confirmed. In 

addition, grid-independent length scale δ suggested by Frederix was confirmed 

from the value of B and cell height at gas-liquid interface. 
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4.2.3 Computational domain and simulation cases 

 

The test section in SNU experiment was modeled as shown in Fig. 4.3. There 

are two intact cold legs for air inlet and a broken cold leg for air-water outlet. DVI 

nozzle is placed above the broken cold leg and the water is injected through this 

nozzle. In order to decrease the computational cost, the lengths of the cold legs and 

DVI nozzle were reduced and the velocity profiles obtained from fully-developed 

flow were used as inlet boundary conditions (see Fig. 4.4). The bottom of the 

domain is set as a water outlet, which controls the water out flow rate to keep the 

water level constant.  

Figure 4.5 shows the meshing configuration. The trimmed meshes were used 

and 12 prism layers were generated near the wall to simulate the thin liquid film 

properly. Total number of the cells is 6,223,381. The simulation conditions are 

presented in Table 4.2. 

 

4.3 Simulation Results 

 

4.3.1 No air flow conditions 

 

In the case where there is no air flow, a transient simulation with a time step of 

0.2 ms was conducted, as shown in Fig. 4.6 (W089A00). The film interface was 

expressed by the iso-surface of the void fraction at 0.5. In the simulation, the 

injected water from DVI nozzle impinges on the wall and spreads in the form of the 

liquid film. To compare the liquid film thickness with experimental data, the 

simulation results were spatially averaged by the size of a measurement point in the 
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sensor, as shown in Fig 4.7. 

The spatio-temporal averaged film thickness was compared qualitatively with 

experiment results in Fig. 4.8. From the graph, it could be confirmed that CFD 

predicted the thick film boundary and the spreading width of liquid film reasonably. 

Figure 4.9 shows a comparison of the results of the liquid film thickness in the 

W063A00 and W089A00 cases. Although the film thickness at the film boundary 

region was underestimated, the overall film thickness was comparable. The points 

at which the error occurs to be significant near the film boundary can be found in 

Fig. 4.10. In the figure, it can be seen that a large error occurs at position where the 

change in the film thickness is large. Nevertheless, the peak value of the film 

boundary and its location were well predicted by CFD. 

 

4.3.2 Determination of droplet diameter 

 

In the case of air injection from the two intact cold legs, the spreading width of 

the liquid film becomes narrower toward the broken cold leg and the entrainment 

occurs from the liquid film. Then, the unresolved droplet flow starts to contribute 

to the ECC bypass toward the broken cold leg, which is affected by the slip velocity 

estimation. In order to determine the slip velocity for unresolved droplets, the 

droplet diameter has to be known, but it was not measured in the SNU experiment. 

Therefore, in this study, simulations were performed while varying the droplet 

diameter, and a reasonable value was determined based on the calculated bypass 

fraction; this process was carried out under relatively low airflow conditions. The 

reason for this is to minimize the effect of wisps generated near the broken cold leg 

on the bypass fraction so that the droplet size effect could be independently 
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confirmed. 

Prior to determining the droplet diameter, the reference condition for activating 

the slip velocity term in the model was added. 

Because the slip velocity term should only work effectively in the unresolved 

dispersed phase, the droplet diameter value should not be used in the model for 

other regions. Using the volume fraction gradient and the mesh size, γ was defined 

as given below: 

 

γ = |∇α| 𝑑𝑥       (4.22) 

  

The variable γ plays a role in determining whether the regime in the cell is a 

free-surface or dispersed phase (Fig. 4.11). If its value is greater than 0.5, the 

corresponding region is interpreted as an interface. For this case, a user defined 

function was added that allows very small droplet diameter of 0.1 μm  to be 

utilized in the slip velocity estimation as shown in Fig. 4.12. If γ is smaller than 

0.33, it is interpreted as a dispersed phase region. In this case, the function allows 

the droplet diameter set by user to be utilized in the slip velocity estimation. When 

γ is between 0.33 and 0.5, the droplet diameter value is interpolated. To ensure that 

the above conditions are working properly, γ, droplet diameter, and drag coefficient 

𝐶  applied in the simulation were checked near the film interface as shown in Fig. 

4.13. From the figure, it could be confirmed that the γ was larger than 0.5 in the 

cell where the film interface was located (Fig. 4.13(a)). According to the 

distribution of γ, the droplet diameter value could be confirmed that 0.1 μm was 

applied to the film interface region and the 150 μm set by user was applied to other 

region (Fig. 4.13(b)). The finally calculated 𝐶  based on the droplet diameter is 
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shown in Fig. 4.13(c). As can be expected, 𝐶   converged to zero at the film 

interface and it had a specific value in gas phases. The reason 𝐶  converged to 

zero even in the inner region of liquid film is that Eq. (4.14) has a term that the 

density difference between water and mixture.  

Another condition that was applied requires that the droplet diameter value be 

used only when the liquid void fraction is reasonably large. This condition can be 

expressed as below: 

 

≥ 𝑑           (4.23) 

 

where 𝛼  is the liquid volume fraction and 𝑑  is the droplet diameter, which is a 

user-defined value. Thus, 𝑑  is actually used only for the grid that satisfies the 

above condition. For example, if a 150 μm of droplet is set as 𝑑 , the region at 

which the slip velocity is effectively calculated according to the above conditions 

is shown in Fig. 4.14. The figure shows the value of 150 μm was only applied on 

the cells where the liquid volume fraction is relatively large. 

In order to determine the suitable droplet, the analysis was performed by 

varying the droplet diameter under the low airflow condition. Figure 4.15 shows 

the variation in the bypass fraction according to the droplet diameter. As the droplet 

diameter increases, the magnitude of the phase slip velocity increases according to 

Eqs. (4.12) to (4.14). This indicates that the velocity of the unresolved droplet 

becomes slower as the droplet diameter increases. Accordingly, the ECC bypass 

fraction decreases as the droplet diameter increases. It was confirmed that the 

bypass fraction was nearly saturated with a diameter of 50 μm. When the VOF 

model is applied, the bypass fraction was overestimated by more than two times 
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because the phase slip was not considered for the dispersed phase flow. Based on 

the fact that the order of the 150 μm diameter droplet in the VOF-slip model could 

predict the reasonable bypass fraction result in this condition, a droplet diameter of 

150 μm was used for all simulation cases. Table 4.3 shows the droplet diameter 

values that were experimentally measured in the annular flow. Experimental studies 

under similar flow conditions measured the Sauter mean diameter of droplets of the 

order of 100-200 μm, so the use of a 150 μm diameter was considered to be 

reasonable in this simulation. 

 

4.3.3 Effect of interface turbulence damping 

 

Under the high air flow conditions, the spreading width of the liquid film 

became much narrower and the thick liquid film was formed near the cold leg. A 

strong air flow toward the broken cold leg made the thickened film stretch, 

generating wisps. This implies that not only the unresolved droplet behavior but 

also the liquid film and wisp behavior are major factors that affect the ECC bypass 

under high air flow conditions. Those free surface behaviors are closely related to 

the interfacial friction, which may have to be reduced with the Egorov damping 

model. Thus, the effect of the damping coefficient B on the simulation results was 

investigated. 

Figure 4.16 shows the snapshot of the film spreading width with different values 

of B (W063A24). As B increases, the spreading width of the liquid film near the 

broken cold leg increases owing to the reduced interfacial friction. By using B = 10, 

CFD could predict the most comparable film boundary to the experiment result. 

(see Fig. 4.17).  

The effect of B on the bypass fraction is shown in Fig. 4.18. When the 
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turbulence was not damped at the film interface, the overestimated interfacial 

friction made the spreading width of liquid film excessively narrow, which caused 

a large error when predicting the bypass fraction. It should be noted that the 

calculated bypass fraction with B=10 was the most comparable to the experiment 

result. This means that the accurate simulation of the free surface behavior by 

adopting a suitable B led to the reliable prediction of the bypass fraction as well. 

The prediction of the film spreading width is directly related to the position at which 

the droplet is generated, as well as the formation of wisp flow around the broken 

cold leg as shown in Fig. 4.18. If an excessive damping effect is given about B=30, 

the wisp flow is not generated around the broken cold leg owing to the excessively 

wide liquid film width, and as a result, the bypass rate is reduced. 

Table 4.4 and Fig. 4.20 show the selection of B for each simulation case, which 

can predict the bypass fraction and the spreading width of liquid film well at the 

same time. Based on the results obtained, it can be confirmed that the values of B 

that can be used for the ECC bypass phenomena range from 0 to 30. The bypass 

fraction in all simulation cases was compared in Fig. 4.21. In most cases, CFD could 

predict the comparable bypass fraction using a suitable value of B for each case. 

However, the accurate modelling of the B value is necessary in future studies, 

because the change in the bypass fraction cannot be neglected for this range of B, 

as shown in Fig. 4.22. This variation in the bypass fraction with B in the high air 

flow condition is related to the liquid film width, which is due to interfacial friction, 

so the importance of predicting the liquid film width was confirmed.  

A comparison of the liquid film width and thickness was also performed, and 

the results are shown in Figs. 4.23 – 4.25. Although the spreading width of the 

liquid film was under-predicted in CFD simulation, the position of the thickness 
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liquid film is comparable. Because the entrainment occurs at the thick film 

boundary, it can be deduced that the accurate prediction of these peak positions is 

more important for the ECC bypass phenomenon.  

In addition, the grid-independent length scale δ was confirmed by Eq. (4.21) for 

each simulation case, and it was presented in Table 4.5 and Fig. 4.26. This result 

indicates that δ can be used in the range 2.7×10-5 – 5.7×10-5 m in order to introduce 

the effect of grid-independent turbulence damping when simulating the ECC bypass 

phenomenon. 
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Table 4.1 Use of interface turbulence damping coefficient (B) with flow conditions

Author Code (Model) B Pipe diameter (m) Water velocity (m/s) Air velocity (m/s) 

Fan (2019) OpenFOAM (VOF) 20 0.015 𝑅𝑒  (350) 18 

Hohne 
(2020) 

CFX (AIAD) 100 0.09 0.7 4.44 

Egorov 
(2004) 

NEPTUNE 100 0.128 𝑅𝑒   (20000 − 30000) 𝑅𝑒   (5.1 × 10  − 3.4 × 10 ) 

Gada 
(2017) 

STAR-CCM+ (LSI) 500 0.13 0.395 3.66 

Lo (2010) STAR-CD (VOF) 2500 0.06 0.12 – 0.32 3.0 
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Table 4.2 Simulation conditions 

 

 

 

 

Table 4.3 Droplet size measured in annular flow experiment 

 

  

Water inlet velocity 

𝒋𝒇
∗   𝒗𝒇 [m/s] 

0.026 0.63 

0.037 0.89 

Air velocity 

𝒋𝒈,𝒐
∗   𝒋𝒈,𝒐 [m/s] 

3.40 20 

3.74 22 

4.08 24 

4.43 26 

4.77 28 

Author Method 𝒖𝒔𝒈 (𝒎/𝒔) 𝒖𝒔𝒍 (𝒎/𝒔) 𝑫 (𝒎𝐦) 𝒅𝟑𝟐 (𝝁𝒎)

Hay et al. 
(1998) 

Photography 30 1.4 42 138 

Zaidi et al. 
(1998) 

Diffraction 30 3 38 180 

Simmons and 
Hanratty (2001) 

Diffraction 30 2.2 95 116 

Hurlburt and 
Hanratty (2002) 

Immersion 20 7 95 145 

Westende et al. 
(2008) 

PDA 21 4 50 161 
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 Table 4.4 Determination of B in SNU simulation 

 

 Table 4.5 Determination of δ(m) in SNU simulation 

 

 

 

  

         Air vel. (m/s) 

Water vel. (m/s) 
20 22 24 26 28 

0.63 0 0 10 30 30 

0.89 0 0 20 30 10 

          Air vel. (m/s) 

Water vel. (m/s) 
20 22 24 26 28 

0.63 0 0 5.4×10-5 3.0×10-5 2.7×10-5 

0.89 0 0 3.6×10-5 3.1×10-5 5.7×10-5 
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Figure 4.1 Relationship of diffusion velocity, slip velocity and mass-averaged 

velocity 
 

 

 

 

Figure 4.2 Features of traditional two-phase flow models 
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Figure 4.3 Computational domain 
 

 

Figure 4.4 Simulation for obtaining fully-developed flow as boundary condition   
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Figure 4.5 Meshing configuration 
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Figure 4.6 Transient simulation result (W089A00) 

 

 

 

 

 

 

 

 

 

 
Figure 4.7 Spatio-temporal averaging film thickness in CFD 
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Figure 4.8 Comparison of liquid film distribution (W063A00, W089A00) 
 

 
Figure 4.9 Comparison of liquid film thickness (W063A00, W089A00) 
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Figure 4.10 Large discrepancies in film thickness near the film boundary 

(W089A00) 
 

 

 

Figure 4.11 Determination of flow regimes using γ  
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Figure 4.12 Determination of using droplet diameter according to γ 
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Figure 4.13 Validity of film interface identification with γ 
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Figure 4.14 The computational cell where the droplet diameter is effectively used 
(cross-section of broken cold leg) 

 

 

 

 

 

 
Figure 4.15 Bypass fraction according to the droplet diameter (W063A22) 
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Figure 4.16 Effect of B on spreading width of liquid film (W063A24) 
 

 
 

 
Figure 4.17 Comparison of film spreading width (W063A24) 
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Figure 4.18 Bypass fraction according to B (W063A24) 

 

 
Figure 4.19 Different film off-take phenomenon according to B 
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Figure 4.20 Determination of B for each simulation case 
 

 
Figure 4.21 Comparison of bypass fraction in all simulation cases 
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Figure 4.22 Changes of bypass fraction with different B 

 

 

 
Figure 4.23 Comparison of liquid film thickness (W063A20, B=10) 
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Figure 4.24 Comparison of liquid film thickness (W063A24, B=30) 
 

 

Figure 4.25 Comparison of liquid film thickness (W063A28, B=30) 
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Figure 4.26 Determination of δ for each simulation case 
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Chapter 5 

Modelling of Film Off-take 

 

 

 

 

5.1 Difficulties Associated with Simulating Film Off-take 

Phenomenon 

 

This chapter explains the development of the film off-take model based on the 

high-fidelity experiment and simulation. Prior to this, several difficulties associated 

by the existing multiD component of safety analysis codes when simulating the film 

off-take phenomenon are summarized below (Fig. 5.1). 

 

A. Liquid film velocity and thickness 

 

The prediction of the liquid film velocity and thickness is related to the wall 

friction model used in the code. Yang (2015) confirmed that the default wall friction 

model in MARS (H.T.F.S. model) overestimates the liquid film velocity in the 

annular flow regime. Besides, in the case of involving the use of the Wallis model, 

which yields a larger wall friction than the H.T.F.S. model, the improvement in the 

prediction of liquid film velocity and thickness was confirmed, resulting in a more 

accurate prediction of the bypass fraction in the MIDAS analysis. According to 

these findings, we also used the Wallis wall friction model under the annular flow 
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regime in MARS-multiD, which was utilized for the validation of the film off-take 

model in this study.  

 

B. Air velocity 

 

Even though the multiD component has been adopted in several safety analysis 

codes, there is still a limit to predicting the complex flow behaviors induced by the 

3D geometrical effect, such as the flow impingement and hot leg blockage. This 

issue will be discussed in detail in Chapter 5.3. 

 

C. 3D geometrical effect 

 

In a computational volume where the film off-take occurs, the code does not 

recognize the actual liquid film configuration, and assumes an annular flow with a 

gas flow toward the broken cold leg. Then, the interfacial friction estimated for the 

annular flow regime causes the liquid film to be off-taken to the broken cold leg; 

this leads to an overestimation of the amount of water bypass.  

 

D. Film off-take model 

 

To solve the issue described above, the film off-take model which correlates the 

branch quality and total gas flow rate, was offered by KAERI. However, even if the 

exiting film off-take model predicts the ECC bypass rate well under specific 

experimental conditions, it is still unclear whether the model can cover a variety of 

flow conditions because the film off-take phenomenon may be more complicated 
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than the way in which it is modelled with the only gas flow rate. This motivated us 

to develop a more physical film off-take model with identifying the major 

parameters other than air flow rate. 

 

5.2 Development of Film Off-take Model 

 

5.2.1 Strategy for model development 

 

The film off-take model that was developed in this study was intended for use 

in the safety analysis code. From experiments and CFD analysis studies, it was 

confirmed that the liquid film off-take phenomenon is governed by the air flow rate, 

water flow rate, and the film boundary position (Fig. 5.2). The first two factors are 

related to the entrainment rate; as the air and water flow rates increase, the 

generation of droplets increases. The film boundary position is related to the 

effectiveness with which the entrained droplets can reach the broken cold leg. In 

addition, the increase in the bypass fraction due to wisp generation around the 

broken cold leg can be explained by the film boundary position. 

To describe the entrainment phenomena, the Reynolds number and Weber 

number have been widely used to characterize the liquid flow and the gas flow 

effect, respectively. In the study by Wang et al. (2020), it was found that using the 

Laplace length scale instead of pipe diameter to nondimensionalize the entrainment 

rate and liquid flow rate can well collapse the maximum entrainment rate data for 

air-water and F-113 from different datasets. Then the entrainment correlation has 

been proposed based on the new non-dimensional number 𝑅𝑒  and 𝑊𝑒, as given 

below: 
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𝑅𝑒 =
/

        (5.1) 

 

𝑊𝑒 =            (5.2) 

 

where 𝑗  is the superficial velocity, 𝜎  is the surface tension, 𝛥𝜌  is the density 

difference, and 𝜇  is the dynamic viscosity. In the present study, 𝑅𝑒   and 𝑊𝑒 

were adopted to describe the entrainment at the liquid film boundary. Finally, the 

normalized entrainment rate is a value that indicates the number of droplets that are 

generated from the total injected water, and this can be expressed as a correlation 

between 𝑅𝑒  and 𝑊𝑒 as given below: 

 

≈
̇ ,

= 𝑓(𝑅𝑒 , 𝑊𝑒)         (5.3) 

 

where 𝜖  is the entrainment rate and 𝜖   is the maximum entrainment at the 

given 𝑅𝑒 .  

Because the distance between the film boundary and the broken cold leg affects the 

process by which the entrained droplets are off-taken to the broken cold leg, it is 

possible to predict how much of the total injected water will eventually be off-taken 

as follows:  

 

(Normalized film off-take rate) = 
̇ ,

= 𝑓 𝑅𝑒 , 𝑊𝑒, 𝑅     (5.4) 
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where 𝜖   is the effective entrainment rate and 𝑅   represents the distance 

between the film boundary and the broken cold leg. Therefore, if these three 

modelling parameters 𝑅𝑒 , 𝑊𝑒 and 𝑅  are defined appropriately, they can be 

used to describe the film off-take phenomenon. 

In the case of involving the modelling of the reactor downcomer with the multiD 

component of system codes, a single volume (off-take volume) is connected to the 

branch component according to the broken cold leg. Because the code is based on 

the lumped-parameter approach, which uses the spatially averaged value, modelling 

parameters can only be defined as one value each in the off-take volume. However, 

even if the code does not reflect the inherently local flow behaviors in a single 

volume, the model needs to be able to consider that the film off-take phenomenon 

appears differently on the left and right sides of the broken cold leg. Unless all of 

the gas and liquid flows are symmetrically formed around the broken cold leg, the 

film off-take phenomena that occur on the left and right are bound to be different. 

Therefore, the concept of the model to be developed in this study is to divide the 

off-take volume into two sections (LEFT and RIGHT) through a virtual boundary, 

as shown in Fig 5.3. By placing this boundary, the modelling parameters can be 

defined in each section separately; the film off-take rates are estimated using these 

parameters from the LEFT and RIGHT sections.  

 

5.2.2 Definition of modelling parameters 

 

This section explains how the modelling parameters are defined in the off-take 

volume. 
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A. Weber number 

 

First, the Weber numbers defined in the LEFT and RIGHT sections are required 

to represent the gas flow characteristics in each section. Because the top and bottom 

junctions of the off-take volume are shared by both sections, the Weber numbers in 

each section were defined by using the air velocities predicted at the branch and 

side junctions of the off-take volume as follows: 

 

𝑊𝑒 = 𝑊𝑒        (5.5) 

 

𝑊𝑒 = 𝑊𝑒          (5.6) 

 

where B, l, and r indicate the branch junction, left junction of the off-take volume, 

and the right junction of the off-take volume, respectively.  

 

B. Reynolds number 

 

In the case of defining 𝑅𝑒  which represents the characteristics of the liquid 

film boundary, it was assumed that the spreading width of the liquid film is not 

larger than the width of the off-take volume. Then, 𝑅𝑒  in the LEFT and RIGHT 

sections were considered to be the same as 𝑅𝑒   defined at the top junction as 

below: 

 

𝑅𝑒 , = 𝑅𝑒 , = 𝑅𝑒 ,    (5.7) 
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To obtain the above nondimensional numbers, the velocities of air and liquid 

film in the region corresponding to the off-take volume were extracted from the 

CFD result, as shown in Fig. 5.4. 

 

C. Distance between broken cold leg and film boundary 

 

Next, in order to define 𝑅  which indicates the distance between the broken 

cold leg and the film boundary, an attempt was made to track the film boundary 

position affected by the airflow using a simple force equation. With the assumption 

that only gravity and gas inertia act on the film boundary in the z- and x-directions, 

respectively (Fig. 5.5), the force equations for each direction can be expressed as 

follows: 

 

= −𝑔              (5.8) 

 

= 𝜌 𝑓 𝑢 = 𝑢     (5.9) 

 

where 𝜌 , 𝑓 , 𝛿 , and 𝑢  represent the water density, interfacial drag coefficient, 

film boundary thickness, and gas velocity, respectively. Then, the solutions of the 

differential equations can be expressed with respect to the time as follows: 

 

𝑧 (𝑡) = 𝑧 , + 𝑣 , 𝑡 − 𝑔𝑡      (5.10) 
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𝑥 (𝑡) = 𝑢 𝑡 + 𝑥 ,          (5.11) 

 

where 𝑥 ,  and 𝑧 ,  indicate the initial position of the film boundary and 𝑣 ,  

is the initial velocity of the film boundary in the z-direction. If Eqs. (5.10) and (5.11) 

are combined to eliminate 𝑡, the position of the film boundary can be expressed as 

follows: 

 

𝑧 = 𝑧 , −
, ,

− 𝑥 − 𝑥 ,      (5.12) 

 

Dividing the above equation by the downcomer gap size, 𝐷 , the position of 

the boundary can be expressed in a non-dimensional form as shown below: 

 

𝑧∗ = 𝑧 ,
∗ − 𝐴 𝑥∗ − 𝑥 ,

∗ − 𝐵 𝑥∗ − 𝑥 ,
∗       (5.13) 

 

where 𝐴 =  , 𝐵 = ,  𝑥∗ =  , 𝑧∗ =  , 𝑥 ,
∗ =

,  , and 

𝑧 ,
∗ =

, .  

The coefficients 𝐴  and 𝐵  include the local flow parameters, which can be 

obtained from CFD analysis. The film boundary velocity and thickness were 

extracted at the top junction of the off-take volume, and they were correlated with 

the film velocity under SNU experiment conditions. Then, the initial position of the 

film boundary is required to close Eq. (5.13). 𝑧 ,
∗  is a dependent variable that is 
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determined by nodalization, and 𝑥 ,
∗  indicates the spreading width of the liquid 

film at the top junction of the off-take volume. In the CFD simulation, it was 

confirmed that the film spreading width increased in proportion to the liquid film 

velocity. From this, 𝑥 ,
∗  could be correlated with the liquid film velocity at the 

top junction. The predicted film boundary according to Eq. (5.13) is shown in Fig. 

5.6. The figure shows the variance of the film boundary position with different air 

velocities. The predicted film boundary was compared to the experiment results in 

Fig. 5.7 and it could be confirmed that the peak positions of the film boundary in 

the experiment were well matched with the predicted lines.  

Finally, with the position of the film boundary, the parameter 𝑅  , which 

represents the distance between the broken cold leg and the film boundary, could 

be obtained. Here, the parameter should reflect two factors that affect the film off-

take rate, as shown in Fig. 5.8. The first is the effect of the absolute distance from 

the broken cold leg to the film boundary. It can be expected that the closer the 

distance, the greater the chance of film off-take. The second is the effect of the air 

flow rate. As the lateral air flow rate increases, it can be expected that the chance of 

film off-take increases. Even if the distance between the broken cold leg and the 

film boundary is the same, the chance of film off-take will be relatively higher when 

the air flow rate is larger. Therefore, if 𝑅  reflects the degree to which the film 

boundary is dragged, the effect of the airflow on the potential for film off-take can 

be considered. 

Figure 5.9 shows that the estimation of 𝑅   should vary according to the 

geometrical configuration of the RV downcomer. As in the SNU experiment, if the 

DVI nozzle is aligned with the broken cold leg, then the above two effects can be 

considered together by simply finding the distance between the broken cold leg and 
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the film boundary. This means that 𝑅 , , which indicates the effect of the absolute 

distance, is equal to 𝑅 , , which indicates the effect of the airflow. However, if the 

DVI nozzle is shifted by 15° as in the actual RV downcomer, the estimation of 

𝑅 ,  and 𝑅 ,  will be different as shown in the figure. When estimating 𝑅 , , 

the distance from the virtually shifted broken cold leg to the film boundary needs 

to be calculated to consider how much the film boundary is dragged by airflow. 

Accordingly, 𝑅  was defined in a form that considers these two distances together 

as given below: 

 

𝑅 = 0.5𝑅 , + 0.5𝑅 ,       (5.14) 

 

Here, 𝑅 ,  and 𝑅 ,  could be obtained by averaging the distances from the 

center of the cold leg to the film boundary. Figure 5.10 shows the method used to 

obtain 𝑅 , , which is also used to estimate the 𝑅 , . It can be expressed as the 

following equation:  

 

𝑅 = 𝑥 (𝑡 ) − 𝑥 + 𝑧 (𝑡 ) − 𝑧      (5.15) 

 

𝑅 , =
∑

             (5.16) 

 

Finally, the non-dimensional distance 𝑅 ,  can be obtained using 𝑅 ,  and 

the branch diameter 𝐷 as follows: 

 



114 
 

𝑅 , = ln
,

             (5.17)  

 

Figure 5.11 shows the variance of 𝑅  with different air and water velocities. 

As the air velocity increases, 𝑅  also increases owing to the narrowed film width, 

which makes the film off-take rate increase. As the water velocity increases, then 

the spreading width of the liquid film becomes wider, and 𝑅   decreases; this 

makes the film off take rate decrease. 

In addition, to consider the scale effect, the Bond number, which refers to the 

balance of the gravity and surface tension force, was introduced in both sections, 

and the definition is as follows: 

 

𝐵𝑜 = 𝐷 𝑔 𝜌 − 𝜌 𝜎⁄        (5.18) 

 

5.2.3 Development of film off-take model 

 

The normalized film off-take rate obtained from the experiment was correlated 

with 𝑊𝑒, 𝑅𝑒 , 𝑅 , and 𝐵𝑜, as defined in Chapter 5.1.2. The exponents of 𝑊𝑒, 

𝑅𝑒  , and 𝑅   as empirical constants were determined to be 1.2, 0.6, and 1, 

respectively, and are well correlated to the normalized film off-take rate (Figs. 5.12 

and 5.13). Then, the Bo number was added to consider the scale effect, and the 

correlation was developed based on those combined parameters (Fig. 5.14). The 

final form of the correlation can be expressed as follows: 

 

𝜖 /𝜖 = 1 −
.

 (( . )/ . )
 , 𝑋 = 𝑊𝑒 . 𝑅𝑒 . 𝑅  𝐵𝑜 .   (5.19) 
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The newly developed model was implemented as a film off-take model in the 

MARS-multiD code source. Because the developed model obtains the normalized 

film off-take rate, the film off-take rate can be calculated with water flow rate 

coming into the offtake volume. Finally, the film off-take rate is converted into the 

branch quality value. This process is illustrated in Fig. 5.15. 

 

5.3 Validation of Developed Film Off-take Model 

 

5.3.1 SNU experiment 

 

To assess the newly developed model, the SNU experiment was simulated using 

the MARS-multiD code (MARS-KS v.1.5). The nodalization of the experimental 

facility is shown in Fig. 5.16. The test section consists of the annulus multiD 

component, which comprises three volumes in the azimuthal direction and seven 

volumes in the axial direction. The BRANCH component (395) describes the 

broken cold leg, and the water level in the test section was controlled using the 

VALVE component (499). 

Figure 5.17 shows the simulation results using default MARS, which does not 

use the film off-take model. The code overestimated the bypass fraction under a low 

air flow rate, and it underestimated the bypass fraction under a high air flow rate. 

With the newly developed film off-take model, as shown in Fig. 5.18, the code 

could provide better prediction results. However, there were still large discrepancies 

between the code prediction and the experiment results. 

The reason for this can be explained with the air velocity predicted in MARS-
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multiD. As shown in Fig. 5.19, MARS predicted the air velocity at the side junction 

of the off-take volume to be excessively large compared to CFD. This means that 

the multiD component of MARS could not predict the airflow behavior after the 

impingement on the wall. In order to validate the developed model under the 

condition that the code accurately predicts the air velocity, a loss coefficient of 0.4 

was assigned to the junction so that the air velocity would be reduced forcibly. 

Figure 5.20 shows that the air velocity predicted by MARS is comparable to the 

CFD result. Then, the bypass fraction obtained with the adjusted air velocity in 

MARS was compared in Fig. 5.21, and it can be seen that the bypass fraction is well 

predicted by the developed film off-take model. 

The developed model was also validated under asymmetric airflow conditions. 

Figure 5.22 shows the bypass fraction calculated when airflow is asymmetric. It 

could be seen that the MARS predicted the bypass fraction differently from the 

symmetric airflow condition, which was consistent with the trend confirmed in the 

SNU experiment. The reason for which the code can predict a different bypass 

fraction under asymmetric airflow conditions even though the total air flow rate is 

the same is because the developed film off-take model estimates the bypass fraction 

for each section separately. Figure 5.23 shows the bypass fraction estimated in the 

LEFT and RIGHT sections. In the figure, it was confirmed that the code predicted 

a relatively larger bypass fraction in the LEFT section, where the air flow is stronger. 

 

5.3.2 DIVA experiment 

 

The DIVA experiment (1/5 scale) was simulated for model validation. The 

simulations were performed on KMA-DB-259-293 cases, and the flow conditions 
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for each case are summarized in Table 5.1. In all cases, water is injected only from 

the DVI nozzle above the broken cold leg. The void height, which refers to the 

distance from the center of the broken cold leg to the surface of water, was 

maintained at 0.72 m during the experiment. 

The nodalization of the DIVA facility is shown in Fig. 5.24. The test section was 

modelled with the annulus multiD component, which comprises six volumes in the 

azimuthal direction and 14 volumes in the axial direction. MARS input deck was 

created by referring to KAERI's MIDAS input deck. In the existing input from 

KAERI, the loss coefficient is set to 10.0 at the junction of the volume to which the 

hot leg is connected in order to consider the blockage effect. 

In the DIVA validation, as in the SNU validation, to assess the air velocity 

predicted by MARS, a CFD analysis was preliminary performed. Because this CFD 

simulation focused on obtaining the air velocity at the junctions of the off-take 

volume, the analysis was performed for a single-phase airflow. The computational 

domain for the DIVA facility is shown in Fig. 5.25. The steady-state simulation was 

performed, and the SST k − ω  model was used as the turbulence model. The 

number of meshes used for the analysis was 9,165,779. Figures 5.26 and 5.27 show 

the air velocity at the cold leg side junction and hot leg side junction, respectively. 

At the cold leg side junction, MARS predicted the air velocity greater than CFD, 

which is related to the air impingement effect already confirmed in the SNU 

validation. However, at the hot leg side junction, MARS predicted an air velocity 

that was much lower than CFD (even the reverse flow was generated) owing to the 

excessively considered hot leg blockage effect by applying the loss coefficient of 

10.0. 

Based on the CFD analysis results, the loss coefficients were modified as shown 
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in Fig. 5.28 to match the air velocity in MARS. In the existing input by KAERI, by 

setting the loss coefficient as 10.0 at the hot leg junction, the blockage effect was 

excessively considered, resulting in a non-physical result of the reverse airflow at 

the 1-2 junction (hot leg side). As shown in Fig. 5.29, when the loss coefficient was 

adjusted into 2.5 for the junction, the air velocity was similar to the CFD analysis 

result. It was also confirmed that the loss coefficient for the air impinging effect 

should be set to 0.8 in the 6-1 (cold leg side) and 3-4 junctions. 

In the DIVA simulation, considering that the DVI nozzle is shifted by 15°, the 

initial position of the film boundary 𝑥 ,
∗  in Eq. (5.13) was modified in order to 

estimate 𝑅 . 

The simulation results of DIVA using MARS were presented in Figs. 5.30 – 

5.32. In the case of involving the use of the default MARS, the bypass fraction was 

overestimated in most cases. In particular, a large prediction error occurred in the 

condition of low air flow. When using the modified MARS, which uses the 

developed film off-take model, the results were much improved in all cases. 

Figure 5.33 shows how the model estimated the bypass fraction in the LEFT 

and RIGHT sections of the off-take volume, respectively. Because the air flow at 

the cold leg side is relatively strong compared to the airflow at the hot leg side, the 

bypass fraction in the LEFT section is confirmed to be dominant under low air flow 

conditions. Besides, because the distance from the film boundary to the broken cold 

leg is farther in the RIGHT section (Fig. 5.34), the film off-take hardly occurs in 

the RIGHT section under the low air flow. As the total airflow increases, the bypass 

fraction in the LEFT section becomes saturated to 0.5, and the bypass fraction in 

the RIGHT section starts to increase. 

In Figs. 5.35 and 5.36, comparisons of the bypass fraction for all SNU and DIVA 
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simulation cases are respectively presented. In the SNU simulation, by using the 

developed model, the averaged prediction error was reduced from 130% to 12%. In 

the DIVA simulation, the averaged prediction error was reduced from 112% to 27%.  

 

5.3.3 MIDAS experiment 

 

MIDAS analysis was also performed to evaluate whether the newly developed 

film off-take model can be extended to the steam-water conditions. The geometrical 

configuration of the test section in the MIDAS experiment (1/5 scale) is similar to 

that of the DIVA experiment, but in MIDAS, the steam was injected through the 

two intact cold legs instead of the air. During the experiment, the void height was 

maintained at 2.37 m. 

The nodalization of the MIDAS facility was the same as in the DIVA simulation 

(Fig. 5.24). The loss coefficient at each junction was also applied using the same 

value as in the DIVA simulation. 

The simulation results were presented in Fig. 5.37. The graph shows that the 

modified MARS cannot accurately predict the bypass fraction. We found that there 

are two factors that need to be investigated in advance to improve the predictability 

of the film off-take model in the MIDAS analysis. 

The first requires that air velocity be calculated differently according to the void 

height in MARS-multiD. The void height in the MIDAS experiment was kept 

higher than that in the DIVA experiment, as shown in Fig. 5.38. In MARS-multiD, 

when the void heights are different, the distribution of the air flow is predicted 

differently, which reduces the predictability of the bypass fraction. CFD analysis 

was performed as shown in Fig. 5.39 to determine whether the air flow distribution 
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actually changes as the void height varies. When comparing the air velocity at both 

junctions of the off-take volume, the difference in results according to the void 

height was negligible. Therefore, it could be deduced that the difference in the air 

velocity in the MARS simulation resulted from the inability of the multiD module 

to accurately predict the 3D air flow behavior reflecting air impingement and hot 

leg blockage effects. When the void height was the same as in DIVA, it could be 

confirmed that the predictability of the modified MARS was improved, as shown 

in Fig. 5.40. 

A second factor to be investigated is the steam condensation effect. In Fig. 5.41, 

the dotted line is the simulation result when the vapor condensation effect is 

excluded in the film off-take model by using 𝑊𝑒 obtained with the inlet steam 

velocity. If condensation does not occur, more bypass occurs owing to the enhanced 

inertia of the steam flow; the effect of condensation significantly impacted the 

prediction of the bypass fraction. Therefore, in order to accurately predict the film 

off-take phenomenon in the steam-water condition, the phenomenon accompanied 

by condensation should be experimentally investigated in advance, and an 

assessment of condensation models in MARS should also be conducted in future 

study. 

Based on the results of all validation, it was confirmed that the newly developed 

film off-take model is not yet suitable for application directly under water-steam 

conditions, but it predicts the hydraulic behavior reasonably in SNU and DIVA 

experiments.   
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5.4 Applicability of Developed Film Off-take Model 

 

In order for the developed model to work properly, it is necessary to know the 

initial position of the film boundary in the off-take volume. In this model, the 

spreading width of the liquid film is obtained relative to the film velocity, which is 

valid only in the APR1400 configuration. Therefore, there is a limit to directly 

applying this model to reactor types with different diameters or elevations of the 

DVI nozzle. 

In the study reported by Cho (2015), an experimental database for the film 

spreading width according to different geometrical configurations was developed, 

as shown in Fig. 5.42. Accordingly, this database can be utilized to estimate the 

initial position of the film boundary, which extends the applicability of the film off-

take model. 
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Table 5.1 DIVA simulation cases 
 

Test name Water inflow (kg/s) Total air inflow (kg/s) Bypass fraction 

KMA-259 1.13 0.432 0.02 
KMA-260 1.13 0.579 0.06 
KMA-261 1.13 0.651 0.16 
KMA-262 1.13 0.731 0.19 
KMA-263 1.13 0.810 0.25 
KMA-264 1.13 0.981 0.43 
KMA-265 1.13 1.135 0.71 
KMA-266 1.13 1.441 0.89 
KMA-267 1.13 1.513 0.95 
KMA-268 1.13 1.587 0.97 

KMA-270 1.38 0.425 0.02 
KMA-271 1.38 0.579 0.05 
KMA-272 1.38 0.650 0.12 
KMA-273 1.38 0.736 0.20 
KMA-274 1.38 0.818 0.27 
KMA-275 1.38 0.884 0.35 
KMA-276 1.38 0.984 0.48 
KMA-277 1.38 1.134 0.63 
KMA-278 1.38 1.261 0.68 
KMA-279 1.38 1.509 0.82 
KMA-280 1.38 1.655 0.90 

KMA-282 1.96 0.351 0.02 
KMA-283 1.96 0.428 0.04 
KMA-284 1.96 0.570 0.09 
KMA-285 1.96 0.648 0.12 
KMA-286 1.96 0.813 0.33 
KMA-287 1.96 0.889 0.42 
KMA-288 1.96 0.985 0.49 
KMA-289 1.96 1.129 0.57 
KMA-290 1.96 1.259 0.62 
KMA-291 1.96 1.460 0.67 
KMA-292 1.96 1.512 0.70 
KMA-293 1.96 1.671 0.74 
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Figure 5.1 Difficulties in simulating the film off-take with multiD component in 

safety analysis code 
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Figure 5.2 Liquid film off-take phenomenon governed by three parameters 
 

 
Figure 5.3 Off-take volume divided into LEFT and RIGHT sections 
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Figure 5.4 CFD results extracted at junctions of off-take volume 
 

 

Figure 5.5 Tracking of film boundary position at off-take volume 
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Figure 5.6 Prediction of film boundary position in the model 

 

 

 

Figure 5.7 Comparison of predicted film boundary to the experiment results 
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Figure 5.8 Two factors affecting film off-take rate with respect to film boundary position 
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Figure 5.9 Two factors affecting film off-take rate 
 

 

 
Figure 5.10 Distance between broken CL and film boundary 
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Figure 5.11 Normalized distance according to the air velocity 

 

 
Figure 5.12 Normalized film offtake rate with We . 𝑅𝑒 .  
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Figure 5.13 Normalized film offtake rate with 𝑊𝑒 . 𝑅𝑒 . 𝑅  

 

 
Figure 5.14 Normalized film offtake rate with 𝑊𝑒 . 𝑅𝑒 . 𝑅 𝐵𝑜 .  

  



131 
 

 
Figure 5.15 Developed film model implemented as a film off-take model in 

MARS source code 
 

 

 

 

 
Figure 5.16 MARS multiD nodalization of SNU experiment 
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Figure 5.17 Simulation results of SNU experiment (Default MARS) 

 

 
Figure 5.18 Simulation results of SNU experiment (Modified MARS) 
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Figure 5.19 Comparison of air velocity profile (W063A20) 

 

 

 

 
Figure 5.20 Comparison of air velocity profile in all cases 
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Figure 5.21 Simulation results of SNU experiment (Modified MARS with 

adjusting loss coefficient) 
 

 
Figure 5.22 Simulation results of SNU experiment under asymmetric airflow 

conditions (Modified MARS with adjusting loss coefficient) 

  



135 
 

 
Figure 5.23 Calculated bypass fraction at LEFT and RIGHT sections under 

asymmetric airflow conditions 
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Figure 5.24 Nodalization in DIVA simulation  
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Figure 5.25 Computational domain of DIVA simulation with CFD  

 

 
Figure 5.26 Comparison of air velocity at cold leg side junction  
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Figure 5.27 Comparison of air velocity at hot leg side junction  

 
 
 

 
Figure 5.28 Adjustment of loss coefficient  
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Figure 5.29 Calculated air velocity in MARS according to loss coefficient  

 

 

 

 
Figure 5.30 DIVA validation result (KMA-DB 259-268)  
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Figure 5.31 DIVA validation result (KMA-DB 270-280)  

 

 
Figure 5.32 DIVA validation result (KMA-DB 282-293)  
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Figure 5.33 Calculated bypass fraction at LEFT and RIGHT sections in DIVA 

simulation (KMA 282-293) 
 

 
Figure 5.34 Effect of shifted DVI nozzle on the film off-take in each section  
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Figure 5.35 Comparison of bypass fraction in all SNU simulation cases  

 

 
Figure 5.36 Comparison of bypass fraction in all DIVA simulation cases 
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Figure 5.37 MIDAS validation result 

 

 

 
Figure 5.38 Different void heights in DIVA and MIDAS simulations 
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Figure 5.39 Little effect of void height on predicting air velocity in CFD 

simulation (DIVA KMA-273) 
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Figure 5.40 MIDAS simulation result with void height of 0.72 m 

 

 
Figure 5.41 MIDAS simulation result without condensation effect 
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Figure 5.42 Experiment database for film spreading width with different 

geometrical configurations (Cho, 2004) 
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Chapter 6 

Conclusions 

 

 

 

 

6.1 Summary 

 

An experimental work (SNU experiment) was conducted in a reduced-scale 

downcomer annulus of a nuclear reactor pressure vessel to investigate the liquid 

film behaviors under emergency core coolant (ECC) bypass conditions and to 

obtain high-fidelity data for the validation of two-phase flow CFD codes. The liquid 

film sensor based on an electrical conductance method was developed to measure 

the local thickness of the liquid film. The fabrication of the electrodes on a flexible 

printed circuit board (FPCB) enabled the sensor to be installed on the curved surface. 

The time-averaged liquid film thickness, which was measured by the developed 

sensor, showed the influence of the lateral air flow on the liquid film flow, and it 

was compared with results obtained by visual observations. As the air velocity 

increased, droplets that were created in the thick part of the liquid film appeared, 

and wisps generated near the broken cold leg could be observed. In the experiment 

study, qualitative and quantitative analyses of the measurement results showed the 

reliability of the developed sensor and helped to understand the liquid film behavior 

in the ECC bypass phenomenon. Furthermore, the measured film thickness could 

contribute to film off-take modelling and to validating the CFD codes, which have 
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not been validated sufficiently because of the absence of local measurement data.  

In the CFD study, the VOF-slip, which is a hybrid model combining the volume 

of fluid (VOF) and mixture model offered by STAR-CCM+ 15.04 was used. This 

approach enables the large-scale interface to be treated using the VOF method and 

the subgrid-scale interface to be treated with a mixture model that accounts for a 

phase slip via the drag law. The key parameters of the VOF-slip model for the film 

off-take phenomenon were the droplet diameter and interface turbulence damping 

coefficient, B. Therefore, parametric studies were conducted by varying the droplet 

diameter and B. A proper value was determined based on the film spreading width 

and ECC bypass fraction obtained from the SNU experiment. The droplet diameter 

was determined to be 150 μm  for all simulation cases. The interface turbulence 

damping coefficient, B, ranged from 0 to 30, and the mesh-independent coefficient, 

δ, ranged from 2.7×10-5m to 5.7×10-5m. 

From the experiment and CFD analysis studies, it was confirmed that the liquid 

film off-take phenomenon is governed by the air flow rate, water flow rate, and the 

film boundary position. Considering these three parameters, the normalized film off 

take rate was correlated with 𝑅𝑒 , 𝑊𝑒, 𝑅 , and Bo. The concept of the model 

was to divide the off-take volume into two sections (LEFT and RIGHT) through a 

virtual boundary so that the model can evaluate the film off-take rate in each section 

differently.  

The developed model was implemented in MARS-multiD, and it was assessed 

with the SNU experiment. The newly developed model could predict the accurate 

bypass fraction in the SNU experiment if the air velocity at the off-take volume is 

properly estimated. Then, the DIVA test (1/5 scale) was simulated to validate the 

developed model. The validation results show that the newly developed film model 
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can improve the predictability of the bypass fraction. In addition, the MIDAS test 

that was performed using the steam-water flow was simulated with the developed 

model, and it was confirmed that the model should be improved in situations where 

condensation occurs. 

 

6.2 Recommendations 

 

By performing the present study, the following further studies are suggested. 

 

 In this study, the range of the interface turbulence damping coefficient, B, 

was confirmed to be 0–30, and this was converted to the range of mesh 

independent value δ  (2.7× 10-5m - 5.7× 10-5m). Although it could be 

deduced that the range of δ is reasonable when compared to the findings 

reported by Frederix et al. (2018), it needs to be modelled with the flow 

conditions to reduce the excessive computational costs that are required to 

find an accurate value after a few simulations.  

 

 In this study, the film off-take model was developed under air-water flow 

conditions. From the validation results in MIDAS simulation, it was 

confirmed that the developed model still needs to be improved under steam-

water conditions. Therefore, in future studies, it is necessary to investigate 

the film off-take phenomenon when steam condensation occurs and to 

assess the film condensation model in the MARS code. 
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Nomenclature 

 

E Electric field [V/m] 

𝜖  Permittivity of free space [F/m] 

𝑗∗  Wallis parameter 

𝑗  Superficial velocity [m/s] 

𝛼  Void fraction 

𝑔  Gravitational acceleration [m/s2] 

�̇�  Mass flow rate [kg/s] 

ρ  Density [kg/m3] 

𝐴   Flow area [m2] 

𝐷   Downcomer gap size [m] 

𝑙   Scaling ratio 

𝐯  Mixture velocity [m/s] 

𝐯𝒅,𝒊  Diffusion velocity [m/s] 

𝐯𝒑,𝒔  Slip velocity [m/s] 

𝐶   Drag coefficient [s] 
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𝐛  Specific body force [m/s2] 

𝜏   Particle relaxation time [s] 

𝑅𝑒  Reynolds number 

𝜇  Viscosity [kg/m∙s] 

𝑑   Droplet diameter [m] 

𝑩  Interface turbulence damping coefficient 

∆𝑛  Cell size across the interface [m] 

𝛿  Grid-independent length scale [m] 

𝑉   Volume of grid [m3] 

We  Weber number 

𝐷  Hydraulic diameter [m] 

𝜎  Surface tension [N/m] 

𝜖  Entrainment rate [kg/m2s] 

𝑅   Film boundary distance number 

𝑥   x-coordinate of film boundary [m] 

𝑧   z-coordinate of film boundary [m] 

𝑓   Interfacial friction factor 
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𝛿   Flim boundary thickness [m] 

𝑡  Time [s] 

𝑥   x-coordinate of broken cold leg [m] 

𝑧   z-coordinate of broken cold leg [m] 

Bo  Bond number 

 

Subscript 

𝑓  Liquid phase 

𝑔  Gas phase 

𝑜  Outlet 

CL  Cold leg 

𝑝  Primary phase 

𝑠  Secondary phase 

𝑓𝑏  Film boundary 

la Laplace length 

𝑒𝑓𝑓  Effective 

𝑚𝑎𝑥  Maximum 
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LEFT Left section of off-take volume 

RIGHT Right section of off-take volume 

B Branch 

𝑡  Top junction 

𝑙  Left junction 

𝑟  Right junction 

0 Initial 
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Appendix A 

Uncertainty Analysis 

 

 

An uncertainty analysis for SNU experiment was performed with following 

parameters. 

 

1. Water Mass Flow Rate 

Water mass flow rate can be obtained from volumetric flow rate of water 

measured by electromagnetic flow meter and density of water as below: 

 

�̇� = 𝜌 𝑄           (A1) 

 

Then, the uncertainty of the liquid mass flow rate can be estimated as follows: 

 

̇

̇
= ±

̇

̇
+

̇

̇
           (A2) 

 

where, U, B, and P denote total uncertainty, bias error, and precision error, 

respectively. The bias error of liquid mass flow rate is obtained from that of density 

estimation and the volumetric flow rate. 

 

𝐵 ̇ =
̇

𝐵 +
̇

𝐵 = 𝑄 𝐵 + 𝜌 𝐵    (A3) 
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̇

̇
= 𝐵 + 𝐵       (A4) 

 

The bias error of water density ( 𝐵 ) is assumed to be 0.001, and the bias 

error of electromagnetic flow meter ( 𝐵 ) is 0.003. 

The precision error of water mass flow rate is as follows: 

 

  𝑃 ̇ = 1.96
̇

√
    (A5) 

 

where, 𝑆 ̇  is standard deviation of the liquid mass flow rate and N is number of 

samples. 

 

2. Air Mass Flow Rate 

Air mass flow rate can be obtained from volumetric flow rate of water measured 

by thermal mass flow meter and density of water as below: 

 

�̇� = 𝜌 𝑄           (A6) 

 

Then, the uncertainty of the air mass flow rate can be estimated as follows: 

 

̇

̇
= ±

̇

̇
+

̇

̇
         (A7) 

 

The bias error of air mass flow rate is obtained from that of density estimation and 
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the volumetric flow rate. 

 

𝐵 ̇ =
̇

𝐵 +
̇

𝐵 = 𝑄 𝐵 + 𝜌 𝐵    (A8) 

 

̇

̇
= 𝐵 + 𝐵        (A9) 

 

The bias error of air density ( 𝐵 ) is assumed to be 0.001, and the bias error 

of thermal mass flow meter ( 𝐵 ) is 0.02. 

The precision error of air mass flow rate is as follows: 

 

  𝑃 ̇ = 1.96
̇

√
    (A10) 

 

where, 𝑆 ̇  is standard deviation of the air mass flow rate. 

 

3. Bypass fraction 

The ECC bypass fraction in SNU experiment is defined with the inlet water 

mass flow and penetration water mass flow as below: 

 

𝑅 = 1 −
̇ ,

̇ ,
     (A11) 
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The uncertainty of the bypass fraction can be estimated as follows: 

 

= ± +       (A12) 

 

The bias error of the bypass fraction can be divided in to that of the inlet water 

mass flow and penetration water mass flow. 

 

= ±
̇ ,

̇ ,
+

̇ ,

̇ ,
    (A13) 

 

where the bias error of the water inlet mass flow and penetration mass flow can be 

calculated according to Eq. (A4). The precision error of the bypass fraction is as 

follows: 

 

𝑃 ̇ = 1.96
√

      (A14) 

 

where, 𝑆 ̇  is standard deviation of the air mass flow rate. 
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Appendix B 

Implementation of Model in MARS 

 

 

The film off-take model developed in this study was applied into the MARS-

KS 1.5 version. The default film off-take model is in the StratifiedFlow subroutine 

of JunctionProperty.f90 module. This subroutine computes the quality at the branch 

using the critical height model and the branch quality model, which were replaced 

by the developed film off-take model in this study.  

The source of MARS for the developed film off-take model is presented in Table 

B.1. 
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Table B.1 The source code to apply the developed film off-take model 
Calculation of 𝑹𝒇𝒃 
pos_z_l(:) = 0 

pos_z_r(:) = 0 

pos_x_l(:) = 0 

pos_x_r(:) = 0 

sum_dist_l = 0.0d0 

sum_dist_r = 0.0d0 

jg_s_l = j_da(ljnum)%voidgj * abs(j_da(ljnum)%Vgj)  

jg_s_r = j_da(rjnum)%voidgj * abs(j_da(rjnum)%Vgj) 

DO step_l = 1,300 

time_l = 0.0005d0 * (step_l-1) 

f_i_l = 0.005d0 * (1.0d0 + 75.0d0 * (thick_f/v_da(kk)%LENGTH(2))) * 0.031d0 + 

0.00013d0 * sqrt(max(0.0d0,(jg_s_l-7.0d0))) 

pos_z_l(step_l) = z_0 + vbf * time_l - 0.5d0 * GRAVCN * time_l**2 

pos_x_l(step_l) = f_i_l * jg_s_l**2 * time_l**2 / (4.0d0 * thick_f) + x_0_l 

if(pos_x_l(step_l) > 0.0d0 .OR. pos_z_l(step_l) < z_f) exit 

dist_l = sqrt((pos_x_l(step_l)**2)+(0.5d0*(z_0+z_f)-pos_z_l(step_l))**2) 

sum_dist_l = sum_dist_l + dist_l 

END DO 

avg_dist_l = sum_dist_l / (step_l - 1) 

DO step_r = 1,300 

time_r = 0.0005d0 * (step_r-1) 

f_i_r = 0.000155d0 * (1.0d0 + 75.0d0 * (thick_f/v_da(kk)%LENGTH(2))) + 0.00013d0 * 

sqrt(max(0.0d0,(jg_s_r-7.0d0))) 

pos_z_r(step_r) = z_0 + vbf * time_r - 0.5d0 * GRAVCN * time_r**2 

pos_x_r(step_r) = -f_i_r * jg_s_r**2 * time_r**2 / (4.0d0 * thick_f) + x_0_r 

if(pos_x_r(step_r) < 0.0d0 .OR. pos_z_r(step_r) < z_f) exit 

dist_r = sqrt((pos_x_r(step_r)**2)+(0.5d0*(z_0+z_f)-pos_z_r(step_r))**2) 

sum_dist_r = sum_dist_r + dist_r 

END DO 

avg_dist_r = sum_dist_r / (step_r - 1) 

nonr_l = j_da(m)%DIAMJ / avg_dist_l 

nonr_r = j_da(m)%DIAMJ / avg_dist_r 

Calculation of 𝑾𝒆 
jg_s_tot = j_da(m)%voidgj * abs(j_da(m)%Vgj) 

we_l = v_da(kk)%rhog * jg_s_l**2 * v_da(kk)%LENGTH(2) / v_da(kk)%sigma 

we_r = v_da(kk)%rhog * jg_s_r**2 * v_da(kk)%LENGTH(2) / v_da(kk)%sigma 

we_tot = v_da(kk)%rhog * jg_s_tot**2 * j_da(m)%DIAMJ / v_da(kk)%sigma 

we_fl = we_l / (we_r + we_l) 

we_fr = we_r / (we_r + we_l) 

we_tot_l = we_tot * we_fl 

we_tot_r = we_tot * we_fr 

Calculation of 𝑹𝒆𝒍𝒂 and 𝑩𝒐 
re_pr = j_da(ujnum)%Rhofj * sqrt(v_da(kk)%sigma/(GRAVCN * d_rhou)) / v_da(kk)%MUF 

jf_s = j_da(ujnum)%voidfj * abs(j_da(ujnum)%vfj) 

re_la = jf_s * re_pr 

bo = v_da(kk)%LENGTH(2) * sqrt(GRAVCN * d_rhou / v_da(kk)%sigma) 
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Calculation of normalized film off-take rate and bypass fraction 

varx_l = we_tot_l**1.2d0 * re_la**0.6d0 * log(2.0d0*nonr_l) * bo**(-2.7d0) 

varx_r = we_tot_r**1.2d0 * re_la**0.6d0 * log(2.0d0*nonr_r) * bo**(-2.7d0) 

! Normalized offtake rate at LEFT and RIGHT sections 

bf_l = max(0.0d0, 1.0d0-1.06775d0/(1+exp((varx_l-33.7719d0)/8.16486d0))) 

bf_r = max(0.0d0, 1.0d0-1.06775d0/(1+exp((varx_r-33.7719d0)/8.16486d0))) 

! Normalized offtake rate (total) 

bf_tot = 0.5d0 * (bf_l + bf_r) 

tot_mflowf=-j_da(ujnum)%mflowfj-j_da(rjnum)%mflowfj+j_da(ljnum)%mflowfj 

break_mflowf=tot_mflowf*bf_tot 
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국문 초록 

 

본 연구의 목적은 고정밀 실험과 CFD 해석으로부터 얻은 국소 

유동 변수들을 기반으로 원자로 강수부 상부에서 발생할 수 있는 액막 

견인 현상을 모델링하는 것이다. 먼저 안전주입수 우회 현상에서의 

액막 거동에 대한 이해를 제고하고, CFD 해석 검증에 적합한 고정밀 

실험 데이터를 확보하기 위해 1/10 스케일로 축소된 강수부에서 실험 

연구가 수행되었다. 실험에서의 주요 측정 변수는 액막 두께였으며, 

액막 두께 분포를 효율적으로 측정할 수 있는 전기적 기법의 액막 

센서가 본 연구에서 개발되었다. 개발 센서는 폴리이미드(polyimide) 

필름 기반의 연성회로기판을 이용하여 제작되었기 때문에 강수부와 

같은 곡면부에도 쉽게 부착될 수 있었다. 공기 유동에 따라서 변하는 

액막 거동에 대해서 시간 평균 액막 두께를 센서로 측정하고 이를 관측 

결과와 비교하였다. 공기 유속이 증가할수록 액막이 퍼지는 폭은 

파단부 중심으로 좁아졌으며, 두꺼운 액막 경계에서 액적 이탈이 

발생하는 것이 관측되었다. 또한 공기 유속이 큰 경우에 파단부 

주위에서의 두꺼운 액막으로부터 wisp가 생성되어 파단부로 견인되는 

것이 확인되었다. 이와 같은 관측을 통해 액막 센서 측정에 대한 양적, 

질적 평가를 수행할 수 있었다. 

CFD 해석은 3차원 형상 효과가 수반되는 이상유동의 거동을 

정확히 예측하고자 할 때 유용하게 활용될 수 있다. 그러나 전통적인 

이상유동 모델은 분산상과 연속상이 혼재해 있는 이상유동의 거동을 
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적절하게 다룰 수 없기 때문에 CFD 해석의 활용에 제한이 있었다. 본 

연구에서는 VOF 모델과 Mixture 모델이 결합된 형태의 VOF-slip 

모델을 활용하여 강수부에서의 액막견인 현상을 상용 CFD 코드인 

STAR-CCM+로 해석하였다. VOF-slip 기법에서는 액막과 wisp와 

같은 large-scale interface는 VOF로 해석하고, 액적과 같은 

subgrid-scale interface는 Mixture 모델로 해석하는 것이 가능하다. 

본 연구에서는 VOF-slip 모델을 활용할 때, 액적 직경값과 

계면난류댐핑 계수가 해석 결과에 주요한 영향을 주는 파라미터임을 

확인할 수 있었다. 민감도 분석을 통해 합리적인 액막 폭 및 우회율을 

도출할 수 있는 액적 직경과 계면난류댐핑 계수를 결정하였다. 

고정밀 실험 및 해석연구로부터 액막 견인 현상은 기상 및 액상의 

유량과 액막 경계의 위치에 의해 결정된다는 것을 확인할 수 있었다. 

따라서 이들의 특성을 대변할 수 있는 파라미터들을 Re , We , 그리고 

R 와 같이 정의하고 정규화된 액막견인률을 예측할 수 있는 상관식을 

개발했다. 개발 모델에서는 파단 저온관을 중심으로 off-take 볼륨이 

두 섹션(LEFT, RIGHT)으로 구분된다. 그리고 각 섹션에서 예측된 

우회율을 합산하여 전체 우회율이 도출된다. 

개발된 액막견인률 모델은 MARS-multiD 코드에 삽입되었으며, 

SNU 실험과 KAERI에서 수행된 DIVA 실험 (1/5 스케일) 해석을 

통해 검증되었다. 검증 결과, 개발 모델이 기존 MARS 해석보다 

전체적으로 개선된 우회율 예측 성능을 보였다. 추가적으로 개발 

모델의 활용이 증기-물 조건으로 확장될 수 있는지 확인해보기 위해 
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MIDAS 실험에 대한 해석을 수행하였다. 증기-물 조건에서는 모델이 

개선될 여지가 있음이 확인되었으며, 모델 개선을 위해서는 응축 

현상이 수반된 실험 연구가 추후에 수행되어야 할 것이다. 

본 연구에서 수행된 원자로 강수부에서의 액막 견인 현상에 대한 

고정밀 실험 및 해석, 그리고 상관식 개발 및 MARS-multiD 코드 

적용은 향후 원자로 냉각재상실사고 조건 시, 안전주입수 우회량 

예측에 유용하게 사용될 수 있다. 특히, 개발 모델은 재관수 기간 동안 

우회율에 따른 노심의 재가열을 예측하는데 중요한 역할을 할 것으로 

기대된다.  
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