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Abstract 

 
Experimental investigation of critical heat 
flux on a single heater rod under inclined 

and rolling conditions 
Geon-Woo Kim 

Department of Energy System Engineering 

The Graduate School 

Seoul National University 
 

An offshore floating nuclear power plant has been developed to supply power 

to remote regions. Since it is operated in an ocean environment, it can be exposed 

to inclination due to sinking or dynamic conditions due to sea waves. Under these 

conditions, the thermal–hydraulic phenomena in the reactor core can be different 

from those on the land-based reactors owing to external forces and changes in 

inclination. Therefore, research has been conducted on thermal hydraulics under 

dynamic conditions. However, despite the importance of the critical heat flux 

(CHF), which is a major design parameter, published experimental studies under 

dynamic conditions are limited. In particular, no studies or models have been 

published on the experimental study of the CHF for fuel rod shapes under the rolling 

condition. 

Therefore, in this study, an experiment to measure the CHF of a single heater 

rod was performed under inclination and rolling conditions, and inclined and rolling 

CHF correlations were developed. First, a rolling platform called NEOUL-R was 
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designed and constructed to compose the inclined and rolling environment. The 

platform was designed and manufactured to be similar to regulatory requirements, 

oceanic environmental conditions, and known marine reactor sizes. In addition, an 

accurate sinusoidal motion was implemented to easily facilitate the interpretation 

of experimental results. The CHF measurement loop was manufactured using the 

nonaqueous fluid (i.e., simulant fluid) R134a, whose experimental conditions 

corresponded to pressurized water reactor conditions using the fluid-to-fluid scaling 

method. The test section was an annular tube channel composed of a single heater 

rod and tube housing. The CHF was measured by detecting the increase in 

temperature as the inlet subcooling and flow rate conditions were varied under 

vertical, inclined, and rolling conditions.  

In the inclination experiment, the CHF was enhanced compared with the 

vertical condition in the most cases, and the rate of change can be expressed as two 

types of modified Froude numbers depending on the departure from nucleate 

boiling (DNB) and dryout regions. The expression of the Froude number in the 

DNB region was modified to express the inclined CHF trend. Through the analyses 

of this experiment and the previous experiments on inclined tubes and rods, 

empirical correlations were developed for predicting the CHF for inclined rods and 

tubes. 

The rolling experiment had a CHF precursor of a sudden rise in temperature 

before the CHF, and its trigger was related to the CHF value of the inclined 

condition. The experiment confirmed that dry-patch generation and quenching are 

repeated in the CHF phenomenon under rolling conditions owing to external force 

and angle changes. From the analysis, the results revealed that the rolling motion 

weakens the effect of inclination. That is, if the CHF increases or decreases under 
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inclination, the rolling acts to weaken those effects. This was also observed in the 

analysis results of the previous rolling tube CHF experiments. In addition, the effect 

of the rolling acceleration was not investigated in this experiment. Through the 

analysis of the acceleration effect and previous tube experiments, it was revealed 

that an acceleration less than a certain threshold value has a parametric effect on the 

CHF variation under rolling motion. By considering these trends of this and 

previous tube experiments, a correlation for the CHF under rolling condition was 

developed, which indicated the correlations between vertical, inclination, and 

rolling conditions. In addition, based on the one-dimensional heat conduction 

analysis of the heater rod, the CHF precursor in this simulant fluid experiment can 

be considered the CHF in the water test condition owing to the rapid and high 

increase in temperature; therefore, this should be considered when designing water 

CHF experiments under rolling conditions. 

In addition, mechanistic bubble tracking was simulated under inclination and 

rolling conditions to support the interpretation of experimental results and model 

the bubble behavior under inclined and rolling conditions. This simulation tracked 

the bubble life cycle on the heating surface such as bubble formation, sliding, 

merging, and lift-off processes. Through this modeling, the bubble behavior under 

the inclination and rolling conditions, which were hypothesized in the experimental 

analysis, was confirmed. In addition, through this analysis, the time-area averaged 

bubble existing probability and average radius on the heating surface were 

quantitatively obtained. This variable can be applied to the stochastic CHF 

prediction method based on the continuum percolation theory, and through this 

modeling, the relationship between vertical, inclined, and rolling CHFs can be 

predicted. This methodology can be applied to conditions in which complex bubble 
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behavior is expected, such as rolling conditions. 

The experimental results of the rolling CHF conducted in this study can be 

useful as an experimental database that is the basis for the safety analysis of marine 

reactors. In addition, it is expected that the relationships and predicted correlations 

between vertical, inclined, and rolling CHFs revealed through experiments will be 

usefully applied to the future research and analysis of the rolling CHF. Finally, the 

proposed CHF prediction methodology indicates the direction of the two-phase 

flow study under inclined and rolling conditions to be performed in the future. Thus, 

this study has provided a very important contribution to the design and safety 

analysis of marine reactors in the future. 
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Chapter 1 

Introduction 
 

 

 

 

1.1 Background and motivation 

 

Recently, the development of remote territories has been increasing owing to 

the increasing production of coal, gas, gold, etc., and it requires reliable energy 

sources. However, the cost of electricity transmission to these long-distance 

territories can be greater than generation costs under harsh conditions. Therefore, 

demands for small-sized and transportable nuclear power plants to supply 

electricity to smaller grids and hard-to-reach areas are increasing. Based on this, the 

marine application of nuclear power plants has been proposed. For example, the 

floating nuclear power plant (FNPP), including its marine reactor, has been 

developed and under operation, such as Akademik Lomonosov (KLT-40S reactor 

under operation and RITM-200M in future) in Russia since 2019 (Belyaev et al., 

2020). In addition, several countries such as the USA (OFNP-300) (Buongiorno et 

al., 2016), China (ACPR50S) (Yang et al., 2021), and the Republic of Korea 

(BANDI-60S) (Kim et al., 2019) have proposed or are developing FNPP prototypes. 

As these marine reactors are exposed to the waves in the ocean, the reactor can 

continuously roll and heave. Under these conditions, thermal–hydraulic phenomena 

can differ from those of stationary conditions. Therefore, experimental and 
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numerical studies particularly for two-phase flow under motion conditions have 

been increasing. However, experimental databases for the critical heat flux (CHF) 

are insufficient and its effect under motion is not clear, particularly under rolling 

motion. Previously, the experimental studies for CHF on a tube under rolling 

motion have been conducted using simulant fluids for flow boiling conditions. It 

was observed that the CHF could be enhanced or degraded depending on the 

departure from nucleate boiling (DNB) or dryout regime. However, the mechanism 

of CHF variation was not elucidated and was limited to a hypothetical one owing 

to the lack of measurement data of CHF position and limitations of the rolling 

platform. In addition, the CHF of a heater rod under rolling conditions has not been 

studied or published in open literature despite the wide application of rod geometry 

in fuel design for commercial reactors.  

 

 

1.2 Purpose and objectives of this study 

 

The purpose of this study was to establish a fundamental analysis for safety 

analysis of marine reactors by providing a basic thermal–hydraulic experimental 

database under ocean conditions. Hence, the following objectives were set as 

research scopes.  

 

Design and construction of rolling platform: A rolling platform called 

NEOUL-R was constructed. It was designed to simulate the rotational motion for a 

single axis among the six degrees of freedom of motion. It could also simulate the 

static inclined condition in clockwise and counterclockwise directions. The main 
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design parameters were the maximum rolling angle, period, and rolling radius. Each 

parameter was set based on the regulatory documents, oceanic environment 

database, and other reference nuclear ships. 

 

Perform a CHF test using a heater rod with multiple thermocouples using 

a simulant fluid: A CHF test loop was manufactured. The working fluid was R134a, 

the test section had an annulus geometry, and a heater rod was installed at the center 

of the test section. The heater had multiple embedded thermocouples in the 

circumferential direction to detect the circumferential position of the CHF under 

rolling conditions. 

 

Suggest a CHF mechanism under inclined and rolling conditions: In the 

inclination experiment, the CHF was enhanced compared with that of the vertical 

position in most conditions, and the rate of change could be expressed as two types 

of modified Froude numbers depending on the DNB and dryout regions. The 

experiment confirmed that the CHF phenomenon under the rolling condition 

exhibited the repeated behavior of dry-patch generation and quenching owing to 

external force and angle changes. As a result, the rolling motion was observed to 

weaken the effect of the inclination. That is, if the CHF increases or decreases under 

inclination, the rolling weakens those effects. 

 

Develop the CHF correlation for inclined and rolling conditions: Through 

the analyses of this experiment and previous experiments on inclined tubes and rods, 

an empirical correlation was developed to predict the CHF under inclined rods and 

tubes. In addition, by considering trends of this experiment and previous tube 
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experiments, a correlation for the CHF under rolling conditions was developed, 

which indicates the relationships between vertical, inclination, and rolling 

conditions. 

 

Chapter 2 presents the literature review on inclined and rolling CHF 

experimental studies. Chapter 3 introduces the experimental facility NEOUL-R 

constructed in this study in detail, including the rolling platform and CHF test loop. 

The overall test procedure and conditions are summarized. In Chapter 4, 

experimental results are presented according to conditions such as vertical, 

inclination, and rolling. In Chapter 5, the experimental analyses results are 

presented, and empirical correlations are proposed for inclined and rolling 

conditions. In addition, the simulation result of bubble tracking is presented to 

explain the bubble behavior under inclination and rolling on the heated surface. 

Finally, this study is concluded in Chapter 6. 
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Figure 1.1 Floating nuclear power plants under operation and under development 

 

 

 
Figure 1.2 Rotating & translating motions of marine reactor 
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Figure 1.3 Increasing research papers and their topics about flow boiling under 

motion conditions (Tian et al., 2020) 
 

 
Figure 1.4 Purpose and objectives of research 
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Chapter 2 

Literature survey 
 

 

 

 

2.1 CHF studies under inclined condition 

 

The change of the CHF in the inclination appears in the form of increasing or 

decreasing compared to the vertical case. It is known that this tendency depends on 

the shape of the heating surface. Other key parameters are the inclination angle and 

flow condition, CHF-regime, etc. Firstly, Levy and Swan (1959)'s study is almost 

the only published study on the CHF study in an inclined heater rod. In this study, 

a CHF experiment using water was performed in a 2.8 m long tube under a 45° 

inclination condition. As a result of this study, it was reported that the CHF 

increased by about 10% in the 45° inclined rod (in the range of 1% to 30%, 

approximately). Despite of this result, Levy and Swan reported that the effect of 

inclination was small. To detect the burnout position, four thermocouples were 

installed at the end of heated section by equally spaced in the circumferential 

direction. In the case of the bottom thermocouple, there was no temperature 

increase for five burnout test points but increase in the remaining conditions of ten 

burnout points. In addition, under some conditions, the temperature of the top 

thermocouple rose after the first temperature peak showed at the side thermocouples. 

Judging from these results, although the trigger position of temperature rise showed 
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unclear trend, it was confirmed that burnout zone could be expanded upward 

according to the direction of buoyancy in some conditions. 

On the other hand, various CHF experiments have been reported in tube shape, 

but accessible data are limited and available in experiments of Mori et al. (1999) 

and Ami et al. (2014). Mori et al. (1999) measured CHF in a 3 m long tube at 42 

bar condition using R22 fluid at vertical, 22°, 45°, and more severely inclined 

conditions. In this experiment, CHF was reduced by up to 30% under 45° 

inclination. This result can be explained according to the bubble concentration at 

the upper side of the tube under inclined condition. Meanwhile, Ami et al. (2014) 

performed an experiment under low flow and high quality conditions at vertical to 

45° degrees inclined conditions using water at 4 bar. In some cases, the CHF 

decreased by 30% at 45°, but even increased when the inclination angle was 30° or 

less. For this case, Ami et al. (2014) referred the experimental study of Ousaka et 

al. (1996) which measures liquid film and droplet distribution in 45° inclined tube. 

This study showed that gravity dominates at 45° inclination so that CHF 

deteriorated due to thin liquid film. However, as it approached to vertical, the 

droplet deposition is dominant so that droplet deposition compensates the presence 

of a slight thin liquid film. Therefore, it was said that CHF could be increased rather 

than vertical condition.  

In the plate type shape, the variation of CHF differs according to the relationship 

between the direction of buoyancy and the direction of the heating surface (Zhang 

et al., 2002). If the heating surface faces downward, the lift-off of the bubble is 

suppressed and the CHF deteriorates. However, when the heated surface faces 

upward, the lift-off of the bubble is promoted compared to the vertical condition, 

and the CHF enhances. 
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From the previous studies, no representative correlations or models are known 

for CHF enhancement or degradation under inclined conditions. However, it is 

known that the change of buoyancy due to inclination and the flow rate in the 

channel affect the trend of the CHF variations from the studies which compared the 

vertical and inclined CHF values (Merilo, 1977; Cumo et al., 1978). Those studies 

suggested the modified Froude number to describe the CHF variations under 

inclined condition. The detailed analyses of previous studies are presented in 

Chapter 5.1. 

 

 

2.2 CHF studies under rolling condition 

 

Regarding to the flow boiling CHF experiment under rolling condition, Hwang 

(2012) measured the CHF in a tube using R134a refrigerant under vertical and 

rolling conditions. The experimental conditions corresponded to operating 

conditions of pressurized light water reactor based on the fluid-to-fluid scaling 

method. In the fluid-to-fluid scaling model, the Katto (1978)'s mass scaling factor 

was used. The pressure conditions of R134a were 13 to 24 bar. In order to 

implement the rolling motion, a rack-pinion-gear based rolling device called 

MARMS (MArine Reactor Moving Simulator) was manufactured, and the rotation 

axis of the rolling motion was designed to be located on the upper part of the test 

loop. In the stainless tube test section with an inner diameter of 9.5 mm and a length 

of 1 m, heat was supplied directly through a 48 kW DC power supply, and the wall 

temperature was measured by digging an external groove and inserting a 

thermocouple outside the tube to detect the CHF point. As a result of the experiment, 
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under the medium pressure (13 – 16 bar) condition, the CHF under the rolling 

motion was similar or degraded compared to the vertical case, while the CHF under 

rolling motion was increased under the high-pressure condition (24 bar) compared 

to the vertical condition. In order to explain this phenomenon, Hwang (2012) 

proposed the hypothetical CHF mechanism that the rolling causes the wall bubbles 

to separate from the wall surface and delays the DNB. However, the mechanism of 

CHF variation was not elucidated and limited to hypothetical one due to the lack of 

measurement data of CHF position and limited performance of rolling platform. 

Hwang (2012) summarized the main results of the experiment as follows. 

 

‒ Based on the flow regime, the CHF data was divided into dryout and DNB. 

‒ The CHF enhancement under rolling motion was affected by flow rate, 

pressure, and roll radius. 

‒ In medium pressure, effect of rolling on CHF changed from degradation to 

enhancement as mass flux increases. 

‒ In high pressure, CHF under rolling motion enhanced under all mass flux 

conditions. 

‒ The CHF variations under rolling motion could be explained by following 

mechanisms. 

‒ DNB region (high flow rate for medium pressure and all flow rates 

for high pressure) 

CHF increases due to increase of liquid layer mixing and bubble 

release rate owing to tangential force and high velocity.  

‒ Dryout region (low flow rate for medium pressure) 

CHF decreases due to the enhanced droplet entrainment rate from 
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the liquid layer to the vapor core, thereby increasing the thickness 

reduction of the liquid layer. 

‒ Churn-annular transition region (low flow rate for medium 

pressure) 

The regime transition to annular flow was accelerated due to the 

enhanced merger of slugs and bubbles. 

‒ Bubbly-slug transition region (low flow rate for high pressure) 

The tangential force promotes the concentration of bubbles on a 

heated surface. 

 

In addition, what can be noticed in this experiment is the characteristic of 

temperature change when dry-out and DNB phenomena occur under rolling 

condition. In general, in the CHF experiment under the stationary condition, one of 

the criteria for measuring the CHF is a sudden rise in the wall temperature due to 

deterioration of heat transfer. However, under rolling condition, the wall 

temperature oscillates due to motion which makes a change in pressure drop, 

additional force, buoyancy force, fluid temperature, etc. In this case, the criterion 

for defining the CHF generation may be different from that of the ground. The 

detailed discussion on this CHF definition criteria under rolling will be explained 

in Chapter 4. 
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2.3 Fluid-to-fluid scaling 
 

In general, the CHF experiment using water is expensive and risky because it is 

generally tested under high pressure with high heat flux conditions. Therefore, there 

are many practical limitations to the experiment. In this background, a 

representative example is to use a refrigerant (mostly called Freon) instead of water 

as a simulant working fluid to simulate the CHF of water due to its low critical 

pressure and low latent heat with well-known properties. In this case, the CHF 

phenomenon can be simulated under the condition that the pressure and heating 

power are reduced by about 6 – 8 times and about 10 times compared to water, 

respectively. This type of simulant fluid CHF experiment is cost-effective and safe 

to perform compared to the water CHF experiment. In recently, R134a refrigerant 

has been widely adopted for a simulant fluid because it has well established physical 

properties and has similar properties to R-12 used in past experiments (Kim and 

Chang, 2005). Accordingly, R134a was selected as a simulant fluid in this 

experiment.  

In the design of R134a CHF experiment, the similarity between R134a and the 

corresponding water test must be satisfied for simulant fluid experiment to be 

meaningful. For this purpose, a fluid-to-fluid scaling method for CHF has been 

developed. The main phenomena related to the critical heat flux are heat transfer, 

phase change, and momentum exchange. Geometric similarity requires similar 

shapes, flow fields, and bubble sizes, which are expressed as a function of fluid 

properties and system pressure. The mechanical similarity can be largely divided 

into hydrodynamic and thermodynamic similarities, and the former one includes 

similar flow patterns, flow rates, and shear force distributions, and the later one 
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requires the same heat transfer mechanism and equivalent thermodynamic 

properties (Tong, 1997). To satisfy these similarities, following two major 

approaches are used in scaling criteria. The first approach is the derivation of 

dimensionless numbers using dimensional analysis (Barnett, 1963; Ahmad, 1973; 

Katto, 1978). The dimensionless numbers consist of the fluid properties (density, 

latent heat, viscous force, etc.) and experimental boundary conditions (heat, 

pressure, temperature, flow rate, etc.), which are variables known to be involved in 

the CHF. Briefly, by preserving the dimensionless numbers between water and the 

R134a test, the experimental conditions of the R134a test can be derived. The 

second approach is empirical correlation based on experimental results (Stevens 

and Kirby, 1964; Coffield et al., 1969). It aims to express experimental results with 

various fluids and scales as a single correlation on a graph based on experimental 

data. 

Most widely used and validated one is model of Katto (Katto, 1978). In the 

similarity criteria, the following variables should be preserved between two systems. 

 

𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶
"

𝐺𝐺ℎ𝑓𝑓𝑓𝑓
= 𝑓𝑓 �𝐿𝐿

𝐷𝐷
, 𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

, Δℎ𝑖𝑖
ℎ𝑓𝑓𝑓𝑓

, 𝜎𝜎𝜌𝜌𝑙𝑙
𝐺𝐺2𝐿𝐿

�         (2.1) 

 

where 𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶"  is the critical heat flux, 𝐺𝐺 is the mass flux, ℎ𝑓𝑓𝑓𝑓 is the latent heat 

of fluid 𝐿𝐿 is the length of channel, 𝐷𝐷 is the channel diameter, 𝜌𝜌𝑙𝑙 is the liquid 

density, 𝜌𝜌𝑣𝑣 is the vapor density, Δℎ𝑖𝑖 is the inlet subcooling enthalpy, and 𝜎𝜎 is 

the surface tension. It was assumed that these dimensionless parameters govern the 

CHF in the vertical tubes and annuli. The last term is the mass scaling factor 

proposed by Katto and it was adopted in this study because the previous study 

(Chun et al., 2007) showed that Katto model has better prediction capability in 
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fluid-to-fluid scaling of CHF rather than the other model of Ahmad (1973).  

Meanwhile, under rolling condition, Hwang et al. (2011) conducted a study to 

evaluate the fluid-to-fluid scaling method under rolling conditions. Since there is 

no experimental data on the water CHF under rolling conditions, a direct 

comparison of experimental data between simulant fluid and water was not 

available. However, Hwang tried to evaluate the existing fluid-to-fluid scaling 

models such as Coffield, Ahmad, and Katto models using the experimental results 

of Otsuji (Otsuji and Kurosawa, 1982), a R113 CHF experiment under heaving 

conditions. In the study of Hwang, CHF data from Otsuji’s experiment was 

converted to water-equivalent CHF and it was compared with the simulation result 

of MARS which modeled the Otsuji’s experiment for water-equivalent conditions 

for model evaluation. As a result of comparison, Coffield's model was most accurate 

under stationary conditions. Subsequently, under the heaving condition, it was 

shown that accuracies of models were found to be different depending on the range 

of the experimental conditions, and the Katto model was used when designing the 

subsequent rolling CHF experiment. However, even if the heaving condition was 

simulated by MARS, the accuracy of the CHF under the dynamic condition 

determined by MARS cannot be guaranteed because the look-up table used in 

MARS code is based on the ground condition data. Therefore, for the actual 

evaluation of fluid scaling model, the results of the water CHF data under motion 

condition should be obtained in the future. 
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Table 2.1 Inclined CHF experiments 

 
 

Table 2.2 Rolling CHF experiments 

Geometry Authors Working 
fluid 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] 

D 
[mm] 

L 
[mm] 

Angle 
[°] 

Rod 

This study R134a 1.6 – 3.2 
(water Eq. 10 – 18) 200 – 1900 ID 9.5 

OD 15.8 800 0(vertical), 
30, 45 

Levy and 
Swan 
(1959) 

Water 6.9 270 – 1900 ID 13.7 
OD 22.2 2794 45 

Tube 

Mori et al. 
(1999) R22 4.2 

(water Eq. 19.3) 400 – 2600 9.0 3000 0, 22, 45 

Ami et al. 
(2014) Water 0.4 20 – 100 20 450 0, 15, 30, 45 

Geometry Authors Working 
fluid 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] 

D 
[mm] 

L 
[mm] 

Roll angle [°] 
Period [s] 

Rod This study R134a 1.6 – 3.2 
(water Eq. 10 – 18) 200 – 1900 ID 9.5 

OD 15.8 800 30 and 45 
12 and 6 

Tube Hwang 
(2012) R134a 1.3 – 2.4 

(water Eq. 8 – 14) 280 – 1300 9.5 1000 15, 30, and 40 
18, 12, and 6 
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Chapter 3 

Design of experimental apparatus 
 

 

 

 

3.1 Design requirements of rolling platform 

 

Rolling platform means a test platform capable of simulating static vertical, 

static inclined and rolling motion conditions. The main design parameters of the 

rolling platform are the maximum roll angle, period, and roll radius. The maximum 

roll angle was specified in IMO as 45° in the ‘Code of safety for nuclear merchant 

ships’ (IMO, 1982). Although there is no specific requirement for roll period, it is 

estimated that the roll period ranges from about 7.5 to 20 seconds depending on the 

sea states according to the North Atlantic Ocean data (Lewis, 1989). In the case of 

roll radius, it should be determined considering the size of the marine reactor. 

Because the information on the radius in open literature is very limited, the data of 

Taymyr nuclear icebreaker and Savannah nuclear merchant ship were referred to 

(Sodhi, 1995; MARAD, 2015). According to them, it could be estimated that the 

radius scale was within 4 m. Based on these data, the platform was designed to 

simulate up to 45° and 6 seconds period within 4 m radius scale. 
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3.2 Scaling criteria 

 

3.2.1 Fluid-to-fluid scaling of CHF 

 

The CHF test loop uses R134a as the working fluid to simulate CHF under the 

condition of lower pressure and heating power compared to those of water. Based 

on fluid-to-fluid scaling criteria, the CHF phenomenon can be preserved between 

two systems with different fluids. In the similarity criteria, the following three 

variables should be preserved between two systems. 

 

�𝜌𝜌𝑓𝑓
𝜌𝜌𝑓𝑓
�
𝑅𝑅134𝑎𝑎

= �𝜌𝜌𝑓𝑓
𝜌𝜌𝑓𝑓
�
𝑊𝑊𝑎𝑎𝑊𝑊𝑊𝑊𝑊𝑊

,                   (3.1) 

� 𝐺𝐺√𝐷𝐷
�𝜎𝜎𝜌𝜌𝑓𝑓

�
𝑅𝑅134𝑎𝑎

= � 𝐺𝐺√𝐷𝐷
�𝜎𝜎𝜌𝜌𝑓𝑓

�
𝑊𝑊𝑎𝑎𝑊𝑊𝑊𝑊𝑊𝑊

 ,                (3.2) 

𝑥𝑥(𝑧𝑧) = 1
ℎ𝑓𝑓𝑓𝑓

�𝑞𝑞"𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝐺𝐺𝐴𝐴𝑓𝑓𝑙𝑙𝑓𝑓𝑓𝑓

− �ℎ𝑓𝑓 − ℎ𝑖𝑖𝑖𝑖��,               (3.3) 

 

where 𝜌𝜌 is the density of fluid, subscript f and g indicate the liquid and vapor, 

𝐺𝐺 is the mass flux, D is the hydraulic diameter, σ is the surface tension, 𝑥𝑥 is the 

thermodynamic equilibrium quality,  ℎ is the fluid enthalpy,  𝑞𝑞" is the heat flux, 

and 𝐴𝐴 is the area. Firstly, in the Eq. (3.1), density ratio between liquid and vapor 

can be preserved by pressure condition. Secondly, the mass flux scaling parameter 

in Eq. (3.2) should be preserved between two systems. Lastly, the inlet subcooling 

can be determined by preserving the thermodynamic equilibrium quality in Eq. (3.3) 

at the position of CHF. 
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3.2.2 Scaling of fictitious forces under rolling motion 

 

Under rolling motion, the test loop can be described as non-inertial frame. Non-

inertial and inertial frames under dynamic motion can be described (Fig. 3.1) 

(Greenwood, 1987). Especially, the momentum conservation equation is expressed 

as follows. 

 

𝜌𝜌 �
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕 + 𝒖𝒖 ⋅ 𝛻𝛻𝒖𝒖� = −𝛻𝛻𝛻𝛻 + 𝜇𝜇𝛻𝛻2𝒖𝒖 + 𝜌𝜌𝒈𝒈  

−𝜌𝜌 �𝑑𝑑
2𝑹𝑹
𝑑𝑑𝑊𝑊2

+ 𝜴𝜴 × (𝜴𝜴 × 𝒓𝒓) + 2𝜴𝜴× 𝒖𝒖  +   𝑑𝑑𝜴𝜴
𝑑𝑑𝑊𝑊

× 𝒓𝒓�,        (3.4) 

 

where 𝛻𝛻  is pressure, 𝜇𝜇  is the viscosity of fluid, 𝒈𝒈  is the gravitational 

acceleration, 𝑹𝑹 is the position vector of the non-inertial frame as viewed from an 

inertial one (Fig. 3.1), 𝜴𝜴  is the angular velocity, and 𝒓𝒓  is the position vector 

relative to the non-inertial frame. Compared with those under stationary conditions, 

the terms modified or added under dynamic conditions are as follows. The 

gravitational acceleration is expressed as 𝒈𝒈 = −𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐳𝐳�, where 𝑔𝑔 is the angle of 

inclination or rotation, 𝑑𝑑2𝑹𝑹 𝑑𝑑𝜕𝜕2⁄   is the acceleration of the non-inertial frame, 

𝜴𝜴 × (𝜴𝜴× 𝒓𝒓) is the centrifugal acceleration, 2𝜴𝜴× 𝒖𝒖  is the Coriolis acceleration, 

and (𝑑𝑑𝜴𝜴 𝑑𝑑𝜕𝜕⁄ ) × 𝒓𝒓  is the tangential acceleration. The terms marked in bold 

represent vectors. 

Under rolling motion, the additional forces such as centrifugal, Coriolis, and 

tangential ones should be preserved. As we assume the sinusoidal rolling motion 

with maximum angle 𝑔𝑔𝑐𝑐, radius 𝑟𝑟𝑐𝑐, and period 𝜏𝜏𝑐𝑐, we can get following similarity 

criteria by preserving three forces. 
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𝜌𝜌|𝜴𝜴× (𝜴𝜴 × 𝒓𝒓)| ∝ 𝜃𝜃𝑐𝑐2

𝜏𝜏𝑐𝑐2
𝑟𝑟𝑐𝑐  →  �𝜃𝜃𝑐𝑐

2

𝜏𝜏𝑐𝑐2
𝑟𝑟𝑐𝑐�

𝑅𝑅
= 1 →  (𝜏𝜏𝑐𝑐)𝑅𝑅 = (𝑔𝑔𝑐𝑐)𝑅𝑅�(𝑟𝑟𝑐𝑐)𝑅𝑅      (3.5) 

𝜌𝜌 �𝑑𝑑𝜴𝜴
𝑑𝑑𝑊𝑊

× 𝒓𝒓� ∝ 𝜃𝜃𝑐𝑐
𝜏𝜏𝑐𝑐2
𝑟𝑟𝑐𝑐  →  �𝜃𝜃𝑐𝑐

2

𝜏𝜏𝑐𝑐2
𝑟𝑟𝑐𝑐�

𝑅𝑅
= 1  →  (𝜏𝜏𝑐𝑐)𝑅𝑅 = �(𝑔𝑔𝑐𝑐)𝑅𝑅�(𝑟𝑟𝑐𝑐)𝑅𝑅    (3.6) 

𝜌𝜌|2𝜴𝜴× 𝒖𝒖| ∝ 𝜃𝜃𝑐𝑐
𝜏𝜏𝑐𝑐
𝑢𝑢𝑐𝑐  →  �𝜃𝜃𝑐𝑐

2

𝜏𝜏𝑐𝑐2
𝑟𝑟𝑐𝑐�

𝑅𝑅
= 1 →  (𝜏𝜏𝑐𝑐)𝑅𝑅 = �(𝑔𝑔𝑐𝑐)𝑅𝑅 �(𝑢𝑢𝑐𝑐)𝑅𝑅    (3.7) 

 

To satisfy Eqs. (2.5) – (2.7), following criteria is obtained. 

 

(𝑔𝑔𝑐𝑐)𝑅𝑅 = 1 and (𝜏𝜏𝑐𝑐)𝑅𝑅 = �(𝑟𝑟𝑐𝑐)𝑅𝑅        (3.8) 

 

Therefore, in the model, angle should be preserved, and period should be 

reduced by �(𝑟𝑟𝑐𝑐)𝑅𝑅. The derived criteria can be used to estimate the scale effect of 

motion platform. 

 

 

3.3 Design of rolling platform, NEOUL-R 
 

In this study, the rolling platform was constructed and named NEOUL-R (waves 

in Korean–Rolling). The configuration of NEOUL-R is shown in Fig. 3.2. The 

device is composed of a support frame fixed to the ground, and a frame that can be 

rotated by being connected to a rotating shaft. The rotating frame consists of a space 

for mounting the test loop, and the rotating shaft for rolling is located at the above 

of the loop. The rotational power is obtained from the servomotor located below the 

support frame, and the power is transmitted to the rotating frame through the rack-

and-pinion gear shape. The servomotor is controlled by setting the rotation angle 
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and period through a control program. For accurate motion control, following 

design features were adopted to minimize the mechanistic shocks and severe loads 

on the servo motor (Fig. 3.3). 

 

Scissors gear design: In the pinion gear, it was designed as scissors gear which 

consists of a pair of gears and springs. It can reduce the backlash which can happen 

when change the roll direction. 

 

Balance weight design: As explained, to minimize the loads on the servo motor, 

the motors were located and linked at the end of the roll radius. In addition to this, 

on the opposite side, the balance weight was installed to compensate the rotating 

momentum.  

 

Through the precise control of servo motor and usage of followed design 

features, the sinusoidal motion is simulated. As depicted in Fig. 3.4, it was shown 

that the measurement result of accelerations at the test section was agreed with 

analytic values within 1.7 %. 

 

 

3.4 Design of CHF test loop 
 

The test loop consists of the test section of annulus geometry and the 

components for the control of the thermal-hydraulic test conditions. The working 

fluid is R134a which has been widely used in CHF experiments as simulant fluid. 

As shown in Fig. 3.5, the main components are connected through piping in the 
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order of pump-preheater-flow meter-test section-condenser-cooler, and the forced 

circulation was maintained by the pump. An accumulator was used for pressure 

control connected with nitrogen tank on the ground. A preheater was used to control 

the inlet temperature, and a pump and control valve were used to control and 

maintain the uniform mass flow rate during the rolling condition. The heat of the 

loop was removed through two heat exchangers: condenser and cooler, and they are 

connected through flexible hoses with chillers located on the ground. 

The configuration of test section is depicted in Fig. 3.6. It consists of a heater 

rod with 9.5 mm diameter and 800 mm heated length, and 3/4-inch flow tube 

housing. The rod is uniformly heated so that one can expect the CHF to occur at the 

end of heated length (EHL). Therefore, the eight thermocouples are installed at EHL 

and evenly spaced through circumferential direction inside the clad to detect the 

occurrence of CHF. Under this design, one can detect the location of heat transfer 

deterioration through circumferential direction by sudden rise of temperature. This 

feature is important in clarifying the mechanism of CHF under rolling conditions. 

The heater rod is supported by spacers located at the bottom and end flange, and by 

supporters located at the upstream location of which L/D is about 77 from EHL. 

The detailed design is described in Fig. 3.7. The test section is aligned at the center 

of the test loop to simulate sinusoidal form of accelerations under rolling condition. 

 

 

3.5 Test procedure and conditions 
 

The CHF point is based on the point at which one or more of the eight 

thermocouples show a rapid temperature increase in the case of vertical and inclined 
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conditions. The standard of the increase in temperature is 100 ℃ or more based on 

the superheat degree of the wall. This criterion can be adjusted based on the 

judgement of test operator. At CHF, test operator should reduce or cut off the power 

supplied to the heater rod by 50% or more as soon as the thermocouple signal 

reaches almost 200 ℃. For safety, an automatic shut-off function for the power 

supply is applied. In the case of rolling conditions, the CHF point is defined as the 

point at which one or more of the eight thermocouples shows an irreversible 

increase. For test data, all major measurement variables are collected by the data 

acquisition system such as outlet pressure, inlet flow rate, inlet and outlet fluid 

temperatures, inner wall temperatures of heater rod, and differential pressure of the 

test section. The data acquisition time ranges from the point where the heat flux 

seems to be 80% of the CHF to the point where CHF is detected. One should check 

the location of the thermocouple where the temperature excursion occurred under 

the CHF condition. While increasing the applied power until the CHF point is 

reached, the thermal hydraulic condition is continuously controlled to satisfy the 

acceptance criteria of steady state. In the rolling test condition, it is performed in a 

way that the rolling is applied after the thermal hydraulic condition satisfies the 

acceptance criteria under static vertical condition at 80% of expected CHF. The 

boundary conditions for this test are outlet pressure, flow rate, and inlet subcooling. 

The detailed test configurations of CHF test for vertical, inclined, and rolling 

conditions are depicted in Fig. 3.8.  

Following test procedures should be applied in the CHF measurement test. 

1. Loop warm up procedure more than 5 minutes. 

2. Set up the flow, temperature, and pressure conditions. 

3. Apply power to the heater rod up to 80% of expected CHF value. The speed 
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of increasing power should be lower than 0.1 kW/s. 

4. Start the data acquisition. 

5. For rolling condition test, start the rolling motion and set up the thermal-

hydraulic conditions. 

6. Monitor the thermal-hydraulic condition until CHF point is detected. 

7. Increase the power to the heater rod step by step. The single step should be 

less than 0.05 kW. After a single increment, operator should be wait for more 

than 30 seconds. 

8. If precursor of CHF or other temperature fluctuation is observed, reduced 

the step size of increasing power by 0.02 – 0.03 kW. 

9. If the irreversible excursion of wall temperature was detected, reduce the 

power if the temperature reached the almost 200 ℃. 

 

The test conditions are summarized as Table 3.1 – 3.2. 
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Figure 3.1 Configurations of inertial and non-inertial frames and six-degree of 

freedom of motion 
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Figure 3.2 Configuration of rolling platform  
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Figure 3.3 Design features of the rolling platform 
 

 

 

Figure 3.4 Acceleration data under rolling motion 
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Figure 3.5 P&ID and configuration of the test loop 
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Figure 3.6 Test section configuration 
 

 

 
Figure 3.7 Test section supporter design 

  



29 
 

 
Figure 3.8 CHF test configurations using rolling platform  
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Table 3.1 Motion conditions 

Motion Angle Period Note 

Vertical 0° - VT 

Inclination 

-45° - IN_R45 

-30° - IN_R30 

+30° - IN_L30 

+45° - IN_L45 

Rolling 
30° 12 s 

6 s 
RO_30d12s 
RO_30d6s 

45° 12 s 
6 s 

RO_45d12s 
RO_45d6s 

 
Table 3.2 Test conditions 

 R134a test 
condition 

Equivalent water 
condition 

Scaling 
ratio 

Fluid R134a Water - 

Pressure 1.6 – 3.2 MPa 10.0 – 18.0 MPa About 17% 

Flow rate 

200 – 2000 kg/m2s 300 – 2500 kg/m2s 

About 70% 0.02 – 0.2 kg/s 0.03 – 0.3 kg/s 

0.2 – 1.8 m/s 0.4 – 3.4 m/s 

Inlet subcooling 8 – 43 K 20 – 120 K - 

Max.  
Critical power 10 kW - 7 – 8% 
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Chapter 4 

Experimental results of CHF under inclined 

and rolling conditions 
 

 

 

 

4.1 CHF under vertical condition (VT) 
 

4.1.1 Parametric trends 

 

CHF experiments were performed according to the experimental conditions and 

procedures described in the previous section. Figure 4.1 – 4.3 show the trend of 

CHF to the flow rate by pressure, inlet subcooling, and critical quality. As the flow 

rate increased, the CHF value increased by enhanced wall heat transfer. CHF also 

became larger by increasing the inlet subcooling, and their linear relationship was 

clearly shown. In addition, CHF decreased as the critical quality increased in all 

pressure and flow conditions. In the heat balance test, the heat loss in the test section 

was evaluated to be within 1%, and the repeatability of the CHF test was within the 

range of 0.97 – 1.03 (Fig. 4.4). The uncertainty analysis considering the uncertainty 

of the instrument is shown in Table 4.1, and the uncertainty of the CHF value in this 

experiment was maximum of 2.4%. In Fig. 4.1 and 4.2, the error bars of CHF were 

omitted as the symbol size was larger than size of error bars. 
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4.1.2 CHF-regime map 

 

The regime of CHF can be divided into the DNB and dryout. This tendency is 

phenomenologically represented by the concentration of bubbles or the liquid film 

dryout, but it is very difficult to visualize them in the experiment. Therefore, several 

classification studies on this CHF-regime have been performed by the previous 

researchers (Katto; 1979; Lombardi and Mazzola, 1997; Celata, 1999; Corre et al., 

2010). There are three major classification methods for the CHF regime, which are 

the critical quality, correlation using dimensionless numbers, and visualization 

study. Table 4.2 shows the criteria suggested by previous studies on this. In the case 

of the critical quality, DNB and dryout correspond to the quality value less than 

zero or not, respectively (Lombardi and Mazzola, 1997; Celata, 1999). Meanwhile, 

Katto introduced the following dimensionless numbers and suggested four regimes 

(Katto, 1979). 

 

𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄             (4.1) 

and 

(𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ )1/3 �𝑞𝑞𝑐𝑐0 𝐺𝐺𝐻𝐻𝑓𝑓𝑓𝑓⁄ ��          (4.2) 

 

HP-regime (DNB): Considerably High Pressure. 

N-regime (DNB): Non-linear relationship b/w CHF and inlet subcooling 

H-regime (between DNB and dryout): CHF is affected by Hydrodynamic 

instability conditions 

L-regime (Dryout): Mass flux is Less than that in H-regime. 
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In this study, the regime was finally determined based on Katto's CHF regime 

map, critical quality, and the thermocouple signal at the CHF point observed in this 

experiment. The derived CHF-regime map is shown in Fig. 4.5. In addition, the wall 

temperature responses at CHF for each regime are categorized. In the case of DNB, 

it showed a rapid temperature rise at the local narrow region on the heater surface. 

On the other hand, the dryout showed a slow temperature rises over the entire heated 

surface. These trends of temperature rise were consistent with the results known 

from the previous experiments and phenomenological explanations. 

 

4.1.3 Validation of fluid-to-fluid scaling 

 

The fluid-to-fluid scaling method used in this study was validated through the 

comparison between the R134a CHF data in this study and the water CHF data from 

the 1995 CHF look-up table (LUT) (Groeneveld, 1996). In addition, the annulus 

correction factor (Doerffer et al., 1994) was used to compromise the geometrical 

differences between the present experiment and LUT. There are three correction 

factors in total: the correction for the quality, gap size, and pressure. 

 

(Doerffer, 1994) 

𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶,8,𝐿𝐿𝐿𝐿𝐿𝐿𝑘𝑘𝑥𝑥𝑘𝑘𝛿𝛿𝑘𝑘𝑃𝑃         (4.3) 

 

Quality effect  

𝑘𝑘𝑥𝑥 = 0.81 for 𝑥𝑥𝑐𝑐 ≤ 0.025         (4.4) 

𝑘𝑘𝑥𝑥 = 0.859− 16.179𝑥𝑥𝑐𝑐1.5 + 15.6𝑥𝑥𝑐𝑐2 − 7.195𝑥𝑥𝑐𝑐2ln (𝑥𝑥𝑐𝑐) for 𝑥𝑥𝑐𝑐 > 0.025 (4.5) 
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Gap effect (referred the case in this study) 

𝑘𝑘𝛿𝛿 = 0.2872 + 1.209𝛿𝛿2 − 1.156𝛿𝛿2.5 + 0.2873𝛿𝛿3 for 𝛿𝛿 < 4.26 mm  (4.6) 

 

Pressure correction factor (referred the case in this study) 

𝑘𝑘𝑃𝑃 = 0.808 + 0.0278𝑃𝑃 for 3.3 ≤ 𝑃𝑃 ≤ 10.5 MPa                  (4.7) 

𝑘𝑘𝑃𝑃 = 1.1 for 𝑃𝑃 > 10.5 MPa       (4.8) 

 

Meanwhile, the R134a experimental condition and the CHF value of this 

experiment were converted through the following procedure. 

 

Conversion of R134a test condition and CHF data to equivalent water values 

1. Find the 𝜌𝜌𝑙𝑙 𝜌𝜌𝑣𝑣⁄  value using R134a test condition. Then, find the water 

equivalent pressure which can preserve 𝜌𝜌𝑙𝑙 𝜌𝜌𝑣𝑣⁄ . 

2. Find the water-equivalent flow condition in which Katto's mass flux 

scaling factor is preserved between the R134a and water tests. 

3. Find the water-equivalent inlet temperature condition where the critical 

quality of the CHF position is same between R134a and water tests in 

order to preserve the thermodynamic equilibrium quality in the inlet of 

test section. 

4. The CHF value is obtained by substituting the water condition, obtained 

above, into the LUT. The detailed method is as follows. Using the LUT, 

it is recommended to use the heat balance method (HBM), which is one 

of the methods to evaluate CHF under the condition when the inlet 

temperature is given. HBM evaluates CHF using two curves such as 

CHF curve from LUT and the thermodynamic quality curve. Due to the 



35 
 

relationship between CHF and critical quality, the CHF of LUT changes 

along a certain line along the critical quality. In addition, the quality 

curve is derived by the heat balance equation under the condition that 

the inlet temperature, pressure, and flow rate are constant. CHF can be 

evaluated by finding the condition where the two curves intersect 

through iterative calculations, which is known to show the lower error 

than the direct substitution method (DSM), which directly substitutes 

the critical condition into the LUT (Inasaka and Nariai, 1996; Celata, 

1996; Groeneveld, 1996). 

5. Water-equivalent CHF value of R134a test data can be obtained by 

preserving the Boiling number. 

 

The comparison result is shown in Fig. 4.6 – 4.7. It was confirmed that the fluid-

to-fluid scaling method showed good agreement within an average error of 10.6 – 

13.4%. In the result, the water data tended to underestimate the R134a data as the 

flow rate gets lower. This tendency had been reported in the previous study that 

compared R134a and water CHF data in an annulus geometry, but the mechanism 

was not clearly identified (Chun et al., 2007). In addition, as shown in Fig. 4.7, the 

water data also underestimated the R134a data in the mid flow rate region. It is 

expected that the water CHF data has wide regime transition region at 18 MPa 

condition compared to the 10 MPa or 14.7 MPa conditions. In this case, the 

transition region can be defined as the region where CHF change according to the 

flow increase is reversed. 
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4.2 CHF under inclined condition (IN) 
 

4.2.1 CHF enhancement and degradation 

 

The inclination experiment was performed under the same conditions as the 

vertical CHF test conditions as previously described in Fig. 3.8. The inclination 

direction was divided into left (named IN(L)) and right (named IN(R)), and the CHF 

value under inclination was defined by the ratio of inclined CHF to vertical one 

rather than heat flux itself in order to describe the CHF enhancement or degradation 

clearly as follows. 

 

𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷 𝑉𝑉𝐿𝐿⁄ ≡ 𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷 𝐶𝐶𝐻𝐻𝐹𝐹𝑉𝑉𝐿𝐿⁄         (4.9) 

 

where 𝑉𝑉𝑉𝑉  and 𝐼𝐼𝐼𝐼  indicate vertical state and inclined state, respectively. In 

addition, the average value of IN(L) and IN(R) were expressed as the representative 

result of CHFIN/VT. As shown in Fig. 4.8, the trend of the average value was 

expressed by mass flux and inclination angle with different pressure conditions. The 

error bar in the graph indicates the effects of inclination direction or the inlet 

subcooling. 

Under most conditions, the inclined CHF enhanced by 1 – 25 % compared to 

the vertical condition showing 𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷 𝑉𝑉𝐿𝐿⁄  >  1 . The results of increased CHF 

under inclination are consistent with the results of previous experiment on inclined 

rod (Levy and Swan, 1959). Phenomenologically, this result can be explained by 

dividing the heated surface of the inclined rod into upward facing and downward 

facing regions according to the direction of gravity. Generally, as illustrated in Fig. 

4.9, CHF increases in the case of an upward facing heater and decreases in the case 
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of a downward facing one, compared to the vertical case where heating surface 

parallel to the direction of gravity (Howard and Mudawar, 1999; Zhang et al., 2002) 

Because the bubble rises upward due to buoyancy, lift-off of the bubble easily 

occurs in the upward facing heater, making it easy to remove the bubble from the 

heating surface. However, in the downward facing heater, it is difficult for bubbles 

to be removed from the heating surface because the buoyancy on the bubbles is 

directed toward the heating surface. This makes the difference in CHF in each case. 

In the case of heater rod, both an upward facing and a downward facing regions 

exist under inclined condition due to the convex shape of the heater rod. 

Nevertheless, since the downward facing region has a convex shape, it becomes 

easy for the bubbles to be removed from heated surface because of the bubble 

sliding as described in Fig. 4.10. Therefore, the effect of deteriorating the bubble 

removal rate in downward facing hardly appears in the heater rod. In result, in the 

inclined rod, the CHF enhancement is dominant in the most cases. 

On the other hand, inclined CHF degraded up to 10% compared to the vertical 

condition showing 𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷 𝑉𝑉𝐿𝐿⁄ <  1 under limited cases such as 1.6 MPa pressure 

with high flow rate conditions. This is presumed that the comparably large bubble 

size at low pressure contributed to earlier bubble packing at the downward facing 

side of heater rod as described in Fig. 4.11. This estimation is reasonable because 

the bubble size at the 1.6 MPa of R134a or 10 MPa of water was estimated to be 

from 1.5 to 2.4 mm which is comparable with gap size of this test section (3 mm) 

from the results of previous experimental studies such as DEBORA (Manon, 2000), 

visualization test in KAERI (Chu et al., 2017), and visualization test in KAIST 

(Bang et al., 2004). 
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4.2.2 Parametric trends 

 

The effect of inclination on CHF increased as the inclination angle increases 

from 30° to 45°. This trend was observed in both cases of CHF enhancement and 

degradation. This is because the change in CHF during inclination is due to the 

changes of buoyancy direction and this effect increases as the inclination angle 

increases. On the other hand, as the inlet mass flux increased, effect of inclination 

decreased, and CHFIN/VT converged to unity. As increasing flow inertia force in the 

channel, the buoyancy effect is relatively weakened, then inclined CHF converges 

to vertical one. The overall parametric trends of inclination angle and flow rate were 

similar under medium pressure (2.5 MPa) and high pressure (3.2 MPa) conditions. 

However, it should be noted that CHF degradation appeared as flow increased under 

specific inclined condition under low pressure (1.6 MPa) (Fig. 4.8). The effect of 

inlet subcooling is negligible under medium and high pressure conditions with 1.3 

– 1.4 % in average and 3.4 % in maximum. However, it is larger under low pressure 

condition with 2.1 % of difference in average and 5.3% in maximum. At low 

pressure, it is expected that the bulk subcooling affects on CHF regime transition 

significantly since the size of the bubble is larger than that of higher pressure 

conditions. 

 

 

4.3 CHF under rolling condition (RO) 

 

4.3.1 Features of wall temperature response 

 

Wall temperature response at CHF under rolling condition is different from 
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those of static vertical or inclined conditions. In general, at the heat flux near CHF, 

a slight fluctuation in temperature is shown due to the repetition of temporal film 

formation and rewetting at heater surface instantaneously. However, at CHF, the 

wall temperature rapidly rises due to deterioration of heat transfer by irreversible 

dryout of heated surface. On the other hand, under rolling conditions, bubble or 

liquid film behavior on the heated wall changes with time due to inclination change 

or additional inertial force, which appears in the form of periodic precursors before 

CHF. This phenomenon was also shown in the previous rolling CHF experiment 

(Hwang, 2012). 

In this study, the precursor of rolling CHF is divided into three types. The 

examples are shown in Fig. 4.12. According to Fig. 4.12-(a), under a high heating 

power and high flow rate condition (DNB case), a single peak of temperature rise 

leads to the rapid excursion without any quenching. However, as shown in Fig. 

4.12-(b), under condition of the medium flow rate or a wide region belonging to the 

transition CHF-regime (H-regime in Fig. 4.4), the temperature rose and fell 

periodically at heat flux near 88 – 99 % of CHF. This trend was repeated along the 

periodical change in angle, and the magnitude of the temperature rise ranges from 

as small as 20 ℃ to as large as 50 ℃. In addition, in the left side graph, the 

temperature fluctuation was repeated by maintaining its amplitude before CHF, 

whereas, in the right side graph, it was repeated in the form of gradually increasing 

amplitude. This is because the difference in degree of quenching during rolling 

motion. If the heating surface is not completely quenched, the wall temperature is 

slightly higher than that of before temperature rise. Therefore, it makes the gradual 

increase in amplitude for temperature fluctuation of CHF precursor. Lastly, as seen 

in Fig. 4.12-(c), the temperature rose very slowly in the case of dryout condition 
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(low flow condition of 1.6 MPa). Although there is fluctuation in temperature due 

to rolling, it does not affect the overall trend of temperature rise. 

Among the above cases, a periodic precursor was not defined as CHF in this 

study. This is because that the deterioration of heat transfer seemed to occur locally 

and instantaneously. Moreover, it recovered soon by quenching. Therefore, the 

definition of rolling CHF is proposed as the heat flux where a rapid increase in 

temperature occurs and quenching on the heating surface is no longer available, 

which is expected to lead to the burnout of the heater rod. 

Within the rolling cycle, the moment of sudden rise in temperature showed 

certain characteristics. As previously introduced in Fig. 3.8, the rolling experiment 

set has corresponding inclination ones such as 30° rolling test with ±30° inclination 

tests. In this case, there is a point where the CHFIN/VT is relatively low between 

IN(L) and IN(R) conditions because the CHFIN/VT values of these corresponding 

inclination tests are not perfectly symmetrical. Subsequently, under rolling motion, 

the test section repeatedly changes the angle, and it temporarily becomes IN(L) or 

IN(R) conditions. Near CHF condition, the temperature rise (i.e. precursor) is 

triggered earlier at the inclination angle where the CHF value was relatively low. 

Two representative cases are described in Fig. 4.13-(a) and (b). In Fig. 4.13-(a), 

CHFIN/VT is lower at IN(R) condition and temperature rise occurs when roll angle 

reaches the IN(R) angles. In the case that CHFIN/VT is lower at IN(L), vice versa 

(Fig. 4.13-(b)). Considering the moment at which this temperature rise is triggered, 

it is suggested that rolling CHF can be expressed as a function of the minimum 

value of the CHF at the inclined condition rather than the vertical CHF. 
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4.3.2 Relations between vertical, inclined, and rolling CHF values 

 

As discussed in the previous section, the rolling CHF was related to the 

corresponding minimum value of the inclined CHF. To effectively express this 

relationship, the graph which consists of vertical, inclined, and rolling CHF values 

was proposed (Fig. 4.14). In this graph, X-axis is the ratio of the minimum inclined 

CHF to the vertical CHF and Y-axis is the ratio of rolling CHF to the minimum 

inclined CHF. Through the X-axis, one can represent the CHF enhancement (X > 

1) or degradation (X < 1) of inclined CHF compared to the vertical CHF. Meanwhile, 

through the Y-axis, one can represent the CHF enhancement (Y > 1) or degradation 

(Y < 1) of rolling CHF compared to the inclined CHF. From this configuration, the 

graph is divided into quadrants based on point (X, Y)  =  (1.0, 1.0). Using all data 

sets of vertical, inclined, and rolling CHF values, experimental results are plotted 

in Fig. 4.15 and Fig. 4.16 by dividing the cases based on CHF enhancement and 

degradation under inclination. Figure 4.15 shows the cases that inclination enhances 

the CHF compared to the vertical one. In this case, one noticeable thing is that most 

of Y values of experimental results are less than unity. It means that when the CHF 

is increased compared to the vertical by the inclination, the rolling CHF is always 

smaller than inclined as described in Fig. 4.15. It implies that the enhancement 

effect of the inclination on CHF was weakened by the rolling. On the other hand, 

Figure 4.16 shows the cases that inclination degrades the CHF compared to the 

vertical one. In this case, all Y values of experimental results are larger than unity. 

It means that when the CHF is degraded compared to the vertical by inclination, the 

rolling CHF is always larger than inclined as described in Fig. 4.16. In the same 

way of the previous case, it implies that the degradation effect of the inclination on 

CHF was weakened by the rolling motion. Figure 4.17 shows all experimental 
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results combining the two cases. The experimental data was distributed along the 

second and forth quadrant clearly. Therefore, it was concluded that rolling 

counteract the effect of the inclination on CHF in both enhancement and 

degradation cases. 

 

4.3.3 Parametric trends 

 

It has been confirmed that the effect of rolling can be expressed using the ratio 

of rolling CHF to inclined one. To analyze the parametric trends, the results are 

categorized by three experimental conditions: pressure, maximum rolling angle, 

and rolling period. First, Figure 4.18-(a) shows the CHFRO/IN according to the 

maximum rolling angle. As the rolling angle increases for 12 and 6 s rolling period 

with the pressure range from 1.6 to 3.2 MPa, the effect of the oscillation tends to 

increase. It means that the larger change in the direction of buoyancy can be more 

effective for rolling to weaken the CHF change of the inclination. Second, if the 

rolling angle is the same, the effect of rolling increases as the pressure increases. 

This means that the smaller the size of the bubble, the greater the effect of rolling 

motion. Physically, the smaller bubble has lower probability of coalescence in the 

channel under rolling motion, so the effect of rolling motion at high pressure seems 

to be large. On the other hand, as shown in Fig. 4.18-(b), when the period of rolling 

is reduced from 12 seconds to 6 seconds, the effect of rolling is almost negligible 

by less than 0.6 %. This means that the magnitude of the rolling force has no effect 

in this study. A detailed discussion on this description is discussed in Chapter 5. 
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Figure 4.1 Effect of mass flux on CHF 
 

 

Figure 4.2 Effect of inlet subcooling on CHF 
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Figure 4.3 Effect of critical quality on CHF 
 

 

Figure 4.4 CHF repeatability 
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Figure 4.5 (a) CHF-regime map and (b) examples of wall temperature responses 
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Figure 4.6 Validation results of fluid-to-fluid scaling (1.6 – 2.5 MPa) 
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Figure 4.7 Validation results of fluid-to-fluid scaling (3.2 MPa) 
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Figure 4.8 Effect of mass flux and inclination angle on CHF by pressure 
conditions 
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Figure 4.9 CHF enhancement and degradation for upward and downward facing 

heaters (Howard and Mudawar, 1999; Zhang et al., 2002) 
 

 

 
Figure 4.10 Phenomenological description of CHF enhancement in the inclined 

rod 
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Figure 4.11 Phenomenological description of CHF degradation in the inclined rod 
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Figure 4.12-(a) CHF precursor behavior under rolling motion (Type 1) 
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Figure 4.12-(b) CHF precursor behavior under rolling motion (Type 2) 
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Figure 4.12-(c) CHF precursor behavior under rolling motion (Type 3) 
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Figure 4.13-(a) Temperature response under rolling motion with corresponding 
inclined results (Case 1) 
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Figure 4.13-(b) Temperature response under rolling motion with corresponding 
inclined results (Case 2) 
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Figure 4.14 Graph configuration to express relations between vertical, inclined, 

and rolling CHF values 
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Figure 4.15 CHF relation: CHFIN > CHFVT case 
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Figure 4.16 CHF relation: CHFIN < CHFVT case 
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Figure 4.17 CHF relation: overall case 
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Figure 4.18 Parametric effects of rolling on inclined CHF (a) roll angle (b) roll 

period 
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Table 4.1 Uncertainty of measurement parameters 

Measuring Parameter Device Measurement 
uncertainty 

Inclination angle Inclination sensor 
(Baumer) ± 0.1 ° 

Acceleration (3 axes) Accelerometer 
(MEAS) ± 0.03 g 

Pressure Pressure transmitter 
(Rosemount) 

± 0.065 % of FS 
(± 0.004 MPa) 

Mass flow Coriolis flowmeter 
(Micromotion) ± 0.1 % of flow rate 

Temperature 

T-type thermocouple 
(OMEGA) 

K-type thermocouple 
(WATLOW) 

± 0.5 °C 
± 1 °C 

DC Voltage Signal converter 
(WITEC) 

± 0.1 % of FS 
(0.13 VDC) 

DC Current Shunt 
(Yokogawa) 

± 0.2 % of FS 
(0.4 ADC) 

Power Calculated ± 0.5 – 1.0 % 
(± 0.052 W) 

Heat flux Calculated Max. 2.4 % 
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Table 4.2 CHF-regime map studies 

Authors Regime criteria Regimes 

Lombardi and 
Mazzola, 1997. 

𝑥𝑥𝑊𝑊𝑞𝑞 < 0: DNB 
𝑥𝑥𝑊𝑊𝑞𝑞 > 0:  dryout DNB and Dryout. 

Celata, 1999. 
Mass flux vs. CHF in terms of 𝑥𝑥𝑊𝑊𝑞𝑞(𝑧𝑧) 

Cross-over near 𝑥𝑥𝑊𝑊𝑞𝑞 = 0 DNB and Dryout. 

Katto, 1979. 

Functional relationship between 
𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄  and  

(𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ )1/3 �𝑞𝑞𝑐𝑐0 𝐺𝐺𝐻𝐻𝑓𝑓𝑓𝑓⁄ ��  
A slope of the each regime is different. 

HP-regime (DNB) 
Considerably High Pressure. 

N-regime (DNB) 
Non-linear relationship b/w CHF and inlet 

subcooling 
H-regime (between DNB and dryout) 

CHF is affected by Hydrodynamic instability 
conditions 

L-regime (Dryout) 
Mass flux is Less than that in H-regime, dryout. 

Corre et al., 2010. 𝐺𝐺2𝑙𝑙ℎ 𝜎𝜎𝜌𝜌𝑙𝑙⁄  and 𝑥𝑥𝑊𝑊𝑞𝑞 
Using 392 DNB visualization data. 

Subcooled boiling region 
Type 1 (Bubbly flow) 

Type 2 (Vapor clots; coalesced bubble) 
Type 3 (Slug flow) 



63 
 

Chapter 5 

Experimental analyses and development of 

CHF correlations 
 

 

 

 

5.1 Analysis of inclined CHF and development of CHF 

correlations 
 

5.1.1 Modified Froude numbers 

 

As discussed in Chapter 4.2.2, the main parameters that affect the inclined CHF 

variation are inclination angle and mass flux. These parameters can be substituted 

into a single dimensionless number such as Froude number, which is the ratio of 

flow inertia to gravitational or buoyancy force. This is because the change in the 

inclination angle corresponds to the change in the direction of the buoyancy force. 

However, the conventional form of the Froude number should be modified under 

the inclined condition, which changes the relative direction between gravity and the 

flow direction in the channel. In this perspective, a modified Froude number has 

been suggested by various researchers (Merilo, 1977; Cumo et al., 1978; Ami et al. 

2014). Previous studies proposed two types of Froude numbers under the inclined 

condition. The first one is the modified Froude number (𝐹𝐹𝑟𝑟𝑚𝑚 ) proposed by Cumo 
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et al (1978) and Merilo (1977):  

 

𝑭𝑭𝒓𝒓𝒎𝒎 = 𝐺𝐺𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺
𝜌𝜌𝑙𝑙�𝑓𝑓𝐷𝐷(𝛥𝛥𝜌𝜌 𝜌𝜌𝑙𝑙⁄ )

            (5.1) 

 

where 𝐺𝐺, 𝜑𝜑, 𝜌𝜌𝑙𝑙, 𝑔𝑔, 𝐷𝐷, and 𝛥𝛥𝜌𝜌 are mass flux, inclination angle (0°: horizontal, 

90°: vertical), liquid density, gravitational acceleration, hydraulic diameter, and 

density difference between liquid and vapor, respectively. As shown in Fig. 5.1-(a), 

the flow direction is corrected by the angle of inclination to make the direction of 

buoyancy and flow always perpendicular to each other. As observed from previous 

studies, the change in CHF due to the inclination disappears when the 𝐹𝐹𝑟𝑟𝑚𝑚 value 

is 6–7 or higher (Merilo, 1977; Cumo et al., 1978). As seen in Fig. 5.1-(b), the 

CHFIN/VT data averaged for IN(L) and IN(R) in this study were plotted in the graph 

using 𝑭𝑭𝒓𝒓𝒎𝒎 , and the effect of inclination seemed to disappear when 𝑭𝑭𝒓𝒓𝒎𝒎  was 

larger than 6–7, as observed in previous studies. 

The second modified Froude number (𝐹𝐹𝑟𝑟∗) is expressed as follows (Ami et al., 

2014): 

 

𝑭𝑭𝒓𝒓∗ = 𝐺𝐺𝑥𝑥𝑒𝑒𝑒𝑒
𝜌𝜌𝑣𝑣�𝑓𝑓𝐷𝐷𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺(𝛥𝛥𝜌𝜌/𝜌𝜌𝑣𝑣)

= 𝑗𝑗𝐺𝐺
�𝑓𝑓𝐷𝐷𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺

��
𝜌𝜌𝑣𝑣
𝛥𝛥𝜌𝜌
�       (5.2) 

 

where 𝑥𝑥𝑊𝑊𝑞𝑞, 𝜌𝜌𝑣𝑣, and 𝑗𝑗𝐺𝐺  are thermodynamic equilibrium quality, vapor density, 

and gas volumetric flux, respectively. As shown in Fig. 5.2-(a), unlike 𝑭𝑭𝒓𝒓𝒎𝒎, the 

direction of gravity is corrected using the angle of inclination to make the direction 

of gravity always perpendicular to the heated surface. In addition, for flow rate, it 

is expressed by multiplying the critical quality. Subsequently, as arranged in Eq. 
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(5.2), the flow can be expressed by 𝑗𝑗𝐺𝐺 . 

Figure 5.3 shows the results of this experiment for both cases. The experimental 

results indicated a scattered form according to each modified Froude number. 

However, if the CHF-regime map is largely divided into DNB and dryout regimes, 

the area in which the experimental results indicated a certain tendency can be 

divided according to the two modified Froude numbers. In this perspective, the 

experimental results were largely divided into DNB and dryout regions based on 

the Katto number (𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ ) being equal to 5 ∙ 10−6, and the trends of the two 

Froude numbers in the DNB and dryout regions are shown in Fig. 5.3. The details 

of this regime classification are explained at the end of this chapter. 

Although the 𝐹𝐹𝑟𝑟𝑚𝑚 could show a tendency for experimental results, it had an 

inconsistency to clearly describe the inclination effect on CHF. The detailed 

description is summarized in Fig. 5.4-(a). The CHFIN/VT value should converge to 

unity as the flow rate increases or the inclination angle becomes vertical. However, 

in the existing definition of 𝑭𝑭𝒓𝒓𝒎𝒎, the small or large values of 𝑭𝑭𝒓𝒓𝒎𝒎 corresponded 

to the contradict conditions such as small inclination effect (near vertical or high 

mass flux) and large inclination effect (near horizontal or low mass flux). It is 

inconsistent in describing the effect of inclination on CHF (Fig. 5.4-(b)). Therefore, 

in this paper, another modified Froude number (termed 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 ) is proposed to 

correct this inconsistency: 

 

𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 ≡
𝐺𝐺

𝜌𝜌𝑙𝑙�𝑓𝑓𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐷𝐷(Δ𝜌𝜌 𝜌𝜌𝑙𝑙⁄ )
              (5.3) 

 

It has a similar form as 𝑭𝑭𝒓𝒓𝒎𝒎 but the difference is the correction of inclination 

is adopted in the gravity term rather than the mass flux term. This concept is similar 



66 
 

to that of Ami et al. (2014). The features of 𝑭𝑭𝒓𝒓𝒎𝒎 and 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 are summarized in 

Fig. 5.5-(a). In the definition of 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫, a component of buoyancy perpendicular 

to the heating surface is obtained, and one can consider the effect of buoyancy force 

on bubble attachment or detachment on the heated surface, which is closely related 

with CHF phenomenologically. Furthermore, as shown in Fig. 5.5-(b), the small 

inclination effect (near-vertical and high-flow conditions) and the large inclination 

effect (near-horizontal and low-flow conditions) are clearly distinguished. That is, 

𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫  can divide the buoyancy-dominant (large inclination effect) and flow-

dominant (small inclination effect) regions. This feature can make it easy to analyze 

the inclined CHF data. In the graph of Fig. 5.5-(b), the tendency of CHF changes 

according to the 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 is clearly shown. 

As discussed in Chapter 2, Table 2.1 shows the inclined CHF experiment studies. 

They can be broadly divided according to the shape of the heater, such as rod 

(annulus) and tube. Although various experiments on inclined CHF have been 

reported, the raw CHF data for analysis are very limited. Therefore, as summarized 

in Table 2.1, Levy and Swan (1959) conducted an experiment on rod geometry, and 

Mori et al. (1999) and Ami et al. (2014) conducted experiments on tube geometry. 

Using these experimental databases, the following descriptions were first divided 

by DNB and dryout regions and subsequently by rod and tube geometries.  

Before analysis, the CHF regimes in previous studies should be defined, as 

conducted in this study. As depicted in Fig. 5.6, the experimental conditions of 

inclined CHF experiments were organized in the CHF-regime map. Despite the 

limited database of previous studies, they encompassed a wide range in the CHF-

regime map, including the DNB and dryout regions. Each symbol indicates the CHF 

regimes determined by Katto such as HP, N, H, and L regimes. By comparing the 
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Katto CHF regimes (symbols) with the classification criteria for DNB and dryout 

used in this study using Katto numbers such as 𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ = 5 ∙ 10−6 , the 

experimental conditions of previous studies were also properly categorized. The 

analysis result of the DNB and dryout regimes is explained in Chapters 5.1.2 and 

5.1.3. In addition, the subscript notation of modified Froude number for dryout 

region, “𝑭𝑭𝒓𝒓∗”(Ami et al., 2014), was renamed as “𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶” to clearly defined the 

modified Froude numbers in each region of the CHF regime. 

 

Modified governing numbers at each CHF-regime 

DNB region:  𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 = 𝐺𝐺
𝜌𝜌𝑙𝑙�𝑓𝑓𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐷𝐷(Δ𝜌𝜌 𝜌𝜌𝑙𝑙⁄ )

       (5.4) 

   𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒,𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ < 5 ∙ 10−6, 

Dryout region:  𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 ≡
𝐺𝐺𝑥𝑥𝑒𝑒𝑒𝑒

𝜌𝜌𝑣𝑣�𝑓𝑓𝐷𝐷𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺�
𝛥𝛥𝛥𝛥
𝛥𝛥𝑣𝑣
�

= 𝑗𝑗𝐺𝐺
�𝑓𝑓𝐷𝐷𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺

��
𝜌𝜌𝑣𝑣
𝛥𝛥𝜌𝜌
� (= 𝑭𝑭𝒓𝒓∗)    (5.5) 

   𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒,𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄ ≥ 5 ∙ 10−6, 

 

5.1.2 Analysis result for the DNB regime 

 

This section explains the analysis results of inclined CHF for the DNB regime 

of rod and tube geometries. 

 

Rod geometry 

Based on 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 , the results of the CHF inclined at 30° and 45° in this 

experiment and at 45° in the study by Levy and Swan (1959) are shown in Fig. 5.7-

(a). Overall, an increase in CHF was observed in the entire 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫  range. In 

addition, in the flow-dominant region, the inclined CHF approached the vertical 
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CHF. In contrast, as 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 approached to the buoyancy-dominant region, CHF 

enhancement effect attained the maximum value and then decreased. As shown in 

Fig 5.7-(a), the results of this experiment and Levy and Swan's experiments 

indicated similar CHF enhancement rates under inclination. However, since the 

experimental data of Levy and Swan used a small number of points, there was a 

limit to confirm the trend according to 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫, as in this experiment. In addition, 

vertical CHF values with the same inlet conditions were required for the CHFIN/VT 

calculation, and the available data for the Levy and Swan experiment were the only 

inclined CHF data. In this study, to estimate the inclined CHF variation of the Levy 

and Swan experiment, the corresponding vertical CHF value was estimated and 

used with a LUT corrected for the annular correction factor based on the thermal–

hydraulic experimental condition of the inclined test. Because of this estimation, 

there might be uncertainty in the quantitative evaluation of Levy and Swan's CHF 

enhancement ratio for inclination, but an appropriate estimation was considered to 

have been made because the estimated degree of CHF enhancement in this study 

and that of Levy and Swan were similar. 

The enhancement rate of inclined CHF according to 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 is shown in Fig 

5.7-(b). It changed between flow-dominant and buoyancy-dominant regions. It can 

be explained by bubble behaviors in the inclined channel (Fig. 5.7-(b)). First, 

observing the middle region where buoyancy force and flow inertia were balanced, 

as described in Fig. 4.10, the CHF enhancement was observed owing to bubble 

sliding on the downward surface and bubble lift-off on the upward surface, which 

make bubble removal easier than in the vertical case. In contrast, when the mass 

flux is small and the flow condition is the buoyancy-dominant region, the bubbles 

are concentrated in the upper part of the channel because the buoyancy force is 
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dominant. This results in a decrease in the CHF enhancement rate because of the 

concentration of bubbles. However, for the flow-dominant region where the mass 

flux is sufficiently large, the effect of buoyancy is almost ignored, and the bubble 

sliding effect due to the inclination does not appear, and the inclined CHF 

approaches the vertical CHF. Figure 5.8 shows the experimental evidence for this 

analysis. The wall temperature rise position of the inclined rod at the CHF changes 

upward as the flow rate decreases. In addition, it was confirmed that the 

enhancement rate of inclination began to decrease when the position of wall 

temperature excursion changed to the upper side. This result was the experimental 

evidence that the concentration of bubbles at the top of the channel under the 

buoyancy-dominant condition weakens the CHF enhancement rate, as indicated by 

the results of the previous analysis. 

 

Tube geometry 

Based on 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫, Fig. 5.8-(a) shows the inclined CHF result of this experiment 

at 30° and 45° and the inclined CHF result of Mori et al. (1999) at 22° and 45°. 

Overall, a degradation in the CHF was observed in the entire 𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫  range. In 

addition, in the flow-dominant region, the inclined CHF approached the vertical 

CHF in a similar manner as the rod geometry. Moreover, as it approached the 

buoyancy-dominant region, the effect of CHF enhancement attained the maximum 

value and then decreased, similar to the rod geometry. For this tendency, Mori et al. 

(1999) provided the following explanation: First, as shown in Fig. 5.8-(b), in the 

middle region, where buoyancy and flow are properly balanced, the CHF 

deteriorates under the inclined condition compared with the vertical condition as 

the bubble is concentrated on the downward-facing heated surface at the top of the 
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inclined tube. Here, the CHF-regime is represented as the DNB. However, when 

the flow rate gradually decreases and flow condition approaches the buoyancy-

dominant region, the CHF can be phenomenologically explained as a liquid 

sublayer dryout rather than the DNB because of a lower flow rate with larger 

bubbles. Here, although large bubbles are concentrated on the top of the tube, a 

liquid film is formed between the large bubbles and the heating surface, and the 

point at which the liquid film is completely dry becomes the CHF. Therefore, as the 

flow condition approaches the buoyancy-dominant region, the CHF regime 

seemingly changes from the DNB, represented by bubble concentration, to the 

liquid sublayer dryout, represented by the liquid film dryout under the bubble. In 

this region, the presence of this liquid film reduces the effect of CHF deterioration 

of the inclined tube. It causes the trend of CHF deterioration for an inclined tube 

shown in Fig. 5.8. 

 

5.1.3 Analysis result for the dryout regime 

 

This section explains the analysis result of inclined CHF for the dryout regime 

for rod and tube geometries. 

 

Rod geometry 

As shown in Fig. 5.11, similar trends could be observed in the dryout region as 

in the DNB region. The experimental data includes the dryout region of this study 

and of Levy and Swan. Overall, an enhancement in the CHF was observed for all 

𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 values. Owing to the longer heated length in the Levy and Swan experiment 

compared with that of this study, a relatively high quality was obtained, and it 

caused the larger 𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 conditions of Levy and Swan. As plotted in Fig. 5.11, the 
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increase in 𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 can be expressed both as a change in the inclination angle and 

an increase in 𝑗𝑗𝐺𝐺  . Ami et al. (2014) observed that the increase in 𝑗𝑗𝐺𝐺   has the 

following two effects, which enhance the CHF under inclined conditions: First, in 

the region where 𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 is small, a transition from slug flow to annular flow occurs 

with increasing 𝑗𝑗𝐺𝐺 . Second, after the transition to annular flow, the high 𝑗𝑗𝐺𝐺  has the 

effect of evenly redistributing the uneven distribution of the liquid film under 

inclination, which eliminates the effect of CHF degradation under inclination. 

Although the explanation by Ami et al. (2014) pertained to tube geometry, it seems 

that the effect of increasing 𝑗𝑗𝐺𝐺  can be explained similarly for the rod geometry. 

 

Tube geometry 

For the tube experiment, as shown in Fig. 5.12, the inclined CHF exhibited a 

degradation up to 30% in the smaller 𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 region but an enhancement up to 10% 

in the larger 𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶  region. Ami et al. (2014) suggested that this result was the 

change in the CHF regime as the tube approaches a vertical position or the gas 

volumetric flux increases. As illustrated in Fig. 5.13, under a 45° inclination, where 

gravity is dominant, the falling of the liquid film dominates other phenomena. 

Subsequently, it causes the liquid film to be thinner at the top of the tube compared 

with the vertical condition, which results in CHF degradation. In contrast, when the 

inclination angle is close to the vertical position or the gas volumetric flux is 

sufficiently large, the falling of the liquid film is not dominant, but droplet 

deposition is. Here, even if the liquid film became thinner at the upper part of the 

inclined tube compared with the vertical condition, it could be compensated by 

liquid droplet deposition. Therefore, compared with the vertical condition, a thicker 

liquid film on the lower part due to gravity and a thicker liquid film on the upper 
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part are formed; therefore, the CHF can be enhanced under the inclined condition 

rather than the vertical condition. Ami et al. (2014) supported this explanation 

through other experimental results of liquid film distribution in inclined tubes 

(Ousaka et al., 1996) (Fig. 5.13). 

 

5.1.4 Development of inclined CHF correlations 

 

A dimensionless group was derived in advance to develop inclined CHF 

correlations. Based on the dimensional analyses from previous CHF studies (Katto, 

1978; Katto, 1979), there were three dimensionless numbers for the prediction of 

CHF under forced convection conditions: 

 
𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒

            (5.6) 

𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

             (5.7) 

𝜎𝜎𝜌𝜌𝑙𝑙
𝐺𝐺2𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒

≡ 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺           (5.8) 

 

where 𝑙𝑙ℎ𝑊𝑊𝑎𝑎𝑊𝑊 , 𝑑𝑑ℎ𝑊𝑊𝑎𝑎𝑊𝑊 ,  𝜌𝜌𝑙𝑙 , 𝜌𝜌𝑣𝑣 , and 𝜎𝜎  are heated length, heated equivalent 

diameter, liquid density, vapor density, and surface tension, respectively. Each 

represents the effects of heated channel geometry, pressure effects, and CHF regime. 

Katto (1978, 1979) derived multiple sets of quantitative correlations from the above 

dimensionless numbers, but they were limited to vertical cases. Instead, in this study, 

the two modified Froude numbers of Eqs. (5.4) and (5.5) were used, since these 

numbers exhibited clear tendencies for inclined CHF in DNB and dryout regions, 

respectively. Therefore, the following dimensionless groups were composed to 

formulate the correlations for inclined CHF predictions using the ratio of the 
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inclined CHF to the vertical one. 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

= 𝑓𝑓 �𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒

, 𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

 ,𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺 ,𝑭𝑭𝒓𝒓�       (5.9) 

 

In Eq. (5.9), 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺  is used to distinguish between DNB and dryout regimes 

as defined in Eqs. (5.4) and (5.5), not to predict the quantitative value of CHFIN/VT. 

Meanwhile, for 𝑭𝑭𝒓𝒓, different definitions were used depending on the CHF regime. 

Therefore, the development of inclined CHF correlations was divided into DNB 

and dryout regions and sub-divided into rod and tube geometries as follows. 

 

DNB region 

Before the derivation of the CHF correlation, the necessity of 𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒

 (= L/D) 

and the functional form is discussed. First, in the vertical tube CHF experiment, the 

effect of L/D can be broadly divided into two: One is the influence of the 

development of the bubble boundary layer (Fig. 5.14). When L/D is small and DNB 

occurs in the area where the bubble boundary layer is not fully developed, the CHF 

increases compared with the case in which L/D is large. However, if the value of 

L/D is larger than 50, the effect of L/D on CHF is almost negligible (Nariai et al., 

1987). The other is the critical quality at the channel exit. If the inlet conditions are 

the same, as L/D increases, the exit quality increases even at the same heat flux 

conditions. The quality can affect the occurrence of CHF, but the dryout region 

should consider this phenomenologically. From the above two considerations, the 

L/D term can be neglected in the DNB correlation, and the following non-

dimensional numbers are proposed for inclined DNB correlation. 
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�𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

�
𝐷𝐷𝐷𝐷𝐷𝐷

= 𝑓𝑓 �𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

 ,𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫�      (5.10) 

𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺 < 5 ∙ 10−6. 

 

Second, the functional form of correlation is considered. According to the 

𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫, it is divided into the flow-dominant and buoyancy-dominant regions with 

some tendencies in rod and tube geometries as depicted by the gray-dashed line of 

Fig. 5.10. Regarding these tendencies, as shown in Fig. 5.16, a similar one was 

reported in a study on buoyancy-aided flow in a riser, including the physics of 

competition phenomena between natural convection (buoyancy dominant) and 

forced convection (flow dominant) (Symolon, 2004). Considering this similarity in 

functional shape and inherent physics, the form of the correlation function used in 

Symolon's study was given as follows: 

 

𝑦𝑦 = �� (1 𝑥𝑥⁄ )𝑒𝑒

1+(1 𝑥𝑥⁄ )𝑒𝑒
�
𝑖𝑖

+ (𝑥𝑥𝑏𝑏)𝑖𝑖�
1
𝑛𝑛
             (5.11) 

 

Considering the derived non-dimensional numbers in Eq. (5.10) and the 

functional form of the DNB region in Eq. (5.11), the following correlation can be 

derived. 

 

Inclined CHF correlation for DNB 

𝒇𝒇𝑫𝑫𝑫𝑫𝑫𝑫 ≡
𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

= 1 + (−1)𝛿𝛿𝑖𝑖𝑖𝑖 ��� (0.12∙𝜫𝜫𝑫𝑫𝑫𝑫𝑫𝑫)2

1+(0.12∙𝜫𝜫𝑫𝑫𝑫𝑫𝑫𝑫)2
�
2

+ � 1
(0.22∙𝜫𝜫𝑫𝑫𝑫𝑫𝑫𝑫)0.7�

2
�
1
2
− 1�  

(5.12) 
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𝜫𝜫𝑫𝑫𝑫𝑫𝑫𝑫 = �𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
�
0.5
𝑭𝑭𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫          (5.13) 

𝛿𝛿𝑖𝑖𝑗𝑗 = � 1 (𝑟𝑟𝑔𝑔𝑑𝑑)
  0 (𝜕𝜕𝑢𝑢𝑡𝑡𝑒𝑒)                 (5.14) 

 

The geometry factor (𝛿𝛿𝑖𝑖𝑗𝑗) is introduced considering that the CHF variation of 

tube and rod was opposite (Fig. 5.17). The geometry factor can consider the 

relationship between two vectors: the direction vector of the heated surface and the 

direction vector of buoyancy at the upper side of the channel. If these two vectors 

are parallel, the buoyancy is considered to aid the bubble removal from a heated 

surface, similar to a rod. Otherwise, buoyancy prevents bubble removal from the 

heated surface, similar to a tube. 

From the above formulation, the correlation can be derived as a form in which 

the buoyancy- and flow-dominant regions are distinguished (Fig. 5.18-(a)). In the 

low 𝜫𝜫𝑫𝑫𝑫𝑫𝑫𝑫  region, the buoyancy is dominant, and vice versa. The developed 

correlation closely follows the trends of experimental data for rods and tubes. 

Although some of the tube data existing at the boundary with the dryout region 

exhibited discrepancies, the comparison result between the developed correlation 

and experimental data had a good agreement (Fig. 5.18-(b)). The prediction 

accuracy is depicted in Fig. 5.18-(b); for example, standard deviations of 3.6% and 

7.2% for the rod and tube, respectively. 

 

Dryout region 

Unlike in the DNB region, it is necessary to consider the L/D in the dryout 

region. Because quality can vary largely depending on L/D, and if L/D is long even 

at the same heat flux, high quality is obtained which could make the dryout of the 
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channel easier. In addition, the development of boiling in the flow channel begins 

from the onset of the boiling point located upstream and results in dryout at the end 

of the channel at the CHF. Based on this consideration, the following non-

dimensional numbers are proposed for an inclined dryout correlation. 

 

�𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

�
𝐷𝐷𝑊𝑊𝐷𝐷𝐺𝐺𝐷𝐷𝑊𝑊

= 𝑓𝑓 �𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣

 , 𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒

,𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶�      (5.15) 

𝑤𝑤ℎ𝑒𝑒𝑟𝑟𝑒𝑒 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺 ≥ 5 ∙ 10−6. 

 

In a previous study (Ami et al., 2014), a simple form of inclined CHF correlation 

was presented in the form of an exponential function as follows. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

= 1 − exp (−1.2�𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶)             (5.16) 

 

As shown in Fig. 5.19, the above correlation can represent a trend of tube data. 

However, it could not predict the CHF enhancement under inclined condition in this 

rod experiment. Therefore, it is necessary to develop new correlations that can 

predict inclined rod experimental data. Referring to Eq. (5.16), the exponential 

function was adopted in the basic functional form and the non-dimensional numbers 

in Eq. (5.15) were used to compose correlations. The derived correlation for the 

dryout region is as follows. 

 

Inclined CHF correlation for dryout 

𝒇𝒇𝑫𝑫𝑶𝑶 ≡
𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

= 1 + �𝝆𝝆𝒍𝒍
𝝆𝝆𝒗𝒗
�
−0.7

� 𝒍𝒍𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉
𝒅𝒅𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉

�
𝑎𝑎
�𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶3.2 − 𝑡𝑡�exp (−(𝑭𝑭𝒓𝒓𝑫𝑫𝑶𝑶 + 7.5)𝑐𝑐)  

(5.17) 
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(𝑎𝑎,𝑡𝑡, 𝑔𝑔)  = �
(1.15, 0, 0.9) 𝑓𝑓𝑔𝑔𝑟𝑟 𝑟𝑟𝑔𝑔𝑑𝑑

  (1.30, 100, 0.8) 𝑓𝑓𝑔𝑔𝑟𝑟 𝜕𝜕𝑢𝑢𝑡𝑡𝑒𝑒       (5.18) 

 

Unlike the correlation of the DNB, separate coefficients were used as listed in 

Eq. (5.18) for a rod and tube as the geometry factor. Using Eq. (5.17), the correlation 

can be derived as a form for each experimental condition (Fig. 5.20-(a)). The 

developed correlation closely followed the trend of experimental data for rods and 

tubes. The comparison result between the developed correlation and experimental 

data exhibited good agreement (Fig. 5.20-(b)). The prediction accuracy is depicted 

in Fig. 5.20-(b); for example, standard deviations of 2.7% and 6.6% for rod and 

tube geometries, respectively. 

As a result, two correlations were developed for the inclined CHF for the DNB 

and dryout regions, respectively. 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺   must be applied to distinguish each 

region to apply the correlation for each region without any discontinuity. Since the 

two regions were divided based on 𝜓𝜓𝐾𝐾𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺 = 5 ∙ 10−6 , a logistic function that 

changes from zero to unity, is suggested as follows. 

 

Regime determination function 

𝑹𝑹 = 1

1+�
𝜓𝜓𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓,𝑉𝑉𝑇𝑇
𝜓𝜓𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓

�
4         (5.19) 

where 𝜓𝜓𝑘𝑘𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺 = 𝜎𝜎𝜌𝜌𝑙𝑙 𝐺𝐺2𝑙𝑙ℎ⁄  , 𝜓𝜓𝑘𝑘𝑎𝑎𝑊𝑊𝑊𝑊𝐺𝐺,𝐿𝐿𝑅𝑅 = 5 ∙ 10−6 

 

As shown in Fig. 5.21, it had the zero value for the DNB region, unity for dryout 

region, and smoothly changed its value at the boundary between them. Using this 

determination function, the final form of unified CHF correlation under the inclined 

condition was derived as follows. 
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Inclined CHF correlation 
𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

= (1− 𝑹𝑹) ∙ 𝒇𝒇𝑫𝑫𝑫𝑫𝑫𝑫 + 𝑹𝑹 ∙ 𝒇𝒇𝑫𝑫𝑶𝑶                   (5.20) 

where 𝑹𝑹 : CHF-regime determination function in Eq. (5.19) 

𝒇𝒇𝑫𝑫𝑫𝑫𝑫𝑫 : inclined CHF correlation for DNB in Eq. (5.12) 

𝒇𝒇𝑫𝑫𝑶𝑶 : inclined CHF correlation for dryout in Eq. (5.17) 

 

The result of predicting all inclined CHF data for Eq. (5.20) is shown in Fig. 

5.22. The developed inclined CHF correlation indicated good agreement with the 

experimental data within a standard deviation of 4.6% and maximum error of 20%. 

For rod geometry, they decreased to 3.2% and 10%, respectively. The applicable 

ranges of the developed inclined CHF correlations are summarized in Tables 5.1 

and 5.2. 

 

 

5.2 Analysis for rolling CHF and development of 

empirical correlations 
 

5.2.1 Analysis with previous tube experiment 

 

Chapter 4.3 presents an investigation of the relationships between vertical, 

inclined, and rolling CHFs. Furthermore, it was necessary to check whether this 

trend held true in other studies. As explained in Chapter 2, rolling CHF experiments 

are limited worldwide and the only available study for flow boiling CHF 

experiment under rolling is the study of Hwang (2012). Despite the limited database, 

it is necessary to evaluate previous CHF data, as conducted in Chapter 4.3.2. In 
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Hwang’s experiment, the same fluid (R134a) was used and the high-pressure 

condition in a tube was also studied. CHF data for the three different states (VT, IN, 

and RO) are required to analyze the CHF data with respect to the relationship 

between vertical, inclined, and rolling conditions. However, in Hwang’s experiment, 

only vertical and rolling experiments were performed. Therefore, to overcome this 

limitation, the inclined CHF was estimated using the inclined-tube CHF correlation 

developed in this study for the experimental conditions of Hwang’s experiment. 

Thus, it was possible to observe the CHF relationships between vertical, inclined, 

and rolling conditions using the predicted inclined value and the ratio of rolling to 

vertical CHFs in Hwang’s experiment as follows.  

 

𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷 𝑉𝑉𝐿𝐿⁄ = 𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉

→ 𝑒𝑒𝑔𝑔𝜕𝜕𝑒𝑒𝑒𝑒𝑎𝑎𝜕𝜕𝑒𝑒𝑑𝑑 𝑡𝑡𝑦𝑦 𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑒𝑒𝑙𝑙𝑎𝑎𝜕𝜕𝑒𝑒𝑔𝑔𝑐𝑐     (5.21) 

𝐶𝐶𝐻𝐻𝐹𝐹𝑅𝑅𝐷𝐷 𝐼𝐼𝐷𝐷⁄ = 𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉⁄
𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉⁄ → 𝑊𝑊𝑥𝑥𝑒𝑒𝑊𝑊𝑊𝑊𝑖𝑖𝑚𝑚𝑊𝑊𝑖𝑖𝑊𝑊𝑎𝑎𝑙𝑙  𝑑𝑑𝑎𝑎𝑊𝑊𝑎𝑎

𝑊𝑊𝐺𝐺𝑊𝑊𝑖𝑖𝑚𝑚𝑎𝑎𝑊𝑊𝑊𝑊𝑑𝑑  𝑏𝑏𝐷𝐷 𝑐𝑐𝐺𝐺𝑊𝑊𝑊𝑊𝑊𝑊𝑙𝑙𝑎𝑎𝑊𝑊𝑖𝑖𝐺𝐺𝑖𝑖
     (5.22) 

 

The detailed procedure for data reduction of Hwang’s experiment is described 

in Fig. 5.23. As a result of the prediction shown in Fig. 5.24, the results of this 

experiment and those of Hwang had similar tendencies. The data of Hwang’s 

experiment were distributed in the second and fourth quadrants in the graph, similar 

to that in this study. This result clearly indicated that the relationships between 

vertical, inclined, rolling CHF values were the same in both experiments. 

 

5.2.2 CHF mechanism under rolling motion 

 

The previous section presents relationships between vertical, inclined, and 

rolling CHFs for a previous study as well as this study. Both studies experimentally 



80 
 

confirmed that CHF is related to the inclined condition and rolling counteracts the 

inclination effect. In this section, a phenomenological analysis is performed.  

 

Rod geometry 

As shown in Fig. 5.25, rolling has two major effects on the heater rod: the 

additional force and the periodic change of the angle with time. At the instance of 

the maximum roll angle, the tangential force due to rolling reached its maximum 

value and always acted in the opposite direction to the buoyancy force. In the upper 

part of the rod, it acts in a direction that prevents the lift-off of bubbles and falling 

of liquid film from the cold wall, and in the lower part, it prevents the bubbles from 

sliding or falling of liquid film from the upside. As a result, the acceleration of 

rolling can cause an early CHF compared with the static inclined condition in some 

cases. In contrast, this state does not persist and changes as the roll angle changes 

over time, and this effect helps a trigger state to be escaped again. As a result, even 

if a state in which the CHF deteriorates occurs at the maximum angle, the angle 

continues to change owing to the rolling, thereby eliminating the effect of the 

deterioration of the CHF due to the inclination.  

The following phenomenological analysis was confirmed through the 

experimental results. In this experiment, the location at which dryout or DNB 

occurs was checked using a thermocouple installed on the heater rod. Therefore, the 

trigger and quenching of CHF were checked locally, and the analysis result is shown 

in Fig. 5.26. First, in most cases, a precursor appears at pre-CHF conditions under 

rolling motion. Here, the increase in temperature is triggered at the maximum angle 

in most cases, but as the angle changes, the part that is presumed to have a dry patch 

moves along the rod surface. This is the same direction as the buoyancy force. As 
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the dry patch moves, quenching occurs at the wall where the temperature has rapidly 

increased. This is repeated alternately on the left and right inclinations. However, 

when the heat flux approaches the CHF value, quenching fails at a specific location; 

here, it becomes a dryout and results in a boiling crisis. This is similar to the 

mechanism of CHF confirmed through previous dry-patch observation studies (Chu 

et al., 2013; Kim et al., 2018), which explained that the quenchable and 

unquenchable dry-patch is the main difference between pre-CHF and CHF. 

 

Tube geometry 

Phenomenologically, a rod-like phenomenon also occurs in the tube (Fig. 5.27). 

Unlike the rod, the heating surface of the tube faces the inside, but it is the same in 

that the acceleration due to the rolling is in the opposite direction to the buoyancy. 

At the top of the tube, the concentrated bubble near the heated wall is removed away 

by the tangential force (counteracts buoyancy), and thin liquid film can be 

compensated by the tangential force (counteracts gravity). In addition, changing 

angles can force the bubbles to move into the subcooled bulk; subsequently, the 

bubbles condense. This explanation can be supported indirectly by the experimental 

evidence from previous two-phase flow studies under rolling motion (Chen et al., 

2016; Bao et al., 2016) (Fig. 5.28). According to Chen et al. (2016), in an 

experiment on the measurement of the two-phase flow heat transfer coefficient 

under the rolling condition, the heat transfer coefficient repeatedly fluctuated during 

rolling; however, the average value was similar to the vertical value. That is, the 

rolling weakened the inclination effect. Similarly, the concentration of bubbles may 

be weakened as the angle changes from side to side during rolling, which was also 

reported by Bao et al. (2016), who experimentally confirmed that as the rolling 
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speed increased, the void fraction near the wall decreased. That is, the near-wall 

bubbles tended to be condensed as rolling forced bubbles to move into the bulk. 

 

5.2.3 Development of rolling CHF correlations 

 

In the previous section, the CHF relationships the rolling, inclined, and vertical 

conditions in both experiments is confirmed. Based on the establishment of this 

relationship, multiple correlations are derived by geometries for quantitative 

prediction as follows.  

 

Rolling CHF correlation for rods 

𝑪𝑪𝑪𝑪𝑭𝑭𝑹𝑹𝑶𝑶 𝑰𝑰𝑫𝑫⁄ = 2.11 ∙ 𝑒𝑒𝑥𝑥𝛻𝛻�−𝑪𝑪𝑪𝑪𝑭𝑭𝑰𝑰𝑫𝑫 𝑽𝑽𝑽𝑽⁄ 1.33⁄ �                   (5.23) 

Rolling CHF correlation for tubes 

𝑪𝑪𝑪𝑪𝑭𝑭𝑹𝑹𝑶𝑶 𝑰𝑰𝑫𝑫⁄ = 5.20 ∙ 𝑒𝑒𝑥𝑥𝛻𝛻�−𝑪𝑪𝑪𝑪𝑭𝑭𝑰𝑰𝑫𝑫 𝑽𝑽𝑽𝑽⁄ 0.61⁄ �                   (5.24) 

Rolling CHF correlation for rods & tubes 

𝑪𝑪𝑪𝑪𝑭𝑭𝑹𝑹𝑶𝑶 𝑰𝑰𝑫𝑫⁄ = 10 ∙ 𝑒𝑒𝑥𝑥𝛻𝛻�−𝑪𝑪𝑪𝑪𝑭𝑭𝑰𝑰𝑫𝑫 𝑽𝑽𝑽𝑽⁄ 0.32⁄ � + 0.56                 (5.25) 

 

The functional shapes of these correlations are summarized in Figs. 5.29–31. 

As Fig. 5.29 shows, the rod CHF data under rolling motion was predicted using the 

developed correlation. The comparison result of the developed correlation with 

experimental data indicated good accuracy with a standard deviation of 2.6% and 

maximum error of 7.4%. As Fig. 5.30 shows, the tube CHF data under rolling 

motion was predicted with a standard deviation of 6.5% and maximum error of 

17.8%. We should consider the prediction uncertainty of tube data in this case. 

Finally, as Fig. 5.31 shows, all CHF data under rolling motion for rod and tube were 
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unified in a single correlation. In addition, the prediction accuracy was reliable with 

a standard deviation of 4.7% and maximum error of 16.6%. From the following 

three correlations, if necessary, one can select either rod or tube correlations, 

respectively. However, the mechanism of the rolling effect on CHF was similar in 

the rod and tube geometries, as discussed above. Therefore, a single form of 

correlation can be used in both geometries with reliable accuracy. 

The effect of the rolling period was not evaluated and considered when creating 

the correlation. Assuming that the period of the rolling is very slow, the CHF value 

of the rolling approaches a type of stationary state asymptotically either a vertical 

or inclined state. Specifically, when the CHF is changed by the inclination, the 

period effect is divided according to whether the inclined CHF decreases or 

increases compared with the vertical position. Figure 5.32 shows details for the 

following description. In the second quadrant in the graph where the inclined CHF 

value is smaller than the vertical CHF value, the inclined CHF value is the minimum. 

Therefore, when the rolling becomes slow and approaches a quasi-steady state, the 

rolling CHF should converge to the inclined CHF value because the probability of 

a boiling crisis is higher in the inclined state rather than the vertical one. Conversely, 

in the fourth quadrant in the graph where the vertical CHF value is the smallest, the 

rolling CHF should converge to the vertical CHF value because the probability of 

a boiling crisis is higher in the vertical state rather than the inclined one. 

Considering this criterion, the graph should converge to the lines indicated as 

“quasi-steady line” in Fig. 5.32 from the developed correlation.  

Here, it is necessary to establish the quantitative criterion to determine the 

approaching condition of rolling, which is discussed in the previous paragraph. In 

most of the conditions of this experiment, the effect of the period (or acceleration) 
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was not observed. In addition, most of the rolling CHF data in Hwang’s experiment 

had the same period condition. However, in Hwang's experiment, a single set of 

experiments was performed to determine the parametric effect of a period. Here, 

the period was observed to converge to the vertical value when the period slowed 

down from 6 to 18 s. This implies that the period effect existed under the condition 

of Hwang’s experiment. Generally, since the period cannot represent the scale of 

the rolling itself, it is necessary to introduce the following parameter, called the 

acceleration ratio, considering the intensity of the rolling motion and the angle of 

the inclination. 

 

𝜫𝜫𝝉𝝉 ≡
𝑎𝑎𝑒𝑒𝑒𝑒𝑛𝑛(𝑅𝑅,𝜃𝜃,𝜏𝜏)

𝑓𝑓𝑦𝑦(𝜃𝜃)
              (5.26) 

 

This parameter is defined as the ratio of the tangential acceleration value at the 

maximum angle (e.g., maximum tangential acceleration) under rolling to the 

gravitational acceleration value in the direction perpendicular to the heating surface 

under inclination. By defining this parameter, the non-dimensionalized intensity of 

the rolling can be expressed by reflecting both the scale and maximum roll angle of 

the rolling or motion platform. This variable converges to zero under the condition 

that the rolling is slow, the roll radius is small, or the maximum roll angle is small. 

In contrast, it increases when the rolling is rapid, the roll radius is large, or the roll 

angle is large. Figure 5.33 shows the rolling experimental conditions of this study 

and Hwang’s study on the graph using 𝜫𝜫𝝉𝝉. According to the experimental results 

of Hwang and this study, a new function (𝑓𝑓(𝜫𝜫𝝉𝝉)) can be defined as a function that 

converges to zero when 𝜫𝜫𝝉𝝉 becomes smaller than a certain threshold: 
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𝑓𝑓(𝜫𝜫𝝉𝝉) = 1 − exp (−𝜫𝜫𝝉𝝉/0.01)      (5.27) 

 

Therefore, the final form of correlation is organized as follows.  

 

Rolling CHF correlation for rods and tubes with the acceleration effect 

𝒚𝒚 = 𝑓𝑓(𝜫𝜫𝝉𝝉) ∙ 𝒇𝒇(𝒙𝒙) + �1− 𝑓𝑓(𝜫𝜫𝝉𝝉)� ∙ 𝒈𝒈(𝒙𝒙)     (5.28) 

𝒚𝒚 = 𝐶𝐶𝐻𝐻𝐹𝐹𝑅𝑅𝐷𝐷/𝐼𝐼𝐷𝐷 , 𝒙𝒙 = 𝐶𝐶𝐻𝐻𝐹𝐹𝐼𝐼𝐷𝐷/𝑉𝑉𝐿𝐿      (5.29) 

𝑓𝑓(𝑥𝑥) = 10 ∙ exp(−𝑥𝑥 0.32⁄ ) + 0.56      (5.30) 

𝑔𝑔(𝑥𝑥) = min(1, 1 𝑥𝑥⁄ )       (5.31) 

 

The configuration of this correlation is depicted in Fig. 5.34-(a). The function 

in Eq. (5.27) correlates the developed correlations in Eqs. (5.23)–(25) and quasi-

steady line. In addition, Hwang’s experimental data including period effect was 

plotted to verify Eq. (5.28) (Fig 5.34-(b)). As expected, it converged to 𝑔𝑔(𝑥𝑥) as 

the period increased. The applicable range of the developed rolling CHF correlation 

is summarized in Tables 5.3 and 5.4. 

 

5.2.4 Fluid scaling effect in rolling CHF prediction 

 

As shown in Fig. 5.35-(a) and (b), a periodic precursor before CHF occurs under 

rolling motion in most CHF-regimes except for some DNB conditions. In addition, 

the occurrence of a precursor is distributed over a wide regime, and the heat flux at 

which the precursor first occurs is 88%–99.9% of CHF (Fig. 5.35-(c)). With respect 

to the working fluid in this study, CHF measurement was performed at a lower 

heating power compared with the equivalent water condition using R134a. 

However, in a water experiment, the heating power is more than 10 times, and the 
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increase in temperature may be significantly higher and faster, and when the 

precursor appears, quenching is not expected to occur, unlike in the R134a 

experiment. This problem is highly related to the definition of CHF under rolling 

conditions and a fluid scaling problem could have occurred in the rolling CHF 

experiment. Therefore, the effect of fluid scaling is evaluated in this chapter by 

solving one-dimensional conduction equations for heater rods under rolling 

conditions with R134a and water. 

The heater rod was modeled as a one-dimensional model to solve the 

conduction equation (Fig. 5.36). In this study, the heater rod consisted of the internal 

heating element, sheath-clad, and thermocouples, which were inserted between the 

sheath and the clad. In addition, there was a microscale air gap in the thermocouple 

insertion path. At the clad outer surface as the heated surface for the fluid, two-

phase heat transfer by the fluid occurred. This typical case can be calculated 

numerically using discretization and can be solved analytically as follows. 

 

Governing equation 

𝜌𝜌𝑔𝑔𝑒𝑒
𝜕𝜕𝐿𝐿
𝜕𝜕𝑊𝑊

= 1
𝑊𝑊
𝜕𝜕
𝜕𝜕𝑊𝑊
�𝑘𝑘 ∙ 𝑟𝑟 𝜕𝜕𝐿𝐿

𝜕𝜕𝑊𝑊
�+ �̇�𝑞        (5.32) 

Analytical solution (steady-state) 

𝑉𝑉(𝑟𝑟) = 𝑉𝑉∞ + �̇�𝑞𝑅𝑅
2ℎ

+ �̇�𝑞
4𝑘𝑘

(𝑅𝑅2 − 𝑟𝑟2)       (5.33) 

Boundary conditions 

𝐴𝐴𝜕𝜕 𝑟𝑟 = 0 : 𝑑𝑑𝐿𝐿1
𝑑𝑑𝑊𝑊

= 0         (5.34) 

𝐴𝐴𝜕𝜕 𝑟𝑟 = 𝑅𝑅 : −𝑘𝑘 𝑑𝑑𝐿𝐿𝑚𝑚
𝑑𝑑𝑊𝑊

= ℎ(𝑉𝑉𝑚𝑚 − 𝑉𝑉∞)        (5.35) 

𝐴𝐴𝜕𝜕 𝑒𝑒𝑐𝑐𝜕𝜕𝑒𝑒𝑟𝑟𝑓𝑓𝑎𝑎𝑔𝑔𝑒𝑒𝑔𝑔 (BN− Sheath & Sheath− Cladding) : 𝑘𝑘𝑎𝑎
𝑑𝑑𝐿𝐿
𝑑𝑑𝑊𝑊

= 𝑘𝑘𝑏𝑏
𝑑𝑑𝐿𝐿
𝑑𝑑𝑊𝑊

  (5.36) 

Initial conditions 
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𝑉𝑉𝑘𝑘(𝜕𝜕1) = 𝑉𝑉∞ 𝑓𝑓𝑔𝑔𝑟𝑟 𝑘𝑘 = 1~𝑒𝑒         (5.37) 

 

where 𝜌𝜌 is the density, 𝑔𝑔𝑒𝑒 is the heat capacity, 𝑉𝑉 is the temperature, 𝑘𝑘 is the 

thermal conductivity, 𝑟𝑟 is the radial position, �̇�𝑞 is the volumetric heat generation, 

ℎ is the heat transfer coefficient, 𝑉𝑉𝑚𝑚 is the temperature at m-th node, and 𝑉𝑉∞ is 

the bulk fluid temperature. The monitoring parameter is the temperature of the 

location at which the thermocouple was installed, and the comparison with the 

experimental results of this study was conducted in advance to properly simulate 

the rolling motion. In this perspective, the following two assumptions were used for 

the analysis. 

 

Assumption 1. The size of the air gap for the R134a test was deduced to match 

the value of the experimental result before the occurrence of the precursor under 

the given two-phase flow heat transfer coefficient condition (Fig. 5.37-(a)).  

 

Assumption 2. As the heat transfer coefficient, two-phase flow heat transfer 

coefficient and film boiling heat transfer coefficient were used, and the heat transfer 

coefficient changed between the two values according to the change of the roll angle 

(Fig. 5.37-(b)). The changing shape was made to follow the temperature change of 

the experimental result. Two types of heat transfer coefficients are expressed as 

follows. 

 

Nucleate boiling heat transfer (Steiner and Taborek, 1992) 

𝜶𝜶𝒉𝒉𝒕𝒕 = ��𝛼𝛼𝑖𝑖𝑏𝑏,𝐺𝐺𝐹𝐹𝑖𝑖𝑏𝑏�
3

+ �𝛼𝛼𝐿𝐿𝑊𝑊𝐹𝐹𝑊𝑊𝑒𝑒�
3�
𝟏𝟏/3

      (5.38) 

𝛼𝛼𝑖𝑖𝑏𝑏,𝐺𝐺: local nucleate pool boiling coefficient 
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𝐹𝐹𝑖𝑖𝑏𝑏: nucleate boiling correction factor 

𝛼𝛼𝐿𝐿𝑊𝑊 : Gnielinski (1976) correlation for the liquid-phase forced convection 

coefficient 

𝐹𝐹𝑊𝑊𝑒𝑒: two-phase multiplier 

 

Film boiling heat transfer (Dittus–Boelter, 1930) 

𝐼𝐼𝑢𝑢 = 0.023𝑅𝑅𝑒𝑒0.8P𝑟𝑟0.4        (5.39) 

where properties should be calculated for vapor phase. 

 

As shown in Table 5.5, the calculation conditions included two R134a 

conditions (1.6 and 2.5 MPa) with two equivalent water conditions (10.0 and 14.7 

MPa). The analysis results for each pressure condition are shown in Fig. 5.38 and 

39. At the time of the precursor in each condition, the increase in temperature 

appeared to be from 25 to 50 ℃, but the water condition was different depending 

on the film boiling heat transfer coefficient, but it was approximately 80 to 140 ℃ 

or more. Although it may be different depending on the determination conditions of 

the CHF experiment, there is a possibility for a temperature increase of 100 ℃ on 

average under water conditions, which could be determined as the CHF. Therefore, 

the analysis result indicated that precursors in the R134a test might be defined as 

the CHF in the water test. For example, if the first precursor heat flux were 

determined as CHF in this study, the result of the original CHF definition could 

have been overestimated (Fig. 5.40). In conclusion, it is necessary to review the 

criteria for determining CHF in water rolling CHF experiments. This is because the 

quenching effect observed in the R134a experiment may not be available in water. 

This implies that when the fluid is different in the rolling CHF experiment, there 
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may be differences in the experimental analysis results according to the definition 

of CHF under rolling conditions. As shown in Fig. 5.40, the CHF results of this 

study can be classified into two types depending on the CHF determination criteria. 

It is recommended that the results based on the first precursor should be noted 

because these are conservative ones from a design perspective. 
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5.3 Investigation of bubble behavior using a bubble 

tracking simulation 

 

5.3.1 Bubble tracking simulation of the heated surface 

 

Recently, Kim and Cho (2021) demonstrated that it is possible to predict two-

phase flow heat transfer by tracking the movement of bubbles on a heating surface 

in a horizontal tube based on the force balance modeling of bubbles. From the 

simulation result of bubble tracking, this method was used to calculate the heat flux 

through wall-heat flux partitioning based on the simulation result of bubble tracking 

of the heater surface. This method can both calculate heat transfer and sample the 

presence and size of bubbles on the heating surface. This bubble tracking technique 

is useful in explaining the hypothetical phenomena for bubble behavior observed in 

this study. Therefore, the bubble tracking concept was applied to this study to 

explain the bubble behavior under inclined and rolling motions. 

To apply this method, the bubble tracking code of Kim and Cho (2021) was 

improved (Appendix A). Since the existing code was limited to analyze the external 

flow of horizontal tubes, the buoyancy direction was corrected according to the 

inclination angle to extend its calculation capability to inclined and vertical rods, 

which were of interest in this study (Fig. 5.41-(a)). In addition, an external force 

was included for the rolling simulation (Figs. 5.41-(b) and 5.42). Subsequently, the 

following force balance model was organized for bubble tracking. 

 

𝝆𝝆𝒗𝒗𝑽𝑽𝒃𝒃𝒉𝒉(𝜽𝜽,𝒛𝒛) = 𝑭𝑭𝒉𝒉𝒕𝒕𝒉𝒉(𝜽𝜽,𝒛𝒛) = 𝑭𝑭𝒃𝒃(𝜽𝜽,𝒛𝒛) + 𝑭𝑭𝒒𝒒𝒒𝒒(𝜽𝜽,𝒛𝒛) + 𝑭𝑭𝒒𝒒(𝜽𝜽,𝒛𝒛) + 𝑭𝑭𝒉𝒉𝒎𝒎(𝜽𝜽,𝒛𝒛) + 𝑭𝑭𝒉𝒉𝒅𝒅𝒅𝒅 (5.40) 

𝑭𝑭𝒃𝒃𝜽𝜽 = (𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)g𝑉𝑉𝑏𝑏𝑔𝑔𝑒𝑒𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝜑𝜑       (5.41) 
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𝑭𝑭𝒃𝒃𝒛𝒛 = (𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)g𝑉𝑉𝑏𝑏𝑔𝑔𝑒𝑒𝑐𝑐𝜑𝜑         (5.42) 

𝑭𝑭𝒒𝒒𝒒𝒒(𝜽𝜽,𝒛𝒛) = − 1
2
𝐶𝐶𝐷𝐷𝜌𝜌𝑙𝑙(𝑈𝑈𝑏𝑏 − 𝑈𝑈𝑙𝑙)|(𝑈𝑈𝑏𝑏 − 𝑈𝑈𝑙𝑙)|𝐴𝐴       (5.43) 

𝑭𝑭𝒒𝒒(𝜽𝜽,𝒛𝒛) ~ 𝑑𝑑𝑤𝑤𝜎𝜎
𝜋𝜋(𝛼𝛼−𝛽𝛽)

𝜋𝜋2−(𝛼𝛼−𝛽𝛽)2
(𝑔𝑔𝑒𝑒𝑐𝑐𝛼𝛼 + 𝑔𝑔𝑒𝑒𝑐𝑐𝑠𝑠)       (5.44) 

𝑭𝑭𝒉𝒉𝒎𝒎(𝜽𝜽,𝒛𝒛) = − 1
2
𝑉𝑉𝑏𝑏𝜌𝜌𝑙𝑙𝑎𝑎(𝜃𝜃,𝑧𝑧) − 2𝐴𝐴𝜌𝜌𝑙𝑙(𝑈𝑈𝑏𝑏 − 𝑈𝑈𝑙𝑙)𝑟𝑟�̇�𝑏      (5.45) 

𝑭𝑭𝒉𝒉𝒅𝒅𝒅𝒅 = (𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)𝑉𝑉𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑          (5.46) 

 

where 𝑭𝑭𝒃𝒃, 𝑭𝑭𝒒𝒒𝒒𝒒, 𝑭𝑭𝒒𝒒, 𝑭𝑭𝒉𝒉𝒎𝒎, and 𝑭𝑭𝒉𝒉𝒅𝒅𝒅𝒅 are buoyancy, quasi-steady drag, surface 

tension, added mass, and additional forces, respectively. 𝑔𝑔, 𝜑𝜑, 𝑧𝑧, 𝐶𝐶𝐷𝐷, 𝑈𝑈𝑏𝑏 , 𝑈𝑈𝑙𝑙, 𝐴𝐴, 

𝑑𝑑𝑤𝑤 , 𝛼𝛼 , 𝑠𝑠 , 𝑎𝑎 , 𝑟𝑟𝑏𝑏 , and 𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑  are circumferential position, inclined angle, axial 

position, drag coefficient, bubble velocity, liquid bulk velocity, projected area of 

bubble, contact diameter, preceding contact angles, preceded contact angles, 

acceleration of bubble, bubble radius, and additional accelerations due to rolling, 

respectively. In this code, the model shown in Table 5.6 was applied to model 

bubble departure, growth, and lift-off. It was constructed for conditions similar to 

the experimental conditions in this study. However, not many validation studies 

have been conducted on the bubble sub-models under the high-pressure condition. 

Therefore, the reliable models were limited. Despite this limitation, from recent 

high-pressure DNB analysis studies, some of the sub-models in Table 5.6 were used 

for DNB analysis, including nucleation site density, bubble frequency, and 

departure diameter. However, almost no models were available for inclined and 

rolling conditions; therefore, a qualitative study was performed to explain the 

bubble behavior. 

Before the simulation of nucleate boiling, the analysis of a single bubble was 

conducted in the form of a conceptual problem for qualitative verification (Fig. 
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5.43). For a vertical rod (Fig. 5.43-(a)), a single bubble ascended straight upward 

because there was no force in the circumferential direction. Under inclination (Fig. 

5.43-(b)), the bubble ascended along the heating surface and reached the upper part 

until lift-off. Under rolling (Fig. 5.43-(c)), the two cases were formulated to check 

the effect of additional forces caused by rolling. The first case did not model the 

additional force but changes in the angle (changes in buoyancy) under rolling 

motion. Here, the bubble reached the top of the heater rod (Fig. 5.43-(c)). However, 

when additional force by rolling was modeled, the tangential force acting on the 

bubble forced it to go inside even at the same 45° of inclination compared with the 

previous case. Thus, the modeling effect on the additional force could be confirmed 

qualitatively. 

 

5.3.2 Bubble behavior under inclined and rolling conditions 

 

Following the previous analysis, bubble behavior was analyzed under nucleate 

boiling conditions. For the analysis, the calculation procedure of bubble tracking 

and data post-processing was conceptualized as organized in Fig. 5.44. The details 

of post-processing results are discussed later. In the simulation, for conditions 

similar to the experiment, 30 K superheat conditions of water with 14.7 MPa 

pressure and 300 kg/m2s of mass flux were set. As shown in Fig. 5.45, the behavior 

of bubbles was simulated for vertical, inclined, and rolling conditions. Based on the 

post-processing procedure as described in “Step 3” of Fig. 5.44, the simulation 

result could be quantitatively expressed in the form of a time-area averaged map of 

the bubble existence probability on the heating surface (𝛻𝛻 = 𝑓𝑓(𝑥𝑥, 𝑦𝑦,𝑉𝑉𝐺𝐺𝐷𝐷𝑒𝑒)), and the 

bubble radius could also be similarly shown (𝑟𝑟 = 𝑓𝑓(𝑥𝑥, 𝑦𝑦,𝑉𝑉𝐺𝐺𝐷𝐷𝑒𝑒)). These maps are 
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depicted in the two rows from the bottom in Fig. 5.45.  

More detailed results are shown in Figs. 5.46 and 5.47. The graph in Fig. 5.46 

shows the distribution of bubble existence probability and bubble radius in the 

circumferential direction for VT, IN, and RO conditions. Under the IN condition, 

the overall probability of bubble existence increased for the following reasons. First, 

as shown in Fig. 5.47-(a), the rod can be divided into central and upper-lower parts. 

In the central part, since bubble movement in the circumferential direction occurred 

actively by sweeping the wide region, the probability of bubble existence per unit 

area increased compared with the VT condition. Additionally, actively moving 

bubbles caused a significant amount of merging with other bubbles, increased 

rapidly, and lifted off, which indicated a lower radius size in the center by time 

averaging. In contrast, even in the upper and lower parts, the bubble had the velocity 

component in the circumferential direction, indicating a higher probability than the 

VT, but since the tangential force in the circumferential direction was smaller than 

that in the central part, the merging of the bubbles did not occur as much as in the 

central part; therefore, the lift-off did not occur rapidly. Here, the mean radius was 

larger than that of VT.  

For RO, the existing density of the number of bubbles was lower owing to the 

tangential force at the top and bottom compared with the IN condition (Fig. 5.46-

(a)). It can be explained by tangential forces (Fig. 5.47-(b)). At the top of the rod, a 

tangential force moved the bubble downward, then reduced the bubble existing 

probability at the top region. At the bottom of the rod, the bubble could not rise 

upward owing to the tangential force; consequently, the bubble existing probability 

decreased with respect to area averaging. Soon, the tangential force weakened the 

upper and lower side void concentration compared with the IN condition. 
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Meanwhile, near the vertical state under rolling motion, the movement bubbles 

were accelerated, which was determined from the simulation results with respect to 

time. It was expected to incur quenching of the dry patch as observed in the 

experiment. Finally, the overall trend of probability and radius from the simulation 

exhibited the experimentally observed trend (Fig. 5.46). In conclusion, the 

experimentally observed trend can be simulated using the bubble tracking method. 
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Figure 5.1 Modified Froude number, 𝐹𝐹𝑟𝑟𝑚𝑚: (a) definition, (b) CHFIN/VT by 𝐹𝐹𝑟𝑟𝑚𝑚 
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Figure 5.2 Modified Froude number, 𝐹𝐹𝑟𝑟∗: (a) definition, (b) CHFIN/VT by 𝐹𝐹𝑟𝑟∗ 
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Figure 5.3 CHFIN/VT behavior for DNB and dryout regions 
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Figure 5.4 Inconsistency of existing modified Froude number (𝐹𝐹𝑟𝑟𝑚𝑚): (a) 

inconsistency in the definition, (b) inconsistency in the graph 
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Figure 5.5 Suggested modified Froude number ‘𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷’ and its characteristics: (a) 

features of 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷, (b) experimental results according to 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷 
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Figure 5.6 Inclined CHF experiment conditions in the CHF-regime map 
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Figure 5.7 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷  in DNB region (rod geometry): (a) 
experimental results, (b) phenomenological expression 
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Figure 5.8 Experimental investigation for CHFIN/VT trend in this study: (a) 2.5 

MPa, (b) 3.2 MPa 
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Figure 5.9 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷  in DNB region (tube geometry): (a) 
experimental results, (b) phenomenological expression 
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Figure 5.10 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷  in DNB region (rod & tube geometry) 
 

 

Figure 5.11 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷 in dryout region (rod geometry) 
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Figure 5.12 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷 in dryout region (tube geometry) 

 

 
Figure 5.13 Phenomenological expression of enhanced CHF under inclined tube 

for dryout region (Ami et al., 2014; Ousaka et al.,1996) 
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Figure 5.14 CHFIN/VT change along 𝐹𝐹𝑟𝑟𝐷𝐷𝐷𝐷 in dryout region (rod & tube geometry) 

 

 

 
Figure 5.15 Phenomenological configuration of DNB (Collier, 1972) and effect of 

L/D on CHF in DNB regime (Nariai et al. 1987) 
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Figure 5.16 Similar functional form and physics from the other study (Symolon, 

2004) 
 

 

 
Figure 5.17 Geometry factor in the inclined CHF correlation for DNB 
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Figure 5.18 (a) Functional shape of inclined CHF correlation for DNB and (b) its 

comparison result with experimental data 
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Figure 5.19 Inclined CHF correlation in the previous study (Ami et al., 2014) 
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Figure 5.20 (a) Functional shape of proposed inclined CHF correlation for dryout 

and (b) its comparison result with experimental data 
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Figure 5.21 CHF-regime determination function, R 

 

 

 
Figure 5.22 Comparison result of inclined CHF correlation for DNB and dryout 

with experimental data 
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Figure 5.23 Data reduction of Hwang’s rolling tube CHF experiment 
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Figure 5.24 CHF relations between VT, IN, and RO of this study and Hwang’s 

study 
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Figure 5.25 CHF mechanism under rolling motion for rod geometry 
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Figure 5.26 Experimental observation on rolling CHF mechanism for rod geometry 
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Figure 5.27 CHF mechanism under rolling motion for tube geometry 
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Figure 5.28 Experimental evidence on rolling CHF mechanism for tube geometry (Chen et al., 2016; Bao et al., 2016) 
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Figure 5.29 Rolling CHF correlation for rod geometry: (a) correlation curve, (b) 

comparison result with experimental data 
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Figure 5.30 Rolling CHF correlation for tube geometry: (a) correlation curve, (b) 
comparison result with experimental data 
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Figure 5.31 Rolling CHF correlation for rod and tube geometries: (a) correlation 
curve, (b) comparison result with experimental data 
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Figure 5.32 Period effect of rolling motion in the correlation 
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Figure 5.33 Acceleration ratio for rolling motion 
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Figure 5.34 Effect of period in rolling CHF correlation: (a) correlation curve, (b) 

result with experimental data of Hwang (2012) 
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Figure 5.35 CHF precursor characteristics under rolling motion in this 

experiment: (a) various types of CHF precursors, (b) characteristics of precursors, 
and (c) heat flux ranges of precursors 
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Figure 5.36 Schematics of one-dimensional heater rod modeling for transient 

conduction simulation 
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Figure 5.37 Characteristics of angle, heat transfer coefficient, and wall 

temperatures in precursor evaluation simulation: (a) simulation vs. experiment, (b)  
T/C temperature in simulation by varying HTC 
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Figure 5.38 R134a and water simulation result for CHF precursors (2.5 MPa of 

R134a): (a) R134a, (b) water 
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Figure 5.39 R134a and water simulation result for CHF precursors (1.6 MPa of 

R134a): (a) R134a, (b) water 
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Figure 5.40 Rolling CHF results depending on the CHF determination criteria: (a) 

original definition, (b) by 1st precursor heat flux 
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Figure 5.41 Modeling of forces acting on bubbles under inclined and rolling 

conditions: (a) buoyancy under inclination, (b) additional forces under rolling 
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Figure 5.42-(a) Modeling of forces acting on bubbles under rolling conditions in 

detail (+45° ~ −45°) 
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Figure 5.42-(b) Modeling of forces acting on bubbles under rolling conditions in 

detail (−45° ~ +45°) 
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Figure 5.43 Single-bubble simulation results under vertical, inclined, and rolling 
conditions: (a) VT, (b) IN, and (c) RO
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Figure 5.44 Algorithm of bubble tracking simulation and its post-processing 
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Figure 5.45 Nucleate boiling simulation for (a) VT, (b) IN, and (c) RO



136 
 

 

 
Figure 5.46 (a) Probability and (b) bubble size distribution under VT, IN, and RO  
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Figure 5.47 Analysis of bubble tracking simulation under (a) VT, IN, and (b) RO 
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Table 5.1 Applicable range of inclined CHF correlations (summarized) 

 

 

Table 5.2 Applicable range of inclined CHF correlations (detail) 

Motion 
condition 

CHF-
regime Correlations 

L/D 
Dhy [mm] 

Dheat [mm] 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] 

Quality 
[-] Authors 

Inclination 

DNB Eq. (5.12) 
Rod 

48 – 125 
6.3 – 8.5 

16.6 – 22.3 
Tube 

333 (DNB), 23 
(Dryout) 

9 (DNB), 20 
(Dryout) 

Rod 
7 – 18 
Tube 

19 

Rod 
800 – 2500 

Tube 
500 – 2900 

Rod 
-0.5 – 

0.3 
Tube 
0.2 – 
0.5 

This study 
Levy and Swan (1959) 

Mori et al. (1999) 

Dryout Eq. (5.17) 

Rod 
7 – 18 
Tube 
0.4 

Rod 
300 – 1300 

Tube 
30 – 90 

Rod 
0.1 – 
0.9 

Tube 
0.6 – 
0.9 

This study 
Levy and Swan (1959) 

Ami et al. (2014) 

 

Applicable 
range L/D Dhy 

[mm] 
Dheat 
[mm] 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] Quality 

Inclined rod 48 – 125 6.3 – 8.5 16.6 – 22.3 7 – 18 300 – 2500 -0.5 – 0.9 

Inclined tube 23 – 333 9, 20 9, 20 0.4, 19 30 – 90, 
500 – 2900 0.2 – 0.9 
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Table 5.3 Applicable range of rolling CHF correlations (summarized) 

 

 

Table 5.4 Applicable range of rolling CHF correlations (detail) 

Motion 
condition 

CHF-
regime Correlations 

L/D 
Dhy [mm] 

Dheat [mm] 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] 

Quality 
[-] Authors 

Rolling 
DNB 

& 
dryout 

Eq. (5.25) 

Rod 
48 / 6.3 /16.6 

Tube 
105 / 9.5 

Rod 
10 – 18 
Tube 
8 – 14 

Rod 
300 – 2500 

Tube 
400 – 1800 

Rod 
-0.5 – 0.5 

Tube 
0.2 – 0.8 

This study 
Hwang (2012) 

 

  

Applicable 
range L/D Dhy 

[mm] 
Dheat 
[mm] 

Pressure 
[MPa] 

Mass flux 
[kg/m2s] Quality 

Rolling rod 48 6.3 16.6 10 – 18 300 – 2500 -0.5 – 0.5 

Rolling tube 105 9.5 9.5 8 – 14 400 – 1800 0.2 – 0.8 
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Table 5.5 Conditions for calculation of one-dimensional conduction 

Parameters R134a 
(In this study) Water Remarks 

Heater Same (Monel K500 sheath and clad) - 

Pressure 2.5 MPa 1.6 MPa 14.7 MPa 10.0 MPa Scaled by (�𝜌𝜌𝑓𝑓 𝜌𝜌𝑓𝑓⁄ �
𝑅𝑅

) 

Flow 1270 kg/m2s 1727 kg/m2s 1764 kg/m2s 2500 kg/m2s 
Scaled by 

(�𝐺𝐺 √D �𝜎𝜎𝜌𝜌𝑙𝑙� �
𝑅𝑅

) 

Outlet bulk 
temperature 73 ℃ 58 ℃ 329 ℃ 311 ℃ Scaled by (𝑥𝑥eq(z)) 

Power at precursor 
(% of CHF) 4.7 kW (99%) 4.1 kW (88%) 60.7 kW 54.6 kW Scaled by �𝑞𝑞 " 𝐺𝐺⁄ h𝑓𝑓𝑓𝑓�𝑅𝑅 

Two-phase HTC 6.7 x 104 
W/m2K 

5.0 x 104 
W/m2K 

4.0 x 105 
W/m2K 

3.2 x 105 
W/m2K 

by Steiner and Taborek 
(1992) 

Film boiling HTC 3.4 x 103 
W/m2K 

3.6 x 103 
W/m2K 

2.2 x 104 
W/m2K 

1.9 x 104 
W/m2K by Dittus-Boelter (1930) 

Temp. rise at 
precursor About 50 ℃ About 25 ℃ 80 – 140 ℃ 80 – 120 ℃ Our interest 
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Table 5.6 Bubble sub-models for bubble tracking simulation 

 Sub-models In this simulation Notes 

Available 
model 

for inclined 
and rolling 

(rod) 

Bubble 
sub-

models 

Nucleation site 
density 

Modified Li model 
(Li et al., 2018) 

For high pressure, NSD value increasing 
excessively. (Kim et al., 2020) N/A 

Bubble growth Yoo et al. (2018) (0.04 – 0.16 mm scale) at 147 bar N/A 
Bubble frequency Cole (1960) 1445 # / sec at 147 bar N/A 

Departure 
diameter 

Kocamustafaogullari 
(1983) ~0.005 mm at 147 bar (validated by Exp.) N/A 

Lift-off diameter Basu et al. (2005) Calculated : 0.1 – 0.2 mm at 147 bar 
Exp. data: 0.5 – 0.8 mm scale at 153 bar N/A 

Contact diameter 45% of diameter Assumed. N/A 
Contact angle α=β=41⁰ Assumed in Li et al. (2018) N/A 

Bubble velocity 
model Force balance model Including inclination and additional forces 

under rolling motion N/A 

Drag coefficient Newton’s law 𝐶𝐶𝑑𝑑 = 0.44 - 
Bubble shape Spherical Assumed. - 

Numerical 
simulation 

Bubble interaction Numerical - - 
Nucleation site 

distribution Random Latin-Hypercube - 
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Chapter 6 

Summary and conclusions 
 

 

 

 

6.1 Summary 

 

In this study, an experiment to measure CHF on a single heater rod was 

performed under inclined and rolling conditions, and CHF correlations were 

developed for inclination and rolling motions. To compose the inclined and rolling 

environment, a rolling platform called NEOUL-R was designed and constructed. 

The CHF measurement loop was manufactured using the simulant fluid R134a, of 

which experimental conditions corresponded to pressurized water reactor 

conditions using the fluid-to-fluid scaling method. The test section was an annular 

tube channel composed of a single heater rod and tube housing. In the result of 

inclined CHF experiment for rod geometry, the CHF was enhanced compared with 

the vertical one in the DNB and dryout region. In some limited cases of low-

pressure and high flow condition, CHF was degraded compared with the vertical 

one. Through the analyses of this experiment and previous experiments on inclined 

tubes and rods, an empirical correlation was developed for predicting the CHF 

under inclined rods and tubes. Under rolling conditions, the study experimentally 

confirmed dry-patch generation and quenching are repeated in the CHF 

phenomenon owing to external force and angle changes. As a result, the rolling 
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motion weakens the effect of the inclination. In both cases that CHF was enhanced 

or degraded under inclination, rolling counteracted those effects of inclination. 

Finally, the correlation for the CHF under rolling conditions was developed, which 

indicates the relationships between vertical, inclination, and rolling conditions for 

rods and tubes. In addition, mechanistic bubble tracking was simulated under 

inclination and rolling conditions to support the interpretation of experimental 

results and model the bubble behavior under inclined and rolling conditions. 

Through this modeling, the bubble behavior under the inclination and rolling 

conditions, which was hypothesized in the experimental analysis, was confirmed. 

The experimental results of the rolling CHF conducted in this study can be useful 

as an experimental database that is the basis for the safety analysis of marine 

reactors. The results of this study will make a very important contribution to future 

marine reactor and safety analysis. 

 

 

6.2 Recommendations 
 

The following are recommended for future experiments. 

 

‒ In the rolling CHF experiment, an inclined CHF experiment is necessary. 

‒ In the rolling water CHF experiment, CHF determination criteria should be 

carefully established and assessed. 

‒ In the future, a rod bundle experiment is necessary under inclined and rolling 

conditions. 

 

For the modeling methodology, the following things should be discussed. It is 
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the extended analysis from the bubble tracking method to the stochastic CHF 

modeling approach. 

Except for empirical correlation, modeling of CHF phenomena has been 

performed in the past. Conventional CHF models mainly assumed hydrodynamic 

instability at the macroscale and tried to explain the boiling crisis by liquid-vapor 

behavior far from the heating surface. Representative models are ‘Hydrodynamic 

instability model (Zuber, 1959)’, ‘Macrolayer dryout model (Haramura and Katto, 

1983)’, ‘Boundary layer separation model (Kutateladze, 1966)’, ‘Bubble crowding 

model (Weisman and Pei, 1983)’, ‘Sublayer dryout model (Lee and Mudawar, 

1988)’ and ‘Interfacial lift-off model (Galloway and Mudawar, 1993)’. For some of 

these models, it may be possible to predict inclined and rolling CHF through studies 

that modify the constitutive relation of these models for inclination or rolling 

conditions (Liu et al., 2012; Guo et al., 2014; Gui et al., 2020). However, the 

recommendations of this study will mainly discuss the applicability of the stochastic 

approach. 

Recently, the temperature measurement for the ITO heater by IR became 

possible due to the recently developed experimental technology. In addition, 

detailed observation was made for the boiling phenomenon and boiling crisis (Kim 

et al., 2016, Jung et al., 2019). As revealed in these studies, wetted area and dry-

patch formation are major mechanisms of CHF. In addition, it was experimentally 

found that the boiling crisis is basically determined by the microscale fluid-solid 

interaction near the heating surface. That is, it is important to capture the behavior 

and interaction of bubbles near the heating surface and the generation of dry-patch. 

Nevertheless, the interaction of bubbles near the wall is very complex and 

therefore difficult to model accurately. Despite this limitation, recent CHF modeling 
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studies (Zhang et al., 2019; Su et al., 2020) have taken a stochastic approach to 

model these bubble interactions. This modeling methodology is based on the theory 

of continuum percolation. Percolation is a mathematical theory used to deal with 

critical phenomena, and it explains that the connectivity of a system composed of 

multiple nodes is determined by the probability that each node exists. In addition, 

there exists a critical probability that an infinite number of nodes will be connected. 

This is a theory that explains the occurrence of many critical phenomena, such as 

the spread of fires in forests, the spread of infectious diseases, etc. If one can extend 

this to a space other than a grid, it becomes a continuum percolation.  

In the viewpoint of boiling phenomena, it can correspond to a boiling crisis. 

That is, it is based on the fact that a boiling crisis occurs when a large number of 

small bubbles are clustered together. In the case of boiling, there is a probability 

that bubbles exist at each nucleation site, and the bubbles have a specific diameter 

at that location as a probability distribution. As the probability of the presence of 

bubbles at each site increases, the probability of the formation of large clusters also 

increases. After a certain critical point, a large cluster covers most of the heating 

surface. 

This methodology was described in Zhang et al. (2019) and Su et al. (2020) and 

experimentally validated by applying it to pool boiling and flow boiling conditions. 

They calculated the probability 𝛻𝛻  and radius 𝑅𝑅  of bubble existence in the 

experiment by locations and wall superheat conditions. Using these values, Monte-

Carlo simulation was performed according to the increase in heat flux, and through 

this, the size of the largest cluster and the second-largest cluster was obtained for 

each superheat. What they found experimentally and numerically was that the size 

of the second-largest cluster at the CHF point rapidly decreased. This means that 
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the first large cluster at the critical point occupies the dominant size on the heating 

surface, and the second cluster does not grow large even with the increase in wall 

superheat. In the end, CHF can be estimated with this methodology, and what is 

needed for this modeling is the bubble formation probability 𝛻𝛻 and diameter 𝑅𝑅 at 

each location for each wall superheat condition. 

These two values can be estimated by the bubble tracking method. The process 

leading to stochastic CHF prediction through mechanistic modeling of bubbles is 

presented as follows. For stochastic CHF prediction, a probability map and a radius 

map are needed for each position for vertical, inclined, and rolling conditions, and 

for each superheat condition. The calculation procedure for mechanistic-stochastic 

modeling consists of three main steps.  

In step 1, to obtain the database of p and R, calculations are performed for each 

wall superheat and vertical, inclined, and rolling conditions. In the case of high heat 

flux, the number of bubbles is large, so it is highly likely that the spherical bubble 

shape and immediate merge, one of the main assumptions used in the analysis, are 

not valid, so the analysis was performed only up to 25 K. 

In step 2, the value at high heat is estimated based on the probability map and 

radius map obtained in step 1. The estimation method is described in Zhang et al. 

(2019). In the case of the probability map, it was extrapolated to a quadratic function 

referring to the trend from the experimental results, and the bubble size was 

assumed to increase linearly in the force balance analysis in the previous 

experiment, and the same configuration was performed in this study. 

In step 3, stochastic analysis is performed. The boundary condition is wall 

superheat, and when wall superheat is given, nucleate sites are randomly scattered, 

and bubbles are generated at each site according to the given probability (details in 
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Zhang et al. (2019)).  

The bubble is created through the above process and the area of the bubble is 

sorted through image processing to determine the largest cluster (or bubble) and the 

second-largest cluster. The above process was repeated changing the wall superheat. 

Calculations are performed for pre-set superheat conditions. 

One of the results of the preliminary calculation is shown in Fig. 6.2. As a result 

of the calculation, it can be confirmed that a cluster is generated at CHF condition, 

and from the heat partitioning model, the heat flux can be calculated preliminary. 

Through this analysis, it was shown that stochastic prediction of CHF is possible 

through mechanistic modeling of bubbles qualitatively and the experimentally 

investigated phenomenon can be simulated. If it is based on a reliable sub-model, 

it is meaningful as a technique to extend CHF prediction by analysing the complex 

bubble behavior in rolling conditions. 
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Figure 6.1 Main achievements of this study 
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Figure 6.2 Preliminary calculation results of mechanistic-stochastic modeling of CHF under vertical, inclined, and rolling 
conditions 
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Nomenclature 
𝑎𝑎 Acceleration 
𝐴𝐴 Area 
𝑔𝑔𝑒𝑒 Isobaric heat capacity 
𝑑𝑑,𝐷𝐷 Diameter 
𝐹𝐹𝑖𝑖𝑏𝑏 Nucleate boiling correction factor 
𝒇𝒇 Correlation function for inclined CHF 
𝐹𝐹𝑊𝑊𝑒𝑒 Two-phase multiplier 
𝑔𝑔 Gravitational acceleration 
𝐺𝐺 Mass flux 
ℎ,𝐻𝐻 Fluid enthalpy or heat transfer coefficient 
𝑗𝑗 Gas volumetric flux 
𝑘𝑘 Thermal conductivity or correction factor 
𝐿𝐿 Length 
𝐼𝐼𝑢𝑢 Nusselt number 
𝛻𝛻 Pressure or probability 
𝑃𝑃𝑟𝑟 Prantdl number 
𝑞𝑞 Heat flux 
�̇�𝑞 Volumetric heat generation 
𝑟𝑟 Radial position or radius 
𝒓𝒓 Position vector relative to the non-inertial frame 
𝑹𝑹 Position vector of the non-inertial frame as viewed from an 

inertial one 
𝑅𝑅𝑒𝑒 Reynolds number 
𝜕𝜕 Time 
𝑉𝑉 Temperature 
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𝒖𝒖 Fluid velocity 
𝑥𝑥 Thermodynamic equilibrium quality 

 

 

Greek letters 

𝛼𝛼 Contact angle 
𝛼𝛼𝐿𝐿𝑊𝑊 Gnielinski (1976) correlation for the liquid-phase forced 

convection coefficient 
𝛼𝛼𝑖𝑖𝑏𝑏,𝐺𝐺 Local nucleate pool boiling coefficient 
𝑠𝑠 Contact angle 
𝛿𝛿 Gap size of annular channel 
𝜇𝜇 Viscosity 
𝜴𝜴 Angular velocity 
𝜫𝜫 Acceleration ratio (Eq. 5.26) 
𝑔𝑔 Angle of inclination or rolling (0°: vertical, 90°: horizontal) 
𝜌𝜌 Density 
𝜎𝜎 Surface tension 
𝜑𝜑 Inclination angle (0°: horizontal, 90°: vertical) 
𝜓𝜓 Non-dimensional number (Eq. 5.8) 
𝜏𝜏 Period (time) 

 

Subscripts 

𝑎𝑎𝑑𝑑𝑑𝑑 Additional acceleration 
𝑎𝑎𝑒𝑒 Added mass 
𝑡𝑡 Buoyancy or bulk 
𝑔𝑔 Characteristic 

𝐶𝐶𝐻𝐻𝐹𝐹 Critical heat flux 
𝐷𝐷 Drag 
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𝐷𝐷𝐼𝐼𝐷𝐷 Departure from Nucleate Boiling 
𝐷𝐷𝐷𝐷 Dryout 
𝑒𝑒𝑞𝑞 Equilibrium 
𝑓𝑓𝑔𝑔 Difference in liquid and gas 
𝐺𝐺 Gas 
ℎ Heated 
𝑒𝑒𝑐𝑐 Inlet 
𝐼𝐼𝐼𝐼 Inclined 
𝑙𝑙 Liquid 
𝑞𝑞𝑔𝑔 Quasi-steady 
𝑅𝑅𝐷𝐷 Rolling 
𝑔𝑔 Surface tension 
𝑔𝑔𝑢𝑢𝛻𝛻 Superheat 
𝜕𝜕𝑎𝑎𝑐𝑐 Tangential 
𝑉𝑉𝑅𝑅 Transition 
𝑣𝑣 Vapor 
𝑉𝑉𝑉𝑉 Vertical 
𝑤𝑤 Contact 
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Appendix A 

Uncertainty analysis 
It was intended to evaluate and present the uncertainty or reliability of the 

experiments performed in this study. In general, the total error is presented as 

follows. 

 

𝑉𝑉𝑔𝑔𝜕𝜕𝑎𝑎𝑙𝑙 𝑒𝑒𝑟𝑟𝑟𝑟𝑔𝑔𝑟𝑟(𝛿𝛿) = 𝐷𝐷𝑒𝑒𝑎𝑎𝑔𝑔 𝑒𝑒𝑟𝑟𝑟𝑟𝑔𝑔𝑟𝑟(𝑠𝑠) + 𝛻𝛻𝑟𝑟𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑐𝑐 𝑒𝑒𝑟𝑟𝑟𝑟𝑔𝑔𝑟𝑟 (𝜖𝜖)    (A.1) 

 

Since it is impossible to obtain the exact bias error and precision error, it is 

expressed as below with a certain confidence level (ex. C %) that the true value X 

will be placed in a specific uncertainty interval. 

 

𝑋𝑋𝑏𝑏𝑊𝑊𝐺𝐺𝑊𝑊 ± 𝑈𝑈𝑋𝑋           (A.2) 

𝑋𝑋𝑏𝑏𝑊𝑊𝐺𝐺𝑊𝑊:  mean value of the N readings      (A.3) 

𝑈𝑈𝑋𝑋:  uncertainty in X that corresponds to our estimate (with C % confidence of 

the combination of bias and precision error)     (A.4) 

 

For each measurement parameter, the uncertainty 𝑈𝑈𝑋𝑋  is expressed as the bias 

error and precision error as follows. 

 

𝑈𝑈𝑖𝑖 = (𝐷𝐷𝑖𝑖2 + 𝑃𝑃𝑖𝑖2)1 2⁄          (A.5) 

𝐷𝐷𝑖𝑖: Bias error         (A.6) 

𝑃𝑃𝑖𝑖: Precision error         (A.7) 
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In the case of precision error, assuming that the population follows a Gaussian 

distribution, a 95% confidence level is known for ‘1.96𝜎𝜎 ’ when estimating the 

population mean. Then, the precision index of the sample mean is calculated as 

follows. using t-distribution according to the degree of freedom with 𝐼𝐼 readings. 

 

𝑆𝑆𝑋𝑋� = 𝜕𝜕 𝑆𝑆𝑋𝑋
√𝐷𝐷

          (A.8) 

 

In this experiment, the repeatability test was performed over a relatively wide 

range instead of multiple tests, and the repeatability of the CHF test was evaluated 

in the range of 0.97 – 1.03. Meanwhile, if the measurement variable 𝑟𝑟  is 

independently expressed by 𝐽𝐽 variables, uncertainty 𝑈𝑈𝑊𝑊 was calculated through 

uncertainty propagation as follows (Coleman and Steele, 2018). 

 

𝑟𝑟 = 𝑟𝑟(𝑋𝑋1,𝑋𝑋2,⋯ ,𝑋𝑋𝐽𝐽)         (A.9) 

𝑈𝑈𝑊𝑊2 = � 𝜕𝜕𝑊𝑊
𝜕𝜕𝑋𝑋1

𝑈𝑈𝑋𝑋1�
2

+ � 𝜕𝜕𝑊𝑊
𝜕𝜕𝑋𝑋2

𝑈𝑈𝑋𝑋2�
2

+ ⋯+ � 𝜕𝜕𝑊𝑊
𝜕𝜕𝑋𝑋𝐽𝐽

𝑈𝑈𝑋𝑋𝐽𝐽�
2
      (A.10) 

 

For the following major variables measured in the test, uncertainty was 

calculated through uncertainty propagation as below. 

 

Inlet and outlet pressure (𝑃𝑃) 

The pressure was measured by pressure transmitter. The uncertainty of the 

pressure could be expressed as, 
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𝐿𝐿𝑃𝑃
𝑃𝑃

= ±��𝐷𝐷𝑃𝑃
𝑃𝑃
�
2

+ �𝑃𝑃𝑃𝑃
𝑃𝑃
�
2
,        (A.11) 

where, 

𝐷𝐷𝑃𝑃 = 0.004 𝑀𝑀𝑃𝑃𝑎𝑎 : bias error of the pressure transmitter,  (A.12) 

𝑃𝑃𝑃𝑃 = 𝜕𝜕 𝑆𝑆𝑃𝑃
√𝐷𝐷

 : precision error of the pressure measurement data,  (A.13) 

𝑆𝑆𝑃𝑃: standard deviation of the pressure measurement data.   (A.14) 

 

 

Mass flux (𝐺𝐺) 

In this experiment, mass flow rate (�̇�𝑒 ) was directly measured by Coriolis 

flowmeter. Therefore, mass flux could be expressed as, 

 

𝐺𝐺 = �̇�𝑚
𝐴𝐴𝑓𝑓

= �̇�𝑚
𝜋𝜋(𝐷𝐷𝑓𝑓2−𝐷𝐷𝑖𝑖

2) 4⁄
 ,         (A.15) 

where 𝐴𝐴𝑓𝑓 : flow area of test section, 𝐷𝐷𝐺𝐺 : inner diameter of tube housing, and 

𝐷𝐷𝑖𝑖 : diameter of heater rod. 

 

The uncertainty of the mass flux could be expressed as, 

 

𝐿𝐿𝐺𝐺
𝐺𝐺

= ±��𝐿𝐿�̇�𝑚
�̇�𝑚
�
2

+ �𝐿𝐿𝐴𝐴
𝐴𝐴
�
2
.        (A.16) 

𝐿𝐿�̇�𝑚
�̇�𝑚

= ±��𝐷𝐷�̇�𝑚
�̇�𝑚
�
2

+ �𝑃𝑃�̇�𝑚
�̇�𝑚
�
2
,        (A.17) 

𝐿𝐿𝐴𝐴𝑓𝑓
𝐴𝐴𝑓𝑓

≈ ±��
𝐷𝐷𝐴𝐴𝑓𝑓
𝐴𝐴𝑓𝑓
�
2

= ±2��𝐷𝐷𝐷𝐷𝑓𝑓
𝐷𝐷𝑓𝑓
�
2

+ �
𝐷𝐷𝐷𝐷𝑖𝑖
𝐷𝐷𝑖𝑖
�
2
,      (A.18) 

where, 
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𝐷𝐷�̇�𝑚
�̇�𝑚

= 0.001 (0.1 %): bias error (%) of the Coriolis flowmeter,  (A.19) 

𝑃𝑃�̇�𝑚 = 𝜕𝜕 𝑆𝑆�̇�𝑚
√𝐷𝐷

 : precision error of the mass flow rate measurement data, (A.20) 

𝑆𝑆�̇�𝑚: standard deviation of the mass flow rate measurement data, (A.21) 
𝐷𝐷𝐷𝐷𝑓𝑓
𝐷𝐷𝑓𝑓

= 0.0003 (0.03 %): bias error (%) of the diameter measurement,  (A.22) 

𝐷𝐷𝐷𝐷𝑖𝑖
𝐷𝐷𝑖𝑖

= 0.0005 (0.05 %): bias error (%) of the diameter measurement. (A.23) 

 

 

Inlet and outlet temperature (𝑉𝑉) 

The temperature was measured by thermocouple. The uncertainty of the 

temperature could be expressed as, 

𝐿𝐿𝑉𝑉
𝐿𝐿

= ±��𝐷𝐷𝑉𝑉
𝐿𝐿
�
2

+ �𝑃𝑃𝑉𝑉
𝐿𝐿
�
2
,        (A.24) 

where, 

𝐷𝐷𝐿𝐿 = 0.3 ℃ : bias error of the thermocouple,    (A.25) 

𝑃𝑃𝐿𝐿 = 𝜕𝜕 𝑆𝑆𝑉𝑉
√𝐷𝐷

 : precision error of the temperature measurement data, (A.26) 

𝑆𝑆𝐿𝐿: standard deviation of the temperature measurement data.   (A.27) 

 

 

Heat flux (𝑞𝑞") 

In this experiment, the heat flux was calculated as follows, 

𝑞𝑞" = 𝑄𝑄
𝐴𝐴ℎ

= 𝑉𝑉∙𝐼𝐼
𝐴𝐴ℎ

= 𝑉𝑉∙𝐼𝐼
𝜋𝜋𝐷𝐷ℎ𝐿𝐿ℎ

 ,       (A.28) 

where  𝑄𝑄 : power, 𝐴𝐴ℎ : heated area, 𝑉𝑉 : DC voltage, 𝐼𝐼 : DC current,  𝐷𝐷ℎ : 

rod diameter, and 𝐿𝐿ℎ : heated length. 
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The uncertainty of the heat flux could be expressed as, 

 

𝐿𝐿𝑒𝑒"

𝑞𝑞"
= ±��𝐿𝐿𝑉𝑉

𝑉𝑉
�
2

+ �𝐿𝐿𝐼𝐼
𝐼𝐼
�
2

+ �
𝐿𝐿𝐷𝐷ℎ
𝐷𝐷ℎ
�
2

+ �
𝐿𝐿𝐿𝐿ℎ
𝐿𝐿ℎ
�
2
,     (A.29) 

𝐿𝐿𝑉𝑉
𝑉𝑉

= ±��𝐷𝐷𝑉𝑉
𝑉𝑉
�
2

+ �𝑃𝑃𝑉𝑉
𝑉𝑉
�
2
,        (A.30) 

𝐿𝐿𝐼𝐼
𝐼𝐼

= ±��𝐷𝐷𝐼𝐼
𝐼𝐼
�
2

+ �𝑃𝑃𝐼𝐼
𝐼𝐼
�
2
,        (A.31) 

𝐿𝐿𝐷𝐷ℎ
𝐷𝐷ℎ

≈ ±��
𝐷𝐷𝐷𝐷ℎ
𝐷𝐷ℎ
�
2
,         (A.32) 

𝐿𝐿𝐿𝐿ℎ
𝐿𝐿ℎ

≈ ±��
𝐷𝐷𝐿𝐿ℎ
𝐿𝐿ℎ
�
2
,         (A.33) 

where, 

𝐷𝐷𝑉𝑉 = 0.13 V : bias error of the signal convertor for DC voltage,  (A.34) 

𝑃𝑃𝑉𝑉 = 𝜕𝜕 𝑆𝑆𝑉𝑉
√𝐷𝐷

 : precision error of the DC voltage measurement data, (A.35) 

𝑆𝑆𝑉𝑉 : standard deviation of the DC voltage measurement data,  (A.36) 

𝐷𝐷𝐼𝐼 = 0.4 A : bias error of the shunt for DC current,   (A.37) 

𝑃𝑃𝐼𝐼 = 𝜕𝜕 𝑆𝑆𝐼𝐼
√𝐷𝐷

 : precision error of the DC current measurement data, (A.38) 

𝑆𝑆𝐼𝐼: standard deviation of the DC current measurement data,  (A.39) 
𝐷𝐷𝐷𝐷ℎ
𝐷𝐷ℎ

= 0.0005 (0.05 %): bias error (%) of the diameter measurement,  (A.40) 

𝐷𝐷𝐿𝐿ℎ
𝐿𝐿ℎ

= 0.001 (0.1 %): bias error (%) of the length measurement. (A.41) 
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Angle of platform (𝑔𝑔) 

The angle of platform was measured by inclination sensor. The uncertainty of 

the angle could be expressed as, 

 

𝐿𝐿𝜃𝜃
𝜃𝜃

= ±��𝐷𝐷𝜃𝜃
𝜃𝜃
�
2

+ �𝑃𝑃𝜃𝜃
𝜃𝜃
�
2
,        (A.42) 

where, 

𝐷𝐷𝜃𝜃 = 0.1 ° : bias error of the inclination sensor,    (A.43) 

𝑃𝑃𝜃𝜃 = 𝜕𝜕 𝑆𝑆𝜃𝜃
√𝐷𝐷

 : precision error of the angle measurement data,  (A.44) 

𝑆𝑆𝜃𝜃: standard deviation of the angle measurement data,   (A.45) 

 

 

Acceleration of platform (𝑎𝑎) 

The acceleration of platform was measured by accelerometer for X, Y, and Z 

axes, respectively. The uncertainty of the acceleration could be expressed as, 

 

𝐿𝐿𝑒𝑒
𝑎𝑎

= ±��𝐷𝐷𝑒𝑒
𝑎𝑎
�
2

+ �𝑃𝑃𝑒𝑒
𝑎𝑎
�
2
,        (A.46) 

where 

𝐷𝐷𝑎𝑎 = 0.03 g : bias error (%) of the accelerometer,    (A.47) 

𝑃𝑃𝑎𝑎 = 𝜕𝜕 𝑆𝑆𝑒𝑒
√𝐷𝐷

 : precision error of the acceleration data,   (A.48) 

𝑆𝑆𝑎𝑎: standard deviation of the acceleration data,   (A.49) 

 

Results of each measurement parameters were summarized in Table 4.1. 
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Appendix B 

Bubble tracking code for inclined and rolling 

conditions 
*Note:  

Written for MATLAB language (recommended for MATLAB R2020b) 

The bubble tracking subroutine was attached in this Appendix. For the entire 

code configuration, please refer Kim (2020). 

 

Subroutine: Step3_bubble_velocity_location 

function 
[psi_t3,theta_rr,posit_x,radii,vel_bubble_size,velv_th,velv_x,freq,lift_off_d,Yoofindtime,dryratio_3
,count_periodic]=Step3_bubble_velocity_location(inputvar,Yoofindtime,Calcoption) 
Tsup=inputvar.Tsup; 
Tsub=inputvar.Tsub; 
pressure=inputvar.pressure; 
u_bulk=inputvar.u_bulk; 
thetainit=inputvar.theta; 
initbubbleR=inputvar.initR; 
initbubbleUth=inputvar.initUth; 
initbubbleUx=inputvar.initUz; 
r_tube=inputvar.r_tube; 
L_tube=inputvar.L_tube; 
mul=inputvar.mul; 
dryratio=inputvar.dryratio; 
roll_mode=inputvar.roll_mode; 
roll_tau=inputvar.roll_tau; 
frame=inputvar.frame; 
frame_init=inputvar.frame_init; 
x_rr=inputvar.posit_z;  
psi=inputvar.psi; 
velv_r=0; velv_x=0;  
roll_radi = 2.2; % m (NEOUL-R) 
count_periodic=0; 
         
%Calc option 
initbubbleR=initbubbleR/100; %cm to m 
initdryratio=dryratio;  
deltat= inputvar.deltat; 
  
if initbubbleUth==0 
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    initbubbleUth=0.000001; 
end 
  
if initbubbleUx==0 
    initbubbleUx=0.000001; 
end 
  
Tsat= 273.15+XSteam('TSat_p',pressure); %K 
rho_l=XSteam('rhoL_p',pressure); %input: MPa, Output:K 
rho_v=XSteam('rhoV_p',pressure); %input: MPa, Output:K 
surf_coeff=XSteam('st_p',pressure); %N/m 
cpl=XSteam('CpL_p',pressure)*1000;  
hfg=(XSteam('hV_p',pressure)-XSteam('hL_p',pressure))*1000; 
kf=XSteam('tcL_p',pressure); %W/m-K 
mu_l=XSteam('my_pT',pressure,Tsat-Tsub-273.15); %Pa-s 
alpha_l=kf/(rho_l*cpl); 
  
b=pi()/2; 
  
Pr=cpl*mu_l/kf; 
l_c=(surf_coeff/(9.8*(rho_l-rho_v)))̂ 0.5; 
Ja_sup=rho_l*cpl*Tsup/(rho_v*hfg); 
Re=rho_l*u_bulk*l_c/mu_l;  
Ja_sub=rho_l*cpl*Tsub/(rho_v*hfg);  
  
%Heater property 
kww=14.9; 
rholw=7900; 
cpw=477; 
  
gammayoo=sqrt((kww*rholw*cpw)/(kf*rho_l*cpl)); 
  
%Bubble angle 
alpha=15/180*pi(); 
beta=20/180*pi(); 
  
  
%% Bubble transient Yoo et al. 
condfrac=0.5; %Assumed in Yoo et al. 
byoo=0.24; %Yoo: irrespective of subcooled flow boiling conditions or working fluids 
Cyoo=0.1; %[1/K-s] 
AmlAtot=1.22*gammayoô (-0.79)*exp(-0.204*Ja_sup); 
Aprimeyoo=2*gammayoo*Pr̂ (-0.5)*Ja_sup*alpha_l̂ (0.5)*AmlAtot+(1-
condfrac)*2*byoo*kf*Tsup/(rho_v*hfg*sqrt(pi*alpha_l)); 
Bprimeyoo=condfrac*Tsub*Cyoo/(1-rho_v/rho_l); 
  
if initbubbleR>0 
    if initbubbleR>max(Yoofindtime(2,:))  
  
        if max(Yoofindtime(2,:))==0  
            sstime=1;  
        else 
            sstime=max(Yoofindtime(1,:));    
        end 
         
        while (sstime) 
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            searchtime=0.001*sstime;  
         
            
Yoofindtime(2,sstime)=(Aprimeyoo*searchtimê 0.5.*(1+Bprimeyoo*searchtime/3))./(1+Bprimeyoo*searchtim
e); %[m] 
            Yoofindtime(1,sstime)=sstime; 
            if Yoofindtime(2,sstime)>initbubbleR % 
                break 
            else 
            sstime=sstime+1; 
            end 
        end 
         
        timeinit=sstime*0.001;  
    else  
        [~,sstime]=min(abs(initbubbleR-Yoofindtime(2,:)));  
        timeinit=sstime*0.001; % 
    end 
         
else 
    timeinit=0;  
end 
  
if frame_init>1  
    timeinit2=(frame_init-1)*deltat;  
else 
    timeinit2=0; 
end 
  
%% 
  
Cd=0.44; 
Fr_d=u_bulk/(9.8*(rho_l-rho_v)/rho_l*l_c)̂ 0.5; 
initbangle=20/180*pi; %Bubble initial contact angle 
% departure diameter of Kocamustafaogullari  
contact_deg=41.37; 
D_d_Ko=2.64*10̂ -5*contact_deg*sqrt((surf_coeff/9.81/(rho_l-rho_v)))*((rho_l-rho_v)/rho_v)̂ 0.9; 
D_departure=D_d_Ko; 
  
%Frequency - Code model 
freq=(4*9.8*(rho_l-rho_v)/(3*D_departure*rho_l))̂ 0.5; % Cole model 
lift_off_d=3*1.3*(sin(41/180*pi))̂ 0.4*(0.2*exp(-1.28*10̂ (-4)*Re)+0.005)*Ja_sup̂ 0.45*exp(-
0.0065*Ja_sub)*l_c; %Basu, [m] 
contactd=D_departure/15; 
C_d=0.44; 
  
%j for bulk calc 
j=1; 
  
while (1) 
kfc=100; 
     
% for reduce calculationtime, initiation 
f_b=zeros(3,1);  
f_qs=zeros(3,1); 
f_surface=zeros(2,1);  
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% for dynamic motion 
f_cen=zeros(1,1);  
f_tan=zeros(2,1);  
f_cor=zeros(2,1);  
  
force=zeros(3,1); 
acc=zeros(3,1); 
  
vel_bubble_th=zeros(1,kfc);  
vel_bubble_x=zeros(1,kfc);  
vel_bubble_size=zeros(1,kfc); 
deltatheta=zeros(1,kfc); 
deltax=zeros(1,kfc);  
theta=zeros(1,kfc); 
  
dryratio_3=zeros(1,kfc); 
time=(timeinit:deltat:timeinit+(kfc-1)*deltat); 
radius_b=(Aprimeyoo*time.̂ 0.5.*(1+Bprimeyoo*time/3))./(1+Bprimeyoo*time); %[m] 
Vb=4/3*pi()*radius_b.̂ 3; %[m3] 
A_proj=pi()*radius_b.̂ 2; 
  
if roll_mode==0 
    psi_t3=psi*ones(size(time));  
else 
     psi_t3=psi*sin(2*pi/roll_tau*((time-timeinit)+timeinit2)) + pi/2;  
end 
  
theta(1)=thetainit;  
vel_bubble_th(1)=initbubbleUth;  
vel_bubble_x(1)=initbubbleUx;  
  
i=1; 
    while(1) 
             
         if i==1 
            count_periodic=0;  
         end 
         
         if i>kfc  
            time=(timeinit:deltat:timeinit+(i-2+kfc)*deltat);  
            radius_b=(Aprimeyoo*time.̂ 0.5.*(1+Bprimeyoo*time/3))./(1+Bprimeyoo*time);  
            Vb=4/3*pi()*radius_b.̂ 3; % 
            A_proj=pi()*radius_b.̂ 2; 
  
            if roll_mode==0 
                psi_t3=psi*ones(size(time));  
            else 
                 psi_t3=psi*sin(2*pi/roll_tau*((time-timeinit)+timeinit2)) + pi/2;  
            end       
  
            vel_bubble_th(1,i-1+kfc)=0; %  
            vel_bubble_x(1,i-1+kfc)=0; %        
            vel_bubble_size(1,i-1+kfc)=0; %      
            deltatheta(1,i-1+kfc)=0; 
            theta(1,i-1+kfc)=0; 
            deltax(1,i-1+kfc)=0; %  
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            x_rr(1,i-1+kfc)=0; %  
            dryratio_3(1,i-1+kfc)=0; %  
            kfc=kfc+100;  
        end 
  
        if psi_t3(i) > 90*pi/180 
             %psi_t3(i) = pi- psi_t3(i); 
            inverse=1; 
        else 
            inverse=0; 
        end      
  
        if roll_mode==1 
            % Omega - Central difference scheme 
                if i==1 
                    omega=(psi_t3(i+1)-psi_t3(i))/deltat; % i = 1 
                elseif i==length(psi_t3) 
                    omega=(psi_t3(i)-psi_t3(i-1))/deltat; % i = n 
                else 
                    omega=(psi_t3(i+1)-psi_t3(i-1))/2/deltat; % i = 2 ~ n-1 
                end 
          % dOmega - Central difference scheme               
                if i==1 
                   omega2=(psi_t3(3)-psi_t3(1))/2/deltat; % omega2 
                   omega1=(psi_t3(2)-psi_t3(1))/deltat; % omega1 
                   domega=(omega2-omega1)/deltat; % i = 1  
                elseif i==2 
                   omega2=(psi_t3(4)-psi_t3(2))/2/deltat; % omega3 
                   omega1=(psi_t3(2)-psi_t3(1))/deltat; % omega1 
                   domega=(omega2-omega1)/2/deltat; % i = 1                 
                elseif i==length(psi_t3)-1 
                   omega2=(psi_t3(length(psi_t3))-psi_t3(length(psi_t3)-1))/deltat; % omega n 
                   omega1=(psi_t3(length(psi_t3)-1)-psi_t3(length(psi_t3)-3))/2/deltat; % omega n-2 
                   domega=(omega2-omega1)/2/deltat; % i = 1                   
                elseif i==length(psi_t3) 
                   omega2=(psi_t3(length(psi_t3))-psi_t3(length(psi_t3)-1))/deltat; % omega n 
                   omega1=(psi_t3(length(psi_t3))-psi_t3(length(psi_t3)-2))/2/deltat; % omega n-1 
                   domega=(omega2-omega1)/deltat; % i = 1                
                else 
                    omega2=(psi_t3(i+2)-psi_t3(i))/2/deltat; % omega i+1 
                    omega1=(psi_t3(i)-psi_t3(i-2))/2/deltat; % omega i-1 
                    domega=(omega2-omega1)/2/deltat; % i = 3 ~ n-2 
                end           
        else 
            omega=0; 
            domega=0; 
        end 
             
        if (theta(i)>=0) && (theta(i)<=pi/2)  
            f_b(1)=  (rho_l-rho_v)*9.8*Vb(i)*cos(theta(i))*sin(psi_t3(i));  
            f_tan(1)=(rho_l-rho_v)*Vb(i)*cos(theta(i))*domega*roll_radi;     
            f_cor(1)=-(rho_l-rho_v)*Vb(i)*cos(theta(i))*2*omega*vel_bubble_x(i);  
            f_b(2)=(rho_l-rho_v)*9.8*Vb(i)*sin(theta(i))*cos(psi_t3(i));  
            f_tan(2)=-(rho_l-rho_v)*Vb(i)*sin(theta(i))*domega*roll_radi;  
            f_cor(2)=(rho_l-rho_v)*Vb(i)*sin(theta(i))*2*omega*vel_bubble_x(i);  
        elseif(theta(i)>pi/2) && (theta(i)<=pi)  
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            f_b(1)= -(rho_l-rho_v)*9.8*Vb(i)*sin(theta(i)-pi/2)*sin(psi_t3(i));  
            f_tan(1)= -(rho_l-rho_v)*Vb(i)*sin(theta(i)-pi/2)*domega*roll_radi;  
            f_cor(1)=(rho_l-rho_v)*Vb(i)*sin(theta(i)-pi/2)*2*omega*vel_bubble_x(i); 
  
            if psi_t3(i)==0 
                f_b(2)=0;  
            else 
                f_b(2)=(rho_l-rho_v)*9.8*Vb(i)*cos(theta(i)-pi/2)*cos(psi_t3(i));  
            end 
  
            f_tan(2)=-(rho_l-rho_v)*Vb(i)*cos(theta(i)-pi/2)*domega*roll_radi;  
            f_cor(2)=(rho_l-rho_v)*Vb(i)*cos(theta(i)-pi/2)*2*omega*vel_bubble_x(i);  
        end 
    
       % buoyancy 
        f_b(3)=(rho_l-rho_v)*9.8*Vb(i)*sin(psi_t3(i));%  GWKIM  
  
        % centrifgual - Z (X) direction 
        f_cen(1)=(rho_l-rho_v)*Vb(i)*omega*omega*roll_radi;  
         
        if (vel_bubble_th(i)-u_bulk*cos(psi_t3(i)))>=0  
            f_qs(2)=-1/2*C_d*rho_l*(vel_bubble_th(i))̂ 2*A_proj(i);  
        else  
            f_qs(2)=1/2*C_d*rho_l*(vel_bubble_th(i))̂ 2*A_proj(i);  
        end 
         
        if (vel_bubble_x(i)-u_bulk*sin(psi_t3(i)))>=0  
            f_qs(3)=-1/2*C_d*rho_l*(vel_bubble_x(i)-u_bulk)̂ 2*A_proj(i);  
        else  
            f_qs(3)=1/2*C_d*rho_l*(vel_bubble_x(i)-u_bulk)̂ 2*A_proj(i);  
        end 
  
        f_s=0;  
  
            f_surface(1)= -(radius_b(i)*dryratio_3(i))   * surf_coeff*pi()/(alpha-beta)/(cos(beta)-
cos(alpha))*(radius_b(i)*dryratio_3(i));  
            f_surface(2)= (radius_b(i)*dryratio_3(i))   * surf_coeff*pi()*(alpha-beta)/(pi()̂ 2-(alpha-
beta)̂ 2)*(sin(alpha)+sin(beta));  
  
        % --- R force --- % 
        if roll_mode==1 
            if abs(f_surface(1)) > abs(f_b(1) +  f_tan(1) + f_cor(1))  
                force(1)=0; 
            else  
                if f_surface(1) * (f_b(1) + f_qs(1)+ f_tan(1) + f_cor(1)) < 0  
                    force(1)=f_b(1) + f_qs(1) + f_tan(1) + f_cor(1) + f_s - f_surface(1); 
                    R_force_VT = f_b(1) + f_qs(1) + f_s - f_surface(1); 
  
                    if abs(force(1)) >0 
                        Rolling_lift_D = lift_off_d ; 
                    else                     
                        Rolling_lift_D = lift_off_d ;                  
                    end 
                else  
                    Rolling_lift_D = lift_off_d ; 
                    force(1)=0;   
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                end 
            end 
        else 
            force(1)=0; 
            Rolling_lift_D = lift_off_d ; 
        end 
  
        % --- theta force --- % 
        if abs(f_surface(2)) > abs(f_b(2) + f_qs(2) + f_tan(2) + f_cor(2))  
            force(2)=0; 
        else  
            if f_surface(2) * (f_b(2) + f_qs(2)+ f_tan(2) + f_cor(2)) < 0  
                force(2)=f_b(2) + f_qs(2) + f_tan(2) + f_cor(2) + f_s + f_surface(2);  
            else  
                force(2)=f_b(2) + f_qs(2) + f_tan(2) + f_cor(2) +  f_s - f_surface(2);  
            end 
        end 
  
        % --- z force --- % 
        if abs(f_surface(2)) > abs(f_b(3) + f_qs(3) + f_cen(1))  
            force(3)=0; 
        else  
            if f_surface(2) * (f_b(3) + f_qs(3) + f_cen(1)) < 0  
                force(3)=f_b(3) + f_qs(3) + f_s + f_cen(1)+ f_surface(2);  
            else  
                force(3)=f_b(3) + f_qs(3) + f_s + f_cen(1) - f_surface(2);   
            end 
        end 
         
        if (Vb(i)<=0)  
            acc(2)=0; acc(3)=0; 
        else 
            acc(2)=force(2)/(Vb(i)*(rho_v+rho_l));   
            acc(3)=force(3)/(Vb(i)*(rho_v+rho_l));   
        end 
  
        if (theta(i)>=0) && (theta(i)<=pi/2) 
            dryratio_3(:)=0.45; 
        else 
            dryratio_3(:)=0.45; 
        end     
  
        if psi_t3(i) > 90*pi/180 
            inverse=1; 
        else 
            inverse=0; 
        end       
      
         
        if psi_t3(i)<45*pi/180 || psi_t3(i) > 135*pi/180  
                if (theta(i)>=pi/2 && theta(1)<=pi/2)  
                        break                   
                end 
  
                if inverse ==1    
                    if (theta(i)<=pi/2 && theta(1)>=pi/2)  
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                        break                 
                    end     
                end 
        end                  
         
        if psi_t3(i)==pi/2 
            if(radius_b(i) > lift_off_d/2) %  
               break               
            end 
        end 
  
        if psi_t3(i) ~= pi/2  
            if inverse==1                
                if ((radius_b(i) > lift_off_d/2)) && (theta(i)>pi/2)  
                    break                  
               elseif ((radius_b(i) > lift_off_d/2)) && (theta(i)<pi/2)  
                    break     
               end   
            else  
               if ((radius_b(i) > lift_off_d/2)) && (theta(i)>pi/2)  
                    break              
               elseif ((radius_b(i) > lift_off_d/2)) && (theta(i)<pi/2)  
                    break          
               end   
            end 
        end 
         
        if roll_mode ==1 
            if ((radius_b(i) > Rolling_lift_D/2))  
                break               
            end           
        end 
         
    
        if (theta(i)<=0 ) %   
            theta(i)=0; 
        end     
  
        if (theta(i)>=pi) %  
            theta(i)=pi; 
        end     
  
       % periodic boundary condition 
        if (x_rr(i)>1)  
            x_rr(i)=x_rr(i)-1; % periodic  
            count_periodic=count_periodic+1; 
            if count_periodic > floor(L_tube/pi/r_tube/mul) 
                break 
            end 
        end         
  
        if i> (frame - frame_init + 1) 
            break  
        end 
  
        vel_bubble_th(i+1)=vel_bubble_th(i)+acc(2)*deltat; %  
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        deltatheta(i)=vel_bubble_th(i)*deltat/r_tube; %  
        theta(i+1)=theta(i)+deltatheta(i); %   
        vel_bubble_x(i+1)=vel_bubble_x(i)+acc(3)*deltat;  
  
        if inverse ==1  
            if (theta(i+1)<=0) 
                theta(i+1)=0.001; 
                 
             end     
        else  
             if (theta(i+1)>=pi)  
                theta(i+1)=pi-0.001; 
             end     
        end 
  
        deltax(i)=(vel_bubble_x(i)*deltat)/(r_tube*pi*mul); %  
        x_rr(i+1)=x_rr(i)+deltax(i); %  
        dryratio_3(i+1)=dryratio_3(i); %  
  
        i=i+1; % next step 
  
        clear omega omega1 omega2 domega 
    end 
  
     vel_bubble_size=sqrt(vel_bubble_th.̂ 2+vel_bubble_x.̂ 2); 
      
    time=time(vel_bubble_size>0); 
    psi_t3=psi_t3(vel_bubble_size>0); 
    radius_b=radius_b(vel_bubble_size>0);  
    Vb=Vb(vel_bubble_size>0); 
    vel_bubble_th=vel_bubble_th(vel_bubble_size>0); 
    vel_bubble_x=vel_bubble_x(vel_bubble_size>0); 
    theta=theta(vel_bubble_size>0); 
    x_rr=x_rr(vel_bubble_size>0);  
    dryratio_3=dryratio_3(vel_bubble_size>0);  
    vel_bubble_size=vel_bubble_size(vel_bubble_size>0);  
  
    j=j+1; 
     
    if j>1 
        break 
    end 
  
end 
vel_bubble_size=vel_bubble_size.'; 
velv_th=vel_bubble_th';  
velv_x=vel_bubble_x';  
theta_rr=theta'; 
posit_x=x_rr';  
radii=radius_b';   
      
    

End of this subroutine.  
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국문 초록 

 

 

해양 부유식 원자로는 도서지역의 원활한 전력 공급 등을 위해 

개발되고 있는 원자로이다. 이는 해상에서 운용되기에 침몰에 의한 

정지경사 또는 풍랑에 의한 요동 조건에 노출될 수 있다. 이러한 

조건에서는 외력과 경사 변화에 의해 원자로 노심에서 발생하는 열수력 

현상이 지상과 다르게 나타날 수 있어, 요동 조건의 열수력 연구가 

수행되어왔다. 그러나 주요 설계 변수 중 하나인 임계열유속에 대한 

연구는 그 중요성에도 불구하고 공개된 실험 연구가 매우 제한적이다. 

특히 요동 조건에서의 연료봉 형상의 임계열유속에 대한 실험적 연구는 

공개된 연구나 모델이 전무하다.  

이에 본 연구에서는, 경사 및 요동 조건에서의 단일 전열봉 

임계열유속 측정 실험을 수행하고 상관식 개발을 수행하였다. 먼저 

정지경사 및 경사요동 환경을 구성하기 위하여, 경사요동 플랫폼인 

NEOUL-R을 설계하고 구축하였다. 플랫폼은 규제 요건, 해양 환경 

조건, 알려진 해양 원자로 크기와 유사하도록 설계 및 제작되었으며, 

실험결과의 해석이 용이하도록 정교한 정현파 운동이 구현되도록 

하였다. 임계열유속 측정 루프는 상사유체 및 척도법을 이용하여 

가압수 원자로 조건과 상사되도록 하였다. 시험부는 단일 전열봉과 

튜브로 구성된 환형관 채널이며, 실험을 통해 수직 조건, 경사 조건, 

경사 요동 조건에서 입구미포화도 및 유량 조건을 변화해 가며 

임계열유속을 측정하였다. 

경사 실험 결과 대부분의 조건에서 임계열유속은 수직에 비해 
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증대되었으며, 그 변화율은 DNB와 dryout 영역에 따라 두가지 형태의 

개선된 프루드 수 (Froude number)로 표현될 수 있다. DNB 영역의 

Froude 수는 경사 조건의 CHF 경향을 모사할 수 있도록 표현식을 

개선하였다. 그리고 본 실험과 선행 경사 임계열유속 실험의 분석을 

통해 전열봉과 튜브 형상에서의 경사 조건 임계열유속 예측 상관식을 

개발하였다. 

요동의 경우 임계열유속 이전에 온도 상승의 전조가 존재하며 그 

경향은 경사 조건의 임계열유속 값에 대한 상대적 변화로 나타난다. 

요동 조건의 임계열유속 현상은 외력과 경사 방향의 변화로 인해 dry-

patch 발생과 급냉 (quenching)이 반복되는 현상임을 실험적으로 

확인하였으며, 결과적으로 요동은 경사의 효과를 약화시키는 방향으로 

작용하였다. 즉 경사 시 임계열유속이 증가되거나 감소하면 요동은 그 

효과를 약화시키는 방향으로 작용하였다. 이는 튜브에서의 요동 

임계열유속 선행실험 결과의 분석 결과에서도 동일하게 나타났다. 또한 

요동 가속도에 의한 영향은 본 실험에서 나타나지 않았으며, 

선행실험을 포함한 분석 결과, 경사 시 중력 대비 5% 미만의 영역에서 

효과가 나타났다. 본 실험과 선행 실험의 이러한 경향을 종합하여 

수직–경사–요동 간의 상관관계를 나타내는 요동 조건 임계열유속 

상관식을 개발하였다. 또한 전열봉의 1차원 열전도 해석에 따르면, 

상사유체 요동 실험에서 발생하는 임계열유속 전조는 물 실험조건에서 

빠르고 높은 온도 상승으로 인해 임계열유속으로 판단될 수 있기에 물 

실험 설계 시 이를 고려해야 한다.  

그리고 실험결과의 해석 및 요동 조건의 모델링 방향을 제시하고자 

경사 및 요동 조건의 기구학적 기포 추적 모델링을 수행하였다. 이는 
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가열면 기포의 생성, 활주 (sliding), 합병 (merging) 및 부상 (lift–off) 

과정을 수치적으로 모델링한 것이다. 이 모델링을 통해 실험 분석에서 

가설로 제시되었던 경사 및 요동조건의 기포 거동 경향을 확인하였다. 

또한 본 해석을 통해 정량적으로 가열면에서의 시간–공간 평균된 기포 

존재 확률 및 평균 반지름을 구할 수 있다. 이 변수는 연속체 침투 

이론 (continuum percolation theory)에 기반을 둔 확률론적 

임계열유속 예측 (stochastic CHF prediction) 방법론에 적용될 수 

있으며, 요동과 같은 복잡한 현상을 갖는 실험결과의 경향성을 

예측해낼 수 있다.  

본 연구에서 수행된 요동 임계열유속 실험의 결과는 해양 원전 

안전해석의 기반이 되는 실험 데이터베이스로 매우 유용하게 사용될 수 

있다. 또한 실험을 통해 밝힌 수직–경사–요동 조건 간의 임계열유속 

관계와 개발된 예측 상관식은 향후의 요동 임계열유속 연구와 해석에 

유용하게 적용될 것으로 기대된다. 그리고 연구에서 제시한 임계열유속 

예측 방법론은 향후 수행될 요동 조건 2상유동 연구 결과의 활용 

방향성을 보여주었다. 이를 통해 본 연구는 향후 해양 원자로 설계 및 

안전해석에 매우 중요한 기여를 할 것이다. 
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