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1. Introduction 

 
Recently, as the reduction of greenhouse gases has 

become a significant concern in the marine industry, 

interest in FNPPs (floating nuclear power plants) has 

been increasing [1]. FNPPs have advantages such as the 

capability to supply electricity to remote areas and low 

carbon emissions. However, compared to land-based 

nuclear reactors, FNPPs experience inclinations and 

motion conditions that influence the thermal-hydraulic 

behavior of the reactor. Within the existing scholarly 

literature, an insufficiency is observed in experiments or 

models elucidating variations in CHF in response to 

changes in ocean conditions. Motivated by this, 

experiments were conducted by SNU using the R134a 

refrigerant as a simulant fluid to investigate CHF 

behavior under ocean conditions [2].  
Meanwhile, various multiphase CFD methodologies 

have been developed to predict CHF with water. Among 

them, the CASL program [3] has devised an advanced 

methodology considering interphase momentum 

transport and bubble size distribution using Star-CCM+ 

software [4]. However, since this methodology has yet to 

be validated under inclined and motion conditions, it 

needs validation to predict the FNPPs’ CHF.  

This study introduced a modified CFD methodology 

to predict CHF under inclination using R134a. As an 

initial step of comprehending the changes in multiphase 

flow phenomena under ocean conditions, calculations 

were validated under vertical and inclined conditions. 

Among the available databases, the cases with 2.515 

MPa of pressure and DNB-type conditions were selected 

for validation 

 

2. Numerical Methods  

 

This section provides the boiling model used in this 

calculation and describes the differences with CASL 

FY19 models. The geometry configuration of the test 

section of the SNU experiment, experimental conditions, 

and calculation methodology are also detailed. 

 

2.1 Star-CCM+ Eulerian multiphase approach 

 

In this study, the Star-CCM+ software was used. Star-

CCM+ provides the Eulerian multiphase (EMP) 

approach to simulate multiphase flow. This framework 

assumes that two fluids (liquid and vapor) coexist inside 

each cell. Mass, momentum, and energy equations are 

solved for each phase. The governing equation is 

expressed in Eq. (1), (2), and (3) in Table Ⅰ. 

 

Table I: Governing Equation of EMP approach 

Mass conservation 
𝜕(𝛼𝑘𝜌𝑘)

𝜕𝑡
+ ∇ ∙ (𝛼𝑘𝜌𝑘𝐮𝐤) = Γk  (1) 

Momentum conservation 
𝜕(𝛼𝑘𝜌𝑘𝐮𝐤)

𝜕𝑡
+ ∇ ∙ (𝛼𝑘𝜌𝑘𝐮𝐤𝐮𝐤) =   

 −∇(𝛼𝑘𝜌𝑘) + ∇ ∙ (𝛼𝑘𝜏𝑘) + 𝛼𝑘𝜌𝑘𝐠 + 𝑴𝒌
𝒊   

(2) 

Energy conservation 
𝜕(𝛼𝑘𝜌𝑘ek)

𝜕𝑡
+ ∇ ∙ (𝛼𝑘𝜌𝑘𝐮𝐤𝑒k)  

=  −∇(𝛼𝑘𝜌𝑘) + ∇ ∙ (𝛼𝑘𝜏𝑘) + 𝛼𝑘𝜌𝑘𝐠 + 𝐸𝑘
𝑖   

(3) 

 

Γk  represents an interfacial mass transfer of each 

phase, and 𝑴𝒌
𝒊  represents an interfacial momentum 

transfer. In Star-CCM+, energy transfer is calculated 

with Γk and latent heat, so 𝐸𝑘
𝑖
 is the same as ℎ𝑙𝑣Γk. These 

terms can be calculated with various models and field 

functions. 

A modified heat partitioning model [5] was adopted to 

simulate wall boiling phenomena. The heat partitioning 

model is expressed in Eq. (4) ~ (8) in Table Ⅱ.  

 

Table Ⅱ: Wall heat partitioning model in this study 

Total heat flux 

{
𝑞′′𝑡𝑜𝑡 = 𝑞′′𝑐 + 𝑞′′𝑞 + 𝑞′′𝑒

𝑞′′𝐷𝑁𝐵 = 𝑞′′𝑣

 (4) 

Liquid convection 

𝑞′′𝑐 =  
𝜌𝑙𝑐𝑝𝑙𝑢𝑙

∗

𝑡𝑙
+ (𝑇𝑤 − 𝑇𝑙) (5) 

Quenching heat flux 

𝑞′′𝑞 = 2𝐾𝑞𝑓√
𝜌𝑙𝑐𝑝𝑙𝑘𝑙𝑡𝑤

𝜋
(𝑇𝑤 − 𝑇𝑙)  (6) 

Evaporation heat flux 

𝑞′′𝑒 = 𝑁′′𝑓
𝜋𝐷𝑑

3

6
𝜌𝑔ℎ𝑙𝑣  (7) 

Vapor convection 

𝑞′′𝑣 =  
𝜌𝑣𝑐𝑝𝑣𝑢𝑣

∗

𝑡𝑙
+ (𝑇𝑤 − 𝑇𝑣)  (8) 

 

As shown in Table Ⅱ, a modified wall dryout model 

was used to simulate rapid temperature increase. This 

heat partitioning model assumes a situation in which all 

heat is transferred to vapor convection.  

 

2.2 Comparison between CASL and this study 

 

This study used a modified mass and momentum 

transport model with CASL. A comparison between 

CASL and this study is provided in Table Ⅲ. The 
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differences between CASL and this study are highlighted 

in bold. 

 

Table Ⅲ: Comparison between CASL and this study 

 Parameters CASL FY 19 This study 

Turbulence 

Model 
Turbulence 

Standard 
k-epsilon 

linear 

Standard 
k-epsilon 

linear 

Interaction 

length scale 

Interaction 

length scale 

Modified 

S-gamma 

(Partially 
mobile 

interface) 

Modified 

S-gamma 

(Fully 

mobile 

interface) 

Interaction 

area density 
Symmetric Symmetric 

Interfacial 
momentum 

transfer 

Drag 
coefficient 

Tomiyama 

(Moderate 

contaminate) 

Tomiyama 

(Clean) 

Drag 
correction 

Volume 

fraction 
exponent 

(0.0) 

Simmonet 

correction 

Lift 

coefficient 
Sugrue Sugrue 

Wall 

lubrication 

force 

Lubchenko Lubchenko 

Wall boiling 

Departure 

diameter 

Kocamusta-

faogullari 

Kocamusta-

faogullari 

Departure 

frequency 
Cole Cole 

Nucleation 
site density 

Li et al. Li et al. 

Bubble 

influence 

area 

Del Valle 
kenning (0.8) 

Del Valle 

kenning 

(0.8) 

DNB 
detection 

Analytical 
wall dryout 

𝛂𝐯 > 𝟎. 𝟖 

 𝐲+: 𝟎~𝟐𝟎𝟎 

Interfacial 

heat transfer 

Condensatio
n fluid 

Kim-Park Issa et al. 

Condensatio

n Vapor 
Nu𝑣 = 26 Nu𝑣 = 26 

 

The drag coefficient was slightly different from the 

CASL FY19 framework. First, the option for the drag 

coefficient was changed. Tomiyama [6] proposed three 

drag coefficients related to the liquid’s purity and the 

bubble’s shape. Since the SNU test used pure R134a 

refrigerant as a working fluid, a pure option was selected 

in this study. In addition to this, the drag correction 

model was changed. The CASL framework adopted a 

volume fraction exponent of 0.0. This correction results 

in the exact drag force calculation at high and low void 

factions. This study used the Simmonet drag correction 

to calculate the drag force accurately in the high void 

fraction region. 

Regarding bubble coalescence, Star-CCM+ provides 

four viscous coalescence rate models proposed by Lo and 

Zhang [7]. The fully mobile interface option was selected 

for the viscous coalescence model because it is 

appropriate for pure working fluid. 

For interfacial heat transfer, Issa’s condensation 

Nusselt number was used. Eq. (9) and (10) provide the 

two condensation Nusselt numbers used in CASL and 

this study. 

 

Nuc =  0.2575 Reb
0.7Jal

−0.2043Prl
−0.4564  [8] (9) 

Nuc =  4.34 Reb
0.89Prl

0.333  [9] (10) 

 

The Kim-park correlation Eq. (9) contains Jakob 

number in the Nusselt number. However, R134a has a 

latent heat equivalent of about 0.1 times that of the water. 

Therefore, a correlation with Jakob number is 

inappropriate for simulation using refrigerant as a 

working fluid. Thus, Issa’s correlation Eq. (10) was 

selected in this study. 

 

2.3 Experimental condition & calculation methodology  

 

For the validation calculation, the CHF experiments 

conducted under inclination, named NEOUL-R, were 

simulated. It has a single annulus test section with an 

electrical heater at the center. Figure 1 shows the 

geometry and mesh distribution of the test section.  

Three different mesh sizes are utilized: coarse mesh 

(58,800), standard mesh (117,600), and fine mesh 

(235,200). The standard mesh (117,600) was chosen 

after checking the void fraction and temperature of the 

heated section. The Y+ of all meshes is between 50 and 

200. ([Nr, Nθ , N𝑧] = [7, 80, 210]) 
High mass flux conditions were selected since the 

EMP model is appropriate for DNB calculation. The 

experimental condition used in the simulation is shown 

in Table Ⅳ.  

  

  

Figure 1. Geometry & Mesh distribution of test section 

Table Ⅳ: Experimental condition 

Parameter Range 

Pressure 2.515 MPa 

Inlet subcooling 23 ~ 37 K 

Mass flux 900 ~ 1800 kg/m2s 

Inclination Vertical: 0°, Inclined: 30°, 45° 

 

The reference pressure was set at 2.515 MPa to 

simulate pressure. In addition, the liquid and vapor phase 

properties were implemented with a table. Inlet 
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subcooling and mass flux can be easily implemented 

with boundary conditions.  

The inclination angle of the test section is simulated 

with gravity term. If the test section is tilted by 𝜃 radians, 

the gravity vector is calculated with Eq. (11). 

      

𝒈 = [0, 9.81 𝑠𝑖𝑛 𝜃 , − 9.81 𝑐𝑜𝑠 𝜃]    (11) 

 

 For the CHF calculation, a stepwise heat flux was 

applied for the stability of the calculation. Uniform heat 

distribution was used in this calculation. Figure 2 shows 

the heat flux, maximum wall superheat, and void fraction.  

 

 

Figure 2. CHF calculation method 

 

As shown in Figure 2, the heat flux was increased 

every 30 seconds. With wall superheat and void fraction, 

CHF can be detected. The void fraction is used to 

distinguish whether the temperature divergence is caused 

numerically rather than by CHF. The occurrence of CHF 

was evaluated when the void fraction exceeded 0.8 and 

there was a temperature excursion. 

 

3. Calculation Results 

 

3.1 CHF under the vertical and inclined conditions  

 

A quantitative comparison between calculated CHF 

values and the corresponding experimental results is 

conducted. The results shown in Figures 3 and 4 illustrate 

that the calculated CHF from CFD matches well with the 

experiment for both vertical and inclined conditions. The 

maximum deviation for each inclination angle was about 

20%. 

 

 

Figure 3. Calculated CHF compared with measured CHF at 

the vertical test section 

 

Figure 4. Calculated CHF compared to measured CHF at the 

inclined test section 

3.2 CHF enhancement effect under the inclined condition  

 

Based on the NEOUL-R experimental database at 2.5 

MPa, there is a tendency toward an increase in CHF 

within the DNB region. Figure 5 illustrates the 

comparison of the CHF enhancement effect between the 

experiment and CFD results. 

 

 
Figure 5. Comparison of CHF enhancement between 

experiment and CFD (45° inclined) 
 

As shown in Figure 5, the experiment and CFD 

indicate an increase in CHF under inclined conditions 
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compared to vertical conditions. In the experiment, the 

CHF enhancement effect decreases as mass flux 

increases. This trend occurs because flow inertia has a 

greater influence than the vapor's buoyancy. However, 

the observed CHF enhancement trend in the CFD results 

slightly overestimated the experimental trend. 

 

4. Discussion 

 

With this framework, the void fraction can explain the 

physical mechanism for CHF enhancement. Under 

uniform heat flux, CHF occurs at the end of the heated 

length (EHL). Figure 6 shows the void fraction at EHL 

for both vertical and inclined conditions. 

 

 
 

(a) 

 
 

(b)  
 

Figure 6. Void fraction at end of heated section at 

160 kW/m2 (a) Vertical (0°) (b) 45° Inclined 
 

Figure 6 shows that the maximum void fraction at 

EHL for the inclined condition is higher than for the 

vertical condition. However, the void fraction near the 

wall region for the inclined condition is lower than for 

the vertical condition. Due to the combined force of the 

lift force and buoyancy, bubbles are separated from the 

heater and accumulate at the top of the tube. Since 

bubbles are removed from the heated section in an 

inclined condition, CHF increases. 

The CASL framework underestimated the void 

fraction more than this study and overestimated the CHF 

of the NEOUL-R test section by more than 80% for both 

vertical and inclined conditions. Figure 7 compares the 

void fraction between this study and the CASL FY 19 

model.  

 

 
 

(a) 

 

 
 

(b) 

 
Figure 7. Void fraction at end of heated section at 

160 kW/m2 for vertical condition (a) This study (b) CASL 
 

As shown in Figure 7, the void fraction near the wall 

region in this study is much higher than in the CASL 

model. This result can be explained by considering the 

differences in the condensation heat transfer model. 

5. Conclusions 

 

This study established multiphase CFD methodology 

for DNB, and validation calculations were performed for 

a NEOUL-R test section at 2.515 MPa. The calculation 

results matched well with experimental data for all 

inclination angles. However, the overestimation of CHF 

enhancement under inclined conditions in CFD was 

observed, and this trend magnified with increasing mass 

flux. 

The CFD calculation results also explained the 

mechanism of CHF enhancement. The combined effect 

of lift force and buoyancy led to the separation of bubbles 

from the heater, causing a reduction in the void fraction 

near the heated section. Furthermore, it is confirmed that 

the CASL FY19 model overestimated the CHF of the 

NEOUL-R test section.  

This study calculated the DNB for high-pressure 

(2.515MPa) refrigerants. However, this methodology has 

limitations in evaluating the liquid film dryout (LFD) 

region. Evaluation of dryout using CFD methodology is 

necessary for cases where the continuous phase is a gas. 

Additionally, an assessment of CHF over a wide pressure 

range is planned for future investigation. 
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