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ABSTRACT  

The high heat transfer rates required in many 

cooling systems can often only be achieved through 

subcooled boiling flows in heated wall regions, with 

boiling providing the heat transfer rates required to 

maintain system integrity. Understanding the 

mechanism of boiling in systems with turbulent 

subcooled flows is essential for enhancing the 
predictive capabilities for nuclear thermal hydraulic 

systems. This study investigates two boiling models 

coupled with large eddy simulations employing a 

dynamic subgrid-scale eddy viscosity model. One 

boiling model utilises a mechanistic force balance 

approach to predict bubble dynamics: accounting for 

the bubble growth and detachment processes 

affected by micro-layer evaporation, heat transfer 

from the superheated liquid, and condensation on the 

bubble cap due to the subcooled liquid. The other 

model employs a reduced correlation-based 

approach to determine bubble departure diameter 
and frequency, aiming to improve the applicability 

of the force balance method while reducing 

computational and calibration requirements. To 

evaluate the performance of these models, validation 

is conducted against experimental data for vertically 

upward subcooled boiling flows using water and 

refrigerant R12. These datasets encompass a wide 

range of operating conditions, ensuring a robust and 

comprehensive assessment of model accuracy. 

Results indicate that both models achieve 

satisfactory predictive accuracy across all tested 
conditions, demonstrating improvements over 

equivalent Reynolds-Averaged Navier-Stokes-based 

approaches. Although the mechanistic model 

provides superior precision in predicting bubble 

dynamics, this enhanced accuracy comes at the cost 

of increased computational demand, making the 

correlation-based approach a viable alternative for 

engineering applications requiring reduced 

computational expense. These findings contribute to 

the ongoing development of high-fidelity boiling 

models for nuclear thermal hydraulic simulations, 

offering valuable insights for future research and 
industrial applications. 

Keywords: subcooled boiling, bubble dynamics, 

large eddy simulation, force balance model, 

reduced correlation  

NOMENCLATURE  

𝐹𝑏 [N] buoyancy force 

𝐹𝑐𝑝 [N] contact pressure force 

𝐹𝑑𝑢 [N] unsteady drag force 

𝐹𝑝 [N] hydrodynamic force 

𝐹𝑠𝑡 [N] surface tension force 

𝐺𝑠 [-] dimensionless shear rate 

𝐽𝑎 [-] Jacob number 

P [Pa] pressure 

R [m] bubble radius 

S [1/s] rate of strain tensor 

𝑑𝐵 [m] bubble diameter 

𝑑𝑑𝑒𝑝 [m] bubble departure diameter 

𝑑𝑤 [m] contact diameter 

𝑔 [m/s2] gravitational acceleration 

t [s] time 

u [m/s] velocity 

𝑢𝜏 [m/s] shear velocity 

𝑢+ [-] dimensionless velocity 

𝑦+ [-] dimensionless wall distance  

Γ [kg/m3.s] mass transfer rate 

∆ [m] filtering width 

𝛼 [-] void fraction 

𝜇 [kg/m .s] dynamic viscosity 

𝜈 [m2/s] kinematic viscosity 

𝜌 [kg/m3] density 
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Subscripts and Superscripts 

 

G           gas 

I Either phase 

L liquid 

d            drag 

x, y        spatial coordinates  

1. INTRODUCTION  

Boiling phenomena in turbulent subcooled flows 

are crucial for achieving efficient heat transfer, 

particularly in thermal hydraulic systems, making it 
a key focus for researchers in both industry and 

academia. Subcooled flow boiling plays a critical 

role in applications requiring effective cooling, such 

as nuclear reactors, refrigeration systems, and in the 

chemical processing industries [1]. However, this 

process is highly complex due to the intricate 

dynamics of bubble nucleation, growth, detachment, 

and dispersion near heated surfaces. A 

comprehensive understanding of these phenomena is 

crucial for optimising system designs, enhancing 

performance, and ensuring the reliability and safety 
of advanced thermal systems. 

The transient and complex nature of boiling 

phenomena makes it difficult to fully understand 

their underlying physical mechanisms. Experimental 

studies have primarily aimed at developing empirical 

correlations based on extensive datasets obtained 

under diverse geometries, fluid types, and operating 

conditions [2, 3]. However, these experiments are 

expensive, and the resulting correlations are often 

limited to the specific conditions and setups used. To 

overcome these limitations, computational fluid 

dynamics (CFD), and particularly Eulerian-Eulerian 
approaches, have been widely employed to model 

flow boiling, providing a more adaptable and cost-

effective tool for investigating these processes [4]. 

In this approach, the conservation equations for 

mass, momentum, and energy are solved separately 

for each phase. However, this method simplifies the 

system by averaging the phase occurrence over time 

and space, which results in the loss of detailed 

interface structure information. As a result, 

additional models are required to account for the 

exchange of mass, momentum, and energy between 
the phases [5]. The phase change at the heated wall 

and the distribution of heat flux between the liquid 

and vapour phases are typically modelled using wall 

boiling models. One of the most widely used heat 

flux partitioning models is the Rensselaer 

Polytechnic Institute (RPI) model [6], in which the 

external heat flux applied to the heating wall is 

divided into three primary heat transfer mechanisms: 

single-phase convection, quenching, and 

evaporation. These mechanisms depend on several 

key parameters, including nucleation site density, 

bubble departure diameter, and bubble departure 
frequency, with correlations for these quantities 

initially derived from pool boiling experiments 

conducted at ambient pressure [7]. A detailed review 

of the available correlations can be found in [8]. 

Numerous studies have evaluated the applicability of 

the RPI model using the standard correlations 

implemented in most CFD packages. However, these 

studies have shown that the model often exhibits 

limited accuracy and generality [4]. 

Among the key parameters requiring accurate 
modelling, the bubble departure diameter is 

particularly important for predicting the void fraction 

distribution within the flow. Consequently, 

mechanistic sub-models that explicitly describe 

bubble dynamics are essential for improving 

predictive accuracy. Klausner et al. [9] developed a 

mechanistic model based on a force balance during 

the bubble's growth phase prior to its departure from 

a surface. This model demonstrated good predictive 

performance against their experimental data. Over 

the years, many researchers have worked on 
improving the original model to increase its 

predictive capability across a wider range of 

experimental conditions [10]. One significant 

enhancement involved incorporating local 

condensation effects into the bubble growth rate 

model, along with modifications to the lift force and 

surface tension models [11]. Further improvements 

were made by integrating microlayer evaporation 

beneath the bubble to enhance model accuracy [12]. 

Recent research conducted at the Massachusetts 

Institute of Technology (MIT) has introduced a 
comprehensive approach to heat flux partitioning by 

incorporating all essential wall nucleation closures 

[13]. Using experimental data obtained through 

advanced measurement techniques, the MIT model 

provides wall nucleation closures that are applicable 

across a wide range of pressures and flow conditions. 

Unlike conventional models, this approach 

eliminates the need for case-specific calibration, 

improving its adaptability and reliability [14].  

Most existing modelling efforts for subcooled 

boiling have relied on Reynolds-averaged Navier-

Stokes (RANS) approaches due to their relatively 
low computational cost. However, RANS models 

tend to over-predict mixing and fail to capture the 

complex transient dynamics of turbulent flow boiling 

due to their inherent averaging of turbulent 

fluctuations. To address these limitations, 

researchers have increasingly turned to large eddy 

simulation (LES), which offers a more accurate and 

robust framework for studying complex boiling 

phenomena [15]. Although LES requires 

significantly greater computational resources than 

RANS-based approaches, continuous advancements 
in computing power are making it increasingly 

feasible for high-fidelity analysis and optimisation of 

boiling flows. In this study, the bubble dynamics 

model and the reduced-correlation MIT model are 

implemented in the OpenFOAM code and compared 

within an LES framework. LES allows a detailed 

investigation of subcooled boiling flows, offering 
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improved accuracy in capturing key phenomena. 

Both models are validated against experimental data 

for vertically upward boiling flows using water and 

refrigerant R12 over a wide range of conditions. 

2. MATHEMATICAL MODELLING  

By spatially filtering the governing equations in 

the Eulerian-Eulerian two-fluid model in LES, large-

scale motions are explicitly resolved, while small 

subgrid-scale (SGS) fluctuations are modelled: 

 
𝜕(𝛼𝐼𝜌𝐼)

𝜕𝑡
+ ∇. (𝛼𝐼𝜌𝐼𝑢𝐼) = 𝛤 

(1) 

𝜕(𝛼𝐼𝜌𝐼𝑢𝐼)

𝜕𝑡
+ ∇. (𝛼𝐼𝜌𝐼𝑢𝐼𝑢𝐼) = 𝛼𝐼𝜌𝐼𝑔 − 𝛼𝐼∇𝑃 

                                    +∇. (𝛼𝐼𝜏𝐼) + 𝑀𝐼 

 

 

(2) 

 

The influence of the unresolved scales on the 

resolved scales is represented through the SGS stress 

tensor, which is modelled as: 

 

𝜏𝑖 = −𝜇𝑒𝑓𝑓 ((∇𝑢𝐼) + (∇𝑢𝐼)𝑇 −
2

3
𝐼(∇. 𝑢𝐼))             (3) 

 

For the liquid phase, the effective viscosity 𝜇𝑒𝑓𝑓 is 

determined by considering molecular viscosity, 

turbulent viscosity, and bubble-induced turbulence, 

with the latter being modelled using the Sato et al. 

[16] model, ensuring an accurate representation of 

the flow dynamics: 

 

𝜇𝑒𝑓𝑓 = 𝜇𝐿,𝐿 + 𝜇𝑇,𝐿 + 𝜇𝐵𝐼,𝐿                                       (4) 

𝜇𝐵𝐼,𝐿 = 𝜌𝐿𝐶𝐵𝐼𝛼𝐺𝑑𝐵|𝑢𝐺 − 𝑢𝐿|                                  (5) 
 

In this study, the dynamic Smagorinsky SGS 

model is used to model the unresolved turbulence 

viscosity, which relies on applying a second filter 
considering both spatial and temporal variations: 

 

𝜇𝑇,𝐿 = 𝜌𝐿(𝐶𝑠∆)2|𝑆𝑖𝑗
̅̅̅̅ | (6) 

 

The precision of the model is improved by 
accounting for such variations, making it more 

dependable for capturing flow dynamics.  It employs 

a dynamic procedure to calculate 𝐶𝑠 based on the 

resolved stress tensor 𝐿𝑖𝑗  and the Germano rate of 

strain tensor 𝑀𝑖𝑗  through an iterative process [17]: 

 

𝐶𝑠 =
1

2

𝐿𝐼𝐽𝑀𝐼𝐽

𝑀𝐼𝐽𝑀𝐼𝐽

 
(7) 

𝐿𝐼𝐽 = 𝑢̅𝑖𝑢̅𝑗
̂ − 𝑢̅𝑖̂𝑢̅𝑗̂  (8) 

𝑀𝐼𝐽 = ∆2𝑆̅𝑖𝑗𝑆̅𝑖𝑗
̂ − 𝑆̅𝑖𝑗

̂𝑆̅𝑖𝑗
̂  (9) 

 

The turbulence kinetic energy is modelled based on 

the dynamic procedure as: 

 

𝑘 = 𝐶𝑠 . Δ2. |𝑆|2 (10) 

For the gas phase, turbulence is not resolved, and 

the effects of liquid-phase turbulence on the gas 

phase are neglected. This simplification reduces 

model complexity and avoids the need for additional 

equations to account for gas-phase turbulence. The 

interfacial momentum transfer term 𝑀𝐼 introduces 

the dynamic interaction between the phases in a 
multiphase flow. This term primarily accounts for 

contributions from various forces, including drag, 

lift, wall lubrication, turbulent dispersion, virtual 

mass, surface tension, and phase change mass 

transfer forces, particularly in the context of boiling 

flow. The drag force is the resistance experienced by 

a bubble as it moves through the liquid, modelled as: 

 

𝐹𝑑 =
3

4

𝐶𝑑

𝑑𝐵

𝛼𝐺𝜌𝐿|(𝑢𝐺 − 𝑢𝐿)|(𝑢𝐺 − 𝑢𝐿) 
(11) 

 

The drag coefficient 𝐶𝑑 is calculated using the drag 

model proposed by Tomiyama et al. [18]. The 

bubbles moving in a shear flow experience a lift 
force perpendicular to their direction of motion, 

influencing the radial void distribution in pipes, with 

small bubbles pushed towards the wall, while larger 

bubbles tend to move toward the centre after 

reaching a critical diameter. The wall force, on the 

other hand, keeps bubbles away from the wall. 

However, due to the limited understanding of the 

contributions of lift and wall forces in boiling flows 

[4], these forces are neglected in this study. The 

virtual mass force is accounted for using a fixed 

coefficient of 0.5, and the turbulent dispersion force 
is modelled following Lopez de Bertodano [19], with 

a turbulent dispersion coefficient 0.7. 

 

𝐹𝑣𝑚 = 𝛼𝐺𝜌𝐿𝐶𝑣𝑚 (
𝐷𝑢𝐺

𝐷𝑡
−

𝐷𝑢𝐿

𝐷𝑡
) 

(12) 

𝐹𝑡𝑑 = 𝑘∇𝛼𝐺𝜌𝐿𝐶𝑡𝑑 (13) 

 

The multiple size group (MUSIG) population 

balance model is used, which is part of OpenFOAM, 

with bubble coalescence modelled according to [20] 

and break-up based on [21]. 

3. WALL BOILING MODEL 

In the mechanistic approach to modelling 

boiling, the bubble departure diameter is determined 

by the bubble growth rate, which is predicted through 

an energy balance. This balance incorporates the heat 
transfer mechanisms between the bubble, the heated 

wall, and the surrounding liquid. Recently, Colombo 

and Fairweather [12] proposed a combined equation 

that integrates the contributions of superheating and 

subcooling in predicting the bubble growth rate 

during flow boiling. These phenomena are crucial as 

they influence the overall heat transfer efficiency of 

the system. During the growth process, the forces 

acting on the bubble can be classified into x-direction 

adhesive forces, which keep the bubble attached to 
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the nucleation site, and y-direction detaching forces 

which act to separate the bubble from the surface. 

When the resultant detaching forces exceed the 

adhesive forces, the bubble departs from the 

nucleation site. Similarly, for a sliding bubble, if the 

detaching forces surpass the adhesive forces, the 

bubble lifts off from the heated surface and moves 

toward the bulk flow. The various forces influencing 
bubble growth at the nucleation site are shown in 

Figure 1, which demonstrates these interactions, with 

the model summarised in Table 1. 

Table 1. Summary of the closures used with the 

force balance model (FB) 

Model Form 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bubble 

departure 

diameter 

Klausner et al [9] 

∑ 𝐹𝑦 = 𝐹𝑠𝑡𝑦 + 𝐹𝑠𝑙 + 𝐹𝑏 cos 𝜃 + 𝐹𝑑𝑢𝑦 + 𝐹𝑝

+ 𝐹𝑐𝑝  

∑ 𝐹𝑥 = 𝐹𝑠𝑡 + 𝐹𝑞𝑠𝑑 + 𝐹𝑏 sin 𝜃 + 𝐹𝑑𝑢𝑥 

𝐹𝑠𝑡𝑥 = −1.25𝑑𝑤𝜎
𝜋(𝛼 − 𝛽)

𝜋2 − (𝛼 − 𝛽)2
(𝑠𝑖𝑛𝛼

− 𝑠𝑖𝑛𝛽) 

𝐹𝑠𝑡𝑦 = −𝑑𝑤𝜎
𝜋

(𝛼 − 𝛽)
(𝑐𝑜𝑠𝛽 − 𝑐𝑜𝑠𝛼) 

𝐹𝑞𝑠𝑑 = 6𝜋𝜌𝑙ν𝑈𝑅 {
2

3
+ [(

12

𝑅𝑒
)

0.65

+ 0.862]

−1.54

} 

𝐹𝑑𝑢 = −𝜌𝑙𝑅
2 (

2

3
𝑅.2 + 𝑅𝑅:2) 

𝐹𝑏 =
4

3
𝜋𝑅3(𝜌𝑙 − 𝜌𝑔)𝑔 

𝐹𝑠𝑙 =
1

2
𝜋𝜌𝑙𝑈𝑅2 {3.877𝐺𝑠

0.5[𝑅𝑒−2

+ (𝐶𝑙𝐺𝑠
0.5)4]

1
4} 

𝐹𝑝 =
9

8
𝜌𝑙𝑈

2
𝜋𝑑𝑤

2

4
 

𝐹𝑐𝑝 =
𝜎

𝑅

𝜋𝑑𝑤
2

4
 

 

Yun et al. [11]  

 
𝑑𝑤

𝑑𝑑𝑒𝑝
⁄ = 0.067,   𝐶𝑙 = 0.118 

 

 

 

Bubble 

growth 

Colombo and Fairweather [12]  

𝑑𝑅(𝑡)

𝑑𝑡
=

1

𝐶2

𝑃𝑟−0.5𝐽𝑎 (
𝑘𝑙

𝜌𝑙𝐶𝑝,𝑙

)

0.5

𝑡−0.5 

 + √
3

𝜋
𝐽𝑎 (

𝑘𝑙

𝜌𝑙𝐶𝑝,𝑙
)

0.5

(1 − 𝑏)𝑡−0.5 

- 
ℎ𝑐

𝜌𝑙ℎ𝑙𝑔
(𝑇𝑠𝑎𝑡 − 𝑇𝑠𝑢𝑏  )𝑏 

 

Nuclea-

tion site 

density 

Hibiki and Ishii [22] 

𝑁𝑎
` = 𝑁0 [1 − 𝑒𝑥𝑝 (−

𝜃2

8𝜇2
)] [𝑒𝑥𝑝 (𝑓`

𝜆`

𝑅𝑐

) − 1] 

 

Bubble 

departure 

frequen-

cy 

Cole [23]         

𝑓 = √
3

4

g(𝜌𝑙 − 𝜌𝑔)

𝑑𝑤 𝜌𝑙

 

 

In the MIT framework, the departure diameter 

refers to the bubble size at the moment it detaches 

from the nucleation site, either by sliding along the 
heated surface or by moving into the bulk liquid. In 

contrast, the lift-off diameter describes the size of a 

sliding bubble at the instant it detaches from the 

heated surface entirely and moves into the bulk flow. 

Another essential parameter in the MIT framework 

is the bubble departure frequency, which is 

determined by incorporating bubble wait time and an 

improved representation of bubble growth dynamics, 

derived from a force balance approach. This 
methodology captures the interplay between wall 

superheat and flow subcooling, enabling the accurate 

prediction of bubble behaviour and detachment 

trends under various boiling conditions.  

 

Figure 1. Forces acting on a bubble at the 

nucleation site     

Table 2. Summary of the closures used with the 

MIT model 

Model Form 

 

Bubble 

departure 

diameter 

Kommajosyula [13] 

 18.6 10−6 (
Δ𝜌

𝜌𝑔
)

0.27

𝐽𝑎𝑠𝑢𝑝
0.75 (1 +

𝐽𝑎𝑠𝑢𝑏)−0.3𝑢𝑙
−0.26  

 

Bubble 

growth 

Kommajosyula [13] 

𝐾 =
√𝑘𝑙

0.804√𝑃𝑟
𝐽𝑎𝑠𝑢𝑝 + 𝒳1.95𝐽𝑎𝑠𝑢𝑝𝑘𝑙 

 

Nucleation 

site 

density 

Lemmert and Chawla [24] 

 𝑁𝑎 = 𝐶𝑛𝑁𝑟𝑒𝑓 (
Δ𝑇

𝑑𝑇𝑟𝑒𝑓
)

1.805

 

 

 

Bubble 

departure 

frequency 

Kommajosyula [13] 

 𝑓 =
1

𝑡𝑔𝑟𝑜𝑤𝑡ℎ+𝑡𝑤𝑎𝑖𝑡
 

 𝑡𝑔𝑟𝑜𝑤𝑡ℎ = (
𝑑𝑑𝑒𝑝

4𝐾
)

2

 

 

 𝑡𝑤𝑎𝑖𝑡 =
0.0061 𝐽𝑎𝑠𝑢𝑏

0.63

Δ𝑇𝑠𝑢𝑝
 

 

The MIT model represents a robust subcooled 

flow boiling formulation with new closures 

applicable over a wide range of flow conditions. In 

this study, two key closures have been tested: the 

bubble departure diameter and the bubble departure 

frequency. By evaluating these closures, the results 
contribute to a deeper understanding of bubble 

dynamics in boiling flows and enhance the predictive 

capabilities of the model. The model parameters and 
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closures used with the MIT framework are 

summarised in Table 2. 

4. WALL TREATMENT 

In LES, the accurate representation of the near-

wall region is essential due to the significant velocity 

gradients near a surface. The standard logarithmic 

law often fails to capture the complexities of non-

equilibrium wall functions and pressure gradient 

effects, especially in the presence of strong 

turbulence. To overcome these limitations, 

Spalding's formula [25] is used, where the turbulence 
length scale, y+, is defined as follows:  

 

𝑦+ = 𝑢+ +
1

𝐸
[𝑒𝑐𝑢+

− 1 − 𝑐𝑢+ −
(𝑐𝑢+)2

2
   

−
(𝑐𝑢+)3

6
] 

 

 

 

 

(13) 

where E = 9.025 and c = 0.4, and the dimensionless 

parameters y⁺ and u⁺ are defined as: 

 

𝑦+ =
𝑦𝑢𝜏

𝜈
  , 𝑢+ =

𝑢

𝑢𝜏

 (14) 

Since Spalding’s equation is nonlinear, an 

iterative procedure, such as the Newton-Raphson 

method, must be used to solve for 𝑢𝜏 .This method 

ensures rapid convergence and improves the 

accuracy of near-wall turbulence modelling by 
capturing velocity variations more effectively.  

5. EXPERIMENTAL AND NUMERICAL 
SETUP 

Two experiments were selected to validate the 

numerical simulations in this study: the DEBORA 

experiments [26], and the Bartolomei and Chanturiya 

[27] experiment. The DEBORA experiments 

investigated subcooled boiling of Freon-12 in a 

vertical pipe with an inner diameter of 19.2 mm and 

a length of 3.5 m, simulating high-pressure water 

boiling at pressures ranging from 1.46 to 3.01 MPa. 

In contrast, the Bartolomei and Chanturiya 
experiment examined subcooled boiling of water in 

a vertical pipe with a 15.4 mm inner diameter and a 

heated length of 2 m, operating at pressures up to 15 

MPa. Both experiments provided critical data, 

including area-averaged void fractions, wall 

temperatures, average bubble diameters, and liquid 

temperatures. These datasets serve as reliable 

benchmarks for assessing computational fluid 

dynamic models as they effectively capture boiling 

conditions relevant to nuclear reactor systems while 

remaining experimentally accessible.  
The numerical simulations were conducted 

using a three-dimensional axisymmetric geometry, 

with the computational domain designed to replicate 

the experimental setups. To reduce computational 

cost while maintaining accuracy, a 10° wedge of 

each pipe was employed as the computational 

domain. A fully developed velocity profile was 

specified at the inlet of the domain to ensure 

representative flow conditions, which is essential for 

capturing realistic flow behaviour. At the top outlet, 

a pressure boundary condition was imposed. For the 

liquid phase, a no-slip boundary condition was 

applied at the wall, while a free-slip condition was 

used for the vapour phase to account for the 
negligible shear stress at the wall for this phase. A 

central differencing scheme was used for the 

advection term to minimise numerical diffusion and 

enhance accuracy. For time discretisation, a second-

order backward Euler scheme was selected to 

improve temporal accuracy and stability. These 

schemes were chosen to ensure a robust and accurate 

representation of the complex boiling phenomena 

under investigation. However, it is important to note 

that the computational cost varied significantly 

between the models. The simulation time using the 
mechanistic model was approximately twice that of 

the MIT model, primarily due to the detailed 

treatment of bubble dynamics, which requires 

additional computational resources to resolve small-

scale boiling mechanisms accurately. 

6. RESULTS AND DISCUSSION 

The results demonstrate the performance of the 

LES framework when coupled with two distinct 

boiling models: a mechanistic force balance 

approach and the reduced, correlation-based MIT 

model. These models are validated using 

experimental data for vertically upward subcooled 

boiling flows. In addition, comparisons are made 

with previous studies [28] that employed a force 

balance approach while neglecting subcooling 
effects, obtained using a RANS-based method. The 

analysis focuses on key parameters, including void 

fraction distribution, average bubble diameter, and 

wall temperature profiles. 

 

 
Figure 2. Wall temperature predictions along the 

heated wall for DEBORA experiment [26]:  

data; ˗̶̶̶̶    ˗̶̶̶̶      FB; --- MIT; -  - Colombo et al. [28] 

In Figure 2, which compares predictions with the 

DEBORA experiment, both the force balance and 

MIT models tend to over-predict the wall 
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temperature, with RANS showing the highest over-

predictions.  

 

 
Figure 3. Wall temperature predictions along the 

heated wall for Bartolomei and Chanturiya 

experiment [27]:  data; ˗̶̶̶̶    ˗̶̶̶̶      FB; --- MIT; -  - 
Colombo et al. [28] 

 

More detailed experimental axial wall 
temperatures along the pipe length are available for 

the Bartolomei and Chanturiya [27] case, as shown 

in Figure 3. Here, the temperature exhibits a rapid 

increase in the early regions of the pipe, followed by 

a levelling off and a slight decline towards the outlet. 

Both the mechanistic and MIT models roughly 

follow the experimental trend, capturing the rise in 

wall temperature close to the pipe inlet, although the 

rate of increase is significantly over-estimated. This 

increase is primarily influenced by local flow 

acceleration and changes in heat transfer 

mechanisms.  
 

 
Figure 4. Radial void fraction predictions for 

DEBORA experiment [26]:  data; ˗̶̶̶̶    ˗̶̶̶̶      FB; --- 

MIT; -  - Colombo et al. [28] 

 

Once boiling begins, however, both models 

show good agreement with the experimental data. 

The mechanistic model slightly over-predicts the 

wall temperature, particularly near the pipe end, 

although less so that the MIT model, most likely due 

to its detailed treatment of bubble dynamics and heat 

flux partitioning. Over-prediction by the MIT model 

can be attributed to its simplified correlation-based 

approach which does not fully capture the intricate 

interactions between bubble dynamics and heat 

transfer, especially under subcooled boiling 

conditions. In contrast, the predictions from 

Colombo et al. [28], which rely on a RANS-based 

approach, show a significant over-prediction of wall 

temperature for the DEBORA experiment (Figure 2). 
This discrepancy may stem from the limitations of 

the RANS framework in resolving complex heat 

transfer mechanisms and bubble dynamics, 

particularly in regions where subcooling and phase 

interactions play a critical role. When comparing 

similar predictions with the data from Bartolomei 

and Chanturiya [27], the RANS-based approach, as 

presented by Colombo et al. [28], shows good 

agreement with the experimental data in the boiling 

region but also exhibits a slight overprediction in the 

non-boiling region. 
 

 
Figure 5. Radial void fraction predictions for 

Bartolomei and Chanturiya experiment [27]:  

data; ˗̶̶̶̶    ˗̶̶̶̶      FB; --- MIT; -  - Colombo et al. [28] 

 

The predicted radial void fraction profiles, 
shown in Figures 4 and 5, reveal a wall-peaked 

distribution, consistent with experimental 

observations. For the DEBORA experiment, the 

mechanistic model captures this trend with good 

agreement to the experimental data, though it slightly 

over-predicts the void fraction near the wall, similar 

to the predictions from Colombo et al [28]. This 

over-prediction highlights the model's detailed 

resolution of bubble nucleation, growth, and 

detachment processes. A larger predicted bubble 

departure diameter results in longer residence times 
before detachment, leading to a higher evaporative 

heat flux at the wall. Conversely, smaller bubble 

departure diameter reduces the evaporative heat flux, 

causing an increase in wall temperature to maintain 

a constant flux. The resulting rise in wall temperature 

may enhance nucleation site density, subsequently 

increasing the void fraction. In contrast, the MIT 

model also predicts a wall-peaked profile but shows 

a lower void fraction near the wall compared to the 

experimental data. This discrepancy can be attributed 

to the model's assumption of extended bubble 
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attachment times, which increases the duration of 

bubble growth and reduces the frequency of bubble 

detachment. As a result, fewer bubbles are released 

into the flow, leading to a lower overall void fraction 

near the wall. For the Bartolomei and Chanturiya 

[27] experiment, all the models show a reasonable 

agreement with the data in Figure 5, although the 

force balance approach is generally superior. The 
MIT model indicates later onset boiling, occurring 

after the pipe’s midpoint. This delayed transition to 

boiling corresponds to the higher predicted wall 

temperatures (Figure 3), which result from a 

decreasing local evaporation heat flux at the wall. As 

more heat is absorbed by the liquid phase prior to 

bubble lift-off, wall temperatures rise accordingly. 

 
Figure 6. Radial averaged mean diameter 

predictions for DEBORA experiment [28]:  data; 

˗̶̶̶̶    ˗̶̶̶̶      FB; --- MIT; -  - Colombo et al. [28] 

The radial distribution of the average bubble 

diameter for the DEBORA experiment, as shown in 

Figure 6, demonstrates that bubble size increases in 

moving away from the wall, reaching a peak value 

near the centre of the pipe. The mechanistic model 

provides the superior prediction of this overall trend 

but slightly under-predicts the bubble diameter near 
the pipe centre. This discrepancy is likely due to 

limitations in the model’s treatment of bubble 

coalescence and interactions within the bulk flow, 

which would affect the predicted bubble size in the 

core region. Although both boiling model 

approaches use the same population balance, the 

MIT model exhibits a similar trend but predicts 

smaller bubble sizes compared to the mechanistic 

model and significantly under-predicts experimental 

data at the pipe centre. This discrepancy is likely due 

to the different void profiles between the two models 
which will affect coalescence and break-up 

differently. In contrast, the predictions from [28] 

significantly under-predict the bubble size across the 

bulk of the radial profile, with the exception of the 

peak at r/R  0.65. This under-prediction highlights 

the need for further development in the population 

balance model used in [28], which is coupled with 

the boiling model, to improve the accuracy of bubble 

size predictions. Notably, the average bubble 

diameter near the wall differs significantly between 

the various models, which reflects the initial bubble 

departure diameter when the bubbles first detach 

from the wall and move into the bulk of the flow. 

This variation in departure diameter can negatively 

affect the prediction of radial void fraction. 

7. CONCLUSIONS 

This study evaluated the performance of two 

boiling models, a mechanistic force balance 

approach and a reduced correlation-based MIT 
model, coupled with large eddy simulation for 

predicting turbulent subcooled flow boiling. 

Validated against data from the DEBORA [26] 

experiments and those of Bartolomei and Chanturiya 

[27], the mechanistic model demonstrated superior 

accuracy in predicting bubble dynamics due to its 

detailed treatment of heat transfer mechanisms. 

However, it required greater computational 

resources compared to the MIT model, which offered 

a more efficient but less precise alternative. 

Although the RANS-based approach relies on an 
averaging methodology and does not fully resolve 

turbulence and phase interactions, it provides good 

predictions of certain parameters. However, RANS 

models tend to oversimplify the complex, unsteady 

nature of boiling flows, which reduces their accuracy 

in predicting key parameters. In contrast, LES offers 

a more physically realistic representation by 

resolving large turbulent structures while modelling 

only the smaller subgrid-scale eddies. This enhanced 

turbulence resolution improves the accuracy of 

predictions for bubble departure dynamics, void 

fraction distribution, and heat transfer mechanisms, 
particularly in regions dominated by strong phase 

interactions and subcooling effects. However, LES 

also exhibits some over-prediction, especially in 

terms of wall temperature, indicating the need for 

further refinement to enhance its predictive accuracy.  
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