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Abstract 3 

The prediction of boiling incipience is a critical issue for a reactor. Vapor lock causes operating 4 

instability and undesirable temperature rise, especially for small channels. This study uses the 5 

Eulerian multiphase flow boiling model to predict the onset of nucleate boiling in a millimeter 6 

scale rectangular channel. Two wall boiling models, namely the RPI (Rensselaer Polytechnic 7 

Institute) and the non-equilibrium subcooled model are applied. Computational fluid dynamics is 8 

employed for this study to investigate the impact of operating conditions like liquid flow rate, 9 

operating pressure, heat flux, velocity profile, turbulence model, and inlet liquid temperature. The 10 

effect of fundamental boiling parameters on the surface wall temperature and vapor volume 11 

fraction is also studied. The parameters under consideration are the bubble departure diameter, 12 

bubble departure frequency, nucleate site density, quenching time period, and interface heat 13 

transfer coefficients. A series of CFD calculations is conducted by varying the considered variables 14 

systematically in a wide range of flow conditions covering laminar, transition, and turbulent flows. 15 

The sub-component heat fluxes like the liquid convective, the vapor convective, the evaporative, 16 

and the quenching terms are monitored to infer the boiling dynamics in the transition region from 17 

the single-phase flow to the nucleate boiling zone. It is found that the CFD approach to detecting 18 

the boiling incipience point agrees reasonably with available experimental data. However, its 19 

limitations, like inaccuracy for lower flow rates and early transition to boiling flow, are also 20 

noticed due to the nature of the considered RPI model.  21 

keywords: ONB, Eulerian multiphase flow, Nucleate Boiling, Mini channel, CFD, RPI model 22 
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1. INTRODUCTION 1 

Nucleate boiling is an efficient method for transport of heat away from a heated surface through 2 

the phase change process. Boiling that occurs when the bulk liquid temperature is below its 3 

saturation temperature is known as subcooled nucleate boiling, and it is a highly efficient 4 

convective heat transfer process. However, it is generally desired to avoid two-phase flow in some 5 

thermal systems like a nuclear research reactor because generated bubbles may form a vapor film 6 

that can lead to flow instability and, consequently, surface damage. Therefore, a prediction of the 7 

first location where active nucleation sites occur is a critical issue.  8 

One crude approximation is that the onset of nucleate boiling (ONB) may occur either before or 9 

after the intersection point of the single-phase liquid forced convective curve and the fully 10 

developed nucleate boiling curve [1]. Several classical ONB estimation correlations were 11 

presented in terms of heat flux and operating pressure, such as the model by Bergles and Rohsenow 12 

[2]. They developed a model similar to the semi-theoretical model proposed by Hsu’s [3] 13 

nucleation model in the thermal boundary layer having a temperature gradient. This model is 14 

convenient to use when wall temperature is known or when a considered problem has a relatively 15 

simple function of wall superheat, heat flux, and operating pressure. Wang et al. [4] conducted 16 

various experimental methods for ONB detection in a narrow rectangular channel which has a 17 

vertical upward flow. They noticed that pressure drops and heat transfer coefficients show convex 18 

patterns as mass flux increases for a fixed heat flux. As a wall boiling develops, a rapid increase 19 

in the channel pressure drop and heat transfer coefficient is observed for increased heat flux at a 20 

constant mass flux. They also reported no significant discrepancies occurring in detecting ONB 21 

among the experimental techniques described above. Additionally, it was found that wall superheat 22 

at the inception of boiling is dependent on the inlet subcooling, heat flux, and mass flux. In their 23 



Page 4 of 44 

experiments with an internal combustion engine cooling system, Castiglione et al. [5] observed 1 

that the slope of the wall temperature with respect to coolant mass flow rate changes from a linear 2 

to exponential increase as the mass flow rate is decreased and the single-phase flow transitions to 3 

two-phase flow. 4 

Unlike the single-phase flow, the multi-phase flow calculations are computationally expensive, 5 

complex, and not always successfully analyzed with CFD. However, CFD still has benefits over 6 

the experimental approach in terms of cost, safety, convenience when handling variables/geometry 7 

change, isolation of specific phenomena, capability to deal with extreme operating conditions, etc. 8 

Various CFD methods have been utilized in the area of multiphase flow. For example: bubble 9 

behavior influenced by low frequency vibration under reduced gravity was studied in the pool 10 

boiling regime using the volume of fluid [6] method. Liquid droplet evaporation in the air stream 11 

was modeled in a spray cooling system using the discrete phase model coupled with turbulent flow 12 

[7]. Departure from the nucleate boiling regime was predicted using the RPI (Rensselaer 13 

Polytechnic Institute) model [8], and ONB was estimated in a small rectangular channel using the 14 

PRI model [9].  15 

Even though Al-Yahia and Jo [9] demonstrated the possibility of using CFD to detect ONB, a 16 

systematic study is still needed for the influence of fundamental parameters on prediction of ONB. 17 

These parameters include interface heat transfer coefficient, bubble departure diameter, bubble 18 

departure frequency, nucleation site density, operating pressure, quenching period time, grid 19 

density, and the turbulence model that is employed.  20 

In the study presented in this paper, the impact of the aforementioned parameters on ONB is 21 

investigated with regards to the RPI and the non-equilibrium subcooled boiling models (NEB) by 22 

comparing model results with available experimental data. Various thermo-hydraulic parameters 23 
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are monitored and controlled with the assistance of CFD. The Eulerian multiphase flow model, 1 

integrated with the wall boiling models (RPI and NEB), is utilized in a wide range of flow regimes 2 

from laminar, transition, and turbulent flows.    3 

2. NUMERICAL METHOD 4 

2.1 Eulerian multi-phase flow equations 5 

Subcooled boiling is the physical situation where boiling occurs on the heated wall even though 6 

the bulk liquid temperature is lower than the saturation temperature. The thermal energy transfer 7 

from the heated wall to the liquid increases the liquid temperature and eventually generates vapor. 8 

Interphase heat transfer between the liquid and vapor increases liquid temperature while 9 

condensing vapor. The Eulerian multiphase flow model solves the conservation equations for 10 

phase continuity, momentum, and energy along with a turbulence model. Wall boiling is 11 

commonly modeled by using the RPI [10] model and with the non-equilibrium subcooled boiling 12 

model [11], developed by Lavieville et al. [11] for the Departure from Nucleate Boiling (DNB). 13 

The continuity equation for Eulerian multiphase flow is expressed as 14 

డ

డ௧
൫𝛼௤𝜌௤൯ + ∇ ∙ ൫𝛼௤𝜌௤𝑣⃑௤൯ = ∑ (𝑚̇௣௤ − 𝑚̇௤௣)௡

௣ୀଵ       (1) 15 

The conservation of momentum for a fluid phase q is 16 

డ

డ௧
൫𝛼௤𝜌௤𝑣⃑௤൯ + ∇ ∙ ൫𝛼௤𝜌௤𝑣⃑௤𝑣⃑௤൯ = −𝛼௤∇p + ∇ ∙ 𝜏௤̿ + 𝛼௤𝜌௤𝑔⃑ + ∑ [𝐾௣௤(௡

௣ୀଵ 𝑣⃑௣ − 𝑣⃑௤) + 𝑚̇௣௤𝑣⃑௣௤ −17 

𝑚̇௤௣𝑣⃑௤௣] + (𝐹⃑௤ + 𝐹⃑௧ௗ,௤)          (2) 18 

Considering the minor amount of vapor formation near the wall at ONB condition, the lift force, 19 

the wall lubrication force, and the virtual mass force are excluded. The lift force is negligible 20 

because the vapor phase does not separate from the wall quickly at ONB conditions. For the same 21 

reason, the wall lubrication force, that pushes the vapor phase away from the walls, is excluded. 22 

The virtual mass force is essential when the vapor phase accelerates relative to the liquid phase 23 
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and deflects the surrounding liquid. Hence, it is not necessary to include these contributions to the 1 

conservation of momentum equation. 2 

In this model, the vapor phase is assumed to form bubbles. The momentum exchange coefficient 3 

is expressed in the following form. 4 

𝐾௣௤ =
ఘ೛௙೏

଺ఛ೛
𝑑௣𝐴௜          (3) 5 

where, 𝑓ௗ =
஼ವୖୣ౨

ଶସ
  and 𝐶஽is based on the universal drag law [12]. dp is bubble diameter and Rer is 6 

the relative Reynolds number. 7 

The turbulent dispersion force arises from turbulent diffusion and drives the vapor away from the 8 

vicinity of the wall towards the center of the pipe. For this effect, the Lopez de Bertodano model 9 

[13] is adopted. 10 

𝐹⃗௧ௗ,௤ = 𝜌௤𝑘௤∇𝛼௣           (4) 11 

A separate enthalpy equation for the qth phase can be written as: 12 

డ

డ௧
ቂ𝛼௤𝜌௤ ቀ𝑒௤ +

௩ሬ⃑ ೜
మ

ଶ
ቁቃ + ∇ ∙ ቂ𝛼௤𝜌௤𝑣⃑௤ ቀℎ௤ +

௩ሬ⃑ ೜
మ

ଶ
ቁቃ = ∇ ∙ ൫𝛼௤𝑘௘௙௙,௤∇𝑇௤ + 𝜏௘̿௙௙,௤ ∙ 𝑣⃑௤൯ +13 

∑ (𝑄௣௤ +௡
௣ୀଵ 𝑚̇௣௤ℎ௣௤ − 𝑚̇௤௣ℎ௤௣) + 𝑝

డఈ೜

డ௧
+ 𝑆௤        (5) 14 

The intensity of heat exchange between the p and q phases (𝑄௣௤) is expressed as 15 

𝑄௣௤ = ℎ௣௤,௜𝐴௜(𝑇௣ − 𝑇௤)         (6) 16 

The volumetric heat transfer coefficient between the pth phase and the qth phase (ℎ௣௤,௜) comes from 17 

the Ranz-Marshall model [14]. 18 

Three different Reynolds averaged Navier-Stokes turbulence models, such as the standard k- 19 

model, the Realizable k- turbulence model, and the Reynolds Stress Model (RSM) are tested with 20 
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scalable wall functions to avoid the deterioration of standard wall functions under grid refinement 1 

below the critical distance from the wall. The intention of the scalable wall function is to produce 2 

consistent results for grids using the log law with the standard wall function. The standard k- 3 

model [15] assumes a fully turbulent flow and the effects of molecular viscosity are negligible. 4 

The Realizable k-  turbulence model [16] is known for good performance for separated flows and 5 

flows with complex secondary flow features among all the k- models. The RSM [17] is the most 6 

elaborate Reynolds Averaged Navier Stokes turbulence model. Unlike others, it includes the effect 7 

of anisotropic eddy-viscosity by solving transport equations for the Reynolds stresses. It accounts 8 

for the effects of streamline curvature, swirl, rotation, and more rapid changes in strain rate unlike 9 

the other two-equation models. Considering the Reynolds number range in this study, transition 10 

Shear Stress Transport (SST) model may be considered, especially for laminar to turbulent 11 

transition flows. However, the transition models (three or four equation models) have not validated 12 

in multiphase flow. Additionally, they require very fine mesh (y+ <1) and the Eulerian multiphase 13 

flow wall boiling model does not work with this mesh requirement. 14 

The default turbulence model in this study is the standard k- mixture model.  15 

The transport equations for k and  in the standard k- model are 16 

డ

డ௧
(𝜌௠𝑘) + ∇ ∙ (𝜌௠𝑘𝑣⃗௠) = ∇ ∙ ቂቀ𝜇௠ +

ఓ೟,೘

ఙೖ
ቁ ∇𝑘ቃ + 𝐺௞,௠ − 𝜌௠𝜀 + Π௞೘

   (7) 17 

డ

డ௧
(𝜌௠𝜀) + ∇ ∙ (𝜌௠𝜀𝑣⃗௠) = ∇ ∙ ቂቀ𝜇௠ +

ఓ೟,೘

ఙഄ
ቁ ∇ ∙ 𝜀ቃ +

ఌ

௞
൫𝐶ଵఌ𝐺௞೘

+ 𝐶ଶఌ𝜌௠𝜀൯ + Πఌ೘
  (8) 18 

where, the turbulent viscosity, t,m, molecular viscosity, m, velocity, 𝑣⃗௠, the volume fraction, , 19 

the production of turbulence kinetic energy, Gk,m, and source, . The dilatation dissipation term, 20 



Page 8 of 44 

which addresses the effect of compressibility, is negligible in this study due to the low flow speed 1 

and operating pressure. Hence, it is not included in the k equation. 2 

The model constants have the following values. 3 

𝐶ଵఌ = 1.44,  𝐶ଶఌ = 1.92,  𝐶ఓ = 0.09,  𝐶ଷఌ = −0.33,  𝜎௞ = 1.0,  𝜎ఌ = 1.3 4 

The total heat flux (𝑞̇௪) from the wall to the liquid in the RPI model is composed of the convective 5 

heat flux (𝑞̇஼), the quenching heat flux (𝑞̇ொ), and the evaporative heat flux (𝑞̇ா). 6 

𝑞"ௐ = 𝑞"஼ + 𝑞"ொ + 𝑞"ா         (9) 7 

The convective heat flux is the function of the single-phase heat transfer coefficient (ℎ௖) and the 8 

area of influence (𝐴௕). 9 

𝑞"஼ = ℎ௖(𝑇௪ − 𝑇௟)(1 − 𝐴௕)         (10) 10 

The quenching heat flux represents the cyclic averaged transient energy transfer by liquid filling 11 

the wall vicinity after bubble detachment. 12 

𝑞"ொ = 𝐶௪
ଶ௞೗

ඥగఒ೗ ೛்
(𝑇௪ − 𝑇௟)𝐴௕         (11) 13 

where kl is the conductivity, Tp is the quenching periodic time, and l is the diffusivity. Cw is a 14 

coefficient to correct the waiting time between departures of consecutive bubbles. 15 

The evaporative flux is expressed by the volume of the bubble, the active nucleation site density, 16 

vapor density, the latent heat, and the bubble departure frequency. 17 

𝑞"ா = 𝑉ௗ𝑁௪𝜌௩ℎ௟௩𝑓          (12) 18 
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where Vd is the volume of the bubble based on the bubble departure diameter, Nw is the active 1 

nucleate site density, hlv is the latent heat of evaporation, and f is the bubble departure frequency. 2 

The frequency of bubble departure has the following form [18]. 3 

𝑓 = ට
ସ௚(ఘ೗ିఘೡ)

ଷఘ೗஽ೢ
          (13) 4 

The nucleate site density is the function of wall superheat [19]. 5 

𝑁௪ = 210ଵ.଼଴ହ(𝑇௪ − 𝑇௦௔௧)ଵ.଼଴ହ        (14) 6 

The bubble departure diameter is based on empirical correlations [20]. For the bubble departure 7 

frequency and the nucleate site density modification, ANSYS Fluent submodel, 8 

DEFINE_BOILING_PROPERTY was used as a user defined function. 9 

𝐷௪ = min ቀ0.0014,
଴.଴଴଴଺௘ష೩೅ೞೠ್

ସହ
ቁ        (15) 10 

The RPI model fixes the vapor temperature at saturation temperature. It needs to include the vapor 11 

temperature to model DNB or the critical heat flux. The non-equilibrium subcooled boiling model 12 

(NEB) has the vapor phase convective heat flux. 13 

𝑞"ௐ = ൫𝑞"஼ + 𝑞"ொ + 𝑞"ா൯𝑓(𝛼௟) + [1 − 𝑓(𝛼௟)]𝑞"௏      (16) 14 

The convective heat flux of the vapor phase is expressed as follows. 15 

𝑞"௏ = ℎ௏(𝑇௪ − 𝑇௏)          (17) 16 

The function 𝑓(𝛼௟) depends on the local liquid volume fraction [11]. 17 

2.2 Numerical setup 18 
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A two-dimensional rectangular channel having a 2.5 mm height and 566 mm length is constructed 1 

as Fig. 1 to conform with the experimental setup [9]. It has a velocity inlet that has a uniform 2 

velocity profile and a pressure outlet. A uniform heat flux boundary condition is applied between 3 

133 mm and 433 mm along the flow direction on one side.  The other wall boundaries are set as 4 

an adiabatic condition. Gravity acts in the opposite direction of the flow to depict a vertical upward 5 

flow. 6 

Various meshes are prepared to investigate the grid sensitivity to the turbulence models and the 7 

Eulerian multiphase flow model. Uniform meshes along the channel height are created while 8 

varying the number of grids. A part of a typical grid is presented in Fig. 1 along with the geometry. 9 

A finer grid near the wall is not adopted in this study because all the evaporation from the heated 10 

wall is specified in the first cell next to it, and a very fine cell cannot handle the phase change 11 

numerically. A very fine mesh having a unity of y+ did not converge in the Eulerian multiphase 12 

flow for this numerical setup. The grid density dependency is checked in terms of heated surface 13 

wall temperature, which is the most influential parameter to enable boiling incipience. For a given 14 

operating condition (1.3 bar absolute pressure, 410 kW/m2 heat flux, Re of 7609, and 40oC inlet 15 

water temperature), no meaningful wall temperature difference with respect to grid density is 16 

detected, as shown in Fig. 2. For example, the maximum wall temperatures as grids are 106.5 K, 17 

106.4 K, 106.7K, and 106.9 K for 5, 20, 25, and 30 meshes normal to the wall, respectively. 18 

Moreover, the ONB incipient wall heat flux was identical at 420 kW/m2 for all meshes. 19 

Considering the heat flux step size of 10 kW/m2, a mesh having a total of 94,100 (20 normal to the 20 

wall × 4705 along the flow passage) cells is selected. The corresponding y+ for this mesh at Re of 21 

7609 is 11.7 which is acceptable for the scalable wall function. 22 
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Constant thermo-physical properties from REFPROP v.10 [21] are used to obtain stabilized 1 

solutions. Liquid properties are based on the inlet condition, and the vapor properties are from a 2 

saturated temperature corresponding to its operating pressure. The operating pressure ranges 3 

between 1.0 and 1.3 bar as in the experiment [9]. The working fluid is water. 4 

All analyses are conducted at steady state with a pressure-based solver. The coupled scheme is 5 

used for pressure-velocity coupling. The coupled algorithm solves the momentum and pressure-6 

based continuity equations together and offers a robust and efficient performance compared to the 7 

segregated solution schemes. The Green-Gauss Node based scheme [22] and PRESTO! (PREssure 8 

STaggering Option) scheme [23] are used for gradient and pressure spatial discretization methods. 9 

Gradients are needed to construct scalar values on the cell faces and compute secondary diffusion 10 

terms and velocity derivatives. The node-based Green-Gauss scheme reconstructs exact values of 11 

a linear function at a node from surrounding cell-centered values on arbitrary unstructured meshes 12 

by solving a constrained minimization problem, preserving second-order spatial accuracy. The 13 

PRESTO! scheme uses a discrete continuity balance for a staggered control volume about the face 14 

to compute the staggered pressure. The second-order upwind scheme [24] is adopted for 15 

momentum and energy discretization. Quantities at cell faces are calculated using a 16 

multidimensional linear reconstruction approach in the seconds-order upwind scheme. In this 17 

approach, higher-order accuracy is achieved on cell faces through a Taylor series expansion of the 18 

cell-centered solution of the cell centroid. The first-order upwind scheme is introduced to volume 19 

fraction, turbulent kinetic energy, and turbulent dissipation rate discretization techniques. The 20 

first-order upwind scheme determines quantities at cell faces by assuming that the cell-center 21 

values of any field variable represent a cell-average value and hold throughout the entire cell. All 22 

simulations are initialized using the inlet boundary condition. A series of numerical analyses for 23 
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the constructed two-dimensional rectangular channel is carried out by simultaneously solving all 1 

the equations described above using commercial CFD software, Ansys Fluent 2021R1.  2 

3. RESULTS 3 

General boiling characteristics are presented in Fig. 2, 3, and 4 with wall temperature, heat transfer 4 

coefficients, vapor volume fraction, and heat fluxes for the NEB model. As soon as the liquid flow 5 

is exposed to the heated surface, a sudden surface temperature jump occurs as Fig. 2 shows. 6 

Conversely, an abrupt temperature drop is detected at the end of the heated surface. On the heated 7 

surface, the wall temperature gradually increases and shows a linear slope as flow proceeds and 8 

nucleation conditions become more favorable in farther downstream.  9 

The incipient location of nucleate boiling approaches the inlet with increasing heat flux. For a 420 10 

kW/m2 heat flux boundary condition, a very small amount of vapor fraction (order of 10-23) forms 11 

on the surface. The incipient location for each heat flux condition is 0.145 m, 0.136 m, and 0.133 12 

m for 420 kW/m2, 460 kW/m2, and 500 kW/m2 heat flux boundary conditions, respectively. It is 13 

also detected that the location of the steep gradients of vapor volume fraction on the wall is 14 

shortened with increasing heat flux. From Fig. 3, it can be seen that the surface heat transfer 15 

coefficients are much more sensitive to heat flux once nucleate boiling occurs relative to the case 16 

for single-phase flow. The ONB heat flux for the flow conditions depicted in Fig. 3 is 420 kW/m2. 17 

In single-phase flow, which occurs below a surface heat flux of 420 kW/m2, the change in the heat 18 

transfer coefficient with heat flux is minor. Conversely, for heat flux that exceeds 420 kW/m2, 19 

corresponding to boiling, the dependence of the heat transfer coefficient on heat flux is discernable. 20 

This trend for heat transfer coefficients after phase change occurs is also seen in the experimental 21 

work of Wang et al. [4]. Interestingly, for single-phase flow at a fixed wall heat flux, the surface 22 

heat transfer coefficients increase in the direction of flow. In these steady state calculations, the 23 
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single-phase liquid temperature increases along the length of the flow channel, hence, the 1 

temperature difference between the surface and the liquid is reduced. This situation requires the 2 

heat transfer coefficient to increase to maintain the constant wall heat flux. Conversely, the surface 3 

heat transfer coefficient behavior in the boiling regime is opposite to that for single-phase flow 4 

due to the existence of bubbles. The lower thermal conductivity of bubbles act as an insulating 5 

layer, and the temperature difference across the bubbles accounts for a large part of the temperature 6 

difference between the heated surface and the fluid. Complicating this process, departing bubbles 7 

allow liquid back filling to reduce the temperature near the heating surface. These observations 8 

suggest that the behavior of the heat transfer coefficient in the direction of flow may serve as 9 

another indicator for ONB. 10 

The relative contributions of liquid convection, evaporation, quenching, and vapor convection heat 11 

fluxes are presented in Fig. 4 for 420, 460, and 500 kW/m2 total heat fluxes. Until ONB occurs 12 

(420 kW/m2), the other heat flux components do not appear, and the liquid phase convective heat 13 

flux is the sole player in the heat transfer mechanism as the first graph of Fig. 4 shows. As soon as 14 

nucleate boiling starts, the quenching heat flux and the evaporative heat flux emerge while the 15 

liquid phase convective heat flux drops. The incipient location of nucleate boiling (vapor volume 16 

fraction) matches the quenching and evaporative heat flux starting point. Another noticeable 17 

behavior is the sudden spike of the vapor convective heat flux fraction at the nucleate boiling 18 

incipient location. After the abrupt spike, it gradually increases as the flow path. The abrupt 19 

increase in the quenching heat flux at the end of the heated surface is due to the rapid refilling of 20 

the surface by low-temperature liquid at junction with the un-heated surface and the large 21 

temperature difference between the heated wall surface and the liquid temperature. As the relative 22 
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values to the total heat flux shows, boiling related sub-components are still minor compared to that 1 

of the liquid phase convective heat flux near the ONB regime. 2 

Heat flux is increased by 10 kW/m2 to detect ONB for each operating condition. ONB can be 3 

detected by the presence of a vapor volume fraction near the wall or by monitoring whether the 4 

maximum surface temperature exceeds the saturation temperature corresponding to the local 5 

pressure in the Eulerian multiphase flow wall boiling models. Table 1 summarizes the comparison 6 

of results between the RPI and the NEB models. In general, the NEB model delays ONB slightly 7 

compared to the RPI model, and the Eulerian multiphase flow models predict lower ONB heat flux 8 

than the corresponding experimental measurements by Al-Yahia and Jo [9]. For laminar flow 9 

conditions (Re = 878), both models predict very low ONB heat flux as much as a 50 kW/m2 10 

difference. In turbulent flow, these Eulerian multiphase boiling models reasonably agree well with 11 

the experimental data [9]. However, except for transient condition from laminar to turbulent flow 12 

(Re = 2341), both models predict a lower ONB heat flux. 13 

Hsu’s [3] semi-theoretical analysis to determine the criteria for the onset of nucleate boiling 14 

provides insight into obtaining the approximate wall superheat estimation for ONB. The wall 15 

superheat at ONB occurrence, TONB can be estimated for saturated liquid water by setting the 16 

following equation equal to zero. 17 

ට1 −
ଵଶ.଼ఙ ೞ்ೌ೟

ఘೡ௛೑ೡఋ೟୼்ೀಿಳ
= 0         (18) 18 

The thermal boundary layer thickness, t, is approximated by using the single-phase heat transfer 19 

coefficient and assuming a linear temperature gradient in the thermal boundary layer. 20 

𝛿௧ = 𝑘௟/ℎ஼            (19) 21 
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The calculated thermal boundary layer thickness for the considered conditions varies from 0.6 mm 1 

to 85 m. The thermal boundary layer thickness decreases with increasing Reynolds number while 2 

the heat transfer coefficients increase. The estimated TONB for Reynolds numbers 878, 2341, 4552, 3 

and 7609 conditions in the experimental data of Al-Yahia and Jo [9] obtained through Hsu’s 4 

method are 0.32 K, 0.88K, 1.32 K, and 2.25 K, respectively. The estimated TONB using the 5 

Bergles and Rohsenow model [2], in Eq. 20, are 3.76 K, 5.52 K, 4.29 K, and 8.09 K at the ONB 6 

heat fluxes and 1.3 bar operating pressures in the experiments of Al-Yahia and Jo [9]. 7 

Δ𝑇ைே஻ =
ହ

ଽ
ቂ

௤"ೀಿಳ

ଵ଴଼ଶ௉భ.భఱల
ቃ

ುబ.బమయర

మ.భల          (20) 8 

Even though the Bergles and Rohsenow [2] model is being reported as very conservative [4], its 9 

predicted values of TONB is higher than that of Hsu’s [3] semi-theoretical method. As these 10 

estimations suggest, a minimum value of wall superheat is required to activate the nucleation sites. 11 

However, the Eulerian multiphase boiling models allow boiling when the liquid temperature near 12 

the wall exceeds the saturation temperature. Therefore, early boiling incipience is detected in the 13 

Eulerian multiphase boiling model at a lower heat flux than the experimental results of of Al-Yahia 14 

and Jo [9]. Therefore, further development and investigation of the Eulerian multiphase boiling 15 

flow model is required for ONB prediction. 16 

As Bowring [1] suggests, the onset of nucleate boiling (ONB) may be approximated by the point 17 

of intersection of the single-phase liquid forced convective curve and the fully developed nucleate 18 

boiling curve. Fig. 5 compares the single-phase CFD and the Eulerian multiphase boiling model 19 

CFD results. The points of intersection are almost identical to the ONB heat fluxes given by the 20 

Eulerian multiphase boiling models. However, as seen in Table 1, for Re > 2341, the model 21 

predicts ONB at lower surface heat fluxes than does the experimental data [9]. The intersection 22 
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method may provide a quick estimation of ONB heat flux by conducting two Eulerian multiphase 1 

boiling CFD runs and two single-phase CFD runs rather calculations for step-changes in the heat 2 

flux, as examined in this paper. However, ONB is difficult to discern in the low Reynolds number 3 

region illustrated for Re = 878 and 2341 in Table 1. This is another weak area of the Eulerian 4 

multiphase flow model because the necessity for using small channels to increase heat transfer will 5 

lead to reduced flow rates restricted by large pressure drops in tiny channels. Moreover, the 6 

prediction of ONB in small channels is more critical because small amounts of vapor can easily 7 

cause vapor lock and lead to critical heat flux conditions. As described in the previous modeling 8 

section, an appropriate turbulence model may be required for the transition region from laminar to 9 

turbulent flow. The currently available turbulent flow models for the transition region require very 10 

fine grids near the wall and does not work properly with the Eulerian multiphase flow wall boiling 11 

model. Further enhancement of turbulence model in the transition flow regime along with the 12 

Eulerian multiphase flow wall boiling model is required to improve the ONB prediction accuracy. 13 

Table 1 also shows the impact of the turbulence model on ONB prediction. The realizable k- and 14 

the RSM model show slightly lower ONB heat flux than the standard k- model for the Re = 7609 15 

case. This work’s simple flow condition does not have complex flow patterns like separation, 16 

streamline curvature, swirl, rotation, and rapid changes in strain rate. Hence, the benefits of more 17 

delicate turbulence models do not appear in this set of numerical calculations. 18 

Velocity profile also plays a role in the temperature gradient in a channel in general. The actual 19 

experimental test section for Reference [9] has a horizontal inlet and a horizontal outlet, with the 20 

inlet at the bottom relative to the gravitational force, as shown in Fig. 6 demonstrates. For the 21 

corresponding model, a geometry similar to the experimental test section is constructed in a two-22 

dimensional format, and a velocity profile is obtained from CFD calculations for Re = 7609 from 23 
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it. Velocity profiles at the start of the heated section (133 mm away from the inlet) are presented 1 

in Fig. 7. One is from the uniform velocity inlet setting of the geometry in Fig. 1 and the other is 2 

from Fig. 6. They are close to each other because the flow is fully developed before entering the 3 

heated zone. As expected from the close similarity of those two velocity profiles, the wall 4 

temperatures of the heated surface are almost identical, as seen in Fig. 8. As long as the channel is 5 

long enough to attain fully developed flow at the start of the heated section, a uniform velocity 6 

profile is adequate for the level of analysis in this work. 7 

For fixed values of Re = 7609, the operating pressure of 1.3 barA, and a wall heat flux of 460 8 

kW/m2, the sensitivity of fundamental boiling parameters used in the Eulerian multiphase wall 9 

boiling model are investigated and summarized in Table 2. This operating condition is selected to 10 

produce nucleate boiling to investigate the impact of the individual boiling parameters. The ONB 11 

heat flux for this condition is 420 kW/m2. Interface heat transfer coefficients (ℎ௣௤,௜ ), bubble 12 

departure diameter (Dw), bubble departure frequency (f), nucleate site density (Nw), operating 13 

pressure (p), and quenching period time (Tp) are systemically varied. The average surface wall 14 

temperature, the maximum surface wall temperature, and the vapor volume fraction on the heated 15 

surface are monitored. Cases 2, 3, 4, 5, 6, and 7 show the impact of interface heat transfer 16 

coefficients. Surface temperatures and vapor volume fractions on the heated wall decrease with 17 

increasing the interface heat transfer coefficients because the low temperature liquid efficiently 18 

takes away heat from the vapor and condenses. The effect of bubble departure diameter is analyzed 19 

in cases 8 and 9. Larger bubble departure diameters increase the vapor volume fraction near the 20 

wall by holding bigger bubbles. Even though bubble departure frequency decreases as the bubble 21 

departure diameter increase (see equation 13), larger bubbles take more heat from the surface and 22 

thermal boundary layer disturbance by them allows low temperature liquid to rush into the site of 23 
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the departing bubble. In this way, the surface is cooled more efficiently by bigger size bubbles. As 1 

increase in the bubble departure frequency lowers the surface temperature by removing heat more 2 

efficiently and increases the vapor volume fraction near the wall because this flow is located in the 3 

relatively low Reynolds number region, and the turbulent dispersion effect is not strong enough to 4 

carry away the departed bubbles, as cases 10, 11, 12, and 13 demonstrate. The influence of 5 

nucleation site density can be observed for cases 14, 15, 16, and 17. It is natural to see a larger 6 

vapor volume fraction near the wall with increased nucleation site density. It also leads to more 7 

frequent bubble departure and consequently a reduction in the wall temperature. Because the liquid 8 

saturation temperature depends on the local pressure, elevated operating pressure allows the fluid 9 

to remain in the liquid phase up to a higher temperature and subsequently increases the surface 10 

temperature by delaying the bubble formation. Therefore, the wall heat flux for ONB is larger for 11 

a higher operating pressure. Finally, the effect of the quenching periodic time is investigated by 12 

varying the bubble waiting time coefficient in cases 20 and 21. From equation 11, increasing the 13 

bubble waiting time coefficient enhances the quenching heat flux, and decreases surface 14 

temperature by increasing the occupying time of lower temperature liquid on the wall surface. It 15 

leads to lower vapor volume fraction on the wall. 16 

4. CONCLUSION 17 

The onset of nucleate boiling is predicted for various flow regimes from laminar, transition, and 18 

turbulent flows using the Eulerian multiphase wall boiling models. The RPI (Rensselaer 19 

Polytechnic Institute) boiling model and its extended form, the Non-Equilibrium subcooled 20 

Boiling model (NEB), are introduced to the Eulerian multiphase flow calculation for a simple two-21 

dimensional millimeter scale rectangular channel. The CFD results agree reasonably well with the 22 

available experimental data. However, the considered Eulerian multiphase flow model allows 23 
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boiling with lower heat flux and its applicability to lower Reynolds number regions is limited. The 1 

behavior of surface wall temperature, the location of boiling incipience, the surface heat transfer 2 

coefficient, and components of total heat flux are also investigated. The surface heat transfer 3 

coefficients increase in different directions relative to the direction of flow depending on whether 4 

the flow is single-phase or boiling flow. This behavior may be used as a tool to detect the incipience 5 

of nucleate boiling. The total heat flux is divided into sub-components, namely the liquid 6 

convective heat flux, the quenching heat flux, the evaporative heat flux, and the vapor convective 7 

heat flux. Their contributions are in good physical correspondence with the development of the 8 

vapor volume fraction along the heated surface. The impact of the velocity profile is not 9 

remarkable as long as the flow channel is long enough to have fully developed flow at the start of 10 

the heated section. Using the intersecting point between the single-phase flow and the boiling curve 11 

to detect the incipience of nucleate boiling is as accurate as the solely using the Eulerian multiphase 12 

flow boiling model, but it shares the same limitations. Even though its applicability in the low 13 

Reynolds number region is questionable and not clearly discernable, it may provide a simple and 14 

quick rough estimation method for a complex geometry using a small number of CFD runs. The 15 

effect of fundamental boiling parameters is also studied for interface heat transfer coefficient, 16 

bubble departure diameter, bubble departure frequency, nucleate site density, operating boiling 17 

pressure, and quenching time period. Even though their individual influence is presented in this 18 

work, the interaction between those parameters merits further investigations. 19 
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NOMENCLATURE 20 

Ab  area of influence by boiling [-] 21 

Ai  interface surface area [m2] 22 

C1, C2, C3 Standard k- equations constants [-] 23 
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Table 1 Comparison of RPI and NEB models at 1.3 bar absolute pressure (107.11oC saturation 1 
temperature) 2 

Re Tin [oC] 
Turbulence 

model 
𝑞̇ைே஻ [kW/m2] 
by experiment 

𝑞̇ைே஻ [kW/m2] 
by PRI 

𝑞̇ைே஻ [kW/m2] 
by NEB 

878 40 Standard 89 40 40 
2341 40 Standard 117 140 150 
4552 55 Standard 203 190 190 
7609 40 Standard 462 410 420 
7609 40 Realizable 462 370 400 
7609 40 RSM 462 400 400 

  3 
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Table 2 Boiling parameter impact at 1.3 bar absolute pressure (107.11oC saturation temperature) 1 

Case No 
ℎ௣௤,௜ 

[W/m2K] 
Dw 

[m] 
f 

[Hz] Nw 
p  

[barA] 
Cw 

[-] 
Tmax [°C] Tave [°C] V 

1 [14] [20] [18] [19] 1.3 1 113.1 111.5 3.35E-07 
2 0 [20] [18] [19] 1.3 1 119.7 111.7 7.82E-03 
3 1.0E+01 [20] [18] [19] 1.3 1 116.3 111.6 4.60E-03 
4 1.0E+02 [20] [18] [19] 1.3 1 113.2 111.5 5.62E-04 
5 1.0E+03 [20] [18] [19] 1.3 1 113.2 111.6 4.77E-05 
6 1.0E+04 [20] [18] [19] 1.3 1 113.2 111.6 4.70E-06 
7 1.0E+05 [20] [18] [19] 1.3 1 113.2 111.6 4.67E-07 
8 [14] 0.0001 [18] [19] 1.3 1 113.6 111.9 1.81E-07 
9 [14] 0.001 [18] [19] 1.3 1 109.1 108.3 5.40E-06 

10 [14] [20] 1 [19] 1.3 1 114.7 112.6 5.72E-10 
11 [14] [20] 10 [19] 1.3 1 114.7 112.6 1.54E-08 
12 [14] [20] 100 [19] 1.3 1 114.5 112.5 1.49E-07 
13 [14] [20] 1000 [19] 1.3 1 113.4 111.7 1.16E-06 
14 [14] [20] [18] 1.0E+04 1.3 1 114.4 112.4 4.30E-09 
15 [14] [20] [18] 1.0E+05 1.3 1 114.4 112.4 1.17E-07 
16 [14] [20] [18] 1.0E+06 1.3 1 114.1 112.2 1.17E-06 
17 [14] [20] [18] 5.0E+06 1.3 1 113.3 112.1 5.86E-06 
18 [14] [20] [18] [19] 1.1 1 113.8 112.0 1.54E-06 
19 [14] [20] [18] [19] 1.2 1 113.8 112.0 8.33E-07 
20 [14] [20] [18] [19] 1.3 0.1 113.9 112.0 6.09E-07 
21 [14] [20] [18] [19] 1.3 1.0E+01 110.6 109.7 1.32E-07 

  2 
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Fig. 1 Geometry with boundary conditions  2 
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 1 

(a) Vapor volume fraction on the heated wall 2 

 3 

(b) Heat transfer coefficients on the heated wall for single-phase flow mode 4 
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 1 

(c) Heat transfer coefficients on the heated wall for boiling mode 2 

Fig. 3 Vapor volume fraction and surface heat transfer coefficients on the heated wall 3 
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(a) Heat flux fractions for 420 kW/m2 case 2 

 3 

(b) Evaporative heat flux fraction for 460 kW/m2 case 4 
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(c) Quenching heat flux fraction for 460 kW/m2 case 2 

 3 

(d) Liquid convective heat flux fraction for 460 kW/m2 case 4 
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(e) Vapor convective heat flux fraction for 460 kW/m2 case 2 

 3 

(f) Evaporative heat flux fraction for 500 kW/m2 case 4 
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(g) Quenching heat flux fraction for 500 kW/m2 case 2 

 3 

(h) Liquid convective heat flux fraction for 500 kW/m2 case 4 
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(i) Vapor convective heat flux fraction for 500 kW/m2 case 2 

Fig. 4 Fraction of liquid convective heat flux, evaporative heat flux, quenching heat flux, and vapor 3 

convective heat flux  4 
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Fig. 5 ONB point prediction using single-phase CFD and NEB CFD results  3 
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Fig. 6 Idealized actual test channel geometry in 2D  2 
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 1 

(a) Velocity profile at the heated surface starting location for Fig. 1 geometry configuration 2 

 3 

(b) Velocity profile at the heated surface starting location for Fig. 6 geometry configuration 4 

Fig. 7 Velocity profile comparison at the heated surface starting location from two different 5 

geometries  6 
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 1 

(a) Heated surface wall temperature for Fig. 1 geometry configuration 2 

 3 

(b) Heated surface wall temperature for Fig. 6 geometry configuration 4 

Fig. 8 Heating surface wall temperature comparison as velocity profiles 5 


