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We have previously observed and experimentally measured a microlayer formed beneath a growing 

bubble during nucleate pool boiling. The initial microlayer thickness was of micrometer order and 
increased linearly with distance from the bubble inception site. The quantitative degree of contribution of 
the microlayer evaporation to bubble growth was still not elucidated, although a large number of 
experimental studies have been conducted on the distribution and evaporation characteristics of the 
microlayer. To clarify the heat transfer characteristics, especially the contribution of microlayer 
evaporation in nucleate pool boiling, numerical simulations are performed here for two phase 
vapor-liquid flow induced by the growth of a single bubble using the volume of fluid method. 
Furthermore, a special model is proposed to combine the microlayer and bulk liquid regions, the scales of 
which are extremely different in the simulations. The microlayer was neglected in the volume fraction 
calculation, while the evaporation from the microlayer was included by applying the source terms of the 
basic equations for the presence of a virtual microlayer. Similar tendencies were observed between the 
calculated and experimental results on the variations in the microlayer radius and bubble volume. The 
proportion of microlayer evaporation to total bubble volume was generally in agreement with the 
previous results, and the ratio of microlayer evaporation to the change in the total bubble volume was 
approximately 40 percent. 
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1. Introduction 

Several mechanisms for nucleate boiling have been previously proposed that can be classified into 

two categories; convective heat transfer and latent heat transport. The latent heat transport mechanism 

involves the microlayer evaporation mechanism; a thin liquid film (microlayer) exists between a growing 

bubble and the heat transfer surface, from which a large amount of heat is transported by vaporization of 

the microlayer. The existence and distribution of the microlayer was confirmed by utilizing several 

different methods in recent experimental studies, such as laser interferometry [1,2], laser extinction [3-5], 

and indirect inference of the microlayer thickness based on the measured temperature variation in the heat 

transfer surface [6]. The initial microlayer thickness was found to increase linearly with the distance from 

the bubble inception site. Furthermore, Utaka et al. [7] conducted a two-dimensional (2D) numerical 

calculation on the transient heat conduction of a heat transfer plate with the heat flux of microlayer 

evaporation as the boundary condition on the backside of the heat transfer surface, which is calculated 

based on the surface superheat at bubble inception ∆T i, and the distribution of initial microlayer thickness 

δ0, measured from experiments with water and ethanol. Evaporation of the microlayer and the consequent 

decrease in its thickness were discussed; however, instead of calculating the evaporation from the 

superheated liquid layer, the bubble volume acquired from a recorded image of the bubble was adopted to 

determine the contribution of microlayer evaporation to the total amount of evaporation during the bubble 

growth process. As a result, the proportion of evaporation from the microlayer to the bubble volume was 

approximately 20-70%, as shown in Fig. 1, and this increased with the surface superheat at bubble 

inception, ∆T i. It was demonstrated that both evaporation from the microlayer and the superheated liquid 

layer are closely related to the bubble growth in saturated nucleate boiling. Therefore, it is necessary to 

quantitatively evaluate both the evaporation from the microlayer and that from the superheated liquid 

layer to elucidate the mechanism of nucleate boiling. 

In the growth process of a boiling bubble, the temperature distribution in the vicinity of the 

vapor-liquid interface changes rapidly due to evaporation and the extremely fast movement of the 

interface with growth of the bubble. In this study, the heat transfer characteristics of the bubble growth 

process during nucleate boiling are investigated numerically. The volume of fluid (VOF) method 

developed by Hirt and Nichols [8] is an effective approach for interface capturing of free surface flow and 

its modified versions have been widely adopted in research on two-phase flow (e.g. boiling). Stephan and 

coworkers [9,10] established a new steady state model for calculating the evaporation from a liquid 

microfilm and performed numerical simulations on nucleate pool boiling. The microfilm referred to here 

is a thin liquid film between the bulk liquid and absorbed film on the heat transfer surface. The absorbed 

film is extremely thin (a few molecular layers thick). The evaporation from this microfilm region was 

calculated and the heat transfer characteristics during the growth of a single bubble were investigated. A 

large amount of evaporation was determined to occur in the microfilm region during the boiling process. 

However, the microfilm region in the simulations is extremely narrow and was different from the 
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experimentally measured microlayer region examined in the study. Therefore, the experimentally 

elucidated microlayer was not included in the numerical simulation. Ose et al. [11] conducted a numerical 

simulation on the bubble behavior in subcooled boiling by utilizing an improved phase-change model 

based on the temperature-recovery method [12]. It was concluded that a model with consideration of the 

relaxation time based on unsteady heat conduction could predict the bubble growth and condensation 

processes in the subcooled pool boiling phenomena. Jiang et al. [13] performed a numerical simulation on 

the bubble growth and heat transfer in nucleate boiling using a hybrid scheme [14] that combined the 

mechanical boiling model with a computational fluid dynamics (CFD) simulation. However, a similar 

structure to that from the simulation of Stephan et al. [9] was adopted for the liquid film between the 

bubble and heat transfer surface. The calculation results for bubble growth (bubble radius) were then 

approximated in accordance with the experimental results. For the various research summarized here, 

although the calculation results were compared with the experimental results, the experimentally 

measured microlayer was not considered in the numerical simulations. Therefore, it is necessary to 

acquire qualitative knowledge regarding microlayer evaporation and its contribution to bubble growth to 

elucidate the mechanisms and heat transfer characteristics of nucleate pool boiling. 

In this study, the microlayer present between a growing bubble and the heat transfer surface is 

extremely thin compared with the bubble size; therefore, it is difficult to simulate the microlayer region. 

To solve this problem, a special model is proposed, in which the microlayer is ignored in the main 

calculation of the macroscopic bubble and a hypothetical microlayer is applied to the calculation. The 

evaporation from the microlayer and the superheated liquid layer was computed separately. A 2D 

numerical simulation is conducted in an axisymmetric domain on the two phase vapor-liquid flow 

induced by the growth of a single bubble during nucleate boiling using the VOF method. Evaporation 

from the microlayer and superheated liquid layer, and the bubble behavior and heat transfer 

characteristics during the bubble growth process are closely analyzed. In particular, to consider the 

influence of microlayer formation beneath the bubble, the experimentally measured initial distribution of 

the microlayer and the surface superheat at bubble inception ∆T i [5] are applied to the simulations. 

Evaporation of the microlayer is calculated based on a 1D quasi-steady heat conduction of the microlayer. 

Moreover, the evaporation from the superheated liquid layer is calculated according to the temperature 

gradient at the vapor-liquid interface, and is applied to the numerical simulation together with that from 

the microlayer. 

 

Nomenclature 

A area (m2) 

c specific heat (J/kg·K) 

Cr Courant number 

F volume fraction of fluid 
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fr source term of Navier-Stokes equation in radial direction 

fz source term of Navier-Stokes equation in axial direction 

g acceleration of gravity (m/s2) 

hi evaporation heat transfer coefficient (W/m2·K) 

L latent heat of vaporization (J/kg) 

∆L normal distance from superheated liquid cell to interface (m) 

p pressure (Pa) 

ps set value of pressure (Pa) 

ṁ mass flux (kg/s) 

q heat flux (W/m2) 

qs source term of energy equation 

r radial direction (distance from bubble inception site in radical direction; mm) 

RM microlayer radius on heat transfer surface (mm) 

RB bubble radius (mm) 

RMmax maximum microlayer radius (mm) 

sf source term of volume fraction equation 

sm source term of continuity equation 

T temperature (K) 

∆T i surface superheat temperature at bubble inception (K) 

t time (s) 

tB elapsed time from bubble inception (ms) 

tBd elapsed time from bubble inception to completion of bubble departure (ms) 

∆t time step (s) 

VML evaporation from microlayer (mm3) 

VB bubble volume (mm3) 

vr radial velocity (m/s) 

vz axial velocity (m/s) 

z axial direction (distance from bubble inception site in axial direction; mm) 

 

Greek 

θ non-dimensional temperature (–) 

θa apparent contact angle (°) 

θc angle of reference position on the vapor-liquid interface (°) 

δ microlayer thickness (µm) 

ρ density (kg/m3) 

λ thermal conductivity (W/m·K) 
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µ viscosity (Pa·s) 

σ evaporation coefficient (–) 

η non-dimensional distance in axial direction (–) 

 

Subscript 

BK bulk liquid 

cell calculation cell 

ex experimental value 

ML microlayer 

L liquid 

V vapor 

sat saturation state 

surface vapor-liquid interface 

w heat transfer surface 

 

Superscript 

0 initial 

 

2. Numerical simulation model 

2.1 Calculation domain 

In this study, a numerical simulation was conducted for the heat transfer characteristics and behavior 

of a single bubble during saturated nucleate boiling of water at atmospheric pressure. The calculation 

domain is a 2D axisymmetric domain including fluid and solid regions that has a radius of 6 mm, 10 mm 

height for the fluid region and 2 mm for the solid region, as shown in Fig. 2. Quartz glass is set as the 

solid region material, in accordance with the experimental apparatus, while water (vapor and liquid) is set 

as the e fluid region material. The physical properties of vapor and liquid at the saturation state under 

atmospheric pressure were adopted in the numerical calculations.  

 
2.2 Governing equations and boundary conditions 

The following governing equations were employed in the numerical simulations. The fluid is treated 

as incompressible. 

 
2.2.1 Governing equations 

Equation of continuity: 

( ) ( )1
r z mr v v s

t r r z
ρ ρ ρ∂ ∂ ∂

+ + =
∂ ∂ ∂ .

 (1) 
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Navier-Stokes equation: 
2

2 2

1r r r r r r
r z r

v v v v v vpv v r f
t r z r r r rz r

ρ µ
 ∂ ∂ ∂ ∂ ∂∂ ∂   + + = − + + − +    ∂ ∂ ∂ ∂ ∂ ∂∂     ,

 (2) 

2

2

1z z z z z
r z z

v v v v vpv v r g f
t r z z r r rz

ρ µ ρ
 ∂ ∂ ∂ ∂ ∂∂ ∂   + + = − + + + +    ∂ ∂ ∂ ∂ ∂ ∂∂     .

 (3) 

Energy equation: 

1
r z s

T T T T Tc v v r q
t r z r r r z z

ρ λ λ∂ ∂ ∂  ∂ ∂ ∂ ∂      + + = + +      ∂ ∂ ∂ ∂ ∂ ∂ ∂       .
 (4) 

Volume fraction equation: 

L L L
r z f

F F Fv v s
t r z

∂ ∂ ∂
+ + =

∂ ∂ ∂ ,
 (5) 

L V 1F F+ = . (6) 

 

The VOF method was adopted for the simulations using the commercial software CFD solver ANSYS 

Fluent version 13 [15]. The convective term in the volume fraction equation was computed through a 

geometrical piecewise linear interface calculation (PLIC) [16] reconstruction algorithm, in which the 

direction of the vapor-liquid interface was taken into account. The surface tension at the interface was 

treated as a body force using the continuum surface force (CSF) method proposed by Brackbill et al. [17]. 

The convective terms in the Navier-Stokes and energy equations were discretized with a second-order 

upwind difference scheme, while the diffusive terms were discretized with a second-order central 

finite-difference scheme. A body-force-weighted scheme [15] was adopted to interpolate cell-centered 

pressures at the cell faces. The cell-centered gradients of each scalar field were computed using a least 

squares cell based scheme [15]. The pressure–velocity coupling was handled with a pressure implicit 

splitting of operators (PISO) algorithm [18], which converges more quickly than the other options 

available in the solver. A first-order explicit scheme was adopted for the time discretization of the volume 

fraction equation, while a first-order implicit scheme was adopted for other basic equations. Moreover, 

for the transient problem calculated using VOF method, various time steps were adopted for calculation 

of the volume fraction equation and other transport equations. The time step is determined according to 

the maximum Courant number (Cr) allowed for the interface and near-interface cells. The Courant 

number compares the time step ∆t, and the time taken for the fluid to empty out of the cell (Eq. 7). In this 

study, the maximum Courant number was set to 0.05 for calculation of the volume fraction equation and 

0.1 for other transport equations. 

 

/r
cell fluid

tC
V v

∆
=

∑
 (7) 
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2.2.2 Boundary conditions 

Boundary conditions were applied based on Eqs. 8-11. The experimental heat flux qex, was applied at 

the bottom of the calculation domain. The pressure outlet boundary condition [15] was applied to the 

boundary of the fluid region to simulate outflow and backflow of the liquid induced by growth and 

detachment of the bubble. The backflow temperature was set as the average temperature distribution of 

fluid, which is introduced in chapter 2.5. In addition, a half-spherical bubble with a radius of 0.15 mm 

was arranged as the initial bubble on the center position of heat transfer surface in the fluid region. 

 

r = 6 mm, z = −2∼0 mm: q = 0 (8) 

z = −2 mm:  q = qex (9) 

r = 6 mm, z = 0~10 mm:  0rv
r

∂
=

∂
, 0zv

r
∂

=
∂

, 0T
r

∂
=

∂
 (10) 

z=10 mm: 0rv
z

∂
=

∂
, 0zv

z
∂

=
∂

, 0T
z

∂
=

∂
 (11) 

 

2.3 Calculation model for evaporation at the vapor-liquid interface 

2.3.1 Microlayer evaporation 

The microlayer that is between a growing bubble and the heat transfer surface is extremely thin 

compared with the bubble size. Therefore, it is difficult to simulate the microlayer region in the 

calculation for the macroscopic bubble using the VOF method, so that special handling is necessary for 

simulation of the microlayer. In this study, a special model is proposed where the evaporation from the 

microlayer and superheated liquid layer are computed separately. The microlayer was ignored in the 

volume fraction of fluid calculation, while vapor generation from the microlayer and the corresponding 

variation in momentum and heat were computed and applied to the source terms of the respective 

governing equations. Specifically, a hypothetical microlayer, as shown in Fig. 3, was applied and 

arranged to the calculation cells adjacent to the heat transfer surface that are full of vapor (FV = 1), and 

the experimentally measured distribution of initial microlayer thickness (Eq. 12) [5] was adopted. The 

heat flux of microlayer evaporation (Eq. 13) was determined based on the overall coefficient of heat 

transfer, which could be calculated based on 1D heat conduction of the microlayer and the interfacial 

evaporation heat transfer coefficient, hi (Eq. 14). The evaporation coefficient σ, was assigned as 1 for the 

calculation of h i. The mass flow rate of evaporation (Eq. 15) and the decrease in microlayer thickness (Eq. 

16) were then calculated based on the obtained heat flux.  

0 3
ML 4.46 10 rδ −= × ×  (12) 

w sat
ML

L

( )
/ 1/ i

T T
q

hδ λ
−

=
+

 (13) 
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2

3
sat

2
2 2π

v
i

L
h

RT

ρσ
σ

=
−

 (14) 

ML surface
ML

q A
m

L
=  (15) 

ML
ML

L

q t
L

δ
ρ

∆
∆ = −  (16) 

Moreover, when the decrease in microlayer thickness in one time step exceeded the thickness of the 

microlayer in the calculation cell, the heat flux and the corresponding mass flow rate of microlayer 

evaporation were adjusted to zero the microlayer thickness. The computed mass flow rate was then 

applied to the source terms of the continuity equation and volume fraction equation as the vapor 

generation from the microlayer. Furthermore, the momentum and heat generation corresponding to the 

mass flow rate were also computed and applied to the source terms of the Navier-Stokes equation and 

energy equation, respectively. The evaporative latent heat corresponding to the amount of evaporation 

was applied to the source term (negative) of the energy equation in the calculation cells of the heat 

transfer surface adjacent to the microlayer. 

  

 

2.3.2 Evaporation from surrounding bulk liquid 

Besides the microlayer region, vigorous evaporation also occurs in the bulk superheated liquid layer 

near the heat transfer surface. The evaporation from surrounding bulk liquid should also be calculated in 

the simulation. In this study, a method similar to that for determining the microlayer evaporation was 

adopted to calculate the heat flux for evaporation from the bulk superheated liquid layer, which was 

determined based on the overall heat transfer coefficient (Eq. 17).  

L sat
BK

L/ 1/ i

T T
q

L hλ
−

=
∆ +

 (17) 

Firstly, for a certain cell of vapor-liquid interface, tThe exact position and direction of the interface is 

necessary to be decided for computing the heat flux using Eq. 17; A PLIC (piecewise linear interface 

calculation) based algorithm has been proposed to capture the exact position of the vapor-liquid interface 

[19]. Then, it is necessary to select a liquid cell (FL=1) from the surrounding cells for determining the 

degree of superheat of the surrounding liquid (∆Tsat=TL-Tsat), and the normal distance from the 

superheated liquid cell to the interface, while the evaporation heat transfer coefficient hi, could be 

calculated using Eq. 14. In order to determine the superheated liquid cell from the eight surrounding cells 

for the heat flux calculation, two typical cases are divided according to the inclination of the vapor-liquid 

interface, as shown in Fig. 4(a) and (b). Case 1: for the interface with relatively large gradient (the 

condition was set as the angle between the vapor-liquid interface and the axis is in the range of 15−75°) as 
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shown in Fig. 4(a), the liquid cell (FL=1) near the normal line passing through the center of the 

vapor-liquid interface is adopted. Case 2: for the interface with relatively small gradient (the angle 

between the vapor-liquid interface and the axis is out of the range of 15−75°) as shown in Fig. 4(b), the 

liquid cell (FL=1) adjacent to the interface cell in the normal direction of the vapor-liquid interface was 

adopted. Besides, it is also possible that there is no liquid cell (FL=1) presents in the normal direction of 

vapor-liquid interface in case 2. In such a case, it was treated as case 1ven though the gradient of the 

interface is relatively small. After the calculation cell of superheated liquid is determined, the degree of 

superheat (∆Tsat=TL-Tsat) and the normal distance (∆L) from the center point of the supheated liquid cell 

to the vapor-liquid interface could be determined. 

The mass flow rate induced by evaporation could be calculated based on the computed heat flux using 

Eq. 18.  

BK surface
BK

q A
m

L
=  (18) 

The obtained mass flow rate and the corresponding variation in momentum and heat are applied to the 

source terms of the continuity equation, the Navier-Stokes equation and the energy equation. Positive 

source terms corresponding to vapor generation were applied to the vapor cells (FV=1) in the vicinity of 

the vapor-liquid interface, and negative source terms corresponding to liquid extinction were applied to 

the liquid cells (FL=1) in the vicinity of the vapor-liquid interface. The negative source term of the energy 

equation that corresponds to the evaporative latent heat was applied to the liquid cells (FL=1) adjacent to 

vapor-liquid interface cell. Furthermore, source terms corresponding to vapor generation were smeared 

over a few cells in the vicinity of the vapor-liquid interface to avoid numerical instability in some cells. In 

addition, adaptive mesh refinement [15] was conducted in the vicinity of the vapor-liquid interface to 

improve the computational efficiency. The mesh size for bulk liquid was set as 20 µm; the minimum 

mesh sizes adopted for adaptive mesh refinement were 10, 5, 2.5 and 1.25 µm.  

 

2.4 Apparent contact angle of bubble 

The microlayer was not calculated in the volume fraction equation. Therefore, the three-phase contact 

line in the numerical simulation becomes the border of the bulk liquid and the virtual microlayer, which is 

not coincident with the actual three-phase contact line. This is referred as to as the apparent contact angle 

of the bubble for the liquid side angle between the vapor-liquid interface and the heat transfer surface in 

the simulation. The contact angle of water could not be applied as the apparent contact angle. Therefore, 

the apparent contact angle applied to the numerical simulation was measured from the experimental 

bubble images. Figure 5 shows a schematic diagram of a bubble. The apparent contact angle applied to 

the numerical simulation could be calculated based on the bubble radius Rb, and the microlayer radius RM 

(θa=arcsin(RM/RB)), under the assumption of spherical shape, both of which could be measured from the 

bubble images. Moreover, the apparent contact angle varies during the bubble growth process and has a 
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linear relationship with time, as shown in Fig. 6. Therefore, the linear function between the apparent 

contact angle and elapsed time, which is obtained based on the measured values of the apparent contact 

angle (circles in Fig. 6), was applied to the numerical simulations. 

 

2.5 Initial conditions for calculations 

In saturated nucleate pool boiling, a bubble is initially formed and then grows in the superheated 

liquid layer formed adjacent to the heat transfer surface. The bubble growth is related to the temperature 

distribution of the superheated layer; therefore, it is necessary to adopt the exact temperature distribution 

of the liquid region at the bubble inception for the simulations. Fujita et al. [20] experimentally measured 

the temperature distribution of the liquid for saturated nucleate boiling of water and some organic liquids. 

They reported that the average liquid temperature decreased linearly with increasing distance from the 

heat transfer surface, and gradually became close to the bulk liquid temperature from the outer region of 

the superheated liquid layer. In addition, the dimensionless temperature distribution (calculated using Eqs. 

19 and 20) became similar over the entire liquid region, regardless of the region of nucleate boiling and 

the density of nuclei. 

1θ η= −   (0≤η≤0.5),  (19) 

3/2 1/2

0.257
( 0.0883)

θ
η

=
−

  (0.5≤η). (20) 

where sat

w sat

T T
T T

θ
−

=
−

 and zη
δ

= . δ  is the thickness of the equivalent layer of heat conduction and can 

be determined from the following equation.  

1.93( / )Nu R δ=  (21) 

where Nu denotes the Nusselt number, L/Nu Rα λ= , and R, α, λL represent the characteristic length of 

the heat transfer surface (radius), the heat transfer coefficient and the heat conductivity of the liquid, 

respectively. 

In this study, the initial temperature distribution of the liquid region was calculated using these 

dimensionless equations. Moreover, the linear temperature distribution was applied as the initial 

temperature of the heat transfer block, which was calculated based on the heat flux and the surface 

superheat temperature at bubble inception ∆T i. 

 

3. Results and discussion 

As introduced in Sec.1, Utaka et al. [7] investigated the contribution of microlayer evaporation to the 

total amount of evaporation (Fig. 1). The surface superheat temperature at bubble inception ∆T i, was 

obtained by iterative calculation of the 1D transient heat conduction of the heat transfer plate until the 

variation in microlayer thickness coincided with the experimentally measured value. The values of ∆T i 
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were scattered widely. For example, for the conditions of heat flux q=103 kW/m2 and maximum 

microlayer radius RMmax=3.0−3.5 mm, ∆T i was distributed widely in the range of 16−28 K. The reason 

for this is that the temperature of the heat transfer surface is coupled with the temperature of the 

superheated liquid layer, which has temporal/spatial variation during the bubble growth process. However, 

it is difficult to experimentally measure the temperature distributions of the heat transfer surface and 

liquid region. The average temperature distribution of the liquid region was applied here as the initial 

temperature distribution, as introduced in chapter 2.5, and the heat transfer characteristics were analyzed 

for the average state. Therefore, the experimental results with different initial superheat ∆T i, distributed 

around the average superheat were adopted for comparison with the calculated results. 

 
3.1 Variation in microlayer radius and bubble volume 

The influence of different minimum mesh size is summarized in Fig. 7. The variation in the 

microlayer radius was influenced by the minimum mesh size, where relatively rapid growth of the 

microlayer radius was achieved when a smaller minimum mesh size was adopted; the maximum 

microlayer radius became larger as a consequence. The difference in the microlayer radius between the 

simulation results for different minimum mesh sizes was getting smaller with the decrease of minimum 

mesh size. For minimum mesh sizes of 1.25 or 2.5 µm, the difference between the calculation results is 

quite small. In addition, the computational consumption becomes larger with decreasing minimum mesh 

size. In particular, a large amount of time was required for the calculation with a minimum mesh size of 

1.25 µm. Consequently, the calculation results for a minimum mesh size of 2.5 µm were adopted for 

analysis in this study, under the consideration of both the influence of minimum mesh size and the 

computational consumption. 

The experimental and numerical results for the variations in microlayer radius and bubble volume are 

shown in Fig. 8 for four different conditions of heat flux and surface superheat at bubble inception ∆T i. 

The experimental data from Nakamura and Utaka [4] were adopted for comparison. For all the results 

(minimum mesh size of 2.5 µm) given in Fig. 8, the microlayer radius increased sharply during the early 

stage of bubble growth, then decreased gradually after reaching maximum values. For three groups of 

results out of four (except for q=76 W/m2 and ∆T i=10 K), the experimental and numerical results for the 

maximum value of the microlayer radius were approximately coincident. Although the variations in both 

the simulated and experimental microlayer radius showed a similar trend, delayed growth appeared in the 

numerical simulation. Corresponding delays in the bubble volume growth were also revealed. The delay 

of bubble growth may be caused by the small difference in the initial temperature distribution of the 

liquid region between the simulation and experiment, and the neglect of the drag force induced by the 

wake flow left by the previously detached bubble. 

For the condition of q=76 W/m2 and ∆T i=10 K, the calculation results for the microlayer radius and 

vapor volume indicate slower growth and a smaller maximum value than the experimental results. The 
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possible reason for this is that ∆T i=10 K is different from the average value (as shown in Fig. 1); the 

temperature distribution applied in the simulation using the method introduced in chapter 2.5 may differ 

considerably from the actual temperature distribution. Consequently, except for the condition that differed 

significantly from the average state, it could be concluded that similar tendencies were observed for the 

experimental and calculation results, although some quantitative differences remained. However, it was 

confirmed that the growth and detachment process of boiling bubbles can generally be simulated using 

the calculation method proposed in this study. 

Nakamura and Utaka [4] showed that the different growth curves for the microlayer radius became 

coincident after nondimensionalization. Similar characteristics of microlayer growth were evident in the 

present study. Figure 9 shows a comparison of the calculation results for the microlayer radius from Fig. 8 

with the experimental results in a nondimensional form. Although some delay exists in the growth 

process from the calculation results, an approximately similar tendency is shown for the experimental 

results. In the simulations, the average temperature distribution in the liquid region was applied. However, 

the actual temperature distribution has temporal and spatial variation induced by mixing of the 

superheated and bulk saturated liquid with the movement of bubbles, especially in the superheated liquid 

layer in the vicinity of the heat transfer surface. Therefore, it is difficult to obtain the initial temperature 

distribution for the simulations as that experimentally measured. Thus, it is difficult to obtain calculation 

results that exactly coincide with the experimental results. Therefore, further effort is necessary to 

improve the initial temperature distribution in the numerical simulation. 

The experimental images of boiling bubbles and the calculated bubble shapes during the bubble 

growth process shown in Fig. 10 (q=103 W/m2 and ∆T i=24 K) confirm that approximately similar bubble 

shapes can be achieved by numerical simulation in comparison with the experiments. 

 
3.2 Temperature distribution of liquid in the vicinity of the bubble interface 

The evaporation at the vapor-liquid interface is closely related to the temperature distribution of the 

liquid in the vicinity of the interface during the bubble growth process. Therefore, the liquid temperature 

distribution in the vicinity of the bubble interface was investigated. Isothermal diagrams for the vicinity 

of the bubble base are shown in Fig. 11 for example conditions of q=103 W/m2 and ∆T i=24 K. It is 

confirmed that the liquid temperature approaches the saturation temperature when nearing the 

vapor-liquid interface and a temperature gradient is induced by the evaporation. The temperature gradient 

is larger when the position is closer to the heat transfer surface, because the liquid superheat is larger 

when closer to the heat transfer surface. A larger temperature gradient is thus induced by the more rapid 

evaporation. Moreover, the high temperature liquid near the vapor-liquid interface moves farther from the 

heat transfer surface along the vapor-liquid interface with bubble growth. As a result, a high temperature 

region is formed in the vicinity of the vapor-liquid interface near the bubble base, as shown in Fig. 11. 
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3.3 Heat transfer characteristics of microlayer evaporation 

The variations in the microlayer thickness distribution, the temperature of the heat transfer surface and 

the heat flux for microlayer evaporation under the condition of q=103 W/m2 and ∆T i=24 K are shown in 

Figs. 12−14, respectively. From Fig. 12, it is confirmed that the microlayer grows and becomes thinner 

with time due to evaporation, and dryout (thickness is zero) occurs initially at the center of the microlayer 

and then extends towards the outer region. Corresponding to the variation in microlayer thickness, the 

superheat of the heat transfer surface decreases rapidly with evaporation of the microlayer and then 

recovers after dryout occurs, as shown in Fig. 13. The heat flux distribution for microlayer evaporation is 

shown in Fig. 14. As the microlayer radius increases, there is larger heat flux for microlayer evaporation 

in the outer margin of the microlayer, because the high temperature heat transfer surface is continuously 

exposed with the increase in the microlayer radius; higher heat flux for evaporation is thus achieved in the 

newly exposed region of the microlayer. The higher heat flux region disappears after bubble detachment 

starts and the microlayer radius decreases, and then the exposed high temperature heat transfer surface is 

covered by bulk liquid again. Furthermore, for the entire microlayer region, a higher heat flux of 

evaporation was achieved during the early stage of bubble growth, and the heat flux of evaporation for the 

entire microlayer region then decreases with time. For each stage of bubble growth shown in Fig. 14, an 

extremely narrow region with a sharp increase in heat flux can be observed in the inner region of the 

microlayer (the connection of the microlayer and dryout regions). The reasons for the existence of the 

extremely small region are: 1) the rapid increase in heat flux with the decrease in microlayer thickness, 

especially for the extremely thin microlayer region, because the heat flux of the microlayer evaporation 

has an inverse relationship with the microlayer thickness, and 2) the heat supplied by heat conduction 

from the relatively high temperature dryout region. Figure 15 shows the relation between the heat flux for 

microlayer evaporation and the microlayer thickness for various superheat temperatures of the heat 

transfer surface, ∆Tsat. For the same superheat of the heat transfer surface ∆Tsat, the heat flux for 

microlayer evaporation increases with a decrease in the microlayer thickness. In particular, for a 

microlayer thickness δ, less than 0.5 µm, the heat flux increases sharply with the decrease in microlayer 

thickness. For the narrow region of sharply increasing heat flux shown in Fig. 14, the superheat 

temperature of the heat transfer surface is below 0.1 K and the microlayer thickness is thinner than 0.1 

µm, which is in the high heat flux region, as shown in Fig. 15. 

 

3.4 Ratio of microlayer evaporation to total rate of evaporation of the bubble 

The variations in microlayer evaporation and total evaporation for the period from bubble inception to 

detachment are shown in Figs. 16(a) and (b) for two heat flux conditions of q=76 and 103 kW/m2. 

Evaporation from the microlayer and the total amount of evaporation are presented as time integration 

values. Similar tendencies are observed for the variations in microlayer evaporation and the total 

evaporation under all calculation conditions. The ratio of microlayer evaporation to the total rate of 
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evaporation of the bubble (VML/VB), which was calculated based on the time integration values of VML 

and VB, are also shown in Figs.16 (a) and (b). Although a small change is evident, it could be concluded 

that the ratio of microlayer evaporation remains almost constant until bubble detachment.  

Figure 17 shows the ratio of microlayer evaporation VML to the total amount of evaporation VB 

(bubble volume) for the period from bubble inception to detachment. Previous experimental results [7] 

are shown for comparison. For the calculation conditions close to the averaged value of ∆T i, such as 

∆T i=19 K for q=76 kW/m2, and ∆T i=24 and 26 K for q=103 kW/m2, the ratios of VML to VB were 

approximately 38, 44 and 44%, respectively. The VML/VB ratios are approximately coincident with the 

previous results [7]. However, for the calculation conditions that deviate from the averaged value of ∆T i, 

e.g. ∆T i=10 K for q=76 kW/m2, a higher ratio of microlayer evaporation was obtained for the calculation 

result in this study. As discussed in chapter 3.1, the possible reason for this is the difference between the 

calculation and experiment of initial temperature distributions in the liquid region. Consequently, based 

on the results near the averaged ∆T i, the evaporation from the microlayer makes a large contribution to 

the bubble growth in nucleate pool boiling. The VML/VB ratio increases with higher surface superheat at 

bubble inception ∆T i, which is in approximate agreement with the tendency observed in ref. [7]. 

 

4. Conclusions 

Numerical simulations were conducted for the growth of a single bubble during nucleate pool boiling 

of water; a special calculation model based on the VOF method was adopted that considers the microlayer 

evaporation and experimentally measured microlayer thickness distribution. The following conclusions 

were made. 

(1) The process from bubble inception to detachment could be simulated by numerical calculation. 

(2) Similar tendencies were observed for the variations in microlayer radius and bubble volume for the 

simulation in this study and previous experimental results. The maximum value of microlayer radius 

was also approximately coincident with the experimental results. 

(3) Bubble growth was affected by the temperature distribution in the superheated liquid layer. There is 

a higher temperature gradient at the vapor-liquid interface, which is closer to the heat transfer surface. 

(4) The microlayer becomes thinner and dryout occurs initially at the center of the microlayer, and then 

extends to the outer region with the development of evaporation. The temperature of heat transfer 

surface decreases rapidly and then recovers after dryout occurs. In addition, the heat flux for microlayer 

evaporation increases with the microlayer radius and has a maximum in the periphery of the 

microlayer. 

(5) Microlayer evaporation plays an important role during the bubble growth process during nucleate 

pool boiling. For the period from bubble inception to detachment, the ratio of microlayer evaporation 

VML, to the total amount of evaporation VB, is approximately 40% for the calculation conditions 

employed in this study.  
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Figure Captions 

Fig. 1. Contribution of evaporation from the microlayer as a function of surface superheat at bubble 

inception. 

Fig. 2. Calculation domain. 

Fig. 3. Schematic diagram of the vapor-liquid interface for a microlayer. 

Fig. 4. Schematic diagrams of the vapor-liquid interface in bulk liquid. 

Fig. 5. Schematic diagram of the apparent contact angle. 

Fig. 6. Variation in apparent contact angle as a function of bubble time. 

Fig. 7. Variation in microlayer radius as a function of bubble time for various minimum mesh sizes. 

Fig. 8. Variation in microlayer radius and vapor volume as a function of bubble time. 

Fig. 9. Variation in dimensionless microlayer radius as a function of dimensionless time. 

Fig. 10. Comparison of experimental and calculated bubble shapes. 

Fig. 11. Isothermal diagrams of liquid in the vicinity of the bubble base. 

Fig. 12. Distributions of microlayer thickness as a function of radius for various bubble times. 

Fig. 13. Distributions of surface superheat as a function of radius for various bubble times. 

Fig. 14. Distributions of heat flux for microlayer evaporation as a function of radius for various bubble 

times. 

Fig. 15. Heat flux of microlayer evaporation as a function of microlayer thickness for various surface 

superheat temperatures. 

Fig. 16. Amount of evaporation from the microlayer and the total evaporation as a function of the bubble 

time. 

Fig. 17. Comparison of the contribution from microlayer evaporation with previous results. 
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Fig. 1. Contribution of evaporation from the microlayer as a function of surface superheat at bubble inception. 
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Fig. 2. Calculation domain. 
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Fig. 3. Schematic diagram of the vapor-liquid interface for a microlayer. 
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Fig. 4. Schematic diagrams of the vapor-liquid interface in bulk liquid. 
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Fig. 5. Schematic diagram of the apparent contact angle. 
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Fig. 6. Variation in apparent contact angle as a function of bubble time. 
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Fig. 7. Variation in microlayer radius as a function of bubble time for various minimum mesh sizes. 
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Fig. 8. Variation in microlayer radius and vapor volume as a function of bubble time. 
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Fig. 9. Variation in dimensionless microlayer radius as a function of dimensionless time. 
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Fig. 10. Comparison of experimental and calculated bubble shapes. 
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(a) tB=5.1 ms 

 

(b) tB=10.2 ms 

Fig. 11. Isothermal diagrams of liquid in the vicinity of the bubble base. 

  

395.55

VaporLiquid

398.21

VaporLiquid

28 
 



 

 

 

Fig. 12. Distributions of microlayer thickness as a function of radius for various bubble times. 
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Fig. 13. Distributions of surface superheat as a function of radius for various bubble times. 
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Fig. 14. Distributions of heat flux for microlayer evaporation as a function of radius for various bubble times. 
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Fig. 15. Heat flux of microlayer evaporation as a function of microlayer thickness for various surface superheat 

temperatures. 
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(a) q = 76 kW/m2 

 

 

(b) q = 103 kW/m2 

Fig. 16. Amount of evaporation from the microlayer and the total evaporation as a function of the bubble time. 

  

0 10 200

50

100

150

0

0.2

0.4

0.6

0.8

Time tB  ms

A
m

ou
nt

 o
f e

va
po

ra
tio

n 
 m

m
3

  ∆Ti K
  10
  19

q=76 kW/m2

Total

From microlayer

V M
L/

V B

0 10 20 300

100

200

300

400

0

0.2

0.4

0.6

0.8

Time tB  ms

A
m

ou
nt

 o
f e

va
po

ra
tio

n 
 m

m
3   ∆Ti K

  24
  26

q=103 kW/m2

Total

From microlayer

V M
L/

V B

33 
 



 

 

Fig. 17. Comparison of the contribution from microlayer evaporation with previous results. 
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