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Abstract: The boiling behavior on nano-structured surfaces is a frontier research direction in nuclear
engineering. However, the mechanism of boiling heat transfer on nano-structured surfaces is still
unclear. In this study, a depletable micro-layer model and the nano-structure model are proposed
based on the Moving Particle Semi-implicit (MPS) method coupled with Meshless-Advection using
the Flow-directional Local-grid (MAFL) scheme, also known as the MPS-MAFL method. The devel-
oped method in this paper establishes a bridge between the nano-scale surface structure heat transfer
and the macroscopic bubble boiling. Only by knowing the nanoparticle size, porosity, and thickness
of the nano-structure, the heat transfer of the nano-structure can be considered into the macroscopic
boiling bubble growth process. The accuracy of the approach is validated by benchmark cases and
experiments, respectively. The present method quantitatively simulates the bubble growth behaviors
on nano-structured surfaces for the first time. The results indicate that the heat transfer contribution
of the micro-layer to bubble growth was not neglectable, while the proportion of heat transfer rate
of the micro-layer on the bared surface was 40.55% at ∆Tw = 7.22 °C and 32.23% at ∆Tw = 10.15 °C.
The heat transfer contributions of the micro-layer and the wicked fluid to the bubble growth in the
nano-structured heater were about 42.13%, the ratio of them was 14:11. The current study provides a
fundamental base for further investigations.

Keywords: numerical simulation; pool boiling; nano-structured surface; bubble growth; moving
particle semi-implicit method; micro-layer model; nano-structured model

1. Introduction

Boiling heat transfer is always the research hotspot in nuclear engineering. Significant
classical literature can be found in this field [1–9]. Recently, nano-fluids have attracted
attention in boiling heat transfer research. The nucleate boiling heat transfer and CHF
enhanced by nano-fluids are mainly attributed to the deposition of nano-particles on boiling
surfaces [10]. Nano-particle deposition leads to changes in boiling surfaces’ roughness [11],
wettability [12–14], and wickability [15,16], which are the main influencing factors of boiling
heat transfer. These findings have suggested to researchers that fabricating nano-structures
on boiling surfaces directly seems to be a more immediate way to gain an enhancement of
boiling heat transfer.

The boiling behavior on nano-structured surfaces is a frontier research direction.
Relevant studies [17,18] have shown that nano-structures will significantly enhance the
boiling transfer and critical heat flux, improving the economics and safety of nuclear plants.
However, the bubble boiling heat transfer mechanism on nano-structured surfaces is still
unclear. Numerical simulation investigation is of great importance for interpreting the
boiling heat transfer mechanism on nano-structured surfaces. To date, however, most
numerical simulations have focused on bare surface boiling. The main challenges in

Appl. Sci. 2023, 13, 4114. https://doi.org/10.3390/app13074114 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13074114
https://doi.org/10.3390/app13074114
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0685-8270
https://doi.org/10.3390/app13074114
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13074114?type=check_update&version=2


Appl. Sci. 2023, 13, 4114 2 of 21

numerical simulations of nano-structured surface boiling can be attributed to difficulties in
descriptions of the micro-layer beneath the growing bubble and the nano-structure on the
boiling surface.

For the description of the micro-layer, its evaporation has not been included in most
previous simulations [19–21]. The rapid evaporation of the micro-layer is considered
to have a significant contribution to bubble growth and boiling heat transfer [22]. The
micro-layer evaporation accounts for approximately from 40% to 60% of the total heat
and mass transfer during the boiling process [23], meaning the micro-layer’s existence
cannot be ignored in numerical simulations. The establishment of the micro-layer model
relies on the accurate experimental measurement of the rapid growth of boiling bubbles.
Cooper and Lloyd [24] first proposed a micro-layer model based on their experimental
results, and the model was then adopted in Lee and Nydahl’s simulations [25]. In addition,
Stralen et al. [26] also deduced a micro-layer model according to the velocity of the vapor-
liquid interface. However, many speculations of the micro-layer thickness in those models
directly influence the model’s accuracy. With the development of the measuring technique,
the micro-layer thickness distribution was reported by Utaka et al. [27,28] using the laser
extinction method. Utaka’s up-to-date micro-layer thickness equations have been widely
adopted by recent numerical simulations [29–32], and good robustness of the micro-layer
thickness equations has been revealed in those studies.

Modeling the nano-structures on a boiling surface is more challenging. The wickability
of the super hydrophilic nano-structure will enhance the rewetting performance on the
boiling surface, and the evaporation of the wicked fluid inside the nano-structure near the
triple contact line also contributes to the bubble growth. However, a CFD method cannot
establish fine modeling of the centimeter scale bubble and the nano-scale surface structure
at the same time. Here, we provide a brief overview of numerical simulations of micro-
and nano-structured surfaces boiling. Lee et al. [33] used the level-set method to capture
the gas-liquid interface and numerically simulated the nuclear boiling process on a micro-
structured surface. They analyzed the bubble dynamics and heat transfer characteristics in
each case. Li et al. [34] used the Lattice Boltzmann Method (LBM) to simulate the nucleate
boiling process on the surface of two-dimensional micro-column structures. Yu et al. [35]
simulated boiling heat transfer on hydrophilic–hydrophobic mixed surfaces with 3D LBM;
however, in their study, the effect of nano-structures only manifested in the influence on
the wettability of the heating surface, while simulation and analysis were absent for the
additional heat transfer caused by the nano-structures. The molecular dynamics (MD)
simulation is an ideal tool to investigate the boiling process in nano-scale. Wang et al. [36]
studied the sub-cooled boiling on the different nano-structured surfaces at different degrees
of wall superheat. She et al. [37] analyzed the nucleation process on a platinum surface
with/without the triangular nano-groove. Liu et al. [38] carried out MD simulations for the
boiling on a concave hemispherical nanostructure surface. It should be acknowledged that
molecular dynamics research plays an important role in revealing the micro-mechanism of
bubble nucleation and CHF formation on nano-structured surfaces. However, the biggest
problem with MD methods is that the simulated time and spatial scales are extremely small,
limiting their applicability to the macroscopic phenomenon of bubble boiling.

Recently, several experimental investigations about boiling on superhydrophilic nano-
structured surfaces have been carried out, and creative models about the wicked fluid inside
the nano-structure have been proposed. Rahman et al. [39] introduce a non-dimensional
number Wi to characterize the wickability of their super hydrophilic nano-structured
surfaces using a capillary tube wicking test. The wicked fluid volume as a function of time
was obtained in their research. Subsequently, Tetreault-Friend et al. [40] put forward a
more detailed model to describe the wicked fluid velocity. Those models are practicable
and may be good candidates to improve the numerical simulation by simplifying the
nano-structure modeling.

In this paper, we take the first step in simulating the nucleate bubble growth on
the super-hydrophilic nano-structured surface. Micro-layer and nano-structure mod-
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els were implanted into the Moving Particle Semi-implicit (MPS) method coupled with
Meshless-Advection using the Flow-directional Local-grid (MAFL) scheme (MPS-MAFL
method) [41,42]. The MPS-MAFL has been utilized in simulating bubble dynamics and
boiling bubble behaviors [43–45]. Compared with traditional numerical methods, e.g.,
VOF [46] and Level Set [47], MPS-MAFL is a Lagrangian-Eulerian scheme, wherein only
the fluid phase is presented by a set of Lagrangian particles while the vapor phase is solved
by the ideal gas law; thus, the calculation efficiency is one of the primary advantages.
Moreover, re-construction of the computing grid near complex moving interfaces is not
a problem since the mesh is no longer needed. In the present study, up-to-date gradient
and Lagrangian models were modified in the MPS-MAFL method, and both micro-layer
and nano-structure heat and mass transfer were considered as source terms of governing
equations, enabling the approach to calculate the boiling bubble process on nano-structured
surfaces. The present method establishes a bridge between micro and macro phenomena.
Only by knowing the nanoparticle size, porosity, and thickness of the nano-structure, the
heat transfer of the nano-structure can be considered into the macroscopic boiling bubble
growth process. The present method quantitatively simulates the bubble growth behav-
iors on nano-structured surfaces for the first time. The heat transfer contributions of the
superheated fluid, micro-layer evaporation, and nano-structure wicked fluid evaporation
during boiling bubble growth are discussed quantitatively. The current research puts on an
understanding of nano-structured surfaces’ boiling heat transfer mechanism and provides
a fundamental base for further studies.

2. Numerical Method and Calculation Procedure
2.1. Governing Equations

In the MPS-MAFL method, the continuity, Navier–Stokes, and energy equations for
incompressible viscous flows are as follows [42]:

∇·⇀u = 0 (1)

ρ

(
D

⇀
u

Dt
+
(→

u −→u
c)
·∇→u

)
= −∇p + µ∇2→u + ρ

⇀
g +

⇀
F S (2)

DT
Dt

+
(→

u −→u
c)
·∇T = α∇2T (3)

where ρ is the liquid density, µ is the dynamic viscosity,
→
u is the fluid flow velocity,

→
u

c
is

the velocity of computing Lagrangian points after reconfiguration, p is the pressure,
⇀
F s is

the surface tension force, T is the temperature, and α is the thermal diffusivity.
In the MPS-MAFL method, calculation consists of three parts: Lagrangian, reconfigu-

ration, and Eulerian parts. In the Lagrangian part, Laplacian and gradient models as well
as the Pressure Poisson Equation (PPE) are adopted to semi-implicitly solve governing
equations except for the convection term in the momentum equation as stated in the MPS
method [48]. Then, Lagrangian computing points are adaptively reconfigured according
to the flow directional local grid. Finally, the convection term in the momentum equation
is solved by the first-order upwind scheme. In this paper, we introduce some up-to-date
particle interaction models into the Lagrangian part, which are indicated in followed parts.
Discussion about reconfiguration and Eulerian parts is outside the scope of this paper;
readers can find more details about these two parts in other previous studies [41,43].
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2.2. Particle Interaction Models

The kernel function is used to associate the target particle i with its neighboring
particles j. Both the Gaussian kernel function (Equation (4)) and hyperbolic kernel function
(Equation (5)) [49] are adopted in the current MPS-MAFL method.

G(r) =
9

πr2
e

exp
(
−9r2

r2
e

)
(4)

H(r) =

{
re
r − 1 (r < re)

0 (r ≥ re)
(5)

where G is the Gaussian kernel function, H is the hyperbolic kernel function, re is the radius
of the interaction zone, and r is the distance between particle j and i.

The Laplacian model shown in Equation (6) [49] is adopted to discrete the Laplacian
operators in Equations (2) and (3).

〈∇2 ϕ〉i =
18
r2

e
∑

j

(
n2

i + n2
j

)
nin2

j
× ϕijGij (6)

where ϕ stands for the arbitrary physical quantities, n is the Particle Number Density
(PND), Gij is short for Gj-Gi, and subscripts i and j represent the particle i and j, respectively.
Moreover, re is the radius of the interaction zone, which was set to be 3.1 times of the
particle size. Equation (6) is deduced based on the Shepherd function [50], which considers
the influence of particle i itself; thus, Equation (3) is needed as the kernel function. More
details can be referred to in the author’s previous work [49].

The gradient calculation represents the transfer of physical quantitiesbetween particles,
and the gradient model shown in Equation (7) is adopted to discrete the gradient opera-
tor [51].

〈∇ϕ〉i =
D
n0

∑
j 6=i

ϕij
⇀
r ij∣∣∣⇀r j −
⇀
r i

∣∣∣2 Hij (7)

where D is the number of dimensions, and n0 is the initial PND. Equation (7) is always used
to calculate the pressure gradient. In the fully Lagrangian method, the Particle Stabilizing
Term (PST) is always needed for particles near free surfaces [52]. However, owing to the
hybrid scheme, the PST is not necessary for the MPS-MAFL method.

The divergence model shown in Equation (8) is utilized to calculate the divergence of
particle temporal velocity, which is another way to present the particle density; thus, the
PND is not precisely required to be a constant to satisfy the incompressibility model in the
MPS-MAFL method.

〈∇·⇀u 〉i =
D
n0

∑
j 6=i

⇀
u ij·

⇀
r ij∣∣∣⇀r j −
⇀
r i

∣∣∣2 Hij (8)

2.3. Higher Order Accurate Pressure Poisson Equation

The format of PPE in the present MPS-MAFL method is shown in Equation (9) [41].〈
∆t
ρ
∇2Pk+1

〉
i
= ∇·⇀u

∗
(9)

where u* is the particle temporal velocity and∇·⇀u
∗

is considered as the first order accurate
description of PND’s change. The right-hand side of the PPE is discretized by Equation (8).
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The left-hand side of Equation (9) is discretized by the higher-order accurate Laplacian
model [49,51]. Considering the effect of the problem dimension, the left-hand side of
Equation (9) is changed as:

〈∇2Pk+1〉i =
(5− D)

n0
∑
j 6=i

(
Pijre

r3
ij

)
(10)

It should be noted that the PND in Equation (10) is calculated based on the hyperbolic
kernel function (Equation (5)) as stated above. Finally, the discrete PPE is implicitly solved
by the Incomplete Cholesky Conjugate Gradient (ICCG) method [42].

2.4. The Surface Tension Model

All numerical cases in the present study are in two dimensions; thus, the force analysis
of the growing bubble should be carefully carried out to make sure the 2D cases can
accurately reveal the real situation. As indicated in previous studies [41,43], the effect of
space dimension on the drag coefficients for 3D spherical and 2D cylindrical bubbles can
be neglected when the Reynolds number is small enough. In the current study, the surface
tension force shown in Equation (11) is adopted to control the motion of a 2D bubble [45,53].

Pg − Pl =
σ

r
(11)

Where Pg is bubble’s inner pressure, Pl is the pressure of surrounding fluid, σ is
the surface tension coefficient, and r is the radius of curvature. Surface tension is imple-
mented by computing the curvature of the phase interface, and the pressure gradient,
∆p = σ/r, is explicitly added to the governing equation shown in Equation (2), where
→
F S = σ/r×→n is the surface tension term. Taking the advantage of the re-configuration
phase, the local radius of curvature can be easily obtained according to the re-configured
vapor-liquid interface.

It should be noted, however, that the phenomenon of fluid reflux beneath the bubble
cannot be entirely described in 2D, as there is a large gap between the bubble departure time
in 2D and that in 3D [54]. Thus, we only focus on the bubble growing process on the boiling
surface in the present study, and the bubble departure behavior is not the research target.

2.5. The Micro-Layer Model

The micro-layer model is one of the main modifications in current research based
on Yoon’s MPS-MAFL method. Sato et al. [29] proposed a depletable micro-layer model
based on the FVM method. The heat and mass transfer part in their model is adopted in
the current method, while the simulation of the fluid field inside the micro-layer is not
included as indicated above.

The schematic of the micro-layer is shown in Figure 1. δ0 is the initial micro-layer
thickness at rL, where rL is the distance between the nucleation site and the current position.
According to Ukata et al.’s research [27], the expression for δ0 is shown as follows:

δ0(rL) = C0rL (12)

in which C0 is a constant that can be only obtained by measurement or numerical exper-
iments, and rL is the distance between the nucleation site and the position of the virtual
micro-layer particle. In the study carried out by Utaka et al. [28], they experimentally
determined the slop C0 = 4.46 × 10−3 for DI water in the case of the pool boiling on a
heated quartz glass surface at atmospheric pressure. Considering the influence of different
working fluids, surface roughness, surface wettability, material properties, and system
pressure on the slop C0, we determined C0 as follows:

(1) We carried out a first calculation with C0 = 4.46 × 10−3.



Appl. Sci. 2023, 13, 4114 6 of 21

(2) We compared the calculated results with the experiment. If they were in good agree-
ment, an appropriate C0 was achieved. Otherwise, we went to the next step.

(3) We recalculated with the modified C0 and returned to the previous step.

Figure 1. Schematic of the micro-layer.

The temperature of the upper boundary of the micro-layer is the same as that of
the saturated vapor inside the bubble, which is expressed as Tsat. The temperature of
the micro-layer’s bottom boundary is Twm. In the numerical simulation, if the heated
surface’s temperature Tw is regarded as a known fixed value, the relation of the above
three temperature values is equal to the Equation (13). With a known Tsat, the Twm can
be calculated.

λs

(
Tw − Twm

l0/2

)
= λl

(
Twm − Tsat

δ

)
(13)

where λs and λl are thermal conductivity for surface and liquid, respectively, and l0 is the
interface particle size in the MPS-MAFL method.

The arrangement of the initial bubble in the current method is shown in Figure 2.
Compared with Yoon’s MPS-MAFL method, as indicated by red circles, a set of virtual
micro-layer particles are arranged at the bottom of the initial bubble. The local micro-layer
thickness is recorded by those virtual particles, and the initial thicknesses are evaluated
by Equation (12).

Figure 2. Arrangement of the initial bubble in current MPS-MAFL method.

The heat flux transferred from the micro-layer into the vapor bubble is calculated
as follows:

q′′ml =
Twm − Tsat

δ(t)
λl

+ (2−γ)·
√

2πRTsat
2γ·h2

lvρv

(14)

where γ is the evaporation coefficient of the DI water, which is always set to be 1 [55]. R is
the bubble radius. The first term in the denominator stands for the heat conduction of the
micro-layer, and the second term is the evaporation resistance of the micro-layer.
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The mass flux change rate of the micro-layer is shown in Equation (15).

.
m′′ml =

q′′ml
hlv

(15)

Then, the micro-layer’s thickness change rate can be obtained:

dδ(t)
dt

= − 1
ρl

.
m′′ml (16)

By considering Equations (12)–(16), transition changes in the micro-layer’s thickness
and heat flux can be solved. It should be noticed that, when the triple contact line expands,
new virtual micro-layer particles should be added, and their initial thicknesses can also be
calculated by Equation (12).

2.6. The Nano-Structure Model

In the present study, we coupled the nano-structure heat transfer to the heat transfer
caused by the micro-layer. As shown in Figure 3, one can imagine that the micro-layer
exists on the nano-structure, and the micro-layer is fed by the wicked fluid inside the
nano-structure. The micro-layer’s mass flux change rate caused by the wicked fluid can be
calculated as follows:

.
m′′wick = ρl

.
V
′′
wick (17)

where
.

V
′′
wick is the velocity of the wicked fluid.

Figure 3. Schematic of the heat and mass transfer through nano-structures.

As shown in Figure 3, nano-structure is divided into two parts, i.e., the heat conduction-
dominated domain and the wicked fluid-dominated domain. The height of the two do-
mains’ interfaces is hc. The time required for heat to be transferred from the heating surface
to a thickness of h can be calculated by:

τcond =
h2

2αporous
(18)

where τcond is heat transfer time under thermal conduction, αporous is the effective thermal
diffusivity of the nano-structure, which can be calculated as follows:

αporous = λporous/ρporousCp,porous (19)

The effective thermal conductivity of the porous nano-structure can be achieved using
Equation (20) [56], and the equivalent density and specific heat capacity are obtained based
on the weighted average of fluid and solid according to the porosity ε.

λporous = λ f

(
λs

λ f

)0.28−0.757logε−0.057log( λs
λ f

)

(20)
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Assuming that the wicked path of the fluid is a semicircular arc with a radius of the
thickness of the region (δnano − h), the wicked fluid flow time τwick is calculated using the
following equation:

τwick =
π(δnano − h)

.
V
′′
wick

(21)

In the domain close to the heating surface, thermal conduction dominates, and the
thermal transfer time through conduction is much shorter than the thermal transfer time
through the wicked fluid (τcond << τwick). However, the opposite is true in the domain close
to the surface of the nano-structure. Considering the continuity of heat transfer, τcond must
be equal to τwick at the interface between two domains (h = hc). Thus, we can obtain the
relationship shown as Equation (22):

h2
c

2αporous
=

π(δnano − hc)
.

V
′′
wick

(22)

The model of
.

V
′′
wick is shown in Equation (23) [40], which considers the fluid kinematic

viscosity υporous, the static contact angle of the fluid on the nano-structure θ, and the
nano-particle’s radius rp. The static contact angle θ is regarded to be zero since the nano-
structure in this study is super hydrophilic. The appearance of the adopted nano-structure
is introduced later.

.
V
′′
wick =

4ρvπ(δnano − hc)υporous

ρlr2
p

−1 +

√√√√1 +
σcosθr3

p

ρvπ2(δnano − hc)
28υ2

porous

 (23)

Substituting Equation (23) into Equation (22), the hc is the only parameter to be solved.
Then, the wicked fluid velocity and mass flux change rate can be finally achieved.

After obtaining the wicked fluid mass flux change rate m′′wick, the heat flux caused by
the wicked fluid can be calculated as follows:

q′′wick =
2πr f (δnano − hc)m

′′
wickhlv

4r2
f

(24)

where rf is the radius of the bubble footprint. The 2πrf(δnano-hc) is the circulation area of the
wicked fluid, and the 4r2

f scales the area of influence of each bubble [57].

2.7. The Bubble Volume Change Model

In the MPS-MFAL method, the ideal gas law is adopted to describe the volume
change of the bubble. During the bubble growing, the inner vapor is considered saturated,
and the temperature of the interface particle can be evaluated according to the vapor’s
physical property:

Tn
interface = Tsat(Pn) (25)

The construction of the superheated liquid layer before nucleation is taken into con-
sideration in the current research. The bubble wait time is molded by Equation (21) [4].

tw =
2

4πα

{
(Tw − T∞)Rc

Tw − Tsat[1− (2σ/Rcρvhlv)]

}2
(26)

where Rc is cavity size which is replaced by the initial bubble size. The bubble wait time
refers to the time interval between the departure of the previous bubble from the nucleation
site on the heating surface and the generation of the next bubble. During this period, only
the liquid layer in close proximity to the superheated wall continues to absorb heat from
the heat source, leading to the formation of the superheated layer. In the simulation, we
only solve the energy equation (Equation (3) in the revised manuscript), while the bubble
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volume is not updated during this time (t < tw). At the beginning of the bubble growth,
taking tw = 115 ◦C as an example, the temperature distribution of the superheated liquid
layer near the nucleation site is shown in Figure 4.

Figure 4. Temperature distribution of the superheated liquid layer near the nucleation site when
nucleation starts.

Then, the heat transfer from the superheated liquid layer into the bubble can
be calculated:

Qsl = ρlcpl2
0 ∑

i∈interface

(
Tt+∆t

i − Tt
i

)
(27)

The heat transfer of the micro-layer and wicked fluid inside the nano-structure was
calculated by Equations (28) and (29), respectively.

Qml = q′′ml Aml∆T (28)

Qwick = q′′wick Aml∆T (29)

where Aml is the area of the micro-layer. Here, we assume that the area of the wicked fluid
under the growing bubble is precisely as the same as that of the micro-layer, and the heat
transfer of the wicked fluid is considered to be zero after the micro-layer dries out.

As the calculation progresses, the micro-layer at the bottom of the bubble gradually
dries up, leading to the appearance of a dry area. As shown in Figure 5, the micro-layer
particles with a thickness of zero, namely the dry area particles, are represented with gray
particles. Define the rf as the radius of the bubble footprint and rd as the radius of the dry
area; then, the area of the micro-layer Am in Equations (28) and (29) can be calculated by:

Am = π
(

r2
f − r2

d

)
(30)

Figure 5. Distribution of micro-layer and dry area during calculation.
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Combining those three parts of heat transfer, the volume change of the growing bubble
can be obtained:

∆V =
Qsl + Qml + Qwick

ρvhlv
(31)

It should be noted that, after the micro-layer evaporates, the dry area appears under
the bubble. However, the heat transfer from the dry area into the bubble is too faint to
contribute to the bubble growth. Thus, the dry area heat transfer is neglected in this study.

The temporal bubble pressure, which is equivalent to the interface particles’ pressure,
is evaluated by the ideal gas law according to the bubble volume change:

P∗ = Pn Vn + ∆V
Vn (32)

where n stands for the number of the time step.
Substituting the temporal interface particles’ pressure P* into the pressure gradient

model, the position of the interface particles in the next time step can be acquired. The
modified volume and pressure of the bubble in the next time step can be further calculated:

Vn+1 = ∑
i∈inter f ace

|yi + yi+1||xi − xi+1|/2 (33)

Pn+1 = P∗
Vn + ∆V

Vn+1 (34)

Then, the temperature of the interface particles is updated by Equation (20).

2.8. Calculation of the Domain and Boundary Conditions

The initial particle arrangement of the pool boiling bubble is shown in Figure 6. The
width and height of the static water pool were 0.1 m and 0.04 m, respectively. An initial
nucleation site could be found at the center of the bottom heated surface. The multi-solution
particles were employed to efficiently reduce the calculation amount, which means the
denser particles were adopted closer to the vapor–liquid interface. The smallest particle
distance in the calculation domain, i.e., the distance between the particles located on the
vapor-liquid interface, was 10−5 m. The detailed principle of the multi-solution particle
arrangement can be referred to in Ref. [41]. The non-slip wall [50] was considered for
the left, right, and bottom boundary conditions, and the free surface [43] condition was
adopted by the upper boundary.

Figure 6. The initial particle arrangement of the pooling bubble growth calculation.
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2.9. The Time Step Control

In the current method, the calculation time step is automatically determined by the
smallest time step controlled by the Courant–Friedrichs–Lewy (CFL), the surface tension,
and the viscosity conditions [49]:

∆tCFL =
C0l0
umax

(35)

∆ts f = 0.5·

√
ρl l3

0
2πσ

(36)

∆tvis =
r2

e
18dνl

(37)

where the Courant number C0 is set to be 0.02.

2.10. The Calculation Procedure

At the end of this section, the calculation procedure of the current MPS-MAFL method
for the pool boiling bubble growth on the nano-structured surface is summarized in Figure 7.

Figure 7. The calculation procedure.

3. Validation
3.1. One-Dimensional Plate Heat Conduction

To access the capability of the MPS method to analyze the heat transfer, as well
as to verify the heat transfer model further quantitatively in the MPS method, the one-
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dimensional plate heat conduction was simulated by the improved MPS method to meet
the one-dimensional requirement. A panel with a thickness of 0.1 m and a height of 1.0 m
was used. Since the length/width ratio was 10, the temperature distribution in the center
of the plate can be regarded as one-dimensional heat conduction temperature distribution.
The initial temperature of the plate was assumed to be T0 and, the temperature on the left
side was constant Tw. Hence, the analytical solution is as follows:

T(x, t)− Tw

T0 − Tw
= er f

(
x

2
√

αt

)
(38)

where T(x,t) denotes the temperature at time t and location x, and erf is the error function.
Figure 8 shows the temperature distribution over time; as the simulation proceeds, the high-
temperature region expanded along the x-axis coordinate under the effect of temperature
difference. The temperature distribution and the analytical solution are in good agreement.

Figure 8. Comparison of the temperature distribution between numerical simulations and the
analytical results.

3.2. Pool Boiling on Bared Surfaces

In Figure 9, the bubble growth rate calculated by the present method is compared to
the experimental results reported by Han and Griffith [4]. According to the experiment con-
dition, the wall superheats, bulk temperature, and initial bubble diameter in the simulation
were set to be 10 ◦C, 96 ◦C, and 0.6 mm, respectively. In addition, slope C0 in the micro-layer
model was determined to be 4.42 × 10−3 in this case. Figure 9 shows great agreement
between the present simulation and experimental results, and the maximum relative error
between the simulation and experiment is less than 6%. The bubble diameter grew fast
in the early stage up to 5 ms, and grew more slowly after 10 ms since the micro-layer
dried up. Incidentally, the initial particle distance l0 in all cases of this study was set to be
2.0 × 10−5 m to make sure the finest simulation results could be achieved.

Notice that the simulation was carried out without the micro-layer model, which
makes the method more similar to the one proposed by YOON et al. [43]. This is also
indicated in Figure 9. The blue dashed line in Figure 9 cannot reflect the real behavior in
the experiments, and the bubble growth rate hardly changed during the whole process.
This provides evidence that the micro-layer model is necessary for pool boiling bubble
growth simulation.

To validate the accuracy of the current method in simulating the pool boiling bubble
growth on bared surfaces, an unpublished visualization study about the pool boiling bubble
growth on the ITO heater carried out by the author was adopted. Figure 10 compares the
growth process of a pool boiling bubble at wall superheat ∆Tw = 7.22 ◦C between the HSV
snapshots and the present simulation. The bulk temperature was 100 ◦C, the contact angle
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between DI water and the bared ITO heater was considered to be 45◦, and the initial bubble
size was set to be 0.4 mm in the simulation. C0 in Equation (12) was 4.25 × 10−3 in this case.

Figure 9. Comparison of the bubble growth rate between numerical simulations and Han and
Griffith’s experimental results [4].

Figure 10. Pool boiling bubble on bared ITO heater at ∆Tw = 7.22 ◦C: HSV snapshots (upper) and
present simulation (lower).

The predicted bubble sizes agree well with the visualized experimental results. How-
ever, current simulations were carried out in 2D, and the liquid reflux at the bottom of the
bubble was far from the real situation in the experiment. This led to a gap between the
predicted and experimental bubble departure time, which was 24.0 ms in the simulation
and 22.15 ms in the experiment. Thus, we only focused on the bubble growth behavior
on the heating surface in current research, and the bubble departure behavior was not
strictly discussed.

Figure 11 indicates good quantitative comparisons between the simulations and ex-
periments. Another set of bubble growth data at ∆Tw = 10.15 ◦C was also included (the
initial bubble size was set to be 0.6 mm in the simulation, and C0 = 4.25 × 10−3). The error
bar shows the standard deviation of three different individual bubbles’ data at each wall
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superheat. The accuracy of the current method in simulating bubble growth on the bared
boiling surface was validated.

Figure 11. Comparison of the bubble diameter variation between numerical simulations and experi-
ments on the ITO heater.

3.3. Pool Boiling on the Layer-by-Layer (LbL) Nano-Structured Surfaces

This paper mainly focuses on simulating the pool boiling bubble growth on nano-
structured surfaces fabricated by the LbL technique. The main idea of this technique is
to dip a substrate into the cationic polymer and anionic nanoparticle solutions to create
a nanoparticle bilayer. The different charge promotes nanoparticle adsorption onto the
substrate, resulting in a uniform smooth porous layer. The thickness of the porous layer can
be easily controlled by changing the number of bilayer dipping procedures. The detailed
fabrication procedure was outlined in the study of Tetreault-Friend et al. [40], and a brief
schematic of the LbL dipping procedure can be also found in Figure 12.

Figure 12. The LbL dipping procedure.

Table 1 summarizes the surface parameters of LbL nano-structured ITO heaters with
different numbers of bilayers. These parameters were tested in the Microsystems Tech-
nology Laboratories (MTL) during the author’s stay at MIT and were the input for the
calculation of the nano-structure model.

Before we conducted the bubble growth simulation on LbL heater, the interface height
hc shown in Equations (23) and (24) was first determined first. Taking the 100 bilayers
LbL heater as an example, curves of Equations (18) and (21) were plotted in Figure 13,
where the abscissa of the intersection point of two curves indicates that hc = 2.1 × 10−6 m
when the nano-structure thickness is 2.76 µm. Then, the nano-structure model shown in
Equation (24) could be solved.
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Table 1. Parameters of LbL nano-structured surfaces with different numbers of bilayers.

No. of Bilayers Size of
Nano-Particle/nm

Thickness of the
Nano-Sturcture/µm

Surface
Roughness/nm Porosity/%

0 N/A 0 <10 N/A
22 20 ± 2 0.50 ± 0.02 26 ± 3 63 ± 1
34 20 ± 2 0.93 ± 0.04 45 ± 6 63 ± 1
42 20 ± 2 1.18 ± 0.05 53 ± 8 63 ± 1
53 20 ± 2 1.42 ± 0.05 67 ± 20 63 ± 1
70 20 ± 2 1.90 ± 0.1 97 ± 19 63 ± 1
100 20 ± 2 2.76 ± 0.08 162 ± 25 63 ± 1

Figure 13. Variations of the τcond and τwick with height h on 100 bilayers LbL nano-structured surface.

Figure 14 demonstrates reasonable simulation results of the bubble growth on the
100 bilayers LbL heater. The wall superheat was 22.69 ◦C, the bulk temperature was
100 ◦C, the initial bubble diameter was 0.7 mm, the contact angle between the liquid and
the heater was 5◦ due to the super hydrophilic LbL nano-structure, and the constant C0
in the micro-layer model was set to be 3.43 × 10−3. Compared with the experimental
snapshots, the present method successfully describes the bubble growth behavior on the
100 bilayers LbL surfaces. The bubble’s aspect ratio was larger than that on the bared
surface due to the larger inertia force caused by the higher wall superheat and evaporation
of the wicked fluid inside the nano-structure. The bubble departure time was 26.5 ms in
the experiment, while it was 37.5 ms in the simulation.

Figure 14. Pool boiling bubble on 100 bilayers LbL ITO heater at ∆Tw = 22.69 ◦C: HSV snapshots
(upper) and present simulation (lower).
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The comparison shown in Figure 15 also quantitatively proves the correctness and
accuracy of the current method. The largest relative error between the experiment and
simulation was less than 5%.

Figure 15. Comparison of the bubble diameter variation between numerical simulations and experi-
ments on the 100 bilayer LbL heater.

4. Results and Discussion
4.1. Variation of Micro-Layer Radius and Thickness

The variation of the micro-layer beneath the growing bubble is a research emphasis in
this study. According to Equation (14), the heat flux transferred through the micro-layer
was proportional to the micro-layer’s occupied area, while it was inversely proportional to
its thickness. The last three validation simulation cases in Section 3 are further studied in
this part.

Figure 16 indicates distributions of micro-layers’ thickness in different cases at different
times, where rL = 0 is the position of the nucleation site. With the bubble growth, the dry
area beneath the bubble increased. The micro-layers’ max thickness in the different cases
all increased first and then decreased. At the beginning of the bubble growth, the bubble
footprint expanded sharply, and new micro-layers were continuously generated. According
to Equation (12), the initial micro-layer’s thickness was proportional to the distance between
the current position and the nucleation site; thus, the max thickness of the micro-layer
increased in the first stage of the bubble growth. At the final stage of bubble growth,
the bubble started to float, the bubble footprint stopped expanding, and the maximum
thickness of the micro-layers decreased due to the evaporation.

Comparing sub-plots in Figure 16, one can find the influence of the wall superheat
on the variation of the micro-layer. The micro-layer evaporated faster at a higher wall
superheat, and the dry area was larger at the same time. However, the bubble growth
rate was also larger at a higher wall superheat, leading to the thicker, newly generated
micro-layer. Thus, the micro-layer dried up later on the higher-temperature surface.

4.2. Analysis of Heat Transfer Process

The heat transfer process of the bubble growth is analyzed in this section. As stated
above, the quantity of heat in the bubble growth process mainly comes from the superheated
fluid and the micro-layer. For the nano-structured surface, the evaporation of the wicked
fluid cannot be neglected.

Figure 17 shows the computed time histories of the heat transfer rates delivered to the
bubble on the bared heater by the superheated fluid (Psl), the micro-layer (Pml). The total
heat transfer rate (Ptot), and the proportion of Pml in the Ptot are also indicated. Both Psl and
Pml increased sharply at the beginning of the bubble growth, and they decreased when the
bubble started to float.
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Figure 16. Thickness distribution of micro-layers at different times on: (a) bared ITO heater at
∆Tw = 7.22 ◦C; (b) bared ITO heater at ∆Tw = 10.15 ◦C; (c) 100 bilayers LbL ITO heater at ∆Tw = 22.69 ◦C.

Figure 17. Heat transfer rates from different parts vary with time on: (a) bared ITO heater at
∆Tw = 7.22 ◦C; (b) bared ITO heater at ∆Tw = 10.15 ◦C.

The micro-layer’s variation of heat transfer rate was consistent with its variation of
the radius and thickness discussed in Section 4.1. At the beginning of the bubble growth,
the heat transfer rate delivered through the micro-layer was smaller due to the thicker
thickness; however, the micro-layer’s occupied area increased quickly during this period.
Thus, the Pml generally increased at the beginning. At the final stage of the bubble growth,
although the micro-layer’s thickness was thinner, the dry spot beneath the bubble was
dominated, leading to the decrease of the Pml. For the superheated fluid heat transfer rate,
the bubble grew inside the superheated layer, and as the liquid/vapor interface expanded,
the Psl increased. However, when the bubble grew into the bulk fluid, the temperature of
the fluid decreased, leading to the fading of Psl.

As indicated by the green dotted line in Figure 17, the peak value of the Pml‘s propor-
tion in the Ptot was around 60% which means the micro-layer’s evaporation was dominated
at the beginning of the bubble growth. The time integral proportion of the Pml in the
whole bubble growth process was 40.55% in the ∆Tw = 7.22 ◦C case and 32.23% in the
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∆Tw = 10.15 ◦C case. The values were 62% and 52% in Sato’s [29] and Chen’s [58] studies,
respectively. This difference may come from the different initial conditions. Moreover, the
construction of the superheated layer was not included in their research, leading to a higher
proportion of the micro-layer heat transfer rate.

The bubble growth heat transfer analysis on the 100 bilayers LbL heater is demon-
strated in Figure 18, and the heat transfer rate of the wicked fluid (Pwick) is indicated. Due
to the higher wall superheat and the existence of the nano-structure, the total heat transfer
rate, in this case, is larger than that in the above two cases. The Pwick increased quickly to its
maximum value at the very beginning of the bubble growth and almost remained constant
until the micro-layer dried up. The nano-structure provided a significant contribution.
The Pwick was slightly lower than the Pml at first and then it overtook the Pml when the
micro-layer gradually evaporated. The ratio of the time integral of Pwick and Pml was 14:11
in the whole bubble growth process.

Figure 18. Heat transfer rates from different parts vary with time on 100 bilayer LbL heater at
∆Tw = 22.69 ◦C.

The existence of the nano-structure is considered to directly enhance the evaporation
beneath the bubble by feeding the micro-layer. The green dotted line in Figure 18 shows the
proportion coupled Pwick and Pml. About 42.13% of the heat transfer rate was contributed
by the micro-layer and the wicked fluid inside the nano-structure in the present case.

These conclusions give us a quantitative awareness of the heat transfer process during
the bubble growth on the nano-structured surface and further reveal the necessity of the
micro-layer and nano-structure models in numerical simulation studies.

5. Conclusions

A dynamic micro-layer model and nano-structure model were proposed based on the
MPS-MAFL method. The present method is applicable to simulate the pool boiling bubble
growth behavior on heating surfaces, especially on the nano-structured surface. The main
conclusions of the current study are as follows:

(1) Corresponding experiments were adopted as validations for the present method. The
comparisons between the computed and experimental bubble growth rates showed
great agreement. The maximum relative error was less than 5%, which reveals the
robustness of the current method in simulating the growing bubble on both bared
and nano-structured surfaces.

(2) Micro-layers beneath bubbles were investigated. Variations of their thickness and
occupied area were successfully captured. The micro-layers’ max thickness was found
to increase first and then decrease in all cases. The proportion of Pml in the bubble
growth process on the bared surface was 40.55% at ∆Tw = 7.22 ◦C and 32.23% at
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∆Tw = 10.15 ◦C, which is strong evidence that the micro-layer evaporation cannot be
neglected during the pooling boiling simulation.

(3) The heat transfer process was investigated during bubble growth. The heat transfer
contributions of the micro-layer and the wicked fluid were about 42.13% in the bubble
growth on the nano-structured heater. The ratio of Pwick and Pml was 14:11.

(4) The current research was the first attempt at directly simulating the bubble growth on
the nano-structure. Simulations in this study give us a quantitative awareness of the
heat transfer process during the bubble growth on the nano-structured surface.
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