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ABSTRACT

In this paper, a flow boiling model consisting of an argon liquid and a copper solid wall has been developed using
a molecular dynamics method to understand the effects of driving force and substrate temperature on the flow
boiling characteristics at the nanoscale. Thé Variation of parameters stich as the morphology of liqiid argon, the'

and heat flux are analyzed for different driving forces and substrate temperatures.

The results show that the boiling onset time at lower substrate temperatures is mainly determined by the driving
force, and the boiling onset time is gradually delayed as the driving force increases. The main mechanism is
nucleation boiling, and the heat flux in the stabilization stage decreases with increasing driving force. In contrast,
the boiling onset time at higher substrate temperatures is determined by both the substrate temperature and the
driving force. At higher substrate temperature and lower driving force, atoms near the substrate are more likely
to gain energy to break away from the surface, and therefore film boiling occurs, which produces a vapor film
near the substrate during heating, leading to deterioration of heat transfer and a decrease in the average heat flux

instead.

1. Introduction

In recent years, with the rapid advancement of science and tech-
nology, various breakthroughs have been made in the field of elec-
tronics, and electronic devices are gradually developing towards
miniaturization and high-power. Flow boiling within microchannel heat
sinks has become a research hotspot in the field of the microelectronic
heat dissipation due to its high integration and superior heat transfer
ability [1-4]. The characteristics of fluid flow and heat transfer at the
microscale are significantly different from those at conventional scale
[5], which leads to problems at the micro/nano scale. The interface
effect has a more significant impact on flow at the nanoscale, where the
continuity assumption is not valid and traditional simulation as well as
experimental methods are subject to numerous limitations. In this
context, molecular dynamics (MD) methods focusing on microscopic
particles such as molecules, atoms, or ions have become an important
tool for studying micro and nano scale boiling processes [6-8].

The microscopic mechanism of the pool boiling has been investi-
gated by molecular dynamics [9-11]. Deng et al. [12] found that heat
transfer could be maximally enhanced by the combination of hydro-
philic and hydrophobic walls. Additionally, different hydrophilic and
hydrophobic patterns could lead to different heat transfer performance.

Therefore, the shape of the bubbles, the nucleation temperature, and the
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rate of nucleation of the bubbles could be controlled by the design of
OB licranaAYAfOPHOBICIDARGRS. Zhou ct al. [13] explored the

mechanism of enhanced heat transfer on rectangular groove surfaces.
The results showed that heat accumulation grows with increasing cavity
depth, but the increasing effect slows down with a further increase in
cavity depth. Therefore, there was an optimal cavity depth that could
maximally enhance nucleate boiling. Wang et al. [14] compared the
boiling process on solid copper and liquid metal grafted surfaces. It was
found that heat transfer on the liquid metal surface was more efficient in
improving the boiling heat transfer capability.

The microscopic mechanism of convective heat transfer in graphene
nano-channels was investigated by Marable et al. [15] They introduced
a “heat pump model” that divides the fluid region into a forcing region, a
temperature reset region, and a free development region. Chakraborty
etal. [16-18] investigated the effect of surface structure on heat transfer
in single-phase flow using the thermal pump model and found that
rough nanochannels significantly enhanced heat convection. The overall
heat transfer rate was better compared to smooth nanochannels,
regardless of the nanostructure morphologies.

Amirhosein et al. [19] explored the effect of spherical surface
structure on flow boiling by simulating annular flow, in which two liq-
uids in the form of thin films covered the walls of the channel, and the
central area was set as a vapor region. The results showed that although
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the rough spherical geometry of the surfaces was not conducive to
trapping atoms, the boiling process was enhanced. Xu et al. [20]
explored the effect of cone, cubic and spherical surfaces on annular flow
boiling and found that argon atoms appeared earlier at the center of
microchannels with cubic barriers. Rostami et al. [21] observed the flow
velocity was observed to decrease due to the cube barrier, and the
external force was increased from 0.002 eV/A to 0.02 eV/A, leading to
turbulence in the microchannel and unstable atomic distribution. Yin
et al. [22] investigated the effect of driving force and substrate tem-
perature on the heat transfer characteristics of nanofluid flow during

boiling process and found that both flow velocity and substrate tem-
perature have a large effect on the heat transfer process at lower sub-
strate temperature, but as the heating temperature increased, the impact
of flow velocity on heat transfer performance diminished.

Although there have been many studies on two-phase heat transfer
using MD, most of the studies have primarily focused on pool boiling;
and the limited flow boiling studies applied a uniform driving force on
all atoms in horizontal direction, neglecting the influence of the inlet
cold fluid which is actually crucial for the flow boiling process, espe-
cially at the nanoscale. Therefore, in this work, the flow process is
simulated using the “heat pump model”, and the boiling heat transfer of
liquid argon on a copper substrate is systematically investigated by

molecular dynamics. The effects of driving force and substrate temper-

2. Simulation method and process
2.1. Simulation system

As shown in Fig. 1(a),

the dimensions of the simulated system are 37
i (5)/5/3:25 i ()5 1823 (2). The working fluid uses argon (Ar)

atoms because argon is monoatomic and only van der Waals forces need

to be considered between the atoms. [[HeHflHididomainlcontainsybot

EE8888. Copper is widely used in the field of heat transfer due to its good
thermal conductivity [23-25], therefore copper atoms are chosen for the
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Fig. 1. Schematic diagram of the simulation domain.
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The local
magnified view of Fig. 1 shows that the argon vapor region is sparsely
distributing argon atoms, which are widely spaced. The atoms in the
argon liquid region are almost closely adjacent to each other, but
irregularly distributed.
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(Fig. 1(b)).

I

2.2. Potential models and procedure
The Lennard-Jones (LJ) potential functions are used for the Cu-Cu

and Ar-Ar interactions during the simulation, with the following
expression:

s =«| ()"

where ¢ and ¢ are the energy and length parameters, and ry; is the dis-

tance between molecule i and molecule j. For the Cu-Cu interaction, the
, respectively.

The interaction between Cu and Ar atoms can be illustrated by the
modified form of the L-J potential [26]:

Ol 12 051 g
Uy (ry) = 4eq (E) -p (T‘_g) 2
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1
o1 =5 (6s+01) 3
£ = O\/E5E 4

where the subscripts s and | represent solids and liquids, respectively.

(0.4) since the effect of wall wettability is out of the present scope.
[27]. In
this way, egs. (2-4) follow the conventional Lorentz-Berthelot principle
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Finally,

. This study is implemented using the open-
source molecular dynamics simulation software LAMMPS and the
atomic trajectory is visualized by OVITO software [29].

3. Results and discussion

3.1. Effect of substrate temperature and driving force on bubble dynamics
behavior

. To investigate the flow velocity
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Fig. 2. Variation of flow velocity of liquid along z-direction under different forces during the first 500 ps (a) Tw = 180 K, (b) Ty = 190 K, (c) Tw = 200 K.
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distributions under different driving forces and explore their effect on
the boiling process, the systems is discretized into 35 cells along the z-
direction, and the height of each cell is 5 A. The average flow velocity
distribution along the z-direction for different driving forces during the
first 500 ps is shown in Fig. 2. As there is an attraction of the solid wall to
the liquid atoms, it can be seen that there is a significant velocity
gradient in the liquid region and it increases with the magnitude of
driving force. The minimum flow velocity near the wall is close to 0 m/s,
while the overall flow velocity ranges from 0 m/s to 20 m/s. The average
flow velocity at a fixed driving force slightly increases with the tem-
perature (Fig. 3), and this can be attributed to the easier generation of
small voids within the fluid at higher temperatures, which leads to a
decrease in the interaction force between the fluid atoms and the solid
atoms, thereby increasing the average flow velocity of liquid. However,
the effect of wall temperature on the average flow velocity of liquid
decreases with increasing driving force, and the average flow velocity is
the same for wall temperatures of 190 K and 200 K at F = 400 fN.

At macroscopic scale, the complete process of bubble nucleation,
growth and detachment can be observed. At nanoscale however, the
limited thickness of the liquid film only allows nucleation and growth to
be visible, and the bubble detachment cannot be traced [30]. Snapshots
of the bubble nucleation process in the channel at different temperatures
are shown in Fig. 4 to Fig. 6 At the early stage of heating, liquid Ar atoms
absorb energy from the Cu surface and undergo evaporation, resulting in
the formation of numerous tiny voids in the liquid region near the Cu
surface, which coalesce to nucleate and develop into larger bubbles. At a
wall temperature of 180 K, the temperature reset region in the inlet
section could affect the overall heat transfer and flow pattern. As shown
in Fig. 4(a), at F = 200 {N, a bubble nucleus begins to be produced at
2100 ps, and the bubble grows while moving to the right under the
driving force, moving to the channel outlet at 2440 ps. Further
increasing the driving force, as shown in Fig. 4(b) and Fig. 4(c), no
bubbles are generated within 8000 ps, and single-phase flow is
dominant.

When the wall temperature rises to 190 K, the bubbles nucleate and
continue to grow. Although the temperature reset region affects the
growth of bubbles, it is not sufficient to make the bubbles extinguish. It
can be seen from Fig. 5 that the vapor phase exists in the form of single
bubble, which gradually grows upwards and sideways with heating time
and moves towards the outlet of the channel. The volume of the bubble
slightly decreases when it moves near the outlet due to the periodic
image of the inlet temperature reset region. Ultimately, there is no vapor
film formed on the wall surface at this heat temperature.

As the wall temperature continues to increase, it can be observed that
when the wall temperature reaches 200 K, liquid argon first absorbs heat
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Fig. 3. Variation of average flow velocity of liquid under different forces during
the first 500 ps.
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to form the bubble. At F = 200 N, as illustrated in Fig. 6(a), multiple
bubble nuclei are generated at high temperatures, unlike in Fig. 4(a)
where only one bubble nucleus is shown. This is partly since the higher
temperature heat source can provide more activation energy and
therefore more likely to produce bubble nuclei. On the other hand, it is
due to the more active motion of fluid molecules, enhanced thermal
motion, and increased mutual collisions between atoms, resulting in the
simultaneous appearance of multiple nucleation sites. The volume of the
bubble gradually increases with further heating, forming a vapor film
near the wall. The vapor film causes the argon atoms near the solid
surface to lift from the surface, resulting in the complete coverage of the
wall by the vapor film, which represents the onset of film boiling. It is
difficult to transfer energy from solid atoms to liquid argon atoms during
film boiling, leading to deterioration of heat transfer. It is worth noting
that beneath the vapor film there is still a thin layer of liquid atoms
attached on the Cu wall. These atoms are adhered to Cu atoms by the
strong solid-liquid interaction and are non-evaporative, hence contrib-
uted to no heat transfer [31]. Increasing the driving force further, a
bubble nucleus can form in the channel, but no film boiling occurs.

There exists a boiling onset time in flow boiling at the nanoscale,
which is the critical point for the transition of the working fluid from
single-phase to two-phase and represents the beginning of nucleate
boiling. Boiling onset time is an important parameter and has been
widely evaluated for the performance of flow boiling. In this study, the
onset of boiling is defined as the moment when the volume of the vapor
phase reaches 40,000 A3, The boiling onset times in the flat-walled
channel under different driving forces are shown in Table 1. Gener-
ally, higher wall temperatures enable the liquid to absorb more heat,
leading to earlier boiling. Therefore, the onset time of boiling shortened
with the increase of wall temperature under the same driving force.
From the energy perspective, higher wall temperatures result in a faster
rate of change of liquid energy, then it becomes easier to break the en-
ergy barrier to promote the nucleation of bubble, which is consistent
with the previous snapshots in Fig. 4. When the wall temperature is low
(Tw = 180 K), the increase in driving force leads to more Ar atoms
passing through the cold thermostat per unit of time, which equates to
more influx of low-temperature fluid into the channel, thus increasing
heat dissipation. This in turn prevents bubble nucleation. On the other
hand, the motion of atoms destabilizes the void’s stability, inhibiting its
aggregation into a bubble nucleus, and hence the onset of boiling time
increases with the increase in driving force. Thus, bubbles nucleate at
2100 ps when F = 200 fN. Increasing the driving force further, boiling no
longer occurs. When Ty = 190 K, the onset of boiling time increases with
increasing driving force. Further increase in substrate temperature (Ty
= 200 K), the heat transfer capacity from the wall to the fluid rises
sharply enabling a quicker response to boiling. Consequently, the onset
of boiling at high temperatures depends more on the heating tempera-
ture than on the driving force [22]. Lower boiling onset times suggest a
higher likelihood of nuclear state boiling, which is beneficial in engi-
neering practice.

The volume of bubble is further calculated in order to quantitatively
describe and analyses the nucleation and growth process of the bubble.
First, the fluid domain is divided into cells of length and width 5 A,
respectively. The threshold value is set as half of the sum of the
dimensionless number densities of the liquid and vapor phase. When the
dimensionless number density within a cell falls below this threshold
value, it is classified as the vapor phase. The curves of vapor phase
volume with time at different driving force are shown in Fig. 7. Defining
the time of nucleation when the volume of the vapor reaches 40,000 A®
is marked with a red straight line in Fig. 7. At a wall temperature of 180
K, as shown in Fig. 7(a), the bubble is able to nucleate only at F = 200 fN.
Nucleation conditions are first reached around 2100 ps, and the volume
of the vapor phase grows rapidly to reach a peak. Thereafter, the bubble
moves to the outlet of the channel, where the volume of the vapor phase
gradually decreases under the influence of the inlet cold thermostat
region. Bubble is completely eliminated at around 3400 ps. Heating is
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2100 ps

2300 ps

2440 ps

2100 ps

(a) F=200 fN

4000 ps

4000 ps

2100 ps

(b) F=300 fN

4000 ps

4000 ps

(c) F=400 N

Fig. 4. Snapshot of the nucleation boiling process at a substrate temperature of 180 K (a) F = 200 fN, (b) F = 300 fN, (c) F = 400 {N.

1700 ps
(a) F=200 fN

1540 ps

1700 ps

1600 ps

1700 ps

(b) F=300 N

1850 ps

(c) F=400 fN

Fig. 5. Snapshot of the nucleation boiling process at a substrate temperature of 190 K (a) F = 200 fN, (b) F = 300 fN, (c) F = 400 {N.

continued until bubble formation occurs again at 6500 ps, and the vol-
ume of the vapor phase reaches a second peak at about 7000 ps and then
decreases. Increasing the driving force further, it can be seen that the
vapor volume is always below 40,000 A%, which means that no boiling
occurs at F = 300 fN and F = 400 fN. Increasing the wall temperature to
190 K, the vapor volume is in an oscillatory state for all three driving
forces as shown in Fig. 7(b). Further increasing the wall temperature to
200 K, as shown in Fig. 7(c), the vapor volume exhibits rapid growth
after the formation of bubble nucleation [32]. The vapor volume all

oscillate at a higher level, especially when F = 200 fN, the vapor volume
is always at the highest position.

In order to further investigate some details of the flow boiling pro-
cess, the change in the center of mass height of the fluid along the z-axis
direction is monitored, using the solid-liquid interface as the reference
point, and the results are shown in Fig. 8(a). Comparing the results in
Fig. 7 and Fig. 8(a), it is interesting to find that at the very early stage
(0-1000 ps), the fluid center of mass has ascended while the vapor phase
volume still remains at zero. The center of mass height stays stable for
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1130 ps

1200 ps
(a) F=200 fN

1170 ps

1200 ps

(b) F=300 N

1300 ps

2500 ps

(c) F=400 fN

Fig. 6. Snapshot of the nucleation boiling process at a substrate temperature of 200 K (a) F = 200 fN, (b) F = 300 {N, (c) F = 400 {N.

Table 1
Onset of boiling time (ps).
Temperature priving force Tw =180 K Tw =190 K Tw = 200 K
F =200 fN 2100 1530 1130
F =300 fN - 1540 1070
F =400 N - 1600 1200

some time near the nucleation time and then rises rapidly again. The
greater the driving force at the same wall temperature the longer the
center of mass is highly stable during nucleation, this is because the
greater the driving force the more difficult it is to accumulate energy
near the wall. This finding demonstrates that whether nucleation occurs,
there exist numerous small voids within the liquid region, and as the
walls continue to heat the small voids continue to grow and coalesce into
bubbles that are defined by the sum of the interconnected voids [31]. As
shown in the partial enlargement of Fig. 8(b), before bubble nucleation
(0-1000 ps) the liquid center of mass height growth rate increases with
the increase of driving force. However, after nucleation instead the
liquid center of mass height growth rate is maximum at F = 200 fN,
when the wall temperature is 190 K and 200 K. This phenomenon may
be attributed to the increased intensity of atom collisions with increasing
driving force, resulting in a higher probability of small void formation.
However, at the same time with increasing driving force more cold fluid
enters into the channel through the temperature reset region, which
slows down the growth of bubbles, and thus the rate of growth of bub-
bles decreases with the increase of driving force after nucleation.

The liquid near the wall is the key to the transfer of energy from the
solid wall to the liquid. Thus, the liquid region at a height of 20 A near
the wall (35 Ato55 ]-’\) is defined as the nucleation region, and the
change in the liquid atomic density in this region with heating time is
observed. From Fig. 9, we can observe that the density of the liquid at
the beginning of heating is slightly higher than 1.367 g/cm?, which is
caused by atoms adsorbed near the substrate. Nucleation of bubble at
atomic density of 0.98 g/cm?®. It can be seen that at temperatures of 180
K, the atomic density in the nucleation region first decreases rapidly and
then stabilizes around a higher value. Only when F = 200 fN there is a

period of time in between when the density of atoms is less, which in-
dicates that a large number of atoms leave the nucleation region, which
implies the nucleation and growth of bubbles. After a certain level of
bubble growth, the heat absorbed by the liquid argon from the substrate
reaches roughly the same amount of cold entering the channel inlet,
which is not enough to support the development of bubbles towards the
vapor film. When the substrate temperature is 200 K, the substrate can
provide more heat to the liquid argon, and more liquid argon atoms get
energy to break the energy potential barrier and thus detach from the
substrate. Thus, the atomic density at a low value as heating proceeds.

3.2. Effect of substrate temperature and driving force on fluid temperature
and heat flux

In order to fully understand the effect of substrate temperature and
driving force on flow boiling and to reveal its potential mechanism of
enhanced heat transfer, fluid temperature and heat flux are examined
and analyzed. The liquid in close proximity to the solid wall plays a
crucial role in energy transfer and changes in the boiling state. Fig. 10
shows the temperature change of the liquid in the nucleation region at
different wall temperatures. It can be seen that the trend of temperature
change is the same, in the initial stage, the liquid has been absorbing
heat and accumulating energy for the nucleation of bubbles, and the
temperature rises sharply. As the temperature difference between the
liquid and the solid wall decreases, the liquid temperature starts to in-
crease slowly around 1000 ps. The liquid temperature trend is the same
for the different driving forces, with no significant differences. Fig. 11
gives the variation of the average temperature during the steady stage
(1000 ps ~2000 ps). It can be seen that the average temperature in-
creases as the wall temperature increases. For the same wall tempera-
ture, the average temperature decreases with the increase of driving
force, which indicates that better heat transfer can be achieved at F =
200 fN.

The heat flux through the system can be calculated by the following
equation:

1 AE,
L Y:

(6)
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Fig. 7. The change of vapor volume with time under different driving forces (a) Tw = 180 K, (b) Tw = 190 K, (c) Tyw = 200 K.
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Fig. 8. Variation of liquid center of mass with time under different driving forces.

where AEj, is the total energy change of argon atoms, At is the time step,
and A is the area of the heating surface.

The heat transfer efficiency can be evaluated by the heat flux to
further quantify the effect of substrate temperature and driving force on
the heat transfer performance. Fig. 12 shows the variation of heat flux
with time for different driving forces. The curves are smoothed using the

origin software for ease of observation. The maximum heat flux occurs
approximately at the beginning of the third stage. At lower temperatures
(Tw = 180 K and Ty = 190 K), the maximum heat flux decreases with
increasing driving force for the same temperature, and the maximum
heat flux increases with increasing temperature for the same driving
force. When Ty = 200 K, the maximum heat flux is greatest at F = 300
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N.
The heat flux begins to stabilize after 2000 ps, and the average heat

400 fN. When Tw = 200 K, the average heat flux increases with

increasing driving force. At Tyy = 200 K, the average heat flux at F = 400

flux during the stabilization stage (2000 ps ~ 4000 ps) is shown in
Fig. 13. At lower temperatures (Tyw = 180 K and Ty = 190 K), the
average heat flux decreases with increasing driving force for the same
temperature. At Tyy = 180 K, the average heat flux at F = 200 fN
increased by 26 times compared to F = 400 fN. At Ty = 190 K, the
average heat flux at F = 200 fN increased by 102 times compared to F =

N increased by 11.2 times compared to F = 200 fN. At higher driving
force (F = 300 fN and F = 400 fN), average heat flux increases with
increasing substrate temperature. At F = 300 {N, the average heat fluxes
at Tw = 190 K and Tw = 200 K increased by 2.5 and 11 times that at Ty
= 180 K, respectively. At F = 400 fN, the average heat fluxes at Ty =
190 K and Tw = 200 K increased by 0.28 and 232.5 times that at Ty =
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Fig. 11. Variation of the average liquid temperature in the nucleation region
during 1000 ps ~ 2000 ps.

180 K, respectively. At Tyy = 200 K and F = 200 fN, the average heat flux
density is lower due to the occurrence of film boiling and the deterio-
ration of heat transfer due to the vapor film covering the substrate
surface. From the above analysis, it can be seen that substrate temper-
ature has a greater influence on the average heat flux than the driving
force.
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4. Conclusions

We conducted a systematic investigation of flow boiling of liquid
argon on copper surfaces using molecular dynamics methods. The var-
iations of parameters such as fluid flow velocity, onset of boiling time
and height of the liquid center of mass are investigated for several
working conditions at substrate temperatures of 180 K, 190 K and 200 K
and driving forces from 200 fN to 400 fN. The mechanism of enhanced
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Fig. 13. Variation of average heat flux with time during 2000 ps ~ 4000 ps.
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S. Miao et al.

heat transfer was analyzed by the cumulative energy changes of heat
source and liquid argon temperature, and the following conclusions
were obtained:

(1) There is a significant velocity gradient in the liquid at the height
direction due to the strong interaction force between the liquid
and the solid wall, and it increases with the driving force. The
overall flow velocity is within the range of 0 m/s ~ 20 m/s and
the average flow velocity increases with increasing driving force
at the same temperature.

At substrate temperatures of 180 K and 190 K, the vapor phase
always exists in the form of a single bubble or no boiling occurs,
and the initial stage of boiling is strongly influenced by the
driving force, and the boiling onset time increases with the
increasing driving force. When the wall temperature reaches 200
K, boiling is able to respond more quickly due to a sharp increase
in the heat transfer capacity from the wall to the fluid. Conse-
quently, at higher temperatures, the boiling onset time is more
dependent on the heating temperature than the driving force.
After a period of heating at a smaller driving force, the vapor
phase will form a vapor film covering the surface of the solid, i.e.,
film boiling will occur.

Analyzing the heat transfer efficiency from the heat flux point of
view, the maximum heat flux occurs at the initial moment of the
third stage when the substrate temperatures are 180 K, 190 K and
200 K. At lower temperatures (Tyw = 180 K and Ty = 190 K), the
average heat flux decreases with increasing driving force. At
higher temperatures (Tywy = 200 K), the average heat flux in-
creases with increasing driving force. For a given driving force,
the average heat flux increases with increasing substrate tem-
perature, up to 232.5 times (F = 400 fN, Tywy = 200 K). The
average heat flux is more dependent on the substrate temperature
than on the driving force.
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