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Abstract—In order to improve the boiling heat transfer capacity within the microstructure, a superhydrophilic sur-
face model with a bionic flower bud structure was established and the flow-boiling heat transfer characteristics were
simulated. The temperature, velocity and vapor phase distribution contours under different working conditions were
obtained. The effects of different flower spacings, superheat degrees and surfaces on boiling heat transfer were dis-
cussed. The study found that the droplet has more vaporization cores on the superhydrophilic surface, and the bubbles
can effectively destroy the velocity and temperature boundary layers, thereby enhancing the boiling heat transfer abil-
ity. The heat transfer area under the narrow flower spacing is larger, and the vaporization core is more, which is more
conducive to boiling heat transfer. When the superheat degree is 80 K, the superhydrophilic surface with the flower
spacing L=0 um has the strongest heat transfer ability, which is 1.59 times that of the common surface, and the mass

transfer rate is increased by 23.5%.
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INTRODUCTION

Advances in the electronics industry have resulted in existing elec-
tronic components becoming smaller and more powerful [1,2]. These
electronic components generate a large amount of heat due to large
loads during operation, which affects their performance [3,4]. There-
fore, thermal management of high-power electronic components
is necessary. Traditional air cooling has been difficult to meet the
heat dissipation needs of existing high-power equipment. After much
basic research, more effective methods have been developed [5-7].
Boiling heat transfer utilizes the latent heat released during the lig-
uid phase change process for heat transfer [8-10], and its heat trans-
fer effect is higher than that of single-phase heat transfer [11-13],
proving to be an efficient heat dissipation scheme [14-16]. The mech-
anism of flow boiling in microchannels is complex, and surface wet-
tability and roughness have important effects on heat transfer. To
explore various boiling heat transfer mechanisms, various enhanced
heat transfer surfaces [17-20] such as superhydrophilic surfaces
[21-23] have been developed.

A large number of scholars have prepared superhydrophilic sur-
faces by different methods. Kaya et al. [24] prepared the hydrophilic
surface by the sol-gel method and found that the contact angle var-
ies between 65° and 4° with the change of the silica content in the
spin coating solution, and when the contact angle is less than 15°,
the surface has good anti-fog and light transmission properties.
Adachi et al. [25] prepared a lightweight polycarbonate-based tita-
nia/silica superhydrophilic photocatalytic coating by a sol-gel method.
The results showed that light transmittance can reach 85%, anti-
fogging ability is improved, and surface haze is reduced from 1.2%
to 0.45%. Ma et al. [26] prepared diamond films with different wet-
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tability by chemical vapor deposition, and the characterization results
showed that the superhydrophilic diamond films have high hard-
ness, high chemical inertness and reusability, and can be used as
microcurrent sensors. Mahringer et al. [27] fabricated nanopillar
surfaces with metal-organic framework by physical vapor deposi-
tion. The results showed that these surfaces show superhydrophilic
and underwater superoleophobic properties, and when used to test
oil-water separation, the efficiency can reach 99.99%. Sato et al. [28]
imitated the microstructure of butterfly wings by a template method,
and prepared a superhydrophilic structure color film by regulating
the particle concentration and controlling the lifting speed. Deng
et al. [29] prepared a superhydrophilic membrane by mixing poly-
ethyleneimine with polyvinylidene fluoride by a phase separation
method. The hybrid membrane exhibits excellent performance in
oil-water emulsion separation and can be used repeatedly and in
long-term operation.

With the development of micro/nano-scale heat transfer, the heat
transfer of superhydrophilic surfaces has also received extensive
attention, and it is of certain significance to apply it in engineering
to solve the problem of heat dissipation. Feng et al. [30] used the lat-
tice-Boltzmann method to study the boiling heat transfer of a hy-
drophilic-hydrophobic mixed cylindrical surface. The results showed
that the existence of the columnar structure can effectively enhance
the heat transfer capacity. Liao et al. [31] prepared the superhydro-
philic surface of TiO, coating and compared the surface heat trans-
fer performance under different contact angles. The results showed
that the superhydrophilic surface can accelerate heat transfer and
its heat flux can reach three times that of common surfaces. Liu et
al. [32] studied the effect of different structures of hemispherical
surfaces on the boiling heat transfer characteristics, and the results
showed that the hydrophilic concave structure could help improve
the heat transfer performance. Vontas et al. [33] numerically stud-
ied the effect of surface wettability on boiling heat transfer and found
that liquid film evaporation is the main heat transfer mechanism
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on hydrophilic surfaces. Phan et al. [34] prepared a surface with a
contact angle of 20-110° by nano-spin coating, and experimentally
studied its nucleate boiling heat transfer ability. They found that
the surface with a contact angle of 20° shows the best heat transfer
performance. Sia et al. [35] prepared graphene nanosheet superhy-
drophilic coatings by thermal curing. It was found that the nano-
capillary grid structure promotes the rapid penetration of water,
induces membrane boiling heat transfer, and inhibits the local dry-
ing up during the boiling process. The maximum boiling heat trans-
fer coefficient is increased by 64.9%. Yang et al. [36] prepared metal-
organic framework films with hydrophilic properties. By studying
the surface boiling heat transfer, it was found that compared with
the bare copper mesh, having nanopores in the new film increases
the interfacial area, slows the drying of the liquid, the enhance-
ment of wettability increases the surface critical heat flux by 205%,
and increases the heat transfer coefficient by 90%. Lim et al. [37]
prepared graphene nanosheet films with superhydrophilic proper-
ties. It was found that due to the fast water permeability of the sur-
face, nucleate boiling phenomenon is significantly enhanced and
water molecules quickly form an ultra-thin water film on the sur-
face of the nanostructure, which promotes the absorption of the
latent heat of vaporization. Compared with an uncoated surface,
the boiling heat transfer coefficient is increased by 1,178%, and the
surface temperature is decreased by 15.5K. When the coating is
applied to the LED equipment, the lifespan is extended by 2.93
times. Ze et al. [38] fabricated a copper-based superhydrophilic
microcavity composite nanocone structure. The results showed that
the pyramidal structure is an effective nucleation point, the shal-
low microcavity at the micron scale can avoid excessive thermal
resistance, and the ultra-high wettability can improve the critical heat
flux. Compared with the smooth copper surface, the maximum
heat transfer coefficient is increased by 142%, and the critical heat
flux is increased by 64%. Nam et al. [39] prepared a copper-based
superhydrophilic surface and studied the formation of single bub-
bles on the surface. It was found that the diameter of the bubbles
generated is 2.5 times smaller than that of the hydrophilic silicon
surface, and the growth period is 4 times shorter. Lin et al. [40]
simulated the boiling of superhydrophilic and superhydrophobic
surfaces and found that the critical heat flux on the surface of the
superhydrophilic network structure is increased by 55%, which can
effectively delay the occurrence of film boiling. Compared with the
superhydrophobic surface, the bubble density and viscosity of the
superhydrophilic surface are smaller, and the boiling liquid is eas-
ier to reflux. Zhan et al. [41] carried out a numerical simulation of
the boiling heat transfer of surfaces with different wettability by
the lattice-Boltzmann method, studied the nucleation mechanism
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of single bubble under the condition of local heat transfer, and ex-
tended to multiple bubbles, the boiling curves of non-mixed wet-
tability surfaces were drawn. Ling et al. [42] investigated the boil-
ing of superhydrophilic surfaces in a 2D model by the VOSET
method. It was found that when the bubble broke away from sur-
face, the superheated liquid was removed from the surface by the
vortex behind the bubble, which could reduce the local overheat-
ing phenomenon. Vontas et al. [43] investigated the saturated flow
boiling state in microchannels with different wettability at three-
dimensional scale. By analyzing the bubble growth process and
measuring the interfacial heat transfer coefficient, it was found that
the heat transfer performance of hydrophilic and hydrophobic
microchannels was improved by 43.9% and 17.8% compared with
ordinary surfaces.

In this paper, considering that the superhydrophilic surface is
complex and has different structures, a simplified bionic flower bud
structure model was constructed, and the flow boiling heat trans-
fer characteristics of the superhydrophilic surface were calculated
by the commercial software Fluent. The gas phase distribution, tem-
perature and velocity distribution in boiling heat transfer on differ-
ent surfaces, different bud spacings and different superheat degrees
were specifically studied. The innovations of this paper are as fol-
lows: First, a simplified bionic flower bud superhydrophilic model
was established. Secondly, the effects of different flower spacing and
superheat degrees on flow boiling heat transfer were studied. Finally,
the temperature and velocity distributions of the boiling heat transfer
between the ordinary surface and the superhydrophilic surface were
analyzed, and the boiling heat transfer performance of the two sur-
faces was compared. Results can provide a certain guiding signifi-
cance for the application of biomimetic superhydrophilic surfaces
to heat pipes for thermal management of electronic components.

METHODOLOGY

1. Physics Model

A superhydrophilic surface at the microscale is simplified to a
two-dimensional structure, as shown in Fig. 1. The lower surface
is the hot-side, and different superheat conditions are achieved by
changing the boundary wall temperature. Both inlets and outlets
diameters are 40 pm and the widths are 200 pm. On the superhy-
drophilic surface, the bud radius R,=5 pm, and the flower spac-
ing L=0, 5, 10 um. The inlets and outlets are reserved for 40 pm
to allow the fluid to develop fully to avoid the inlet effect.
2. Numerical Method

Fluent is mainly used for numerical calculation, and the physi-
cal model and mesh required for simulation are drawn by Design-
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Fig. 1. Microscopic model of superhydrophilic surface and general surface.
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Modeler (DM) and Mesh integrated in Ansys Workbench. In this
paper; the gas-liquid two are incompatible with each other. To obtain
good separation results of the phase interface, the model adopts
the VOF model.

According to the law of conservation of mass, the continuity equa-
tion is shown in Eq. (1)

9p_
V. pU+ Frin 0 (1)
where pis density, u is velocity, and t is time.
In the VOF model, each phase shares a momentum equation
whose form is shown in Eq. (2)
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where p is pressure, g is gravitational acceleration, and yis dynamic
viscosity.
The energy equation is shown in Eq. (3):

L (oE) +V-@(PE+p)) =V (V) +S, 3)

where E is the internal energy, k is the thermal conductivity, T is
the temperature of the working medium, and S;; is the energy source
term.

Based on the Hertz-Knudsen equation [44], the phase change
mass flow F is shown in Eq. (4):
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where M is the molar mass, R is the gas constant, T, is the satura-
tion temperature, P" is the gas phase pressure, P, is the saturation
pressure. Jis the accommodation coefficient, which represents the
part of the gas phase molecule adsorbed by the liquid surface and
can be taken as 1 under equilibrium condition.

The Clapeyron-Clausius equation [45] relates pressure and tem-
perature at saturation, as shown in Eq. (5):

dp Lo
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where L, is latent heat.
Integrating Eq. (5) gives Eq. (6):

L
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where T is the gas phase temperature.
Eq. (7) can be obtained from Eq. (6) and Eq. (4):
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The relationship between the interfacial area A; and the volume
fraction of the gas or liquid phase ¢ can be defined by Eq. (8):

L ®)

where d, is the bubble diameter, ¢ is the volume fraction of the
gas or liquid phase.
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The mass source term is obtained from Eq. (9):
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The evaporative mass transfer rate can be calculated from Eq.
(10):
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Combining Eq. (9) and Eq. (10), the evaporation coefficient can
be calculated by Eq. (11):

L(52) a
sat L1= P

The mass source term Sy, and the energy source term S are
related by Eq. (12):

e dﬂ 27rRT

Sp=Sy * L, 12)
The latent heat L, is calculated from Eq. (13):
L, =(h;—h)) (13)

where h; and hj are the enthalpies of saturation state at saturation
temperatures of gas and liquid phases.
3. Grid Division

Mesh is used for meshing in this paper, as shown in Fig, 2, which
are super-hydrophilic surface meshes with smooth surface and
flower spacing L=0, 5, and 10 um. To capture the surface bubbles
and temperature distribution during the evaporation process, the
mesh of the hot-side is refined. The number of boundary layer grids
is 8, the thickness is 1 um, and the growth rate is 1.2. To improve
the mesh quality, the mesh with smooth surface is divided into
structured mesh under the two-dimensional model, and the inter-
nal mesh is basically quadrilateral mesh. Due to the existence of
bud structure on the superhydrophilic surface, the mesh adopts
unstructured division, but the mesh of the hot-side is refined, so
the average quality can reach 0.95.

Fig. 2. Schematic diagram of grid division. (a) common surface; (b)
L=0 pm; (c) L=5 pum; (d) L=10 pm.
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Table 1. Grid independence verification of smooth surface

Number of grids 5,237 6,408 8,531 9,372 11,724
Tout 393.2298 393.2286 393.2137 393.2077 393.2058
Table 2. Grid independence verification of L=0 .m
Number of grids 7,708 9,847 11,3245 12,438 13,569
Tout 409.0092 409.0052 408.9968 408.9895 408.9871
Table 3. Grid independence verification of L=5 um
Number of grids 7,554 9,468 11,079 12,040 12,929
Tous 404.1604 404.1574 404.1496 404.1426 404.1402
Table 4. Grid independence verification of L=10 im
Number of grids 7,143 8,986 10,199 11,806 12,125
Tout 403.1364 403.1294 403.1211 403.1150 403.1133

4. Grid Independence Verification

To ensure the accuracy of the calculation, the established model
needs to be verified before the simulation starts. Due to the limita-
tion of computing resources, the lowest grid density can be used
to ensure the maximum utilization of computing resources while
ensuring that the calculation results are within a very small varia-
tion range. To test the relationship between the calculation results
and the mesh density, mesh independence verification was carried
out. The results are shown in Table 1, Table 2, Table 3 and Table 4.
Taking the smooth surface at a superheated degree of 80K as an
example, as the number of meshes increases, the outlet tempera-
ture tends to be consistent. Comparing the models with grid num-
bers of 9,372 and 11,724, the temperature remains basically un-
changed. To save computing resources, a model with a grid num-
ber of 9,372 was used.
5. Model Validation

To further verify the reliability of the model, the simulation results
were compared with the data in similar literature [46]. A smooth
surface with a superheat of 50 K was selected as the verification

25

—=u— Zhang et.al [46]
\ e Simulation

[
S

—
(=]
T

h (10000W/m?-5K)
=
—e

100 125 150 175 200 225
Time (s)

Fig. 3. Comparison of heat transfer coefficients after stabilization.

model. After the calculation results were stable, the surface heat
transfer coefficients were compared. The results are shown in Fig.
3. The error value after stabilization is less than 7%, which proves
that the simulation results are acceptable.

6. Calculation Method and Boundary Conditions

In this study, the VOF model was used for the multiphase flow
calculation, and the transient calculation was used to monitor the
boiling situation in real time. The implicit calculation was used in
the volume fraction solution, and the Sharp type was selected in
the inner surface model. Water vapor was the main phase, and the
secondary phase was liquid water. The surface tension coefficient
between the two phases was 0.072. The number of mass transfer
model was 1, the evaporative condensation model from water to
steam was selected, the default evaporative condensation coefficient
was 0.1, and the phase transition temperature was the saturation
temperature of 373 K. Considering the existence of heat transfer,
the energy equation was chosen. Considering the complexity of the
internal flow field, the Realizable model in the k-& turbulence model
was adopted. To better capture the temperature field near the wall,
an enhanced wall treatment and viscous heating settings were used.
The other material parameters were kept at default, the molar mass
was changed to 18 kg/kmol, the phase change heat transfer was con-
sidered, the standard state enthalpy of liquid phase was set to 0,
and the standard state enthalpy of gas phase was 40,636,800 J/kg:
mol. To save computational cost, the pressure-velocity coupling
adopts the SIMPLE algorithm, the volume fraction adopts Com-
pressive, the momentum energy adopts the Second Order Upwind,
and the others are default.

To speed up the calculation, the initial inlet liquid temperature
was taken as 372 K. The volume fraction of the inlet and outlet lig-
uids was taken as 1. The inlet velocity was taken as 2 m/s. The hot-
side of the lower wall was 393, 423, and 453 K respectively, and the
upper wall was adiabatic condition. The direction of gravity was
the negative direction of the y-axis, taking 9.81 m/s’. To reach equi-
librium as soon as possible, the internal temperature was taken as

Korean J. Chem. Eng.(Vol. 39, No. 12)
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the saturation temperature during initialization, and the internal
liquid volume was 1. To improve the convergence of the transient
calculation, a time step was calculated after initialization, the scale
was 1x107 s, and the number of iterations was 500 times, and the
calculation results were used as the results of the initialization, and
the time step was 5x10™*s. The number of iterations in each time
step was reduced to 40.

RESULTS AND DISCUSSION

1. Heat Transfer Properties of Smooth Surfaces

Fig. 4 shows the gas phase distribution at a superheat of 80K,
the red part is steam and the blue part is liquid water. In the ini-
tial state, there are about five vaporized cores. Over time, the bub-
bles grow gradually, and adjacent bubbles merge and eventually
break away from the wall. It can be seen from t=1.3-1.5s, where
the bubbles leave, a new bubble core is formed, thus circulating the
heat away from the wall. At this superheat, the common surface is
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still nucleated boiling and no obvious gas film is formed. Compared
with Fig. 5, the difference is that the frequency of bubble growth
and detachment on the surface is higher, and the bubbles with larger
diameter are more, indicating that the boiling state of the surface is
more intense under the condition of high superheat.

Fig. 5 shows the temperature distribution at a superheat of 80 K.
In the early stage of boiling, the high temperature layer near the hot-
side at the bottom is thicker, this part of the liquid absorbs heat
rapidly, reaches a saturated state and begins to transition to the gas
phase. The overall temperature gradient inside the model is large,
but because the specific heat capacity of the liquid is much larger
than that of the gas phase, the input heat is limited, and the tem-
perature near the adiabatic surface is difficult to increase. In the
early stage of boiling, as shown at t=0.3-0.7 s, a local temperature
peak appears in the part where the bubbles grow; indicating that
the surface heat enters into the liquid after boiling. Then, as shown
at t=1.3 s, as the bubbles merge and separate, a disturbance is caused
near the hot-side, which destroys the high temperature layer, so

T [

0050.10.15020.25030350404505055060650.70.750808508085 1

t=0.9s

Fig. 4. Vapor phase distribution at different time with a superheat of 80 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 5. Temperature distribution at different time with a superheat of 80 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 6. Velocity distribution and steam line at different time with a superheat of 80 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.

vapor [ ] [N [

0.050.1 0.150.20.25.30.350.40.‘50.50.550,80.60,70.750.80.50.90.5

vapor
0.050.10.150.20.250.30.350.40.450.50.550.60.650.70.750.80.850.90.95

Fig. 7. Vapor phase distribution at different time with a superheat of 50 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.

that the liquid can contact the wall surface and continue to vaporize.

Fig. 6 shows the velocity distribution and streamline diagram
under the condition of superheat of 80 K. In the initial state, the
velocity of the liquid near the wall is small. The fluid flow is dis-
turbed due to the formation and growth of bubbles on the hot-
side wall, destroying the velocity boundary layer. The speed of the
local area where the bubbles grow increases, eddy currents appear,
and the heat transfer ability is strengthened. At time t=1.1 and 1.3s,
due to the existence of bubbles, a low-velocity peak appears near
the hot-side. From the streamline diagram, the liquid flows along
the wave crest. The existence of the low-velocity peak compresses
the upper liquid flow and forms a sudden contraction phenome-
non, but increases the velocity of the liquid and increases the dis-
turbance, which is helpful to the heat transfer in the y-direction.
However, the overall velocity near the hot-side of the common sur-
face remains low and the near-wall fluid remains inactive.

The simulation results of the superheat degree of 50K are shown

in Fig. 7, Fig. 8 and Fig. 9, respectively, which are the liquid phase
distribution, temperature distribution, velocity distribution and
streamline diagram at different time. The overall trend of changes
over time is not much different from that at 80 K superheat. The
difference is that in the gas phase distribution, the number of vapor-
ized cores is reduced to only about 4, and the growth rate of bub-
bles is also slow. In the temperature distribution, the temperature
gradient in the y direction decreases, and the damage degree of
the high temperature layer near the hot-side decreases. In the veloc-
ity distribution and streamline, the change of the flow velocity near
the hot-side is relatively small, the velocity after the bubble detach-
ment becomes smaller, and there are fewer low velocity peaks.

The simulation results with a superheat degree of 20K are shown
in Fig. 10, Fig. 11 and Fig. 12, respectively, which are the gas phase
distribution, temperature distribution, velocity distribution and
streamline diagram at different times, and the common surface flow
with low superheat is basically consistent with the phase transfor-
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Fig. 8. Temperature distribution at different time with a superheat of 50 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 9. Velocity distribution and steam line at different time with a superheat of 50 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 10. Vapor phase distribution at different time with a superheat of 20 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 11. Temperature distribution at different time with a superheat of 20 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 12. Velocity distribution and steam line at different time with a superheat of 20 K. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.

mation results. It can be seen from the gas phase distribution that
the number of vaporization cores is still about 4. The difference is
that at low superheat, the growth of bubbles is slower, and bubble
merger does not occur until t=0.9s. After the liquid flow takes
away the generated air bubbles, new air bubbles appear in the origi-
nal location. It can be seen from the temperature distribution that
due to the low superheat degree, the temperature gradient in the y
direction is low; and the rise of the high temperature layer caused
by the bubble disturbance is also limited, indicating that the heat
transfer rate at this time is lower than that of the high superheat
degree. Fig. 12 shows the velocity distribution and streamline; it can
be observed that the phenomenon of bubble merger is captured at
t=1.1s, the local velocity increases sharply, and the local tempera-
ture in this area also increases at this moment. After the bubbles
merge, the flow field gradually returns to calm.
2. Heat Transfer Properties of Superhydrophilic Surfaces
2-1.L=0 pm

Fig. 13 shows the gas-liquid distribution over time on a super-

hydrophilic surface with a flower spacing of L=0 um. It can be seen
from that in the early stage of boiling, because the liquid is in a
saturated state, after contacting the hot-side, boiling occurs soon
and small bubbles appear on the top of the flower and between
the flowers. Because the bud structure increases the surface area
and the pores between the buds are favorable places for incubat-
ing bubbles, the number of vaporized cores on the superhydrophilic
surface is significantly higher than that on the common surface.
With the passage of time, it can be seen from the front part of the
bud at t=0.9-1.5s, similar to the common surface, the bubbles grow
and merge and are separated from the surface under the promo-
tion of the liquid flow and the influence of its own buoyancy, and
at the same time, new buds are formed at the original buds for
further boiling heat transfer. When the flower spacing is small, the
adjacent bubbles are more likely to merge and separate. Due to the
wettability of the superhydrophilic surface, the liquid is quickly
replenished and continues to boil, so it is not easy to form an air
film.

Korean J. Chem. Eng.(Vol. 39, No. 12)
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Fig. 13. Vapor phase distribution of superhydrophilic with L=0 um at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 14. Temperature distribution of superhydrophilic with L=0 pum at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 15. Velocity distribution and steam line of superhydrophilic with L=0 pm at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 14 shows the temperature distribution of the superhydro-
philic surface with L=0 pm. In the initial stage of boiling, the tem-
perature gradient from bottom to top is large and the heat flux is
also large, but the high temperature layer is thin. As boiling occurs
near the wall of the hot-side, the violent disturbance transfers heat
to the liquid, the temperature diffuses upward and the high tempera-
ture layer near the wall gradually thickens. With the passage of time,
as indicated by t=1.1-1.5s, the air bubbles at the front buds disen-
gage, new liquid pours in, the high temperature layer near the wall
becomes thinner, and the heat is carried away with the air bubbles.
Compared with the ordinary surface, the temperature of the fluid on
the superhydrophilic surface is higher at the same superheat degree,
indicating that the superhydrophilic surface heat transfer is better.

Fig. 15 shows the velocity distribution and streamline diagram
of the L=0 pm superhydrophilic surface. The velocity distribution
of superhydrophilic surfaces is very complex due to the effect of boil-
ing. In the initial stage of boiling, when t=0.1s, the vicinity of the
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wall is a low-velocity region, and with the passage of time the local
velocity of the hot-side wall gradually increases. After t=0.5s, there
is a high-speed zone in almost every flower, which is because there
are more vaporized cores on the superhydrophilic surface, more bub-
bles are generated, and high-speed vortices are generated, which in
turn disturbs the flow field. From the point of view of bubble detach-
ment at t=0.9-1.5s, the growing and rising bubbles compress the
liquid phase, causing the local velocity to increase, and the veloc-
ity from the bubble to the outlet also increases. Compared with
the temperature contour in Fig. 14, the temperature at the rear end
also rises at this time, indicating that this disturbance is beneficial
to heat transfer. Compared with common surfaces, the fluid near
the hot-side of the superhydrophilic surface is significantly more
active, the area of the low-velocity region is smaller, and the boil-
ing is more intense.
2-2.1=5pum

The results of the flower spacing L=5 um are shown in Fig. 16,

vapor
0.050.10.150.20.250.30.350.40.450.50.550.60.650.70.750.80.850.90.95

Fig. 16. Vapor phase distribution of superhydrophilic with L=5 um at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 17. Temperature distribution of superhydrophilic with L=>5 pum at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 18. Velocity distribution and steam line of superhydrophilic with L=5 pum at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 19. Vapor phase distribution of superhydrophilic with L=10 um at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.

Fig. 17 and Fig. 18, respectively, which are the gas phase distribu-
tion, temperature distribution, velocity distribution and streamline
diagram at different times. Fig. 16 is the gas phase distribution dia-
gram. When the flower spacing increases, the overall trend is simi-
lar to the flower spacing L=0 pm. The difference is that the increase
of the flower spacing will slightly reduce the heat transfer area, and
the number of vaporized cores on the surface will also slightly de-
crease, mainly in the flower top and the gap between the flowers.
The bubbles between the flowers are easy to stick to the wall after
growing and merging, and it is difficult to further merge with the
adjacent bubbles. Relatively speaking, the bubbles at the top of the
flower are easier to break away. At the same time when the large
bubbles merge, the resulting fluctuation will cause some small bub-
bles to detach, and when the large bubbles detach from the hot
wall some small bubbles will also be taken away. Compared with
common surfaces, superhydrophilic surfaces boil more vigorously
and therefore have higher heat transfer capacity.

December, 2022

Fig. 17 shows the temperature distribution of the flower spacing
L=5pum. Over time, the perturbation caused by the growth and
merger of bubbles near the hot-side destroys the thermal bound-
ary layer, and the detachment of the bubbles takes away a great
deal of heat. At the same superheat, the temperature of the liquid
near the superhydrophilic surface will be higher than that of the
common surface.

Fig. 18 shows the velocity streamline distribution of the super-
hydrophilic surface with L=5 um. Different from the surface of L=
0 pmy, at the initial stage of boiling (at t=0.3 s), the high-speed zone
near the hot-side is mainly concentrated between the flowers and
the top of the flowers and the separation is obvious. After t=0.9s,
there are more high-speed areas between the flowers. This is because
the growth area of the bubbles is concentrated in the flowers, and
the bubbles at the top of the flowers are more easily detached,
compressing the liquid flow farther from the hot-side and trans-
ferring heat. On the whole, compared with common surfaces, the
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velocity boundary layer near the hot-side of the superhydrophilic
surface has more obvious damage, and the transition from the low-
velocity region to the high-speed region is more natural, which is
more helpful for heat transfer.

2-3.L=10 ym

Fig. 19, Fig. 20 and Fig. 21 show the gas phase distribution, tem-
perature distribution, velocity distribution and streamline diagram
at different time when the flower spacing L=10 pm.

Fig. 19 shows the vapor phase distribution for the wide flower
spacing, which is generally similar to the other two flower spacings.
Due to the increase of the flower spacing, the heat transfer area is
turther reduced, and the number of vaporization cores is also reduced.
It can be seen from Fig. 19(a) that in the early stage of growth, the
bubbles mainly occur on both sides of the flower bud, and the
bubbles on the flower top are easily detached. The bubbles on both
sides of the flower grow and eventually merge to fill the gap, mak-
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ing it more difficult for the bubbles to break free. As shown in Fig.
19(b), when the air bubbles in the front flower are detached back-
wards, they are easily absorbed by the air bubbles in the latter flower,
and finally the air bubbles stick to the wall and detach. Although
the liquid replenishment can be clearly observed after the bubbles
in the front are separated at t=1.5s, which is beneficial to the heat
transfer, the excessively long gas film will have a certain influence
on the heat transfer when the bubbles move backwards.

Fig. 20 shows the temperature distribution of the wide flower
spacing, but because the spacing is too wide, the bubbles are vis-
cous and the heat transfer capacity is reduced, so the high tem-
perature layer near the wall of the hot-side is relatively thin. Com-
pared with the phase diagram of t=0.9-1.5s, the viscosity of the
bubbles when the bubbles are separated makes the temperature of
the rear part show a step shape, so the temperature of the rear part
rises. Although the heat transfer is not as good as the narrow flower

T(K) 375 380 385 390 395 400 405 410 415 420 425 430 435 440 445 450

t=0.9s

Fig. 20. Temperature distribution of superhydrophilic with L=10 pum at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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Fig. 21. Velocity distribution and steam line of superhydrophilic with L=10 um at different time. (a) t=0.1-0.7 s; (b) t=0.9-1.5s.
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spacing, under the same superheat degree, the thickness of the high
temperature layer near the wall of the hot-side is still larger than
that of the common surface, and the heat transfer effect is better.

The velocity and streamline diagrams are shown in Fig. 21. The
velocity of the liquid between the flowers is greater at wide flower
spacing. Although the overall perturbation is not as good as that
of narrow spacing and relatively more low-velocity regions, com-
pared with common surfaces, the superhydrophilic surface with wide
floral spacing has more high-speed vortices and more intense sur-
face heat transfer.
3. Comparison of Smooth and Superhydrophilic Surfaces

Fig. 22 shows the outlet temperature distribution in the y direc-
tion at the equilibrium time. At high superheat, the temperature gra-
dient is significantly larger than that at low superheat. At this time,
the heat flux is large and the heat transfer rate is fast. The outlet
temperature of L=0 um is the highest overall, and the outlet tem-
perature of the common surface is the lowest. With the increase of
the flower spacing on the superhydrophilic surface, the saturation
temperature layer near the adiabatic surface is also larger, but it is
still thinner than the common surface. The common surface high
temperature layer under low superheat degree is thinner than that
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460
440
420
400

=2
&~ 380

X
2

O]

X

ZRIRKKY

QL
RERKS
200
3

-v,
0
X
RS

%
o2

300

R
CREHKKLELS
DO
KB

CRIRRLRLRLRSK

5%

o
R
—

25355

Va9

360

XX XX
<X

X

I,

<X
%5
e
£
2535

.,
<X
XX

XX

340

X
<
Va9
%
9

X

X
K
5

9%
XL

555

2o

-
%

[
5

320
20

50
Superheat (K)
Fig. 23. Average temperature of outlet.

December, 2022

of high superheat surface, indicating that the heat carried by the
upper liquid phase is limited.

Fig. 23 shows the average outlet temperature, and it can be seen
that the average outlet temperature increases for all structural sur-
faces with increasing superheat. Under the same degree of super-
heat, the temperature of L=0 pm is the highest, indicating that the
boiling takes away the most heat. Compared with the common sur-
face, the superhydrophilic surface with L=0, 5 and 10 um increases
the outlet temperature by up to 4.25%, 2.86% and 2.51%. It shows
that the superhydrophilic structure of the surface is helpful to the
boiling heat transfer. At the same time, the spacing between the
flowers should not be too large, otherwise the heat exchange area
and the vaporization core will be reduced.

Fig. 24 measures the heat transfer capacity of the surface by the
evaporative heat transfer coefficient. There is a positive correlation
between the heat transfer coefficients and superheat degrees of com-
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mon surfaces and superhydrophilic surfaces. When the superheat
degree is 80K, the heat transfer coefficient of the common surface
is 47.5% higher than that of the superheat degree 20K. It shows
that during the nucleate boiling period, the heat flux density increases
more. Due to its excellent wettability and bubble inoculation abil-
ity, the superhydrophilic surface has the highest heat transfer coef-
ficient when L=0 pm at a superheat of 80 K, which is 1.59 times
that of the common surface. At the same time, compared with the
similar microcavity surface [47], the bionic flower bud surface has
a stronger strengthening effect.

The mass transfer coefficient (M TR, mass transfer rate) of the
evaporation surface of different structures under the condition of a
superheat of 80 K is shown in Fig, 25. It can be observed that there
is a certain relationship between mass exchange and surface area.
Relatively speaking, the mass exchange area of superhydrophilic sur-
face is larger, so the overall mass exchange rate is also faster. Due
to the untimely replenishment of the liquid phase in some areas of
the common surface, the phenomenon of local MTR reduction
occurs. Compared with the common surface, the MTR of the super-
hydrophilic surface with L=0 pm is increased by 23.5%.

CONCLUSIONS

The boiling conditions of common surfaces and bionic super-
hydrophilic surfaces with different flower spacings under different
superheat degrees were numerically studied, and the gas phase distri-
bution, temperature and velocity distribution contour under differ-
ent working conditions were obtained. The main conclusions are
as follows:

(1) The droplets have more vaporization cores on the superhy-
drophilic surface, the bubbles can effectively destroy the velocity and
temperature boundary layers, and the detached bubbles can com-
press the upper fluid and increase the flow velocity and tempera-
ture behind the bubbles. The heat transfer area is larger under the
narrow flower spacing, the vaporization core is more, and the bub-
ble viscosity is smaller.

(2) The outlet temperature of the flower spacing L=0 pm is the
highest, which is 4.25% higher than that of the common surface.

(3) The superhydrophilic surface with the flower spacing L=0 um
has the strongest heat transfer capacity at a superheat of 80 K, which
is 1.59 times that of the common surface.

(4) Compared with the common surface, the MTR of the supe-
rthydrophilic surface with L=0 um increased by 23.5% when the
superheat degree was 80 K.

(5) The bionic flower bud model can effectively improve the
effect of boiling heat transfer, which has certain guiding significance
for strengthening the boiling end of heat pipes.
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NOMENCLATURE

A :interface area [m’]

c : specific heat capacity [J-kg -K ']

d, :bubble diameter [m]

E : internal energy [J]

F : surface tension source term [N-m ]
g :acceleration of gravity [m-s’]

h :heat transfer coefficient [W-m*K ']
W :standard state enthalpy [J-kg™'-mol ]
h'  :enthalpy of saturated state [J-kg '-mol ]
k  :thermal conductivity [W-m -K ']
L :length [m]

L, :latentheat [kJ-kg ']

m;, :mass exchange rate [kgm s ']

M :molar mass [kg-kmol ']

P : pressure [Pa]

R, :bud radius [m]

R :gas constant

S : source term

T : temperature [K]

t : time [s]

u :velocity [m-s™']

Greek Symbols

B :accommodation coefficient

1 :evaporative heat transfer coefficient

4 :dynamic viscosity [Pa-s]
o :density [kgm™’]

Subscripts
1 :liquid phase
v :gasphase

* : gas phase part
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