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Abstract. Directional transport of high-temperature droplets enjoys broad application prospects in the
fields of drag reduction and heat transfer. In this paper, two adjacent regions with different surface
roughness were constructed on 304 stainless steel by laser etching to control the directional movement of
high-temperature droplets. It is found that the regions with different surface roughness have different
Leidenfrost temperatures, and the Leidenfrost temperature is lower under smaller roughness. When the
droplet hits the boundary of the adjacent regions at high temperatures, it will bounce towards the region
with larger roughness spontaneously, and the directional bouncing distance tends to first increase and then
decrease with the increase of temperature and Weber number. In addition, when the droplet impacts at the
boundary of the adjacent regions which have different Leidenfrost temperatures, the two parts of the droplet
will be in transition boiling and film boiling respectively. The resulting Young's force is the main factor that

drives the droplets to bounce directionally.

1 Introduction

The directional transport of droplets on high-temperature
solid surfaces enjoys broad application prospects in the
fields of heat transfer!"*], microfluidic devices?®!, and
drag reduction’). Studies have shown that there are
three different boiling regimes for the droplet impacting
on the solid surface with different temperature: contact
boiling, transition boiling and film boiling!'%!. Under low
surface temperature, the droplet will wet the surface and
evaporate slowly after contacting the surface. As the
temperature rises, some bubbles will be generated inside
the droplet and break on the liquid surface, which is
called contact boiling. When the temperature rises
further, the bubbles generated inside the droplet begin to
coalesce. The gas film formed beneath the droplet makes
it partially contact with the solid surface. Such unstable
state between contact boiling and film boiling is called
transition boiling. When the temperature of the solid
surface exceeds a certain value, a stable vapor layer will
be formed between the droplet and the solid surface,
which allows the droplet to levitate on solid surface. This
is known as the Leidenfrost phenomenon!!!l. The
corresponding temperature is called Leidenfrost
temperature, and the boiling regime of the droplet is
called film boiling.

Thanks to the existence of the vapor layer, the solid-
liquid interface between droplets and the solid is
replaced by the liquid-gas interface, which greatly
reduces resistance and makes high-speed, long-distance,
and pollution-free directional transport possible. At
present, the directional movement of high-temperature
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droplets is mainly achieved by constructing asymmetric
structures!'>'%) or introducing gradient structures!-'7-!°!
on the surface. In 2006, Linke et al.l'?! reported for the
first time that on a copper-based ratchet surface,
Leidenfrost droplets can be spontaneously propelled
towards the direction opposite to the inclined ratchets.
They believed that the asymmetrical ratchet structure
would make the curvature of the droplet different, the
vapor evaporating from the droplet would move
directionally under the action of Laplace pressure and
dragging the droplet to move directionally. Later,
Lagubeau et al.l'*¥ realized the directional movement of
dry ice on the ratchet surface successfully. The shape of
dry ice hardly changes during the process of directional
movement, but vapor will be generated due to
sublimation, which confirms that vapor flow is the key
factor that drives the droplet to move directionally.
Furthermore, researchers found that the directional
movement of Leidenfrost droplet is caused by the
viscous force generated by the asymmetric vapor
ejection!!42% Recently, Li et al.l!! found that it’s possible
to break the wetting symmetry of the high-temperature
droplet by harnessing the structural gradient of the
surface, so that the droplet will move from the film
boiling region with low heat transfer efficiency towards
the contact boiling region with higher heat transfer
coefficient spontaneously.

In this study, a series of non-uniform rough surfaces
which can make high-temperature droplets bounce
directionally were prepared by laser etching technology.
A high-speed camera was used to record the dynamic
behavior of the impacting droplet on the non-uniform
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rough surface, and the influence of the surface
temperature and the Weber number on the droplet
dynamic characteristics was investigated.

2 Experimental section

2.1. Sample preparation and characterization

Laser device (SK-60) was used to remove materials
continuously on 304 stainless steel along a straight line
in the horizontal and vertical direction respectively. The
processing speed was 2000mm/s, the processing power
was 12W, and the laser frequency was 20KHz. By
controlling the processing spacing, four regions of egg-
tray like array with different densities were constructed
on the surface, which were named as R1, R2, R3 and R4
respectively. The specific structural parameters are
shown in Table 1, where d and s refers to the width and
the center-to-center distance of the convex structure
respectively. Sz is the maximum height which indicates
the absolute vertical distance between the maximum

peak height and the maximum valley depth of the profile.

Excluding the combination of R4/R3 with small
roughness difference, five non-uniform rough samples

were fabricated through the combination of these regions.

The combination form of samples are shown in Table 2,
and the schematic of the sample preparing process is
shown in Fig. 1(a).

Take the microarray region R1 as an example to
characterize the surface structure. The SEM image is

(@

Laser »

etching |
.y

shown in Fig. 1(b), the ultra-depth micrograph is shown
in Fig. 1(c). The surface roughness Sa of these four
microarray regions was measured using a three-
dimensional non-contact surface profiler (ZYGO,
NV5022), and the results are shown in Fig. 2. It was
found that as the structure spacing s increased from
50um to 80um, the surface roughness Sa decreased from
9.29um to 1.81pm gradually. The surface roughness Sa
is the extension of Ra and defined as

1 .
= , which refers to the absolut
Sa A.LHZ(X’ y)ldxdy - which refers to the absolute

value of the difference in height of each point compared
to the arithmetical mean of the surface.

Table 1. Dimension of microstructure arrays

Regions R1 R2 R3 R4

d/pm 40.27 49.85 61.36 70.92
s/pm 49.34 59.02 71.07 80.90
Sz/um 86.16 36.94 18.84 18.77

Table 2. Combination form of samples.

Samples S1 S2 S3 S4 S5
Regionl

(left)

. R2/R1 R3/R1 R4/R1 R3/R2 R4/R2
/Region2
(right)

Laser
. -~ 20
etching .
-——— A
-

Sparse array

86.16 pm

(b) | | ©

Fig. 1. (a) A schematic showing the sample preparation process; Morphology of region R1: (b) SEM image of the surface; (c) 3D
image of the surface generated by ultra-depth microscope
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Fig. 2. Surface roughness of mircoarray regions with different densities: (a) R1; (b) R2; (¢) R3; (d) R4

2.2. Experimental setup and method

The experimental setup mainly includes a droplets
release device, a high-temperature heating device and a
experimental recording device, as shown in Fig. 3. In the
experiment, the sample was placed on a high-
temperature heating platform, and droplets with different
Weber numbers We was impacted on the boundary of
adjacent regions on the sample surface at different
temperatures. The droplet was released after the surface
temperature stabilized. A high-speed camera (Photron
SA5) was used to record the experiment process at a
frame rate of 3000 frames per second. The experiment
was repeated three times under each set of conditions.

Syringe
-
.> . Il- 777777
]
I -
Backlight High-speed camera
Heating platform
__ ]
,,,,,,,,,, I
[ EE=e
Syringe pump Computer

Fig. 3. The diagram of experimental setup.
The above-mentioned Weber number We is a
dimensionless quantity and defined as We = pv. D,/ y ,

which represents the ratio of inertial force and surface
tension. Where p is the droplet density, y is the surface

tension, v is the impact velocity, and Dy is the initial
diameter of the droplet. The liquid used in this
experiment was deionized water with density p = 998
kg/m*® and surface tension y = 72 mN/m at room
temperature. The initial diameter Do of the droplet is
about 2.4 mm and its volume is about 7 pL.

3 Results and discussion

3.1. Droplet kinematics behaviors on non-
uniform rough surfaces

Fig. 4 shows selected snapshots of droplet behaviors on
non-uniform rough sample S5 with different
temperatures at We = 19.6. It can be seen that when the
temperature is 350°C or 390°C, the impacting droplet
spreads and retracts symmetrically and bounces off the
surface vertically. However, when the temperature is
380°C, the droplet will bounce towards the region with
larger roughness after impacting. Similar phenomenon
occurred on all five different non-uniform rough samples,
though the temperature range is slightly different.

To quantitatively analyze the dynamic behavior of
the droplet, two dimensionless parameters k and S are
defined respectively. Where k& = AL/Ry, AL 1is the
maximum centroid displacement in one cycle after the
droplet hits the surface, Ry is the initial radius of the
droplet. And S = (Lright-Liet)/Ro, Where Lrgne and Liest
indicate the horizontal projection length of the contact
line in the right and left fronts of the droplet respectively.
A larger S means greater asymmetry degree of
deformation during the spreading and retraction process
of impacting droplet.
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Fig. 4. Selected snapshots of droplet behaviors on sample S5
with different temperatures: (a) 350°C; (b) 380°C; (c) 390°C at
We=19.6

When We = 19.6, the change of & and S of the
impacting droplet on sample S5 with time at different
temperatures are investigated, as shown in Fig. 5. It can
be seen from Fig. 5(a) that & of the impacting droplet
increases with time at 380°C, indicating that the droplet
would bounce directionally after impacting on the
boundary of adjacent regions. The k of the impacting
droplet always fluctuates near 0 at 350°C and 390°C,
which indicates that there is no obvious directional
movement. Fig. 5(b) shows the variation of S of the
impacting droplet with time. The red area represents the
spreading process of the droplet, while the blue area
represents the contraction process. As shown in the
figure, under different temperature conditions, S is
relatively close during the spreading process, indicating
that the non-uniform rough structure on the sample has
little effect on the spreading process. In contrast, the
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faster in the left part of the sample (the region with
smaller surface roughness). This phenomenon can be
well proved by previous experimental results!'>]. When
the temperature is 350°C or 390°C, S of the impacting
droplet always fluctuates around 0, and approaches 0
when the droplet leaves the surface.

Fig. 6(a) shows the variation of k of the impacting
droplet on sample S5 under different We as a function of
temperature. It can be seen that at certain temperatures,
the directional bouncing distance of the droplet will first
increase and then decrease with the increase of We. Fig.
6(b) shows the variation of k of the impacting droplet on
different samples as a function of temperature at We =
19.6. When the temperature of the sample is lower or
higher than a certain value, droplets will bounce
vertically after impacting on the boundary of adjacent
regions. In addition, although the temperature ranges in
which directional bounce of the droplet occurs on
various samples are slightly different, the directional
bounce distance of the impacting droplet will first
increase and then decrease with the increase of
temperature.

3.2. Measurement of the temperature range for
droplets’ directional bounce

Many studies have identified surface roughness as an
important property that leads to an increase in
Leidenfrost temperature!!l. It is easier for the rough
microstructure to penetrate the vapor layer and directly
contact the droplet surface. Only when the rough solid
surface is at a higher temperature, the droplet placed on
it can generate stable vapor flow, which is essential for
the droplet to maintain in film boiling regime.

(b)

0.6 -

—o—350 °C
—o— 380 °C
—4—390 °C

Maximum spreading

Time/ms

Fig.5 (a) Time-dependent evolution of k of the droplets on sample S5 with different temperatures at We = 19.6; (b) Time-dependent
evolution of S of the droplets on sample S5 with different temperatures at We = 19.6
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Fig.6 (a) Variation of k of the impacting droplets on sample S5 at different We as a function of temperature; (b) Variation of & of the
impacting droplets on different samples as a function of temperature at We = 19.6

Therefore, the Leidenfrost temperature is usually
higher on surface with larger roughness??!?2l. Since the
Leidenfrost temperature differs with the change of Welll,
and this study is mainly carried out at We = 19.6, the
Leidenfrost temperatures of the microarray regions with
different densities at We = 19.6 are investigated. The
specific values are 410°C, 390°C, 370°C and 360°C
respectively, as shown in Fig. 7(a).

Fig. 7(b) shows the movement directions of
impacting droplets on different samples in different
temperature ranges. It can be seen that when the
temperature of the sample surface is higher or lower than
the Leidenfrost temperature of the regions on both sides
of the sample, the left and right parts of the impacting
droplets are in the same boiling regime, so the vertical
bouncing occurs. When the sample temperature is
between the Leidenfrost temperature of the regions on
both sides, the left and right parts of the impacting
droplets are in different boiling regimes, which results in
directional bouncing.

3.3. Mechanism of droplet directional bouncing

When the droplet impacts a non-uniform rough surface
in a specific temperature range, the left and right sides of
the droplet are in different boiling regimes, that is, one

side is in film boiling, and the other is in transition
boiling state, which endows the droplet asymmetrical
wetting property, as shown in Fig. 8. The resulting
Young's force is the main factor that drives the droplet to
bounce directionally. This unbalanced surface tension
force Fy is defined as follow?:

F, = 7/I (cos @, —cos 6, )d! (1)

Where 6, is the contact angle of the right part of the
droplet, 6; is the contact angle of the left part of the
droplet, d/ is the integrating variable along the contact
line from the right front to the left front of the water
droplet, and y representing the surface tension of the
water droplet.

When 6, < 6,, Fq > 0, the droplet will move towards
the region with a smaller contact angle on the right. On
the non-uniform rough surface proposed in this paper,
since the region with denser array on the right side has a
higher Leidenfrost temperature, when the left part of the
impacting droplet is in film boiling state, the right part of
the droplet will be in transition boiling state, and the
droplet morphology is shown in Fig. 8. According to
above analysis, the condition of 8, < 6; is met, the droplet
will bounce directionally towards the region with denser
array on the right side, which is consistent with the
phenomenon observed in the experiment.

(a) [ Film boiling[__] Contact boiling (b) |:||:| Vertical bouncing m Directional bouncing
500 [ 500 -
410 410 410 410
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Fig.7 (a) Leidenfrost temperature on different microarray regions at We = 19.6; (b) Droplet preferential movement directions on
different samples in the temperature range from 200 °C to 500 °C
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Fig.8 Schematic diagram (left) and optical image (right) of the directional bouncing droplet on non-uniform rough surface

4 Conclusions

In this study, a non-uniform rough surface was designed
to realize the directional transport of high-temperature
droplets. The dynamic characteristics of impacting
droplet on high-temperature and non-uniform rough
surface are investigated. It is found that the impacting
droplet will bounce towards the region with larger
roughness within proper temperature ranges on all
samples. For the same non-uniform rough sample, as the
surface temperature and Weber number of the droplet
increase, the directional bounce distance of the
impacting droplet tends to first increase and then
decrease. Further study shows that regions with different
surface  roughness have different Leidenfrost
temperatures, when the droplet impact on the boundary
of the non-uniform rough surfaces, its left and right parts
are in different boiling regimes, and the resulting
unbalanced Young's force is the main factor that drives
the droplet to bounce directionally. This work provides a
new method to manipulate droplet motion at high
temperature, which may find promising applications in
the field of heat transfer, microfluidic devices and so on.
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