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Abstract

Purpose — The purpose of this paper is to artificially construct a functional surface with self-propulsion flow
characteristics for the directional transportation of propellant in surface tension tanks.
Design/methodology/approach — In this study, a method to enhance the propulsion efficiency by using
functional surfaces of self-propulsion performance was proposed. Superhydrophilic wedged-groove with the
superhydrophobic background was fabricated and the self-propulsion capacity was verified.

Findings — It is found that the self-propulsion capacity is related to the divergence angle of the wedged-groove
in the hydrophilic area, and the velocity of the droplets on the deflector plate is the largest with the divergence
angle of 4°% the temperature gradient field formed by the condensing device at the nozzle can accelerate the
droplet outflow from the tank.

Originality/value — Realization of this idea provides an accurate control strategy for the complex flow
process of propellant in plate surface tension tanks, which could enhance the efficiency of the tension tank
significantly.
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1. Introduction
Spacecraft tanks are important devices for storing and managing propellants, requiring the
ability to provide propellants for the spacecraft throughout the mission life. The plate surface l ‘
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Figure 1.

(a) Micro papillae on
the surface of lotus
leaves (Liu and Jiang,
2011); (b) micro-nano
structures on the
surface of a rice leaf (Lu
et al., 2008); and (c)
micro grooves on the
mouth edge surface of
pitcher plant (Chen

et al., 2016)

tension tank is a typical tank structure, which uses the deflector plate as the flow path and the
liquid surface tension as the driving force to achieve the supply of propellant (Tam et al,
2008). This kind of tank has the advantages of simple structure, high management reliability,
long service life and so on, and is considered as the preferred type of tank for spacecraft,
especially for various types of satellites implementing on-orbit refueling (Benton et al, 2007).

However, in the space environment, the liquid properties are different from those under
constant gravity, the gas-liquid interface in the tank is not horizontal, and the liquid
distribution is discontinuous (Hu and Xu, 1999). Slight external interferences (such as the loss
of liquid adsorbed on the deflector when the spacecraft suddenly accelerates) will cause the
position of the liquid to change, resulting in liquid sloshing, capillary flow, gas-liquid
separation and other phenomena (Griffin, 1986). At this time, the flow process of propellant
becomes extremely complex, and its positioning and supply cannot be effectively guaranteed.
In light cases, the propulsion efficiency will be reduced, and in serious cases, the dynamic
failure of spacecraft will result in the loss of service ability (Nicolas, 1998; Debreceni et al.,
1996). In space where there is no reasonable complementary mechanism, accurate
management and regulation of propellants have become one of the key technologies that
must be broken through in-orbit refueling of spacecraft.

The deflector plate is the core component of the plate surface tension tank, the transport of
the propellant in the tank is closely related to the layout of the deflector plate. Its propulsion
principle is that the deflector plate is close to the wall of the tank and forms an included angle
perpendicular to it, and extends from one end of the propellant tank to the propellant outlet.
When the curvature radius of the liquid at the end of the liquid pool is greater than that at the
liquid outlet, the pressure difference is formed between the two ends of the included angle,
driving the liquid to flow to the tank outlet, which supplies propellant for the system.
Compared with liquids, metal materials generally have a higher surface energy (for example,
at 20°C, the surface tension of liquid is ~1072 N/m, while that of a common metal is about
1 N/m) (Wen and Huang, 2011). The cohesion work between the liquid molecules is much less
than the adhesion work during the infiltration process with the metal surface so that the
liquid-solid interaction is enough to spread the liquid phase on the solid surface, which
means that the surface energy and infiltration characteristics of the deflector plate have a
crucial impact on its conductivity (Gao and Liu, 2010). Therefore, whether efficient and
controllable propulsion can be realized by modifying the surface structure of the deflector
plate is worth pondering by researchers.

In nature, the special microstructures on the surface of an organism can give the organism
a unique property. For example, the unique hierarchical structure and special waxes on the
surface of lotus leaves make it superhydrophobic (Barthlott and Neinhuis, 1997). The
microarray of 5-9 pm is distributed on its surface, and a tiny nano-structure is distributed on
the microarray (Figure 1a). The synergistic effect of this micro-nano secondary structure and




its biological wax makes it superhydrophobic and low adhesion (Liu and Jiang, 2011).  Self-propulsion

Similarly, there is a large-size groove periodic structure on the submillimeter scale on the
surface of rice leaves, which makes it present an anisotropic static hydrophobic angle
(Figure 1b) (Lu et al.,, 2008); the three-layer microstructure of pitcher plant enables the droplets
to self-propulsion flow on the surface of its superhydrophobic mouth edge. When the droplet
moves inward, it is fixed at the sharp edge ¢ = 2~8° when the droplet moves outward, it
expands outward along the wedge-shaped corner, then pushes out the air in the microcavity
to fill the liquid, and finally gathers at the front end of the microcavity (Figure 1c) (Li ef al,
2017; Chen et al., 2016).

Inspired by the above special functional surfaces with directional transportation in nature,
it is expected to artificially construct a functional surface with self-propulsion flow
characteristics for the directional transportation of propellant in surface tension tanks (Dai
et al., 2020, 2021). Realization of this idea could provide an accurate control strategy for the
complex flow process of propellant in plate surface tension tanks, which could enhance the
efficiency of the tension tank significantly.

Hereby, in this study, a functional surface of a superhydrophilic wedged-groove with a
superhydrophobic background was fabricated, and its water droplets self-propulsion
capacity was investigated. The influence of surface texture parameters on the transport
capacity of water droplets was investigated, and a combination of functional surfaces and
external thermal gradients to enhance the transport performance was realized. A design
principle of a surface tension tank with the controllable ability and excellent self-propulsion
properties is proposed, which provides general guidance to enhance the maneuverability of
spacecraft and improve its service life.

2. Experiments

2.1 Sample preparation

Pure aluminum was selected as the substrate (purity >99.9%), and its geometric dimension is
71*23*%2 mm (length*width*height). The superhydrophobic coating is prepared by chemical
coating on the surface of the sample, and then the super-hydrophilic structure is prepared on
the superhydrophobic surface by laser direct writing processing technology. The
technological process is shown in Figure 2, and the specific processing steps are as follows:

(1) Pretreatment: Polish the surface and edge of the pure aluminum sample until the
roughness Ra is less than 0.4 mm, and ultrasonic clean the surface of the sample with
anhydrous ethanol to remove oil and impurities.

(2) Coating: the two-stage rotating coating method (rotating speed of both stages is 1517/,
lasting for 10s) is used to spray the samples with two treatment reagents (Rust-oleum

Polish Coating

) / |
g&rﬁ;&r@: W&f&:&? )RRy aron «,u.uv//”:{/ C>
st A S { q
Laser etching @

Supvrhy&%ﬁi}lﬁb (= Ve

functional
surface

219

Figure 2.
Process flow chart of
sample preparation
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Table 1.
Dimension parameters
of wedged-groove

274,232 Never Wet Multi-Purpose Kit, Rust-Oleum, America) to obtain the
superhydrophobic coating.

(3) Laser etching: the specific processing parameters for UV laser drilling (KY-MUV3L,
Wuhan Keyi, China) are as follows: processing velocity of 1,500 mm/s, output power
of 3 W, frequency of 40 KHz, pulse width of 0.1 pm, and processing five times. The
hydrophobic surface coating is removed by a computer-controlled laser beam
according to the designed structure calibration, and the hydrophilic region with a
certain shape is obtained. Table 1 shows the detailed parameters of the functional
structure designed in the study.

Figure 3 shows the SEM (SU8200, Hitachi, Japan) of a typical wedge structure prepared for
the experiment (divergence angle is 4°). It can be seen from the figure that the
microstructure of the coating area (as shown in the blue box) is different from that of the
laser marking area (as shown in the red box). The surface of the coating area is relatively
flat at the micron-level magnification, and there are sparse micron-level bumps attached. At
the near-nanometer magnifications (as shown in the purple box), the surface has a complex
interlacing microstructure. This special micro-nano structure makes the region
superhydrophobic. In the laser marking area, the traces of laser scanning can be seen at
the micron-level magnification, showing a regular “peak and valley” shape with obvious
protrusions on the surface. After further magnification (as shown in the green box), it can be
observed that there are also nanoscale bumps on the micron bumps. This special structure
obtained by laser marking makes the hydrophilic aluminum surface obtain
superhydrophilic characteristics.

The contact angles of the hydrophilic and hydrophobic areas of the prepared sample and
the surface before treatment were measured with a dose of 10 microliters of deionized water,
as shown in Figure 4. The measurement results are as follows: contact angle of deionized

Description Symbol Value

Width of the starting end w 40 pm
Divergence angle a 1,2, 4°
Length of the wedged-groove L 70 mm
Average depth H 20 pm

Figure 3.
Characterization of the
sample after
preparation




water in the hydrophilic area of the sample after preparation is 9° = 2°, which is in line with
the range of superhydrophilic; contact angle of deionized water on the surface before
treatment is 69° + 2°, which is in line with the range of hydrophilic; contact angle of deionized
water in the hydrophobic area of the sample after preparation is as high as 153° + 2°, which is
in line with the range of superhydrophobic. The measurement results show that the
preparation test results meet the expectations.

2.2 Superhydrophobic and superhydrophilic mechanism

A droplet placed on a solid surface can be regarded as a system where the gas, liquid and solid
phases coexist. The relationship between the contact angle (0) of the liquid on the ideally
smooth surface and the three interfacial tensions can be obtained from Young’s equation
(Tadmor, 2004) as shown in Figure 5a:

Ys¢ = YsL +ycosd @
where y (or y;¢), Y5 and ys represent the interfacial tension of liquid/gas, solid/liquid and
solid/gas, respectively.

For droplets standing on the rough surface, the famous Wenzel and Cassie-Baxter
infiltration models can be used to characterize the relationship between the apparent 6
and ygg, 75 and y;; on the solid surface for different infiltration types. As shown in
Figure 5b, when the liquid can fill all the microgroove structures of the rough surface, that
is in the Wenzel state, the apparent contact angle (6*) of the rough surface can be
expressed as:

@

where 7 represents the roughness factor of the solid surface that is the ratio of the actual
contact area of the liquid to the projected area covered, and 7 > 1. As shown in Figure 5¢, when

c0s 0" =rcos@

6=9°+2°
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Figure 4.

(a) Wettability
characterization of the
hydrophilic region
after laser marking; (b)
wettability
characterization of
untreated surfaces; and
(c) wettability
characterization of the
hydrophobic region
after laser marking

Figure 5.

(@) Young model, (b)
Wenzel model and (c)
Cassie-Baxter model
of the droplets on a
solid surface
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Figure 6.

Test platform for
exploring sample
conductivity

the liquid falls on the raised peak of the rough surface, that is, in the Cassie-Baxter state, the
equilibrium contact angle of the rough surface () can be expressed as:

cost = g — 1 + LTk ®)
47

In the formula, the @ represents the area fraction of the raised peaks on the solid-liquid
contact surface.

The superhydrophilic and superhydrophobic characteristics of the prepared sample
surface can be explained by the Wenzel and Cassie-Baxter formulas above. Since the
untreated aluminum surface is hydrophilic, roughening can significantly increase the ratio (7)
of the actual contact area of the liquid to the projected area covered. According to formula (2),
the equilibrium contact angle (9%) of the droplet on the surface will decrease accordingly.
Therefore, the superhydrophilic surface can be obtained by roughening the hydrophilic
aluminum surface by laser direct writing technology. According to formula (3), the smaller
7s¢ can produce a larger equilibrium contact angle. Using two reagents of Never Wet with low
surface energy to modify the rough surface can reduce the yg; value of the solid surface,
which means that the liquid can remain on the raised peak of the rough surface and trap the
air in the groove, resulting in superhydrophobic characteristics.

2.3 Experimental setup and process
A test platform for self-propulsion flow characteristics of the functional surface is built, as
shown in Figure 6. The test platform is mainly composed of a rotatable fine-tuning slide and a
scale. The rotatable slide can change the climbing angle of droplets. The specific test steps are
as follows: 1) Place the prepared sample on the rotatable fine-tuning slide; 2) using a micro
syringe, slowly inject deionized water droplets (volume of 10 pL) into the left side of the
sample, observe the self-propulsion flowing process of the droplets moving from the left side
to the right side of the sample, and record with a camera; 3) through video analysis, obtain the
relationship between the flow distance and velocity of droplets on the surface of the sample
and the tilt angle, to quantitatively evaluate the directional transportation capacity of the
wedge-shaped functional surface.

We complete the exploration experiment starting at 0° (horizontal position), and after the
successful horizontal test, increase the tilt angle of the sample by a gradient of 2°. The above




test process is repeated until the droplet cannot overcome gravity and move spontaneously to Self-propulsion

the other end of the sample.

3. Results and discussion

3.1 Propulsion speed on horizontal surfaces

To explore the relationship between the speed of self-propulsion movement of droplets on the
wedge-shaped functional surface and the amounts of water, a horizontal exploration
experiment is carried out using a sample with a wedge-shaped structure, whose divergence
angle is 4°, as an example. Rotate the rotatable slide, and set its tilt angle to 0°. The
experimental steps are the same as 2.3, but continuously inject 12 drops of deionized water
droplets onto the sample each time. Repeat the steps three times. The experimental process is
recorded by a high-definition camera, and the speed of the water droplet is calculated
according to the time from the time when the water droplet first touches the surface to the
time of pushing 50 mm, and the experimental results are taken as the average of the three
tests, as shown in Figure 7b. As can be seen from Figure 7, the prepared wedge-shaped
functional surface has excellent self-propulsion flow characteristics, which can rapidly
advance the liquid along the divergence direction of wedged-groove. The average advance
speed within 50 mm is 31.677 mm/s, and the self-propulsion speed is independent of the
amount of liquid.

3.2 Propulsion performance on tilted surfaces

Based on the above experimental results, we further explore the influence of the divergence
angle of the wedged-groove on the performance of transporting water of the sample. After
preliminary experiments, it is learned that, if setting fault in the hydrophilic area, the droplet
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Figure 7.
Relationship between
the amounts of water

and the speed of the
droplet self-propulsion
movement the wedge-
shaped functional
surface (a) camera
diagram of droplet
propulsion experiment
(part); (b) results of
droplet propulsion
experiment
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Figure 8.
Anti-gravity rise test
with different
inclination angles

Figure 9.

Propulsion test results
of samples with
different divergence
angles and different tilt
angles

velocity will be reduced; the hydrophilic area that has a single wedge-shaped angle is more
advantageous to the droplets to the center forward than which has multiple wedge-shaped
angles, and the velocity of the droplets is related to the divergence angle of the wedged-groove
in the hydrophilic area; when the divergence angle of the wedged-groove ranges from 2° to 5°,
the droplet can achieve maximum velocity. Therefore, this test measures the speed of droplets
at the divergence angle(a) of 2°, 3°, 4° and 5°, and changes the tilt angle (®) of the sample to
complete the corresponding antigravity ascending experiment. The test process is shown in
Figure 8.

During the test, the flow rate of the droplets is affected by various factors such as the
surface treatment of the sample, the degree of infiltration, the size of the droplets and the
initial position of the droplet drops. The deviation of individual data caused by these factors
will be ignored in the data analysis, the test results are shown in Figure 9. The results show
that when the tilt angle of the sample is 0°, the droplet velocity is the largest on the sample
whose divergence angle of the wedged-groove is 4°; the larger the tilt angle of the sample is,
the greater the resistance in the moving direction is, and the slower the droplet moves. On the
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samples with divergence angles of 2°, 3°, 4° and 5° the final tilt angle of the droplet that can
climb are 14°, 13°,12° and 14°, respectively.

3.3 Tension tank model based on self-propulsion functional surface

Based on the above experimental results, a tension tank model based on the self-propulsion
functional surface is further constructed, as shown in Figure 10. A sample with a wedged-
groove divergence angle of 4° is placed in the tank, and the inner wall of the tank is treated
with superhydrophobic. The condenser is set at the nozzle to form a temperature gradient
field, to realize the active control of droplets from the high-temperature area to the low-
temperature area: the low temperature is set by the condenser outside the nozzle duct (TEC2-
19008, the temperature is about ~18°C), the room temperature is kept inside to realize the
temperature gradient distribution between the inner sample and the outer duct, so that the
temperature control droplets flow from high temperature to low-temperature area, and
accelerate the flow of the droplets to the duct.

To explore the active control effect of droplets in the temperature gradient field, tank
propulsion tests are carried out under the conditions with and without the condenser
respectively. The test process and results are shown in Figure 11.

When there is no condenser at the nozzle of the tank, 18 drops need to be dropped at the
nozzle on one side of the tank before droplets appear. And when the tank nozzle is provided
with a condenser, droplets appear with just 13 drops dropped, and the advance speed of
droplets is faster than that without the condenser. The test results show that the low
temperature achieved by the condenser can accelerate the droplet outflow from the tank,
which is consistent with the previous theoretical analysis.

3.4 Propulsion mechanism
The three-dimensional distribution of the liquid on the inclined superhydrophobic surface
(the inclination is f) is shown in Figure 12. The liquid is firmly confined to the super
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Figure 10.

Model of the tank
based on the wedge-
shaped functional
surface with self-
propulsion
performance (a)
schematic diagram of
tank section structure;
(b) physical map

Figure 11.

Process and results of
tank propulsion test (a)
without condenser; (b)
with condenser; and (c)
results of the test
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Figure 12.

Ideal three-dimensional
sketch of liquid on the
superhydrophobic
surface with
superhydrophilic
dispersion groove

Superhydrophilic

Superhydrophobic

hydrophilic diffusion tank on the surface (the divergence angle is o, H and L respectively
representing the height and length of the curved surface formed by the liquid). Due to the
significant difference in wettability between the super hydrophilic region and the super
hydrophobic region, the contact angle gradually increases at the boundary between the super
hydrophilic region and the super hydrophobic region. When the liquid is stable in the
diversion tank, it is mainly affected by the wettability difference induced driving force (Fp)
and gravity. Referring to Figure 5a, when a liquid is placed on a solid surface, it can be
regarded as a system in which gas, liquid and solid coexist. When the solid surface is
encountered with a thermal gradient, the thermal gradient will change the solid-liquid
interface tension yg; and contact angle, so that the force at the three-phase interface is no
longer balanced, resulting in the driving force which can drive the liquid to migration from
the hot side to the cold side.

4. Conclusion

According to the above test results, it is confirmed that the hydrophilic area of the designed
functional surfaces will reduce the droplet velocity, and if it is too large, the droplets will not
flow through it. The self-propulsion capacity is related to the divergence angle of the wedged-
groove in the hydrophilic area, and the velocity of the droplets is fastest on the surface with a
divergence angle of 4°. The temperature gradient field formed by the condensing device at the
nozzle can accelerate the droplet outflow from the tank. It is expected that via the combination
of condensing and thermocouple device, one can set different condensing temperatures,
explore the minimum amount of liquid by outflow driving the tank at different condensing
temperatures and achieve the suitable thermal gradient with an excellent self-propulsion
capacity. On this basis, to explore the maximum angle droplets can climb with the tank under
the dual action of wettability gradient and temperature gradient field.
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