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Hydrophilicity/hydrophobicity is a common physical property of the material. Water droplets roll on lotus leaf, and a lot of dust
and dirt on the surface of the lotus leaf will be taken away, playing a certain cleaning role. The hydrophobic surface has drag
reduction effect that would produce slip on the hydrophobic wall. There are some studies on hydrophilicity/hydrophobicity in
channels, most of which focus on the effect of surface drag reduction and heat transfer on microchannels. However, few people
pay attention to the effect of the hydrophilicity/hydrophobicity of the injector inner wall on the atomization performance. In
this paper, three groups of the open-end swirl injector with different tangential channels were designed to study the effect of
hydrophilicity/hydrophobicity on atomization performance. The hydrophobic coating was prepared and used on the inner wall
of the injector, and the atomization experimental system was built. In the experiment, the liquid film thickness was measured
using the conductance method. Details of the liquid film breakup and spray development were recorded with a high-speed
camera. The average droplet diameter was measured by the Malvern particle size analyzer. The atomization performance of
injectors with different tangential channels on the hydrophilicity/hydrophobicity was compared, and the effect of the velocity
profile on the jet stability is discussed.

1. Introduction

The hydrophilicity/hydrophobicity of the solid wall reflects
the different characteristics of the liquid and the solid contact.
The liquid will fit better on the hydrophilic wall with the solid
wall but the liquid will slip on the hydrophobic wall. When the
liquid droplet rolls on the solid wall, it will remove stains on
the solid wall, which make that hydrophobic wall has self-
cleaning property. The hydrophobic surface has drag reduc-
tion effect, which causes a slip flow at the solid-liquid interface,
and the velocity gradient at the interface is reduced, so that the
laminar flow state of the attachment surface is kept more sta-
ble and the shear force at the solid-liquid interface is reduced.
Some chemical reactions on the substrate will make the sub-
strate hydrophobic [1–4], thus achieving the purpose of the

artificially preparing a hydrophobic coating. Yamashita et al.
[5] firstly prepared the superhydrophobic surfaces and carried
out the experimental research. They sprayed a layer of the
photocatalyst with TiO2 as the main material on the surface
of the polytetrafluoroethylene (ordinary hydrophobic mate-
rial) and finally obtained a superhydrophobic surface. The sur-
face has the “automatic cleaning” feature, and the liquid can
roll freely on the surface and carry away stains. Cremaldi
and Bhushan [6] used a chemical etching method to create a
micro-nanostructure on the surface of the stainless steel,
which hydrophobizes the surface of the stainless steel. Vilaio
and Yague [7] conducted a hydrophobic surface preparation
experiment for the copper sheets. This experiment used a
chemical etching method to etch a micron-scale roughness
on the surface of the copper, and the coating can effectively
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protect the copper substrate and the display excellent corro-
sion resistance. Nine et al. [8] developed a new type of the
composite hydrophobic coating, which was mainly prepared
bymixing polydimethylsiloxane (PDMS), diatomaceous earth,
and reduced graphene oxide (rGO). Sungnam et al. [9] found

that the surface of the conventional channel can exhibit an
obvious flow drag reduction effect after Re < 200000 on the
surface after the superhydrophobic treatment. Using the drag
reduction characteristics of the superhydrophobic surfaces,
Rosengarten et al. [10] studied the effects of the contact angle
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Figure 1: Experimental system.

Table 1: Properties of experimental equipment.

Equipment Measurement range Precision

Flow meter 0–0.4m3/h ±1%
Pressure gauge 0–1MPa 0.5%

Swirl chamber length

Swirl chamber radius

Tangential channel radius

Swirl chamber length

Swirl chamber radius

Tangential channel radius

Figure 2: Open-end swirl injector.
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on the inner wall of the microchannels on the single relative
flow heat transfer and water flowing. Studying the perfor-
mance of the hydrophobic surfaces requires consideration of
the effect of the surface roughness on the hydrophobic proper-
ties with two different models, the Wenzel model [11] and the
Cassie model [12] which show different contact states between
the droplet and the solid surface.

Many designs of the rocket engines have high requirements
on the drag reduction performance of the material surface

Table 2: Injector structure parameters.

Number Tangential channel radius (mm) Swirl chamber radius (mm) Swirl chamber length (mm)

Injector 1 1.35 8.00 43.5

Injector 2 1.10 8.00 43.5

Injector 3 0.90 8.00 43.5
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Figure 3: Effect of the flow rate on the injector pressure drop in different injectors.

Figure 4: Extraction of the spray cone angle.
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[13–15], but the application of the hydrophobic surfaces on the
engine has not been carried out. Many studies focus on the liq-
uid film breaking mechanism and the atomization characteris-
tics of the normal surface, but the effect of the hydrophobic
surfaces on the atomization has not received much attention.
In this paper, three groups of the open-end swirl injectors with
different tangential channels were designed to study the effect of
the hydrophilicity/hydrophobicity on the atomization
performance.

2. Experimental System

In this paper, a superhydrophobic nanoclear coating solution
[16, 17] is used as a raw material for the hydrophobic coating.
Inorganic nanoparticles, dispersant, crosslinking agent, etc. are
sequentially added in an organic solvent and ultrasonically dis-
persed to obtain the hydrophobic coating. Hydrophobic coating

is prepared by immersing the injector in a uniformly mixed
coating solution. The contact angle reflects the hydrophobic
properties of the hydrophobic wall, and the larger the surface
contact angle is, the better the hydrophobic properties are.
The surface contact angle of the injector treated with the above
hydrophobic solution was 117.76°, which was considered to
meet the hydrophobic requirements.

The experimental system is shown in Figure 1. In this
experiment, the flow rate was adjusted by the valve near the
flow meter and pressure drop was measured by the pressure
gauge, which was the pressure difference between the injector
inlet and outlet. The picture of the spray field during the atom-
ization process was taken by the high-speed camera and saved
to the computer. At the same time, the data was collected by
the data acquisition system. The data acquisition system
includes the pressure sensor, the voltage signal, and the liquid
film thickness sensor connected to the injector. The average
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Figure 5: Effect of the flow rate on the injector spray cone angle in different injectors.
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droplet diameter was measured by the Malvern particle size
analyzer. The parameters of the flowmeter and the pressure
gauge are shown in Table 1. When the flow rate reached
0.3m3/h in the experiment, the hydrophilic/hydrophobic wall
pressure signal began to converge and the hydrophobic coating
was considered to be detached, so themaximum flow rate of the
hydrophobic coating is 0.3m3/h. The flow range in the paper is
0.1m3/h–0.3m3/h.

Figure 2 shows the test injector that is an open-end swirl
injector with three different tangential channels, and the geo-
metric parameters are shown in Table 2. The swirl intensity of
the injectors was changed by the variety of the tangential chan-
nel radius.

3. Results and Discussion

3.1. Effect of the Flow Rate on the Injector Pressure Drop.
Figure 3 shows the change in injector pressure drop for dif-

ferent tangential channels. It can be seen that the pressure
drop inside the injector increases with the increase of the
flow rate of the liquid. While comparing the hydrophobic
the pressure drop with the hydrophilic pressure drop, it
can be found that the pressure drop inside the hydrophobic
injector will be smaller than that of the hydrophilic injector
under the same conditions. The hydrophobic coating can
cause the fluid flowing through the inner wall surface of
the injector to slip and reduce the resistance, thereby
decreasing the pressure drop inside the injector. The pres-
sure drop increases with the decrease of the tangential chan-
nel radius of the injector for three different injectors in
Figure 3.

3.2. Effect of the Flow Rate on the Injector Spray Cone Angle.
The atomization process was photographed with a high-
speed camera to obtain a photograph of the spray field, as
shown in Figure 4. The shooting frame rate is 2000 fps,
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Figure 6: Effect of the flow rate on liquid film thickness in different injectors.
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and the minimum exposure time is 20 μs. The image in the
stable interval during the atomization process was obtained.
The obtained image was binarized to obtain a spray angle
boundary, thereby obtaining a spray cone angle. The effect of
the flow rate on the injector spray cone angle for different tan-
gential channels is shown in Figure 5. It shows that the spray
cone angle of the hydrophilic injector and the hydrophobic
injector increase with the increase of the flow rate, and the
spray cone angle of the hydrophobic injector comparing the
angle with the hydrophilic injector, it can be found that the
spray cone angle of the hydrophobic injector becomes larger
than that of the hydrophilic injector as wall surface slips.

3.3. Effect of the Flow Rate on Liquid Film Thickness. The
conductance measurement method was used to determine
the thickness of the liquid film [18–21]. The effect of flow
rate on liquid film thickness at different flow rates was
shown in Figure 6. It can be seen that the liquid film thick-
ness of three injectors decreases with the increase of the flow
rate. The liquid film thickness of the hydrophobic injector is
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Figure 7: Effect of the flow rate on the average droplet diameter in different injectors.
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smaller than that of the hydrophilic injector under the same
working condition as the hydrophobic inner wall surface
reduces the velocity loss of the fluid.

3.4. Effect of the Flow Rate on the Average Droplet Diameter.
The Malvern particle sizer is used to measure the average
diameter of the droplets during the atomization, which can
measure particles with a diameter in the range of 0–
900μm. The change in the diameter of the droplet deter-
mines whether the hydrophobic coating will have an effect
on atomization. The effect of the flow rate on the average
droplet diameter was investigated in Figure 7. By comparing
the experimental results of three injectors, it can be found that
the average droplet diameter of the hydrophobic injector is
larger than that of the hydrophilic injector in the range of
0.1m3/h~0.18m3/h in injector 1 (the tangential channel diam-
eter is 2.7mm), but in the range of 0.18m3/h~0.28m3/h, the
average diameter of the droplets of the hydrophobic injector
is smaller than that of the hydrophilic injector; injector 2
(the tangential channel diameter is 2.2mm) and injector 3
(the tangential channel diameter is 1.8mm) can be seen that
the droplet diameter of the hydrophobic injector is substan-
tially larger than that of the hydrophilic injector. It is found
that the average diameter of the droplets decreases with the
increase of the flow rate, indicating that the increase of the
flow rate reduces the average diameter of the droplet and
increases the total surface area of the droplet.

3.5. Velocity Profile of the Liquid Film on the Hydrophilic
Wall. The velocity profile of the injector wall affects the sta-
bility of the jet [22], [23]. The difference of the velocity pro-
file of the hydrophilic walls was investigated by numerical
simulation in Figure 8. The velocity profile of the hydro-
philic wall is similar to the parabolic jet velocity profiles as
the jet velocity of the hydrophobic wall is very gentle. Flow-
ing with a fully developed parabolic velocity profile, the
kinetic energy of the fluid is exactly twice what it would be
if the fluid was ideal (plug flow) and flowing at the same
average velocity. The velocity profile of the hydrophobic wall
surface will make the jet more stable than that of the hydro-
philic wall surface. As the result, for the average diameter of
the droplets, the hydrophobic wall has different effects on
the atomization performance in different flow ranges.

4. Conclusions

In this paper, the atomization experiments of the hydro-
philic/hydrophobic injectors were carried out using three
different tangential channel centrifugal injectors. The follow-
ing can be found:

(1) The injector pressure drop after the hydrophobic
treatment is decreased, the spray cone angle is
increased, and the liquid film thickness is decreased

(2) The average diameter of the droplets has different
changes at different flow rates

(3) The effect of the velocity profile on jet stability is dis-
cussed. The velocity profile of the hydrophobic wall

surface will make the jet more stable than that of
the hydrophilic wall surface
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