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ABSTRACT
A liquid jet impinging on stationary and rotating superhydrophobic and hydrophilic convex surfaces is
experimentally investigated. The effects of the rotation and wettability of the surface and the inertia and
impingement rate of the jet on the flow, and the reflection and deflection behavior of the impinging jet are
examined. This study examines the effect of air film formation at the constantly regenerating interface between
a superhydrophobic surface and a liquid jet. For this purpose, two copper pipes and one plexiglass pipe, which
had outer diameters of 8, 22, and 50 mm, were used for the convex surfaces. The copper pipes were coated with
a superhydrophobic coating with a 157° apparent contact angle. The uncoated plexiglass pipe had a 73° apparent
contact angle. The Reynolds and Weber numbers ranged from 1082 to 3443 and from 3.90 to 35.12,
respectively. The liquid jet was sent to the rotating convex surfaces at different impingement rates. The
experimental results show that the impinging liquid jet is reflected off the stationary superhydrophobic surface.
This reflection behavior is not nearly distributed from the rotation of the superhydrophobic convex surface. The
distribution increases slightly with an increase in the Reynolds or Weber numbers, the diameter of the convex
surface, and the impingement rate. Nevertheless, the impingement liquid jet is deflected off the stationary
hydrophilic surface. This deflection increases considerably with the rotation of the convex surface. The renewal
of the air film between the superhydrophobic surface and the liquid significantly reduces the viscous drag force.
Therefore, the impinging liquid jet cannot be dragged by the rotating superhydrophobic convex surface.
Keywords: Superhydrophobicity; Liquid jet; Reflection jet; Liquid solid interface; Wettability; Jet
impingement.
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INTRODUCTION

The use and applications of superhydrophobic
surfaces increase daily due to their extraordinary
properties. Due to the low surface energies water
droplets are close to spherical on these with a high
contact angle. There are two different types of
superhydrophobic surfaces: Wenzel and CassieBaxter. For the Wenzel type, the liquid penetrates the
cavities on a rough surface, and the contact angle
hysteresis becomes large. These surfaces have the
"rose-petal" effect. For the Cassie-Baxter type, the
liquid does not penetrate the cavities and air gaps
(pockets) occur between the liquid and the surface.
Therefore, the water droplet rolls over the surface
with small external forces (such as wind or a low tilt
angle) since the contact angle hysteresis is low.
While the water drop rolls, it collects dirt particles
and cleans the surface (Latthe et al. 2019). With

these features, both surfaces have been used in
different industries and applications, such as selfcleaning, anti-icing/fogging, and drag reduction
(Bhushan and Jung, 2011; Varshney and Mohapatra,
2018; Wu et al. 2018). Alternatively, the
impingement of a liquid jet on solid surfaces is used
in various industrial applications and processes such
as cleaning, cooling, coating, and ink-jet printing
(Landel and Wilson 2021; Lu et al. 2020; Zhang et
al. 2015). In these applications, the solid surfaces are
stationary, in linear motion, or rotating. When a
vertical or oblique liquid jet impinges on a horizontal
hydrophilic surface, the liquid spreads out as a thin
film. Then, its thickness abruptly increases. The
phenomena of vertical and oblique jet impingement
on the horizontal hydrophilic surface are called
circular (Craik et al. 1981) and non-circular
hydraulic jump, respectively (Abdelaziz and Khayat
2022; Kate et al. 2007).
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The liquid jet impinging on the solid surface has
different behaviors, depending on several factors
such as the Reynolds (Re) or Weber (We) number of
the jet and the contact angle of the solid surface. The
wettability of the surface plays a significant role in
the behavior of the liquid jet impinging on the solid
surface. The spreading behavior of an impinging
liquid jet on a non-wetting surface has been
classified by Kibar et al. (2010) as braiding,
spreading, splashing, and reflection flows. The
orthogonal liquid jet that impinges on a horizontal
superhydrophobic surface does not continue as a jet
after spreading as a thin film on the surface; and then,
it breaks up into liquid droplets (Prince et al. 2015;
Sen et al. 2019). When a liquid jet impinges on a
superhydrophobic surface obliquely, it gains the
stored surface energy depending on the large free
surface area compared to the spreading (wetted) area
(Kibar 2016). The energy for the spreading and
reflection behavior of an obliquely impinging liquid
jet onto vertical surfaces has been defined by Kibar,
(2016). The contact angle (90<θ<150°), an indicator
of the free surface energy, is lower on the
hydrophobic surface than on the superhydrophobic
surface (θ>150°) (Erbil et al. 2003). Therefore the
impinging liquid jet gains the low stored surface
energy from the hydrophobic surface, resulting in
braiding flow over the surface instead of reflection
flow (Kibar et al. 2010; Mertens et al. 2005).
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where ρ, vjet, d, μ, and γ are the density of the liquid,
the velocity of the liquid jet, the diameter of the jet,
liquid viscosity, and the surface tension of the liquid,
respectively.
From Eq. (4), the stored surface energy of the
spreading liquid is affected by four variables: the
surface tension, the spreading and the free surface
area of the liquid, and the contact angle of the
surface. The contact angle of the solid surface
primarily affects the dimensions of the free surface,
such as spreading and free surface area. An
impinging liquid jet on a superhydrophobic surface
at an angle cannot spread over a wide area because it
has low free surface energy due to the surface tension
of the liquid. Therefore, the capillary force of the
liquid jet, which is the sum of the Laplace pressure
and the surface tension forces that depend on the
curvature of the liquid, prevents the liquid from
advancing along the three-phase contact line (TPCL)
(Chatterjee and Flury 2013; Kibar 2017).
Consequently, the spreading liquid, which has a large
stored surface energy, reflects off the
superhydrophobic surface. The stored surface energy
is converted into kinetic energy, resulting in the
reflection of the liquid from the surface (Kibar 2016;
Satpathi et al. 2021).

(1)

where ALG and ALS are the surface areas between the
liquid and the gas and the spreading area between the
liquid and the solid, respectively, and γLG, γLS, and γGS
are the surface tensions between the liquid-gas,
liquid-solid and gas-solid interfaces, respectively.

The motion of the contact line is determined by the
dynamics of the molecules within a three-phase
contact line, where the solid, liquid, and gas phases
meet (Blake 2006; Eral et al. 2013; Linder et al.
2015). The three-phase contact line is effective in
spreading the liquid on the surface than the spreading
area. The motion of three-phase contact line is
directly related to the contact angle and the contact
angle hysteresis (Kibar 2017). Kibar (2018b) has
studied the spreading profiles of impinging liquid
jets on a non-wetting surface. The widest widths and
spreading profiles at the TPCL were predicted in this
study. De la Cruz and Mäkiharju (2022) have studied
the liquid patch topology that occurs when a liquid
jet with varying hydrophobicity impinges on the

The stored surface energy (Eγ) can be defined as Eq.
(2) (Kibar 2016; Shi et al. 2018).
𝐸𝛾 = 𝐴𝐿𝐺 𝛾𝐿𝐺 + 𝐴𝐿𝑆 (𝛾𝐿𝑆 − 𝛾𝐺𝑆 )

𝐸𝛾 = 𝛾𝐿𝐺 [𝐴𝐿𝐺 − (𝐴𝐿𝑆 cos 𝜃𝐸 )]

The spreading inertia of a liquid jet on a surface is
determined by the viscosity and surface tension of
the liquid during the spreading process (Kibar 2017).
Therefore, the dimensionless numbers governing the
flow are the Reynolds (Eq. (5)) and Weber numbers
(Eq. (6)), which are the ratios of inertia force to the
viscous force and the surface tension forces,
respectively.

The surface energy of the liquid-gas, liquid-solid,
and solid-gas interfaces can be expressed as Eq. (1)
(Yao et al. 2021). This energy can be considered the
potential energy of a spreading droplet or an
impinging liquid jet on a hydrophobic or
superhydrophobic surface.
𝐿𝐺

(3)

where θE is the apparent contact angle of the solid
surface. The contact angle is the dominant parameter
in the magnitudes of ALS and ALG. Therefore, the
contact angle of the surface dominates the stored
surface energy.

Li et al. (2021) and Yang et al. (2020) have
investigated the spreading behavior of a liquid jet
impinging the non-wetting surface at a given angle
of inclination with a comprehensive theoretical
analysis. They have stated that the spreading size of
the impinging liquid jet could be affected by the
wettability of the surface. Cardin et al. (2021) have
investigated the rebound of the obliquely impinging
large liquid jet from the superhydrophobic surface.
They developed a simple prediction model to define
the flow dimensions of a spreading liquid jet.

𝐸𝛾

𝛾𝐿𝑆 − 𝛾𝐺𝑆 + 𝛾𝐿𝐺 cos 𝜃𝐸 = 0

(2)

The surface energy equation of the spreading liquid
(Eq. (2)) can be simplified using Young’s equation
(Eq. (3)). Thus, Eq. (4) is obtained as a definition of
the stored surface energy.
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underside of a flat plate. They compared their data
with the results from several previous studies. They
determined that the wettability of the surface was a
key parameter, and the momentum loss and wetted
area increased with an increase in the contact angle
of the surface.

Precise horizontal movement of the nozzle was
achieved in the x-direction by moving the cross slide
with an accuracy of 0.02 mm on a vernier scale, as
shown in Fig. 1b. In the rotating surface system, two
copper pipes of 8 and 22 mm outer diameter,
respectively, and a plexiglass pipe of 50 mm outer
diameter were used as convex surfaces. These pipes
were coated with a superhydrophobic coating (WX
2100), with an apparent contact angle of 157°. The
uncoated plexiglass pipe had an apparent contact
angle of 73°, which is considered hydrophilic. They
were precisely connected horizontally to the rotating
system.

Kibar (2017) has experimentally and numerically
examined the impingement of a liquid jet on
hydrophobic and superhydrophobic convex surfaces
in a stationary situation. In this study, the reflection
or deflection (teapot effect) of the liquid jet
impinging the convex surface is dominated by the
capillary adhesion interaction between the
superhydrophobic and hydrophobic surfaces. Bizjan
et al. (2021) have experimentally investigated the
flow behavior of a liquid jet impinging on a rotating
cylindrical surface at different jet velocities, cylinder
rotation speeds, and impingement positions. They
stated that the critical Reynolds number for splash
onset was approximately the same as on a flat
surface, but the splash onset increased substantially
with increased jet impingement angle. JambonPuillet et al. (2019) have experimentally investigated
the adhesion of a water jet to vertical cylinders. They
showed that the impinging jet formed a helical shape
wrapped around the convex surface depending on the
initial speed and geometry of the jet.
In the present study, the behavior of the liquid jet
impinging the moving superhydrophobic and
hydrophilic surfaces is investigated. The impinging
liquid jet on the superhydrophobic surfaces is
examined, and the hydrophilic surface is studied for
differences before and after impingement. For this
purpose, rotating convex surfaces are used to obtain
a constantly renewed interface between the liquid jet
and the solid surface. The behavior of the liquid jet
impinging on a stationary superhydrophobic surface
has been studied many times before. However, liquid
jets impinging on superhydrophobic surfaces in
motion are far less well studied. The novelty of this
study is the investigation of the conditions in which
the liquid jet impinges on moving superhydrophobic
surfaces and is almost unaffected by the motion of
the surface. The effect of air film continuity between
the superhydrophobic surface and the liquid is
demonstrated and is due to a constantly renewed air
film between the liquid and the solid.

2

a)

b)
Fig. 1. Illustrations of a) experimental setup and
b) nozzle translation, and pipe rotation.

EXPERIMENTAL SETUP

Figure 1a shows the experimental setup, consisting
of two main components: a liquid jet and rotating
systems. In the liquid jet system, distilled water
(density, ρ = 998 kg/m3; dynamic viscosity, μ = 0.96
mPa.s; surface tension, γ = 71.7 mN/m) was pumped
from a reservoir using a centrifugal pump. The 400
mm long straight, smooth glass tube, which had a 4
mm inner diameter, was used as a nozzle to generate
the liquid jet. The flow rate of the jet was measured
using a turbine-type flowmeter (McMillan S–114–7)
in the range of 0.10–0.35 L/min. The flow rate of the
liquid was precisely adjusted using a precision
needle valve. The nozzle was held with a rotating
clamp and the clamp was attached to the linear guide
of a lathe (cross slide) using a magnetic base arm.

2.1 Experimental Procedure
A lathe was used to rotate the pipes. These pipes
were attached horizontally to the chucks of the lathe.
The tip of the nozzle was placed 40 mm above the
center of the cylinder, as shown in Fig. 1b. Initially,
the flow rate of the liquid jet was set at the lowest
rate (Re:1082 and We:3.90). The linear guide of the
lathe carrying the nozzle was then moved in the xdirection until the edge of the liquid jet touched the
pipe. When the liquid jet touched the pipe, the flow
over the surface was recorded with a CCD camera
from the side.
The nozzle was moved at impingement distance
intervals of 0.4 mm in the x-direction, as shown in
1883
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Fig. 1b, to observe the effect of the impinging liquid
jet on the convex surface. The experiment was
continued using the same procedure as the
impingement distance on the x-axis was increased,
and the flow rate was varied. A total of 16
impingement distances (0, 0.4, 0.8,..., 6 mm) were
tested. The same procedure was repeated while the
cylinder rotated clockwise and counterclockwise at
125 rpm. The acquired data were recorded for
evaluation. The Reynolds and Weber numbers were
in the ranges 1082–3443 and 3.90–35.12,
respectively. The impingement rate is obtained by
dividing the impingement distance by the radius of
the pipe, as defined by Kibar (2017). Therefore, the
impingement rate ranged from 0 to 1.5 and 0 to 0.55
for the 8 and 22 mm outer diameter pipes,
respectively.

the surface by this tangential momentum (Kibar
2017). The contact angle, which is a result of the free
surface energy of the solid surface, is the most
effective parameter to describe the increase in the
free surface area. Thus, due to the low free surface
energy of the superhydrophobic surface, the free
surface energy of the liquid is much higher than that
of the wetting surface, resulting in the large stored
surface energy of the spreading liquid (Kibar 2017).

The liquid jet flows vertically in the direction of
gravity in the experiments, as shown in Fig. 2a.
When the flow direction of the liquid jet was away
from the surface, this type of flow was called
reflection (Fig. 2b), and when the liquid jet followed
the curve of the surface, it was called deflection (Fig.
2c). The angle of reflection was the angle between
the liquid jet and the vertical direction, as shown in
Fig. 2b.

(a)

(b)

(c)
Fig. 3. Impingement of the liquid jet on the pipe
a) stationary, b) rotating clockwise, and c)
rotating counterclockwise. Pipe diameter: 22
mm, Re: 2702, We: 24.39. Note: There was an
interval of approximately 5 seconds between the
stationary, clockwise, and counterclockwise
rotations in the experiments.

a)
b)
c)
Fig. 2. Flow phenomena: a) Undisturbed, b)
reflected, and c) deflected flows.

3

When the liquid jet impinges on a convex rotating
superhydrophobic surface at a low impingement rate,
the jet reflects off the surface at the same angle as a
stationary surface, as shown in the first several
images in Figs. 3b and 3c. The increase in the
impingement rate barely affects the spreading and
reflection phenomena of the liquid jet. As seen in the
last two pictures in Figs. 3b and 3c, when the
impingement rate is larger than ~0.5 the entire jet of
liquid spreads over the surface, and the reflection
angle of the jet is slightly affected by the rotation of
the superhydrophobic surface. The air formed by the
air pockets trapped in the micro/nano cavities on the
superhydrophobic surface becomes a continuous air
film with the rotating surface. Therefore, the liquid
jet flows over the air film, which has a low viscosity
compared to the liquid, by contacting at a few points
on the surface. Therefore, the stored surface energy,
which is the most important parameter for reflecting
the liquid jet from the surface, is almost unaffected
by the rotation of the superhydrophobic surface.
When Figs. 3b and 3c are compared, the rotation
direction of the pipe does not affect the reflection of

RESULTS AND DISCUSSION

Figure 3 shows the impingement of the liquid jets on
the superhydrophobic convex surface at separate
impingement rates from 0 to 0.55. The liquid jet
impinging on the stationary superhydrophobic
convex surface at a small impingement rate (0.036)
reflects from the surface at a low angle since the
surface energy of the jet is small due to the slight
increase in the surface area of the spreading liquid
(Kibar 2017), as shown in the first image in Fig. 3a.
This reflection angle increases with increased
impingement rate because of the increased stored
surface energy, which is mostly affected by the
difference between the free surface (liquid-air
interface) and the wetted area (Kibar 2018a). When
the impinging liquid jet spreads over the convex
surface, the vertical momentum of the jet is
converted into tangential momentum (and hence
centrifugal force), and the liquid jet is reflected from
1884
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the liquid jet (under the experimental conditions in
this study) very much. The direction of the
movement of the surface does not make a significant
difference to the flow of the liquid jet.

Figure 5 shows the impingement of a liquid jet that
has the smallest Reynolds and Weber numbers in this
study (Re: 1082, We: 3.90) on a rotating
superhydrophobic convex surface 8 mm in diameter.
On a stationary pipe, the reflection angle increases as
the impingement rate increases. In the case of small
impingement rates (≤0.5), the liquid jet impinging on
the stationary and pipes rotating clockwise shows
approximately the same reflection behavior.
Alternatively, the reflection angles are slightly larger
in the liquid jet hitting the pipe rotating
counterclockwise, which is opposite to the flow
direction of the liquid jet. As the impingement rate
increases, the differences between the reflection
angles in the stationary, clockwise, and
counterclockwise cases also increase.

Figure 4 shows the behavior of liquid jet
impingement on a superhydrophobic convex surface
with a small diameter (8 mm) at the same
impingement rate but with different Reynolds and
Weber numbers. The lower Reynolds number jets are
slightly more affected by the surface rotation than the
higher values, as shown in Fig. 4. This effect is more
pronounced when the direction of flow of the liquid
jet and the direction of rotation of the
superhydrophobic convex surface is different, as
seen in Figs. 4a and 4b. In the jets with high
Reynolds and Weber numbers (Fig. 4b), the effect of
the vertical momentum dominates the stored surface
energy of the spreading liquid on the convex surface.
Therefore, it is less affected by the rotation of the
convex surface. While the low Reynolds number jet
has a low momentum, the low diameter convex
surface has a high centrifugal force. This high
centrifugal force creates a greater distortion effect on
the flow of the liquid in contact with the
superhydrophobic convex surface.

The liquid jet impinging on the 8 mm convex surface
causes a higher centrifugal force than the 22 mm
surface. This centrifugal force increases as the liquid
jet velocity increases. As the liquid jet velocity
increases, the centrifugal force increases even more
since the centrifugal force is in direct proportion to
the square of the velocity. The dominant parameter
in the angle of reflection is the stored surface energy
of the spreading jet on the convex surface. As the
impingement rate increases, the stored surface
energy of the liquid jet, which spreads over more of
the surface, decreases. The magnitude of the stored
surface energy is determined by the impingement
rate, surface curvature, impingement velocity (Re or
We), the velocity of the convex surface, and the
contact angle with the surface.
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Fig. 5. Reflection angle of the liquid jet on the 8
mm diameter superhydrophobic pipe. Re: 1082,
We: 3.90. Insets show data bounded by ellipses.
Figure 6 shows the impingement of the liquid jet on
a horizontal superhydrophobic pipe, which has an
outer diameter of 8 mm. The jet impinging on the
center of the stationary pipe flows by dividing into
two equal branches flowing sideways, as shown in
Fig. 6a. The flows for both stationary and rotating
pipes are almost the same. The flow phenomenon is
not affected by the direction of the rotation of the
pipe, as seen in Figs. 6b and 6c. There is an air film
between the spreading liquid and the Cassie-Baxtertype superhydrophobic surface. The rotation of the

(b)
Fig. 4: Stationary, 125 rpm rotation in
counterclockwise and 125 rpm rotation
clockwise, a) Re:1081, We: 3.90, b) Re: 2702,
We: 24.39. Pipe diameter: 8 mm, impingement
rate: 0.3.
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pipe constantly renews this film. Thus, the surface is
prevented from moving into a Wenzel state because
the air film does not disappear. Therefore, the liquid
jet flows for a long time by contacting the surface in
a few places. In this case, the inertia momentum of
the liquid jet is more dominant than the capillary
adhesion forces.
a)
b)
c)
Fig. 7. Impingement of the liquid jet on the 8 mm
outer diameter superhydrophobic pipe. a)
Stationary b) Rotating counterclockwise at 125
rpm c) Rotating clockwise at 125 rpm. Re: 3443,
We: 35.12.

a)
b)
c)
Fig. 6. Impingement of the liquid jet on a
superhydrophobic pipe with an outer diameter
of 8 mm. a) Stationary b) Rotating
counterclockwise at 125 rpm c) Rotating
clockwise at 125 rpm, Re: 1891, We: 11.95.
Figure 7 shows the flow of the liquid jet hitting the
center of the horizontal stationary pipe at higher
Reynolds and Weber numbers compared to those in
Fig. 6. The jet hitting the surface flows sideways by
dividing into two equal branches, for both low and
high Reynolds and Weber numbers, as shown in
Figs. 6a and 7a, respectively. However, when the
liquid jet with high Reynolds and Weber numbers
impinges a rotating pipe, the flows divided into two
branches are affected by the rotation of the pipe, as
shown in Figs. 7b and 7c. While the reflection angle
of the branch of the liquid jet on the opposite side of
the pipe from the jet does not change significantly,
the angle of reflection of the branch in the direction
of rotation changes significantly. In the branch where
the flow direction of the liquid jet and the rotation
direction of the pipe are the same, the reflection
angle is greatly reduced (left branch in Fig. 7b and
right branch in Fig. 7c). Therefore, the angle between
the two arms in the stationary and rotating pipes is
reduced by approximately half. The impinging jet
with high Reynolds and Weber numbers spreads over
a large area, resulting in a much more complex flow.
It is speculated that the increase in the jet velocity
reduces the thickness of the air layer between the
liquid and the surface in the region of jet
impingement. Thus, the skin friction between the
surface and the liquid increases. As the velocity of
the liquid jet increases, the velocity of the liquid
becomes much larger than the line velocity of the
surface. In this way, since the wetting rate is greater
than the spreading rate, the spreading liquid wrapped
more closely to the surface (Duez et al. 2007).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8. Liquid jet impinging on a) stationary
superhydrophobic surface b) rotating
superhydrophobic surface (Re:2702, We:24.39),
c) stationary hydrophilic surface, d) rotating
hydrophilic surface (Re:1082, We:3.90), e)
stationary hydrophilic surface, and f) rotating
hydrophilic surface (Re:2162, We:15.61). Pipe
diameter: 50 mm.

When the liquid jet hits on a large diameter (50 mm)
superhydrophobic convex surface, it reflects from
the surface, as shown in Fig. 8a. The liquid jet gets
almost the same event without being affected by
forces such as drag resistance and the centrifugal
forces that occur with the rotation of the surface, as
shown in Fig. 8b. A liquid jet impinging a
hydrophilic convex surface undergoes deflection
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instead of a reflection from the surface (Fig. 8c). This
deflection occurs at a low rate because the contact
angle of this surface is close to 90°, which is the
hydrophobic limit. The liquid jet impinging the
surface spreads over a wide area on the hydrophilic
surface. In this case, the ratio between the free
surface area of the spreading liquid and the wetting
area is low. Thus, the liquid cannot obtain the energy
to reflect from the surface since the stored surface
energy is low (Kibar 2017). Furthermore, the wetting
rate of the hydrophobic surface is greater than that of
the superhydrophobic surface. Thus, the capillary
adhesion force dominates the inertial momentum of
the fluid jet. When the hydrophilic convex surface is
rotated, the liquid jet is dragged by the surface; thus,
it continues to flow, rotating with the surface, as
shown in Fig. 8d. In this case, the liquid jet has low
momentum. Therefore, the drag force dominates the
flow compared to the momentum of the flow. When
the momentum of the liquid jet is increased, it is
dragged by the surface at a low rate, as shown in
Figs. 8e and 8f.
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