Chemical Engineering Science 273 (2023) 118669

L e
% CHEMICAL
ENGINEERING
SCIENCE

Contents lists available at ScienceDirect

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Droplets impact on rotating cylinders

L)

Check for
updates

Qingwen Dai *™*, Chuchen Yue?®, Wei Huang?, Xiaolei Wang*

2 College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 210016, China
b Institute for Nano- and Microfluidics, Technische Universitat Darmstadt, Darmstadt 64287, Germany

HIGHLIGHTS GRAPHICAL ABSTRACT

« Droplets impact on curved surfaces is
investigated.

« Droplets bouncing on rotating and
wetting cylinders is reported.

« Critical conditions of droplets
bouncing and depositing is provided. }é

Sa=6.7 ym 0.5 mm

. . Microscopic Microscopic
« Physical mechanism of droplets Bouncing/p, o impact 9’ Impact
. . LT
bouncing on curved surfaces is Z Siting, - —
revealed. Cylinder Cylinder
PR e 0
4 | Gravity
— s v
Cylinder

ARTICLE INFO

ABSTRACT

Article history:

Received 7 February 2023

Received in revised form 10 March 2023
Accepted 18 March 2023

Available online 23 March 2023

In the present work, the impact dynamics of oil droplets on curved surfaces is reported. The influences of
curvature, surface roughness, rotating speed, and wetting conditions on the impact dynamics are inves-
tigated. It is found that the deformation of droplets on rotating cylinders is more significant than that on
static ones. An interesting bouncing phenomenon on rotating, pre-wetted, and curved surfaces is

reported, and bouncing dynamics under different conditions are highlighted. Numerical simulation indi-
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cates that the sunken of liquid film on the cylinder surface generates a liquid camber there and seals com-
pressed air, providing a cushion effect for droplets bouncing. Critical conditions are given to identify the
velocity thresholds of droplets bouncing and depositing. This work provides a basic understanding of dro-
plets impact dynamics on curved surfaces and design concepts for applications in modern industry, such
as mist lubrication systems.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

In 1876, Worthington first reported how water droplets impact
a solid plane. Since then, this fascinating phenomenon has aroused
extensive attention from both academic and practice areas
(Worthington, 1876). One famous proverb; water drips through a
stone, manifested the continuous and powerful energy output of
droplets impact responsible for erosion in nature (Sun et al.,
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2022). In modern industry; droplets impact has great importance
for various applications including self-cleaning (Lu et al., 2015);
anti-icing (Deng et al., 2012); spray cooling (Hao et al., 2015);
inkjet printing (Schutzius et al., 2015; Liu et al., 2016); condensa-
tion and heat transfer (Li et al., 2016; Zhao et al., 2019); etc.

For droplet impact on flat solid surfaces, typical categories of
deposition, prompt splash, corona splash, receding break-up, par-
tial rebound, and complete rebound exist (Rioboo et al., 2001). It
has been revealed that increasing impact velocity or droplet size
would contribute to the deformation (Richard et al., 2002), while
a higher surface tension or viscosity would restrain the deforma-
tion (Du et al., 2020). Compared to smooth surfaces, various
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splashing modes occur on rough surfaces because of the rough
structures (Goede et al., 2021). The bouncing phenomenon occurs
once the surfaces become superhydrophobic and it can be con-
trolled by changing the wettability (Liu et al., 2014; Chen and Li,
2010; Kolinski et al., 2014; Liu et al., 2015; Yu et al., 2021). Dro-
plets impact and rebound on a hot plane is manifested as the
famous Leidenfrost effect (Linke et al., 2006; Marin et al., 2012;
Bormashenko et al., 2015).

Compared to flat surfaces, droplets impact on curved surfaces is
more complex (Abolghasemibizaki et al., 2018; Sayyari et al., 2019;
Taghilou and Salimi, 2019). On dry cylinders, droplets undergo the
process of wetting, spreading, film drainage, and lamellae forma-
tion, and the shape of lamellas transforms with increasing curva-
ture (Khurana et al., 2019). As impact velocity increases, droplets
will rebound, spread, form an annular liquid sheet, and splash
(Liang et al., 2013). Liquid films transform to a crown shape grad-
ually with increasing surface curvature (Liang et al., 2014). For dro-
plets impacting superhydrophobic cylinders, asymmetric rebound
and stretched breakup were observed in the vertical and axial
direction (Zhang et al., 2019; Liu et al., 2015). Film rebounding,
breaking up, or even boiling were found on high-temperature
cylinders under different Weber numbers (Guo et al., 2021).

Up to now, abundant investigations of droplets impact on flat
and curved surfaces have been reported, which deeply broadens
our understanding of this interfacial phenomenon and also pro-
vides different methods for droplet manipulation (Yang et al.,
2017; Yang et al., 2021; Zhan et al., 2021; Dai et al., 2021; Leng
et al., 2022). Actually, oil droplets impact on rotated cylinders also
exists in the industry. In an aeroengine, oil droplets impact
involves key processes including oil injection lubrication in the
gearing box and cooling of transmission shafts (Pei et al., 2017).
For oil mist lubrication systems, oil droplets impact affects the
lubrication and heat transfer efficiency of transmission shafts
(Zama et al., 2017). If the shaft is overheating, oil droplets bouncing
is needed to cool down; while if the shaft is lacking of lubrication,
oil droplets depositing is suggested. Therefore, it is vital to under-
stand oil droplets impact on rotating cylinders. The physical prop-
erties including the viscosity and the surface tension of industrial
lubricants are different from these of water droplets A review of
the opening literature indicates that research on these aspects is
currently lacking.

Hence, in this work, the impact dynamics of oil droplets on
rotating cylinders were studied. Impact phenomena on planes
and cylinders were compared, and the influence of wetting condi-
tions and surface roughness were investigated. An interesting
bouncing phenomenon on pre-wetted cylinders under specific
conditions was confirmed, and critical conditions were given to
identify the velocity thresholds of droplets bouncing and deposit-
ing. A numerical simulation was performed to determine the
mechanism. This work provides sufficient experimental and theo-
retical insights into droplet impact on curved surfaces.

2. Materials and methods
2.1. Materials and test procedure

All cylinders were made of 304 stainless steel with an initial
surface roughness Sa of 0.3 um, and roughness surfaces were pro-
duced via different grinding processes. Different lubricants of
polyalphaolefin (PAO4), olive oil, silicone oil, and paraffin oil were
adopted for preliminary experiments, and the bouncing behavior
of these lubricants was confirmed (Fig. S1). Considering the wide
application of silicone oil in industry, and a series of selectable vis-
cosities, silicone oils were adopted for the tests. The property of sil-
icone oil was provided in Supplementary Table S1.
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The diameter and impact velocity of droplets were controlled
by the diameter and initial height of the syringe, respectively.
Reynolds and Weber numbers were regulated by the impact
velocity V, and Ohnesorge number was regulated by the viscos-
ity u. By placing silicone oil droplets (total volume of 20 puL) on
a rotated cylinder (R, = 5 mm) successively, a uniformed and
slippery oil film could form on the cylinder after waiting for
2 min (Movie S1 confirms the finial wetting surface and the
inset exhibits the pre-wetting process). The oil film thickness
is approximately 0.06 mm (the calculation method is provided
in Fig. S2).

All impact experiments were conducted at the ambient temper-
ature of 25 °C and humidity of 40 %, the impacting process was
recorded via a high-speed camera (i-SPEED 726R, iX Cameras,
UK) and analyzed via image processing software.

2.2. Numerical approach

A 2D physical model (Fig. S3a) was established and a Laminar
two-phase flow-phase field was adopted in numerical simulation.
Navier-Stokes equation is used to calculate the velocity and pres-
sure of single-phase flow in the laminar flow, including the mass
conservation continuity equation (Eq.1), momentum conservation
vector equation (Eq.2), and energy conservation equation (Eq.3)
(Liu et al., 2017)

op _
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where P is the pressure, and 7, and F are the viscous stress ten-
sor and body force vector, respectively. In equation (3), R is the
strain rate tensor, and its calculation formula is

R- % (VU + (VU)T) (4)

The phase field method is a numerical simulation technique for
interface tracking and shapes modeling, which introduces the sur-
face tension of the free liquid surface into the Navier-Stokes equa-
tions and uses a higher-order function ® to track the gas-liquid in
a two-phase flow model interface
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where 7 is the reinitialization parameter, and ¢ is the interface
thickness control parameter. ¢ is the surface tension coefficient,
0 and f/o® is the partial derivative of external free energy. When
® = -1, the liquid behaves as the property of one phase, when
® = 1, the liquid behaves as the property of the other phase. For
the substrate, set the bottom edge as the wetted wall, and its gov-
erning equation is

My F) = y(myar - n - cosO)n 8)

U Ny = 0, Ffr = ﬁ
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where F is the friction force between solid and liquid, and
is the slip length; F, is introduced to control the solid-liquid con-
tact angle. For the simulation environment, the atmospheric
pressure was set to 1 atm, the temperature was set to
293.15 K, and the velocity of the droplet falling to the impact
point under the effect of volume force and gravity was 0.7 m/s.
For fluids, the gas used the default properties of air in COMSOL
Multiphysics, the apparent contact angle of silicone oils was
set to 15° in this study according to the measured value
(Table S1), and the contact angle hysteresis was not considered
as the impact process occurs within 0.1 s. It was assumed that
there is no reaction between solid and liquid, the wall tempera-
ture was constant, the droplet was an incompressible fluid, and

Table 1
Parameter definition.
Description Symbol
0

Contact angle
Dynamic viscosity n
Radius of curvature
Initial diameter of a droplet
Spreading diameter of a droplet D
Maximum diameter of a droplet Dinax
Impact velocity Vv
Impact angle (angle between p
the impact and tangential velocity)
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the fluid flow conformed to the law of laminar flow. After the
2D model was constructed, the left side was the pressure inlet
(p = 0 Pa), the right side was the pressure outlet (p = 0 Pa), and
the top was the open boundary (Meshes and boundary condi-
tions for computations are provided in Fig. S3b).

3. Results and discussion
3.1. Droplets impact on planes and cylinders

All experimental parameters are defined in Table 1, and non-
dimensional parameters of Reynolds, Weber, and Ohnesorge num-
bers are adopted to evaluate the impact process. Fig. 1a shows the
typical impact dynamic of silicone oil droplets on the pre-wetted
plane and cylinder. All droplets can bounce off these surfaces
under a specific condition, and the contact time Teoneqcr decreases
with increasing tangential velocity V; and decreasing impact angle
B (Fig. 1b). The changing trend of spreading diameter D; divided by
the initial diameter Do with elapsed time is shown in Fig. 1c, which
increases rapidly at the initial 5 ms, and then decreases gradually.
Fig. 1d shows the processes on the dry plane and cylinder (u = 0.
1Pa-s,Dg=1.8 mm, R, =5 mm, and £=3). When We = 211, droplets
would spread to the maximum diameter, retract, and stabilize
gradually. As We increases to 743, an obvious splash and breakup
process is observed on both surfaces, and the splash film is larger
on the cylinder because of the vertical spreading. Fig. 1e shows
the corresponding values of Ds/D,, which increase rapidly to a max-
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Fig. 1. Basic impact phenomena of silicone oil droplets on planes and cylinders (Do = 1.8 mm). Pre-wetted surfaces: (a) Impact dynamic under different conditions of &=
3, We =21, u=0.1 Pa-s, h = 0.06 mm, V, =0, 0.25, 0.5 m/s, = 79°, 90°, and the corresponding (b) Contact time T,onc and (c¢) Spreading diameter Dy/D,. Dry surfaces: (d)

Impact dynamic under different conditions of £&=3, We = 211 and 743, and the corresponding (e) Spreading diameter Ds/D,.
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3.2. Droplets impact on smooth and stationary cylinders

Note that the magnitude of £ in the most existing literature (£ <
1) (Lorenceau et al., 2004; Dressaire et al., 2016; Kim and Kim,
2016; Liu et al., 2020) is relatively lower than that in real applica-
tions. Here, £&=3 ~ 11 was investigated to quantify the impact char-
acteristics on cylinders. Fig. 2a and b present the changing trends
of Ds/Dg with elapsed time and varying &€ under different Re and
We respectively, and the impact dynamics are shown in Supple-
mentary Movie S2. It can be seen that D,,,/Do is in a positive cor-
relation with & Re, and We, and this correlation becomes
remarkable as We increase from 55 to 456 since the initial kinetic
energy limits the deformation. Fig. 2c provides nonlinear expres-
sions of Dmay/Do VS We (Dyax/Do = 0.9*We®12) and D,,0/Do VS Re
(Dmax/Do = 0.82*Re®23) via data fitting. Compared to the results of
Clanet et al. (Clanet et al., 2004), the validity of the experimental
results is verified. Fig. 2d shows the changing trends of D;;qx/Do
and Tpyax (the time when Dy,q, is reached) with increasing Oh. Note
that Dnq/Do is in a negative correlation with Oh and the maximum
spread profile of droplets evolves from a concave shape at
Oh = 0.02 to an ellipsoid shape at Oh = 0.83. It is accepted that iner-
tia is the dominant resistance during initial spreading (Du et al.,
2021). Since the order of magnitude of the capillary number is 1,
in the case of the inertial regime, it is believed that oil droplets
are in a complex force equilibrium state of inertia, capillary, and
viscous forces.
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3.3. Droplets impact on smooth and rotating cylinders

3.3.1. Dry surfaces

The primary difference between stationary and rotating cylin-
ders is that a tangential force occurs once the cylinder rotates. As
shown in Fig. 3al, when =3, u = 0.1 Pa-s, and V; = 0.096 m/s, the
morphology of droplet is almost undistorted at We = 25, and a cen-
tral depression appears as We increases to 456. An obvious asym-
metrical shape of droplets is observed as V; increased from 0.096 to
0.288 m/s (Fig. 3a2). The asymmetrical deformation becomes more
significant as Re increases from 20 to 95 (Fig. 3a3). It is suggested
that We and Re mainly affect the spreading of droplets, and tangen-
tial velocity dominates the asymmetry. Fig. 3b shows a quantita-
tive result of the changing trend of Ds/D, under the above-
mentioned conditions. The cyan and red dotted lines indicate that
once the droplet contacts the cylinder, it spreads rapidly due to a
higher tangential force (V, = 0.288 m/s). Increasing & contributes
to the spreading (blue and purple dotted lines), and this enhance-
ment can be seen in the pre-spread stage of the purple and gold
dotted lines.

3.3.2. Wetted surfaces

Cylinders are always wetted in real conditions, thus, droplets
impact on wetted and rotating cylinders was investigated. As
shown in Fig. 3¢, Dpnax/Do is proportional to both Re and V; when
droplets impact dry and pre-wetted cylinders, and D;;4,/Do on the

I
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Fig. 2. Droplets impact on cylinders (Do = 1.8 mm). (a) Changing trend of Ds/Do with elapsed time under different £ and Re. (b) Influence of Re, We on D,,,qx/Do With increasing
&, (c) Relationship between D./Do and dimensionless numbers of We and Re. (d) Changing trends of Djqx/Do and Tppex With varying Oh. Scale bar: 1 mm.
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Fig. 3. Droplets impact on smooth and rotating cylinders (D, = 1.8 mm and counterclockwise rotation). Impact dynamics under different conditions: (a1) We of 25 and

456 at &=3, 1 =0.1 Pa-s,and V; =
Changing trend of Ds/Dy under different conditions of £&=3 and 6, V; =
wetted cylinders under different V; and Re. (d) Edge topography of impacted dropl

pre-wetted cylinders are larger than these on dry ones, which is
attributed to the merging of the edges of the droplet and the oil
film on the cylinder. As the morphologies of the droplet edges on
dry and pre-wetted cylinders in Fig. 3d indicate (£=6, We = 25,
and V; = 0.288 m/s), the contact line is visible on the dry cylinder
but doesn’t exist on the pre-wetted cylinder, while the droplet tilts
to the left while the right edge forms a skirt-like trail due to the
shrinkage flow.

3.4. Droplets impact rough and rotating cylinders

To explore the influence of surface roughness (Sa) on the impact
dynamic, cylinder surfaces with different Sa of 0.3, 1.5, 3.3, and
6.7 pum are adopted, and the micrographs are shown in Fig. 4a
(more details are provided in Fig. S5). Fig. 4b shows the front and
left views of droplets impact on the cylinders with Sa of 0.3 and
6.7 um when Re = 41, &3, u = 0.1 Pa-s, and V; = 0.192 m/s. It can
be seen that D, on the rough cylinder (6.7 pm) is smaller than
that on the smooth one(0.3 pum), and it takes 1 ms longer for the
rough surface (Sa = 6.7 pm) to reach Dya.

Fig. 4c shows a quantitative result of D,,.x/Do on rough cylinders
(Sa) of 0.3, 1.5, 3.3, and 6.7 um under different conditions. When
Re = 10, D,q/Do on these surfaces are nearly the same under a
lower V, of 0.096 m/s, and as V; increases to 0.576 m/s, Dyax/Do
on the roughest surface (Sa = 6.7 pum) is much lower than the
others. When Re = 41, a similar trend is confirmed that the magni-
tude of Dy,qx/Dg is in negative correlation with the surface rough-
ness, and the differences become apparent with increasing V,. It
is well-known that two main wetting conditions of Wenzel and

0.096 m/s, (a2) V; of 0.096 and 0.288 m/s at =6, 1 = 0.1 Pa-s, and We = 25, (a3) Re of 95 and 19 at &=3, ;1= 0.1 Pa-s, and V; =
0.096 m/s and 0.288 m/s, We = 25 and 456, Re = 19 and 95. (¢) Changing trends of D,qx/Do on dry and pre-

0.288 m/s. (b)

ets on dry and pre-wetted cylinders.

Cassie-Baxter states exist on rough surfaces (Ramachandran
et al., 2015; Garcia-Geijo et al., 2021; Jin et al., 2021). The contact
angle of silicone oil on the tested surface is ~15°, Wenzel state
holds, it means that menisci would form between adjacent micro
asperities as the droplet spreads in the longitudinal position, and
the liquid needs to full fill the gaps and overcome the Laplace pres-
sure simultaneously (Roisman et al., 2015; Abolghasemibizaki and
Mohammadi, 2017; Dai et al., 2018). It means that the rougher the
surface is, the more obvious the obstruction will be. This is further
verified by the measuring results of the advancing and receding
contact angles on these surfaces (Fig. S6), a rougher surface has a
larger advancing angle, resulting in higher resistance to spreading.

3.5. Droplets bouncing on pre-wetted cylinders

3.5.1. Bouncing phenomenon

Fig. 5a shows a typical bouncing phenomenon on the cylinder
when R, = 5 mm, Dy = 1.65 mm, V = 0.13 m/s, and V; = 0.5 m/s.
A droplet undergoes a process of impacting, spreading to maxi-
mum, and bouncing on a wetted cylinder (Movie S3). It is interest-
ing to see the rebound phenomenon and more experiments are
performed to verify it. Fig. 5b-f shows the quantitative results of
droplets impact on the pre-wetted and rotated cylinders under dif-
ferent conditions. It is confirmed that droplets would either bounce
or deposit on the cylinders under different conditions, and there
seems to be a threshold between the bouncing and depositing pro-
cesses. Opening literature has proven that a dimensionless impact
factor can be adopted to describe complex impact dynamics (Liang
et al., 2014; Liu et al., 2022). Here, a dimensionless impact factor
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Fig. 4. Droplets impact on rotating cylinders with different roughness Sa (Do = 1.8 mm and counterclockwise rotation). (a) Optical and SEM microscopy of cylinders
with Sa of 0.3, 1.5, 3.3, and 6.7 pm. (b) Front and left views of the impact dynamics on surfaces with Sa of 0.3 and 6.7 um when Re = 41 and V; = 0.192 m/s. (c) Effect of surface

roughness on the D,,q/Do under different V, and Re.

(P) involving variables of V,, V, (unit velocity of 1 m/s), Oh, and B
are adopted to predict the threshold of the bouncing and
depositing:

_ eV 180° ) ©)
V. <on0T " 180°

Substituting all the data in Fig. 5b-f into the above formula, a
general trend for the bouncing and depositing can be achieved.
As shown in Fig. 5g, the upper-velocity limit (Vyppe) is highly
responsive to the value of P, and it decreases rapidly as P increases.
The lower velocity limit (Viower) is in a positive correlation with the
value of P, while it increases slowly with increasing P. The upper-
velocity limit (Vypper) and the lower velocity limit (Viower) fit the
following relationship of Vyyper/Ve = -0.39*P + 0.97 and Vigwer/
Ve = 0.04*P + 0.15, respectively. Overall, these two formulas can
be applied to predict the threshold of droplets bouncing and
depositing on wetted cylinders.

3.5.2. Droplets bouncing at the left and the right sides

Fig. 6a shows the droplets impact process at the left (8 = -79°)
and the right (g = 79°) sides of a rotating cylinder. When u = 0.0
1 Pa-s and V; = 0.25 m/s, droplet bouncing time at the left side
(20.2 ms) is much shorter than that at the right side (29.6 ms).
Detailed impact processes are provided in Supplementary Movie
S4.The bouncing time decreases to 26 ms as y increases to 0.05 Pa-s
due to the increased viscosity resistance (Fig. 6a3), and the droplet
cannot bounce due to the high initial kinetic energy as V; increases
to 1.5 m/s (Fig. 6a4). Fig. 6b compared the D,,,4,/Do between the left
and the right sides under different conditions, it can be seen that
Dinax/Do is always in a positive correlation with V, due to the pulling
action of tangential motion, and in a negative correlation with u
due to the viscous resistance. When u = 0.1 Pa-s, the range of V;
is limited because the viscous resistance obstructs droplet spread-
ing and yields a concentrated mass distribution, resulting in
depositing (no data points at high V;). Note that the oil droplet
experiences a slip before rebounding on a stationary pre-wetted
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cylinder while not on the rotating one. It is because the droplet
cannot bounce instantly on the stationary cylinder, which slips
along the cylinder under the gravity within the retracting process,
thus an obvious relative movement occurs (for the investigated
droplets, the capillary length, Ic = ./y/pg, is approximately
1.5 mm, thus gravity effect cannot be ignored). While for the rotat-
ing one, oil droplets can move downward under the action of grav-
ity and tangential force, weakening the relative movement.

3.6. Bouncing mechanism

To figure out the underlying physical mechanism of droplets
bouncing, a 2D numerical simulation was performed to model
the bouncing process on a pre-wetted cylinder. Oil film with a
thickness (h) of 0.06 mm was adopted for simulation under a con-
dition of V= 0.7 m/s, &3, u=0.1 Pa-s, V,= 0 m/s, 8 = 67°. Numerical
results of the contour line, volume fraction, pressure field, and
velocity field of the droplet and the oil film as the progress of
impacting were extracted and analyzed (volume fraction and pres-

sure field are provided in Supplementary Movie S5 and S6,
respectively).

As the droplet contour indicates (Fig. 7a), a droplet undergoes a
process of impacting, spreading, retracting, and bouncing off the
cylinder sequentially within ~30 ms. Fig. 7b shows the volume
fraction of two typical movements of initial contact and ready for
bouncing. Deformation of the droplet is visible, and there is an
air cushion zone between the droplet and the oil film, which con-
tributes to the bouncing. To verify the deformation of the oil film,
the pressure field in the computational domain is extracted and
shown in Fig. 7c. Note that the pressure intensity between the dro-
plet and the oil film is extremely high at the initial contact move-
ment. The pressure concentration does not disappear immediately,
which decreases with decreasing oil film thickness and recoveries
to the normal pressure at ~3 ms (Fig. 7d). Referring to the volume
fraction shown in Fig. 7b, it is confirmed that this pressure concen-
tration is generated by the compressed air there. On the one hand,
the pressure concentration provides an air cushion for the droplet
to bounce; on the other hand, it drives the liquid film to flow on the
cylinder. Furthering extracting the velocity filed at 0.9 ms and the
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contour lines of oil film on the cylinder within 0-6.8 ms provides a
clear insight into the origin of the formation of compressed air. As
shown in Fig. 7e, the intensity of the velocity field is significantly
high at both sides of the bottom of the droplet, but negligible
between the bottom of the droplet and the oil film. Contour lines
in Fig. 7f show the detailed deformation process of oil film, which
sinks inward and forms a concave surface. The well-known Ber-
noulli’s equation (p + pv?/2+pgh = Constant, p is the pressure at
the chosen point, v is the fluid flow speed at a point, h is the eleva-
tion of the point) states that an increase in the speed of a fluid
occurs simultaneously with decreasing pressure, which means that
a higher velocity intensity at both sides yields a lower local pres-
sure, while a lower velocity intensity in the concave yields a higher
local pressure. As a result, a sealed chamber with compressed air
generates a relatively high pressure between the droplet and the
oil film, providing a cushion effect for droplets bouncing. To further
confirm the results, numerical simulations for oil films with two
different thicknesses of h = 0.01 and 0.13 mm (compared to
h =0.06 mm, a thin and a thick oil film) are chosen and the results
are presented in Fig. S7. These simulation results further support
the above-mentioned mechanism.

Opening literature has revealed that when a droplet impacts a
liquid pool at a low We, the liquid pool would be concaved and
the local air would be compressed, which contributes to the bounc-
ing of droplets (Thrivikraman et al., 2021; Maquet et al., 2016). This
further corroborates the simulation presented in Fig. 7; thus,
experimental results in Figs. 4-6 are understandable. The magni-
tude of the generated pressure concentration is in a positive corre-
lation with the impact velocity. A lower-pressure concentration is
insufficient for bouncing, and a higher-pressure concentration will
drive the motion of the oil film, breaking the sealed air chamber.
That is the reason why lower and upper impact velocity threshold
exists in Fig. 5. A larger € means a flatter surface and it will dimin-
ish the camber for compressed air, a lower tangential velocity or a
higher velocity would contribute to the flow of oil film, these will
all enlarge the bounce areas in Fig. 5. A larger Dy means stronger
gravity, which reduces the bounce area. For the difference at the
left and right sides, it is because the vector addition of the tangen-
tial velocity and the impact velocity at the left side enhances the
generation of pressure concentration while weakening the pres-
sure concentration on the right side (Fig. 6). Overall, Fig. 7g illus-
trates a schematic of the bouncing mechanism, in which the
differences between dry and wetted cylinders are explained. It
can be seen that oil can fill the micro-roughness structures on
the cylinder surface, thus it is difficult for the air to escape from
the interface within the impact process. As a result, a local pressure
concentration is generated, and the bouncing phenomenon is
observed. Therefore, droplets cannot bounce off dry and rough
surfaces.

4. Conclusion

In the present work, we systematically investigated the droplet
impact dynamics on rotating cylinders. The difference in droplets
impact dynamic between planes and cylinders is confirmed. It is
found that once the cylinders rotate, the tangential force would
enhance the deformation of droplets and increase the D,qy/Do.
Wetting the cylinder would further contribute to a high value of
Dinax/Do due to the merging of droplet edges and oil film. Surface
roughness affects the impact process, and the rougher the surface
is, the more obvious the obstruction will be. An interesting bounc-
ing phenomenon on rotating, pre-wetted, and curved surfaces is
reported. A dimensionless impact factor (P) is defined, and the crit-
ical lower velocity (Viower Ve = 0.04*P + 0.15) and upper velocity
(Vupper/Ve = -0.39*P + 0.97) are given to identify the velocity thresh-
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old of droplets bouncing and depositing. Numerical simulation is
carried out to figure out the underlying physical mechanism of
droplets bouncing, and it is proven that the sunken of liquid film
on the cylinder surface forms a liquid camber there and seals com-
pressed air inside, yielding a cushion effect for droplets bouncing.
The critical conditions of droplets bouncing and depositing on wet-
ting and rotating cylinders provides a design concept for the mod-
ern lubrication system. One can reasonably manipulate oil droplets
impact behavior by controlling these parameters to improve the
efficiency of lubrication and heat transfer.
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