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Oblique impact dynamics of micron particles onto a liquid surface
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Micron particles rotate and their trajectories deviate from the impact direction when
impacting the liquid surface obliquely; thus their impact dynamics is largely different
from that of vertical impact, which remains to be studied in depth. In this study we
established a three-dimensional simulation method by solving the coupled equations of
particle motion and fluid flow and adopting a dynamic meshing technique and slip velocity
boundary condition that accurately reproduced the particle motion and gas-liquid interface
evolution during oblique impact. Our results, based on detailed flow field and acting
forces and moments analyses, demonstrate that the particle’s nonaxisymmetric wetting
leads to the nonaxisymmetric distribution of fluid pressure and shear stress along the
particle surface, and thus deviates the dominating forces at different impact stage from its
direction of motion, which makes the particle trajectory deviate from the impact direction
and also generates a viscous moment that rotates the particle. We also illustrate how the
impact angle and Weber number modulate the flow field around the particle as well as
the acting forces and finally influence the particle motions. These findings provide a deep
understanding of the dynamics of the nonaxisymmetric impact of the micron particle on
liquid surfaces, which is a ubiquitous scenery in nature and industry.
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I. INTRODUCTION

The impact of objects on liquid surfaces occurs widely in nature and industry. This phenomenon
was initially studied by the military, including the water entry of air-to-sea weapons (bullets and
bombs) [1,2] and the water landing of aircraft and spacecraft [3,4]. This is also of significant
interest in the field of bionics for understanding the floating, walking, and jumping of aquatic
insects on liquid surfaces [5—8]. Particles impacting liquid surfaces are common in mineral flota-
tion when screening mineral particles with different properties [9] and in jet metallurgy when
preparing particle-reinforced metal matrix composites [10]. The impact behavior of micron particles
determines the particle capture efficiency in wetting scrubbing (and wetting deposition in nature)
[11-13]. Therefore the study of particles impacting liquid surfaces is helpful for understanding
related natural phenomena and providing guidance to related industrial processes.

The vertical impact of spherical particles on liquid surfaces has been of primary interest in related
studies. This process can be considered axisymmetric and is determined by the dimensionless
parameters of the Weber number We (= pluozdp /o), the Reynolds number Re (= pjuod,/ 1), the
Bond number Bo (= p,dng/o), the density ratio D (= ps/p;), and the contact angle 6, where o,
w1, and o are the density, viscosity, and surface tension coefficient of the liquid, respectively, ug is
the impact velocity, d,, and p; are the diameter and density of the particle, respectively, and g is the
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gravitational acceleration. Large particles with Bo >> 1 may exhibit two impact modes of oscillation
and submergence after impact under the influence of gravity, buoyancy, and hydrodynamic forces
[14]. The effect of the surface tension force becomes significant with the decrease in the particle
size [15], causing a millimeter-sized particle with Bo ~ 1 demonstrating three impact modes of
oscillation, rebound, and submergence [16]. A particle’s impact causes different cavity shapes in
the gas-liquid interface [17]. A quasistatic cavity forms when We is small [18], while a deeper
cavity is produced due to the pinning of the three-phase contact line (TPCL) during impact with a
large We [19]. For the vertical impact of millimeter-sized particles, the dynamics of particle motion
and gas-liquid interface evolution were investigated theoretically, numerically, and experimentally.
The effects of impact parameters such as the particle wettability, density ratio, and Weber number
were revealed, and criteria for distinguishing different impact modes were proposed [18,20,21].
For micron particles in industrial processes such as mineral flotation and wet scrubbing, the effect
of gravity on their impact behavior can be safely neglected because Bo >> 1, thus demonstrating
different impact behaviors compared to large particles. Our previous work investigated the dynamics
of a micron particle’s vertical impact on liquid surfaces and found that the initial and late stages
are dominated by the hydrodynamic force and surface tension force, respectively [22-24]. The
characteristics of particle motion and gas-liquid interface evolution were illustrated, and the energy
conversion mechanism was revealed.

Particles impact liquid surfaces at arbitrary angles in practical situations. Most children know
how to skip a stone on a lake [25,26]. When a large sphere impacts a liquid surface with high
velocity, it will rebound if the impact angle is less than a critical value because a large upward
component of the hydrodynamic force is produced due to nonaxisymmetric wetting along its motion
direction [27]. The trajectory of a streamlined body is no longer straight when the instability of
exerted torques (including Archimede’s and hydrodynamic) is triggered by the deviation of the
center of mass (Guillet ef al. [28]). However, at present, little is known about the oblique impact
of micron particles, where the surface tension force plays a key role and the gravity effect can
be totally neglected compared to that of large bodies. Our previous work experimentally studied
the oblique impact of poly(methyl methacrylate) (PMMA) microspheres on a liquid surface and
found that different from the vertical impact, the particle trajectory will deviate from its impact
direction and the particle will rotate during oblique impact [29]. However, particle rotation cannot be
measured quantificationally due to experimental limitations, and it is difficult to give deep insights
into the behind dynamics of the particle rotation and trajectory deviation based on the experimental
observation, which is very important for the modeling and prediction of particle impact behaviors.
As an important research method, numerical simulation has been widely used to study interfacial
multiphase flow problems, including objects impacting a liquid surface [30,31]. Therefore it is
necessary to investigate the oblique impact of micron particles with a detailed numerical simulation
to reveal the dynamics of the particle rotation and trajectory deviation and the role of the impact
parameters.

In this study we develop a three-dimensional simulation method for research into a micron
particle’s oblique impact. Equations of particle motion and fluid flow are solved with a dynamic
meshing technique and slip velocity boundary condition. The simulation accuracy is verified with
experimental data at different impact angles. Particle motions that are difficult to capture experi-
mentally, such as particle rotation, TPCL motion, and capillary wave propagation, are reported. The
evolution of the dominant forces and moments are analyzed, and the effects of the impact angle and
Weber number on the impact dynamics are investigated.

II. GOVERNING EQUATIONS AND NUMERICAL METHODS

When a rigid spherical particle impacts a horizontal liquid surface with an inclination angle of «
and a translational velocity of uy, the gas-liquid surface distorts as shown in Fig. 1, where s is the
particle displacement, 4 is the vertical displacement of the particle, u is the particle’s translational
velocity,  is the particle’s rotational velocity, «,, is the inclination of u relative to the horizontal
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FIG. 1. Schematic of a micron particle impacting a liquid surface.

plane, ¢ is the angular position of the TPCL, and «7 is the inclination of the TPCL. The coordinate
origin is set as the particle’s center when it contacts the liquid surface, and the yz plane is set as the
vertical plane where uy is located, which is also the symmetry plane of the impact.

A. Equations of fluid flow and particle motion

Since the velocity of the fluid is much smaller than the local speed of sound, the fluid is assumed
to be incompressible. The mass conservation equation and Navier-Stokes equation of the fluid are
as follows:

ap
L4V pv=0, !
otV M
da(pv)
8’; + (- V)pv = —Vp+ V- [1(Vo + V)] + pg + fo. @

where 7 is the time, p is the fluid density, v is the fluid velocity, p is the pressure, u is the dynamic
viscosity of the fluid, and g is the gravitational acceleration. The two-phase flow of the gaseous
and liquid phases is calculated using the volume-of-fluid method as described by Hirt and Nichols
[32]. The volume fraction of each phase in each cell is defined in this method, and the density and
viscosity of the fluid near the gas-liquid interface is calculated by interpolation. f, is the volumetric
surface tension force, and it exists only in the gas-liquid interface and is counted with the continuum
surface force (CSF) model [33]. The related equations were presented in our previous work [23].

The translational and rotational motions of the particle change under the influence of the acting
forces and moments by the liquid and interface during impact. According to Newton’s second law,
the equation of particle motion can be expressed as

du
my— =Fy+F +Fp, 3)
dw

where m,, and I, are the mass and moment of inertia of the particle, respectively. F ¢, F, and F ¢ are
the fluid force, surface tension force, and gravity acting on the particle, respectively. My, M, and
M, are the moments produced by these three forces, which were calculated by M = r x F, where
r is the distance vector of the acting point of the corresponding force to the particle’s rotation axis.
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FIG. 2. Illustrations of (a) the computational domain and (b) the mesh at the symmetric plane.

F; is computed as the integral of the pressure stress and viscous stress over the entire particle

surface area A
F;= // —pngdA + f/ u(Vo + Vob) . ndA, 5

A, 4,

where n; is the unit normal vector of the sphere surface. F is calculated as

F, = / oedl, (6)
TPCL

where ¢ is the unit interface direction vector at the TPCL. The gravity is computed by F, = m,g
and acts on the centroid of the particle. Thus M, = 0.

B. Numerical methods

Because the fluid flow is symmetric along the yz plane during impact, the particle always moves
on the yz plane and rotates along the x direction, and a three-dimensional symmetric computational
domain is adopted. The reasonable domain, mesh sizes, and time steps are determined by an
independent analysis. As shown in Fig. 2, the computational domain length is 20r, (r, is particle
radius) in the x direction. A structured mesh with a local mesh refinement in proximity to the particle
is utilized. The total cell number is 826 400 cells with a corresponding minimum mesh size of r,/60.
A variable time step is adopted to ensure a global Courant number of less than 0.2.

A no-slip velocity boundary condition and a constant contact angle of 90° are set for the
domain boundary. Since the adopted dynamic meshing technique (introduced in the following) only
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considers the particle’s translation movement, a slip velocity boundary is adopted for the particle
boundary to couple the particle’s rotational movement with the fluid flow, which represents the
no-slip boundary of a rotating particle in the practical situation. The slip velocity equals the velocity
of the particle surface caused by the particle’s rotation and is expressed as

Vy = @ X Iy, 7

where ry, is the vector from the sphere center to the considered position on the particle surface.
Although the contact angle between the particle and TPCL dynamically changes during the sinking
process, experimental research on the impact of small hydrophobic spheres found that the difference
between the dynamic contact angle and static contact angle is very small throughout most of the
sinking process [22]. Simulation research by Ding et al. [19] and Kintea et al. [15] showed that
a constant contact angle can also capture the dynamics of the particle and gas-liquid interface.
Therefore we adopt a constant advancing contact angle 6 for the particle wall in this study.

As a dynamic meshing technique, the layering scheme is adopted to reconstruct the mesh to
couple the particle’s translational movement with the fluid flow. As shown in Fig. 2(b), the mesh is
divided into five parts by four interfaces. The cells in the middle part remain unchanged and move
in the yz plane together with the particle, whereas the cells in the left and right parts move at the
velocity of the particle in the z direction. The cells adjacent to the interface in the left, right, top, and
bottom parts are compressed or stretched. When a cell is stretched or compressed to a certain extent,
it splits into two cells or merges with its adjacent cell to ensure that all the grids are structured. In
this way, the mesh reconstruction in each time step is realized.

The gaseous and liquid phases are initially still when the particle moves from the gaseous phase
to the gas-liquid interface at a translational velocity of #¢ without rotation in the position 2r, above
the gas-liquid interface. The detailed computational procedure was reported in our previous work
[23]. The physical parameters of the gaseous phase are specified as the physical parameters of air at
a normal temperature and pressure. We set p; = 998.2kg/m?, 0 = 0.0728 N/m, u; = 0.001 Pas,
ps = 1180 kg/m3, 6 = 110°,d, = 306.0 um, and up = 2.84 m/s as default parameters. Thus We =
34 and D = 1.18. The impact angle « varies between 15° and 90° to investigate the effect of the
impact angle. The We number varies between 10 and 50, while Re is fixed at 867 by adjusting ug
and u; to investigate the effect of We.

III. RESULTS AND DISCUSSION
A. Motion behaviors

An impact process (o = 43.8°, We = 34, and Re = 867) observed by the experiment [29] is
numerically simulated first, and the obtained particle trajectory is shown in Fig. 3(a), where T =
tup/d, represents the dimensionless time and 7 = 0 is the moment when the particle contacts the
liquid surface. The particle moves along its impact direction first after impact and then the trajectory
deviates significantly with respect to its impact direction and eventually submerges at z ~ 2d,, and
T =~ 5.8. Figure 3(b) demonstrates the evolution of the deviation of the particle trajectory to its
impact direction (As). It shows that the particle’s trajectory deviates slightly upward at the initial
stage and then obviously deviates downward. The particle’s maximum trajectory deviation (As,,)
before the liquid surface pinches off is approximately 0.2d,,. The numerical simulation accurately
predicts the particle’s trajectory, the evolution of the particle displacement with time, and the
location and time when the particle is submerged. Although the particle’s rotation during impact can
be deduced by the movement of the small bubble attached above the particle after it submerges, it
cannot be directly measured by the experiment [29]. Figure 3(b) shows the variation in the particle’s
angular velocity with time during impact obtained numerically. The particle rotates clockwise
(topspin) after impacting the gas-liquid interface without rotation, and the angular velocity first
increases and then decreases. The maximum angular velocity is 913 rad/s. By comparing the
experimentally measured angular velocity after the particle is submerged, we can conclude that
the numerical simulation accurately captures the rotation of the particle during impact.
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FIG. 3. Comparison of (a) the particle trajectory colored based on the dimensionless time T (=tuy/d,),
with x representing the position where the particle is submerged, (b) the particle’s trajectory deviation As (the
positive value means the particle’s trajectory deviates downward) and rotational angular velocity w, and (c)
the evolution of the angular position of the TPCL ¢ and the inclination of the TPCL plane ar between the
simulations and experiments [29]: « = 43.8°, d, = 306.0 um, uy = 2.84m/s, We = 34, and Re = 867. The
black dashed line in (a) represents the impact direction, while the inset figure plots the enlarged view near the
particle submerged position.

Figure 4 presents the time series of the gas-liquid interface obtained numerically and exper-
imentally. It shows that the liquid surface shape in the yz plane calculated numerically matches
the experimental results extremely well. The gas-liquid interface distortion caused by the particle’s
impact is nonaxisymmetric, and the TPCL on the left side of the particle first moves below the
undisturbed liquid surface compared to that on the right, causing the cavity to evolve from a half
cavity to a full cavity. The assumption of constant contact angle results in the TPCL being located in
a plane (the TPCL plane) during impact in simulation, which is also observed by the experiment and
confirms the rationality of the constant contact angle assumption. Figure 3(c) provides a comparison
of the evolution of the angular position of the TPCL and the TPCL inclination between simulations
and experiments [26], which shows that the numerical simulation accurately reproduces the ex-
perimental results. The numerical simulation also captures the propagation of the capillary wave
around the particle that is difficult to observe in the experiment and presents a three-dimensional
comprehensive observation of the impact process. Figure 4 shows the propagation of the capillary
wave after impact in the top view. As the particle sinks, the rim outside the cavity spreads away
from the particle. The propagation speed and peak of the rim in front of the particle are larger than
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FIG. 4. Time series of the gas-liquid interface obtained numerically and experimentally [29]: « = 43.8°,
d, = 306.0 um, uy = 2.84m/s, We = 34, and Re = 867.

those behind the particle due to the particle’s lateral velocity. The difference in the capillary wave
propagation around the particle during oblique impact makes the cavity nonaxisymmetric along the
particle velocity direction, and the slip velocity of the TPCL on the particle surface is different,
which demonstrates that the TPCL plane is not perpendicular to the particle velocity direction and
inclines to the horizontal plane. Thus, the particle’s wetting is nonaxisymmetric along its velocity
direction during oblique impact.

To explore the effect of the impact angle on the motion behavior and further verify the appli-
cability of the numerical method, we numerically calculate the impact processes of o = 15°, 30°,
45°, 60°, 75°, and 90° when We = 34 and Re = 867. Particles with o« = 15° exhibit an oscillation
mode, where the particle cannot pierce the liquid surface to submerge, and then oscillate and
finally float at the liquid surface. Particles with o > 30° exhibit a submergence mode, where
the particle can pierce the liquid surface and finally submerge into the liquid. Here we define
the penetration depth £, as either the maximum z coordinate that is reached by the oscillating
particle or the z coordinate of the submerging particle at the moment that the cavity pinches off
and the particle submerges. Figure 5(a) shows the penetration depth (%,) and maximum trajectory
deviation (As,,) of the particles as a function of «. The penetration depth of the submerged particle
is approximately 2d, and decreases slightly with the decrease in o, and the maximum deviation of
the particle trajectory increases with the decrease in o, which is consistent with the experimental
results [29]. The variations in the maximum angular velocity of the particles (w,,) and the maximum
inclination of the TPCL plane (ar,,) with « are presented in Fig. 5(b). The smaller the «, the larger
the w,,d,/ug, indicating that the rotation of the particles during impact is more significant. oz,
increases as « decreases and a7, < 90° — « at all impact angles. As « decreases, the angle between
the TPCL plane and the particle equatorial plane (90° — & — a7,,) increases, which demonstrates
a larger tilting of the TPCL plane with respect to the direction of motion, representing a larger
wetting nonaxisymmetry. The numerical simulation accurately captures the particle motion and the
gas-liquid interface evolution during impact with different impact angles, indicating the accuracy
and applicability of the numerical method.

The impact processes of We = 10, 20, 30, 40, and 50 when o = 45° and Re = 867 are simulated
to illustrate the effect of Weber number (or the role of inertia) on the motion behavior of the micron
particle. Particles with We = 10 and 20 exhibit an oscillation mode, while particles with We = 30,
40, and 50 exhibit a submergence mode. Figure 5(c) illustrates the penetration depth (%) and maxi-
mum trajectory deviation (As,,) of the particles as a function of We. The penetration depth increases
with increasing We for the oscillating particles and remains constant for submerged particles with
the same o, which is consistent our previous experimental findings [29]. The maximum deviation of
the particle trajectory increases with increasing We and, interestingly, becomes negative when We is
small (We = 10, for example), which means the particle’s downward trajectory deviation at the late
impact is weaker than its upward trajectory deviation at the initial impact. Figure 5(d) depicts the
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FIG. 5. (a), (c) The penetration depth (%,) and maximum trajectory deviation (As,,) of the particle and (b),
(d) the maximum angular velocity of the particle (w,,) and maximum inclination of the TPCL plane (ar,,) as
functions of (a), (b) @ (We = 34, Re = 867) and (c), (d) We (o« = 45°, Re = 867). The open points and the
solid points represent the oscillation mode and the submergence mode, respectively.

variations in the maximum angular velocity of the particles (w,,) and the maximum inclination of the
TPCL plane (x7,,) with We. It shows that the increase in We weakens the rotation of particles during
the sinking process and decreases the inclination of the TPCL plane (90° — o — ar,, = 45° — ary,)
with respect to the impact direction, which means a smaller wetting nonaxisymmetry.

B. Moment analysis

The particle rotates under the influence of a moment during oblique impact. Here we analyze
each of the moment terms on the right side of Eq. (4). The numerical simulations demonstrate that
M = 0 throughout the impact process. Theoretical studies by Singh ef al. [34] also illustrate that
the surface tension does not generate a moment no matter where the TPCL is located on the particle
surface when the contact angle and surface tension coefficient are constant. Since the fluid pressure
on the particle surface [the first term on the right side of Eq. (5)] points towards the particle centroid,
it will not cause a moment. M, = 0, and thus Eq. (4) can be further reduced to

1[,‘;—‘;’ = //r x [u(Vv + Vo') - n,]dA, (8)

which means that the rotation of the particle is derived only from the moment generated by the shear
stress of the fluid (mainly the liquid) on the particle surface. Since the direction of the moment is
along the x direction, it is described as M,.
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FIG. 6. The shear stress vector distribution on the particle surface at two moments representing the initial
and late impact stage (the gray curved surface represents the gas-liquid interface): o = 43.8°, We = 34, and
Re = 867.

Using the impact process with o = 43.8°, We = 34, and Re = 867 as an example, Fig. 6 shows
the vector distribution of the shear stress on the particle surface at two typical moments at the
initial and late impact stage, respectively. The shear zone on the particle surface is distributed near
the equator that is perpendicular to the velocity direction, and the shear stress on the surface in
contact with the gas phase is negligible compared to that on the surface wetted by the liquid. At the
beginning of the impact (T = 0.91 as an example), the wetting of the particles is nonaxisymmetric
and the equator on the left side is first wetted, resulting in a large shear zone below the particle’s
motion direction, thus generating a clockwise moment. As the particle sinks, the left and right
sides of the particle near the equator are both wetted, demonstrating that the shear zone on the
particle surface is basically axisymmetric (7' = 3.62, for example). The clockwise rotation causes
the velocity gradient and shear stress on the particle’s right side to be greater than those on the left
side, which generates an anticlockwise moment.
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FIG. 7. Time evolution of the moment acting on the particle during impact with different impact angles (x
represents the time of particle submergence): We = 34 and Re = 867.
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Figure 7 gives the time evolution of the moment acting on the particle during impact with
different impact angles. It shows that the moment acting on the particles in the initial impact stage
is positive (clockwise) and increases rapidly and then decreases gradually. The moment becomes
negative (anticlockwise) at the late stage, and its value is much less than the maximum positive
value in the initial stage. This causes the particle to rotate clockwise after impact with an angular
velocity first increasing rapidly and then slowly decreasing [as shown in Fig. 3(b)]. Since the
nonaxisymmetry of the particle wetting (and the shear stress distribution) increases as o decreases,
the positive moment acting on the particle in the initial impact stage is larger and the time duration
is longer. Thus the particle’s angular velocity during the oblique impact increases significantly with
the decrease in « [as shown in Fig. 5(b)]. Also, the nonaxisymmetry of the particle wetting (and
the shear stress distribution) decreases as We increases, making the positive moment acting on the
particle smaller and thus the rotation of the particle during the oblique impact weaker [as shown in
Fig. 5(d)].

C. Force analysis

Unlike the vertical impact, the fluid force F; contains a Magnus force term F,, caused by the
particle’s rotation during oblique impact. When a rotating spherical particle moves in a single-phase
fluid, the Magnus force acting on it can be expressed as F,, = mnp;d,,3w x u/8 [35], which is
adopted herein to evaluate the Magnus force during oblique impact. Comparing the Magnus force
with the surface tension force F and hydrodynamic force F, results in

3
FE, N Cmﬂpfdpa)u/S N C

D TR L I Wewad, fu, 9
F, wd,o g euwdp/u ©)
F, Cumpsdiou/8 C,
En | Compydyen/S " wod,/u, (10)

Fh Chﬂp‘fdgbﬂ/g Ch

where C,, is the Magnus force coefficient when the Re is large. Values of C, proposed by
different researchers range from 0.25 to 0.55 [36-38]. We, is the instantaneous Weber number
(We, = pluzdp/o < We). Setting the impact process as o« = 43.8°, We = 34, and Re = 867 as an
example, we assume C;, = 1, and the maximal magnitude |F | is less than 10% of the maximum
|F| and less than 5% of the maximum |Fp|. Therefore F,, is negligible compared to F and F,.
The thick solid line and thin solid line in Fig. 3(a) represent the particle trajectories calculated by
adopting the slip velocity boundary condition [Eq. (7)] and nonslip velocity boundary condition
on the particle wall surface, and correspond to situations with and without considering particle
rotation, respectively. They almost completely overlap each other before the particle is submerged,
which indicates that the particle’s rotational motion has little effect on its translational motion. F,
is not the cause of the deviation of the particle trajectory.

Since the buoyancy can also be safely neglected compared to Fs and Fy, the fluid force Fy is
represented by the hydrodynamic force F'j, [23]. Using the impact process of o = 43.8°, We = 34,
and Re = 867 as an example, Fig. 8(a) shows the time evolution of the components in the y and
z directions of Fy, Fg, and F; (the total external force acting on the particle). Figure 8(b) shows
the time evolution of their inclination angles oy, oy, and af, with respect to the horizontal plane.
Fj and F¢ dominate the initial and late stages of the oblique impact process. Fj, increases rapidly
after the particle contacts the liquid surface, while F, increases faster and reaches a peak earlier
than Fyy,. The fluid pressure distribution around the particle at T = 0.09 in Fig. 9 shows that the
TPCL plane is almost horizontal, causing the high-pressure region at the bottom of the particle
to be nonaxisymmetric along the velocity direction. Therefore |Fp;| > |Fpy| in the very initial
impact stage. The direction of the hydrodynamic forces deviates upward with respect to the velocity
direction, that is, ar; > «,, and thus the particle trajectory has a small upward deviation in the very
initial impact stage. At a period after the hydrodynamic force reaches its peak, F, begins to decrease,
and the decrease in Fj, is much slower than Fj,.. A low-pressure zone appears on the left side of
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FIG. 8. Time evolution of the magnitude (a) and direction (b) of the forces acting on the particle during
impact: @ = 43.8°, We = 34, and Re = 867.

the particle first (T = 0.91 in Fig. 9) since this part is wetted first, causing |Fy;| < |[Fyy| and the
direction of the hydrodynamic force to deviate downward with respect to the velocity direction, that
is, ap; < oy, Therefore the particle’s trajectory deviates downward. The nonaxisymmetric wetting
of the particles also causes the direction of the surface tension force to deviate upward with respect
to the velocity direction, that is, ar; < «,. This decelerates the particle’s downward trajectory
deviation and makes it even deviate upward at the late impact stage where the surface tension force
becomes dominant.

Figures 10(a) and 10(b) present the time evolutions of the components parallel (F,,) and per-
pendicular (Fy,) to the particle’s impact direction of the acting forces when We = 34, Re = 867,
and « equals 60° and 30°, respectively. A positive Fy, indicates the impact direction, and a positive
F| demonstrates the upward direction perpendicular to the impact direction. This shows that the
peak value of Fj,;, at the initial impact stage decreases, and the peak appears later with the decrease
in «. The inclination of the impact direction significantly reduces the slamming force acting on
the particle at the initial impact stage. The evolution of F;,, during oblique impact is similar to

FIG. 9. Pressure distribution of the fluid around the particle at two typical moments: o = 43.8°, We = 34,
and Re = 867. The gray curved surface represents the gas-liquid interface, and the black line represents the

fluid streamline.
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(b)

FIG. 10. The time evolution of the components parallel (;,) and perpendicular (L) to the impact direction
of the hydrodynamic force F, surface tension force F;, and total external force F; at different impact angles
(We = 34 and Re = 867): (a) = 60° and (b) o = 30°.

that during vertical impact. With the decrease in «, the nonaxisymmetry of the particle wetting
increases, causing Fj,, to decrease. Therefore the component in the impact direction of the external
force F;;, decreases with the decrease in «, which results in a smaller particle deceleration. Fy, is
downward first and then becomes upward during impact, while the evolution of the direction of
F,1 is the opposite. The increase in the nonaxisymmetry of the particle wetting increases both the
upward Fy; and downward Fj, , and the increase in Fj, is greater in comparison. This makes F; |
deviate downward after the very initial impact stage and increases with the decrease in «, and the
deviation of the particle trajectory also increases with the decrease in « [as shown in Fig. 5(a)].
Though the increase in We decreases the nonaxisymmetry of the particle wetting during oblique
impact, the larger particle velocity (or fluid inertia) significantly enlarges the nonaxisymmetric fluid
pressure acting on the particle surface during the whole impact process (and also penetration depth
for oscillation particles), finally increasing the particle’s downward trajectory deviation. For small
We impact, the particle does not have enough kinetic energy to enter the stage where a downward
force appears and thus shows an upward trajectory deviation finally [as shown in Fig. 5(c)].

IV. CONCLUSIONS

In this study, a three-dimensional numerical method was developed to study the oblique impact
of micron particles on liquid surfaces, providing detailed information regarding flow field, acting
forces and moment evolutions, and particle motions such as rotation during oblique impact, which
is difficult to obtain experimentally. The numerical results accurately reproduced the particle motion
and gas-liquid interface evolution at different impact angles. We highlighted how the particle’s
nonaxisymmetric wetting during oblique impact makes the impact dynamics different from that
of vertical impact, and illustrated the effects of impact angle and Weber number on the particle’s
impact behavior.

Differing from vertical impact, the TPCL plane is not perpendicular to the particle’s motion
direction during oblique impact but inclines to the horizontal surface, making the wetting of the par-
ticle surface nonaxisymmetric along the motion direction. The particle’s nonaxisymmetric wetting
makes the distributions of the pressure and shear stress on the particle surface nonaxisymmetric, thus
changing the forces and moments acting on the particle. On the one hand, the particle is subjected
to a viscous moment, which results in a topspin with an angular velocity that first increases and then
decreases. On the other hand, the dominant forces at early and late impact stages, i.e., hydrodynamic
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force and surface tension force, have downward and upward components perpendicular to the
impact direction, respectively, causing the particle’s downward trajectory to deviate from the impact
direction. The Magnus force generated by the rotation is negligible compared to the hydrodynamic
force and surface tension force and thus does not affect the particle’s translational motion. The
particle’s nonaxisymmetry wetting increases with decreasing «. Therefore the smaller the «, the
smaller the slamming force; the smaller the component of the hydrodynamic force and surface
tension parallel to the motion direction, the larger their component perpendicular to the motion
direction, resulting in a smaller deceleration and a larger trajectory deviation; a larger viscous
moment results in a larger rotation angular velocity. The increasing We weakens the particle’s
rotation due to the larger nonaxisymmetry wetting and increases the particle’s trajectory deviation
due to the increasing role of fluid inertia. These findings could improve our understanding of the
nonaxisymmetric impact behavior of micron particles on liquid surfaces and provide guidance for
the modeling and prediction of particle oblique impact behaviors.
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