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Effects of wind on the dynamics of the central jet during drop impact
onto a deep-water surface
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The cavity and central jet generated by the impact of a single water drop on a deep-water
surface in a wind field are experimentally studied. Different experiments are performed by
varying the impacting drop diameter and wind speed. The contour profile histories of the
cavity (also called crater) and central jet (also called stalk) are measured in detail with a
backlit cinematic shadowgraph technique. The results show that shortly after the drop hits
the water surface an asymmetrical cavity appears along the wind direction, with a train
of capillary waves on the cavity wall. This is followed by the formation of an inclined
central jet at the location of the drop impact. It is found that the wind has little effect on
the penetration depth of the cavity at the early stage of the cavity expansion, but markedly
changes the capillary waves during the retraction of the cavity. The capillary waves in turn
shift the position of the central jet formation leeward. The dynamics of the central jet are
dominated by two mechanisms: (i) the oblique drop impact produced by the wind and
(i) the wind drag force directly acting on the jet. The maximum height of the central jet,
called the stalk height, is drastically affected by the wind, and the nondimensional stalk
height H/D decreases with increasing 6 Re™!, where D is the drop diameter, 0 is the
impingement angle of drop impact, and Re = p,U,, D/, is the Reynolds number with air
density p,, wind speed U,,, and air viscosity (.
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I. INTRODUCTION

The impact of water droplets on a deep-water surface in the presence of wind is a fundamental
problem in nature. For instance, raindrops fall through a storm and impinge on the ocean and lake
surface with oblique incidence angles from the vertical [1]. Large sea spray droplets produced from
breaking waves in strong winds fall back to the ocean surface with various incidence angles to the
wave surface [2,3]. However, little attention has been given due to numerous technical difficulties in
the measurement and modeling of this complex phenomenon.

Normal drop impacts on a static liquid surface, herein corresponding to the case of no wind,
have been extensively studied [4—17] and are usually classified into four regimes: floating, bouncing,
coalescing, and splashing [18]. Different regimes may be determined by the relationship between the
Weber number We = pU?D /o and Froude number Fr = U2 /gD, where p is the drop density, U is
the drop impact velocity, D is the drop diameter, o is the surface tension, and g is the acceleration due
to gravity. Generally speaking, at low Weber numbers, say, We < 10, the drops may float, bounce, or
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coalesce, depending on the Froude numbers Fr. For a low Fr, the impacting drop floats on the target
liquid surface before coalescing. As the Fr increases, the impacting drop bounces on the surface one
or more times before coalescing. At even higher values of Fr, the impacting drops coalesce on impact
with the target fluid.

When the We is greater than 10, the impacting drop coalesces with the formation of a crater,
also called a cavity, below the water surface [9]. In this coalescence regime, a wave swell is raised
around the site of the drop impact and spreads radially outward. At the same time, capillary waves
that originate at the rim of the cavity propagate inward down the cavity wall and converge towards
the center of the cavity. The transition between coalescence and splashing proceeds through a regime
where bubble entrapment is coupled with a high-speed thin jet. While the bubble entrapment occurs
because of the collapse of the wall in the cavity base [19], secondary droplets are generated from the
tip of the thin jet. A vortex ring that propagates into the target liquid may also be observed. As the
We increases, the capillary waves become steeper and the cavity forms a flat base before collapse. A
thick jet appears after the collapse and later a large secondary droplet is ejected from the tip of the
thick jet when the Fr number is high. Also, in the splashing regime, a thin liquid film, the so-called
crown, is ejected upward at the periphery of the impinging site. The upper edge of the crown breaks
up, ejecting small splash droplets due to various mechanisms of instability in terms of We and the
Reynolds number Re = pU D/, where u is the liquid viscosity [20].

The dynamics of the crater and central jet (also called a Rayleigh jet) generated by the normal
impact of a drop onto a liquid surface has been studied by a number of researchers [21-24]. A
theoretical model depicting the crater expansion has been developed in [21]. In the model, the flow
around the crater is approximated by an irrotational velocity field past a moving and expanding
sphere and the temporal evolution of the crater depth can be calculated by numerical solution of the
governing equations of motion. A simpler model of the crater depth can also be found in [22]. As
shown in the same articles, these models agree well with the experiments under certain drop impact
conditions. The formation of the central jet by the collapse of a cavity has been experimentally
investigated in [23]. Two regimes (singular jet and cavity jet) are identified with different generation
mechanisms. In the singular jet regime, a fast thin jet is produced by the collapse of a singular capillary
wave that sparks the whole jet dynamics. In the cavity jet regime with high Froude numbers, the jets
created by the cavity retraction are fat and slow. In [24], it is shown that the breakup of central jets is
controlled by the Weber number and a capillary time scale that depends on the Ohnesorge number
Oh = u/+/opD, the ratio of viscosity to surface tension force.

To some extent, drop impacts on the water surface in the presence of wind are analogous to oblique
drop impacts [25-29]. In an experiment investigating oblique drop impact onto a deep-liquid pool,
Ref. [30] identified three different impact regimes: smooth deposition onto the pool (coalescing),
splashing in all directions, and splashing only in the direction of impact, based on the Weber number
and drop impingement angle 6 (the angle between the velocity vector of the primary drop and the
normal vector to the water surface). The coalescing of the oblique impact generated by a single
drop on deep fluids has been experimentally studied in [31]. In this experiment, the impingement
angle 6 ranges from 5.4° to 64.4° and the Weber number We ranges from 15 to 249. It is shown
that the drop spreads on the target surface with no visible immersion of drop fluid into the target
fluid for 6 < 23° while a partial immersion of the drop fluid can be seen in the front part of the
spreading drop or in the rear part of the impact crater for & > 23°. Below a critical level of the Weber
number Wey, formed with the normal velocity component, capillary waves are produced on the
drop and target surface in the early stage after impact. For Wey > 10, a lamella is ejected from the
target surface. The formation of secondary droplets during oblique collision for 7.2 < We < 818 and
11° < 8 < 75° has been experimentally investigated in [32]. It is found that when the impingement
angle is less than 50°, the total mass of secondary droplets increases with increasing impingement
angle. The increase in mass of the secondary droplets is likely due to the formation of a ship’s prowlike
asymmetric liquid sheet on the liquid surface after the collision. The prow tip is elongated to form
a liquid column that breaks up and produces secondary droplets. However, no secondary droplet is
observed when the angle exceeds 70°. Similar behaviors in more detail for each regime have been
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reported in the numerical simulations of oblique drop impacts on liquid films [33-36]. In addition,
in a laboratory experiment investigating the bubble sound generated by single water drops striking
the water surface with various oblique incidence angles, Ref. [37] demonstrated that the probability
of a bubble formation is dramatically reduced as the angle of incidence becomes more oblique. The
asymmetrical characteristics of the cavity created by the oblique drop impact have been discussed
in [30]. It is shown that the cavity depth and its displacement with respect to the impact position
primarily depend on the perpendicular and tangential Weber numbers, respectively. However, lacking
in the literature is information regarding the central jet after the oblique impact of a drop onto a liquid
surface.

Recently, there have been several publications studying normal drop impact on moving liquid
films [36,38-42]. The experiment of a single drop impacting on a flowing liquid thin film given
in [38] shows that a liquid sheet forms where the drop spreading direction is opposite to the film
flow. Small droplets are generated from the top rim of the liquid sheet. The experimental results
given in [39] showed that the outcomes of normal droplet impact on moving films exhibit nearly the
same regimes for the impact on stationary liquids but with different transition boundaries. The flow
patterns of a normal drop impact on a moving wet wall are compared with that of an oblique drop
impact on a stationary wet wall in [36] by means of numerical simulation.

The main objective of the present study is to understand better the physics of the impact of single
water drops on a planar water surface in the presence of wind. This paper focuses on the effects
of wind on the dynamics of the cavity (crater) and central jet (stalk) generated by the drop impact,
while the crown and secondary droplets generated from the crown rim were reported in [43]. These
parameters are important to the measurement of radar backscattering from a water surface in rain
fields [44,45]. It should be mentioned that the dynamics of a drop impact onto deep water in the
presence of wind are much more complicated than that of an oblique drop impact onto a static liquid
pool and a normal drop impact on a moving liquid surface. First, as the drop falls in the wind field, the
wind adds a horizontal component to the impact velocity, resulting in an oblique drop impact. This
oblique impact in turn affects the dynamics of the cavity and central jet. Second, the wind exerts a
drag force on the splashing outcomes that appear above the water surface. Third, the wind generates
surface waves and surface wind drift. The surface waves alter the impingement angle to the local
water surface, while the surface wind drift modifies the underneath flow field of the drop impact. In
the present experiments, an effort to minimize the influences of surface waves and surface wind drift
is given by positioning the drop impacts at a very short wind fetch varying approximately from 15
to 25 cm. Still, other effects that occur concurrently have to be considered in exploring the physics
of the drop impact in the presence of wind. This work can be applied to the field of the impact of
drops on deep-liquid surfaces.

The remainder of this paper is organized as follows. Section II describes the experimental setup.
The results and discussion are presented in Sec. III. A summary and prospects for future work are
given in Sec. IV.

II. EXPERIMENTAL SETUP

The experiment was carried out in a wind tunnel with a test section that is 0.61 m in length and
0.31x0.31 m? in cross section see [Fig. 1(a)]. The test section is made of a clear plexiglass acrylic
sheet for imaging purposes. The floor of the test section sinks by 15.3 cm below the bottom of the
entrance of the wind tunnel and the indentation is filled with distilled water to create a deep-water
pool. The air flow in the tunnel is driven by a variable-speed fan and conditioned by a honeycomb
and two screens that are placed inside the settling chamber at the entrance of the wind tunnel. The
wind velocity profile in the wind tunnel [Uy,;nq(2), where z is the vertical distance from the surface
of the water pool] is measured with a Pitot tube as baseline data. The Pitot tube is mounted on a
vertical traverser and positioned in the vertical center plane of the test section at the location of
drop impacts. A differential capacitance manometer (Type 120 made by MKS, Inc.) is connected to
the Pitot tube to display the difference between the static and stagnation pressures and Bernoulli’s
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FIG. 1. Schematic showing (a) the facility for single-drop impact experiments and (b) the setup of the
high-speed camera and light in the lateral perspective (end view).

equation is used to calculate the wind velocity at each height. Figure 2 shows plots of Uying versus
z for four wind conditions used in the present study. As can be seen from the figure, near the water
surface, a thin boundary layer forms for each wind condition and the thickness of this boundary layer
ranges from 10 mm for the lowest wind speed to 20 mm for the highest wind speed and increases as
the wind velocity increases. Above this boundary layer, a uniform wind with velocity ranging from
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FIG. 2. Wind velocities versus the height above the water surface (z = 0) at the locations of drop impacts
in the test section of the wind tunnel.
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4.5 to 6.7 m/s is formed in the wind tunnel. In the remainder of this paper, each wind condition is
represented by this uniform wind speed, denoted by U,,. The weak water flow field induced by wind
in the pool is measured by a particle image velocimetry system. The horizontal velocities near the
water surface are less than 1 cm/s and have little variations from one wind speed to another. Further
details about the wind tunnel and test section can be found in [43].

A vertically oriented hypodermic needle with the tip ground flat and polished is used to generate
impacting water drops, also defined as primary drops. The hypodermic needle pierces the top of the
test section and is connected to a programmable syringe pump which is filled with distilled water. A
very slow pumping rate is used so that water drops are steadily created at the tip of the hypodermic
needle, primarily due to the effects of gravity and surface tension. After leaving the needle, the drops
fall with no initial velocity and are convected by the wind before hitting the water surface of the
pool. The release height of the needle tip above the water surface is 0.254 m.

The primary water drops in the air, and cavities and stalks (central jets) generated at the air-water
interface during the drop impact are visualized with a backlit cinematic shadowgraph technique that
uses a high-speed camera (Phantom V640, Vision Research Inc). The camera observes in the lateral
perspective [see Fig. 1(b)] and the objective of the camera has a focal length of 200 mm. Illumination
for imaging is provided by a 500-W halogen lamp at the opposite side of the test section. A piece
of translucent paper is attached to the wall of the test section near the light source for a uniform
background intensity. The camera records the events in high-speed movies with a frame rate of
1000 images per second. The contour profiles of the primary water drops in the air and the surface
contours of craters below the water surface and stalks above the water surface are extracted from
each image in these high-speed movies with gradient-based edge detection methods as described in
[46]. It should be mentioned that the focal depth of the low part of the image below the free water
surface is slightly different from that above the free surface because of the refraction index of water.
The pixel resolutions of the image for the portion below and above the free water surface are 45 and
42.2 pixels/mm, respectively.

The primary drop diameter D is calculated using the projected drop area A and circumference P,
with D = 4A/ P, from the images extracted from high-speed movies. Note that drops produced from
aneedle and traveling in the wind field are found to be variable in size and asymmetrical and skewed
in certain directions prior to the moment of impact. To eliminate the effect of these uncertainties on
the results presented below, the initial condition of each primary drop is set at the moment of its
impact instead of leaving the tip of the needle. The size and shape of the primary drop are measured
from the image one frame prior to the impact in each experimental run and these measurements are
used in calculating all dimensionless parameters, including We, Fr, Re, and Oh. As for the primary
water drops with diameter in the range from 2.50 to 4.11 mm, the uncertainties of their diameters in
the wind field and in the air (no wind) are +0.04 and +0.03 mm (the measurement errors are about
1.6% and 1.2%), respectively. The projection of the impacting drop is fitted with an ellipse formula
and the minor to major axis ratio ranges from 0.86 to 0.99, with an average of 0.93 and a standard
deviation of 0.045. It is known that the geometry of the cavity for a normal impact can be affected by
the prolate form of the impacting drop with a large major-to-minor axis ratio [47,48]. In the current
experiments, the angles between the major axis of the impacting drop and the free water surface in
the wind field are mainly less than 45°, indicating that the primary drop at the moment of the impact
may be considered as the oblate form. Also, only slight variations on the ratio of the maximum depth
and diameter of the cavity from run to run are observed in the wind field and the variations do not
affect the conclusions drawn in the latter part of the present paper.

The impact velocity of the primary drop is calculated from the drop positions recorded in the two
consecutive images prior to the impact. Figure 3 shows the horizontal and vertical impact velocities of
primary water drops versus the drop diameter under various wind conditions. In the figure, each data
point represents one experimental run. Three or four repeated runs are taken for each experimental
condition. The three lines in Fig. 3(a) correspond to three different needle sizes with gauge 15, 18,
and 21 (corresponding to external diameters of 1.83, 1.27, and 0.81 mm), respectively. As can be
seen from Fig. 3(a), for each needle, the horizontal impact velocity u increases with increasing wind
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FIG. 3. (a) Horizontal and (b) vertical impact velocities of primary drops versus the drop diameter with
various wind speeds. The three solid lines in (a) correspond to three different size needles, while the dashed
line refers to U,, = 6.0 m/s.

speed. Since the tip of the needle is in the wind field, the diameter of the primary drop decreases
as the wind speed increases and a wider range of primary drop diameters is obtained. However, the
dependence of drop diameter on wind speed is not considered in the present study. For a given wind
speed, the horizontal impact velocity of the drop decreases as the drop diameter increases (denoted
by the dashed line) under the effect of the drag force of the wind [see Eq. (A2)]. Figure 3(b) shows
that the vertical impact velocities v of droplets are nearly the same (about 2.0 m/s) because the same
release height (A = 0.254 m) is used for all experimental conditions. This v value is lower than that
computed with /2gh = 2.23 m/s from conversion of potential energy into kinetic energy due to
the vertical air-drag force acting on the drop, as in Eq. (A3). The slight increase of v with increasing
drop diameter shown in Fig. 3(b) is consistent with Eq. (A3), which demonstrates the influence of
drop diameter on the vertical acceleration of the primary drop (see the Appendix).

III. RESULTS AND DISCUSSION

As baseline data, Fig. 4 shows eight images obtained from a high-speed movie of the impact
of a drop with a diameter of D = 3.5 mm without wind. These images were recorded in the lateral
perspective and demonstrate the sequence of events commonly taking place during the normal impact
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FIG. 4. Images from a high-speed movie of the normal impact of a single drop on the deep-water surface
in the lateral perspective. Each image shows a 48.2x30.1 mm? section. The diameter of the primary drop
D = 3.5 mm, the impact velocity U = 2.0 m/s, We = 192, and Fr = 117. (a) The drop is about to collide
with the water surface (f = 0 ms); (b) a crown forms above the water surface while a cavity with a flat base
appears underneath the water surface in a short time (r = 4 ms) after the drop impact and secondary droplets are
generated from the crown top; (c) the cavity expands outward and downward to a maximum depth (r = 18 ms);
(d) the crater retreats upward and forms a cone shape with a bubble generation underneath the bottom of the
crater (r = 31 ms); (e) the crater vanishes (t = 36 ms); (f) a stalk (central jet) forms at the center of the impact
site (t = 40 ms); (g) the stalk rises to its maximum height with a droplet forming on the tip (t = 60 ms); and
(h) a large secondary droplet is ejected from the tip of the stalk and moves upward until the maximum height
(t = 80 ms).

of a single drop on a quiescent water surface. As can be seen from Fig. 4, a crown forms in a short
time (r = 4 ms) after a flared film of liquid is thrown upward and outward from the periphery of the
colliding region. Secondary droplets are generated from the tips of fingers that shoot out from the
upper part of the film. While the crown forms above the water surface, a crater (also called cavity) with
aflat bottom appears below the level of the original free water surface. The cavity continues to enlarge
downward and soon takes the shape of a hemisphere as it reaches its maximum depth [Fig. 4(c),
t = 18 ms]. The cavity then stops growing downward and starts to retreat. At this moment, capillary
waves that are generated from the rim of the impact cavity start to spread downward along the cavity
wall and thus distort the shape of the cavity into that of a flat-bottomed cone. A small bubble forms
at the bottom of the crater [Fig. 4(d), r = 31 ms]. At¢ = 36 ms [Fig. 4(e)], the crater disappears and
later, a central jet, the so-called stalk, starts to form at the center of the impact location [Fig. 4(f),
t = 40 ms]. This stalk moves upward until its highest point [t = 60 ms in Fig. 4(e)]. At this moment,
a water droplet that is much larger than those secondary droplets mentioned above is ejected from
the tip of the stalk. The water droplet continues to move upward until its highest point [ = 80 ms in
Fig. 4(f)] and the remaining part of the stalk falls back to the water surface.
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FIG. 5. Images from the high-speed movie of the oblique impact of a single drop on the deep-water surface
with a wind speed of 4.5 m/s. Each image shows a 28.6x21.4 mm? section and the wind is blowing from left
to right. The time in milliseconds refers to the frame just before the drop impact (+ = 0 ms). The diameter of
the primary drop is D = 3.3 mm, the impact angle is & = 13.3°, the vertical and horizontal impact velocities
are v = 2.0 and u = 0.45 m/s, respectively, and We = 171.

A. Qualitative results of wind effects on the cavity and central jet

Figure 5 shows eight images of a cavity [the crater, Figs. 5(b)-5(d)] and central jet [the stalk,
Figs. 5(f)-5(h)] from the high-speed movie of a single drop impact with a wind speed of U,, =
4.5 m/s. Figure 6(a) shows the shape-profile history of the crater extracted from the same movie
before the crater reaches its greatest depth, while Fig. 6(b) shows the contour histories of the crater
and the stalk from the moment of the greatest crater depth to the maximum height of the stalk. In
these figures, the wind propagates from left to right and the drop impinges on the water surface
with an angle of 13.3° from the vertical. The thick air-water interface with blurred edges in each
individual image in Fig. 5 is due to the effects of the meniscus, formed at the interface between the
liquid surface and the sidewalls of the test section. As can be seen in Fig. 5(b), shortly after initial
impact, the cavity forms underneath the original quasiflat water surface at the impact location and is
slightly asymmetrical along the wind direction. At this moment, an asymmetrical crown is indicated
by atilted protuberance that is visible above the water surface on the leeward side of the cavity rim. A
number of small secondary droplets appear right above the crown. (The large dark secondary droplet
is near the focal plane of the camera, while the small fuzzy ones are certain distances away from the
focal plane.) As the impact process continues, the cavity walls move downward and outward and the
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FIG. 6. Contour profile histories of the cavity and stalk from the same movie as the images shown in Fig. 5.
(a) Growth phase of the cavity from the moment 4 ms prior to the drop impact to the maximum depth, t = 18 ms
(red line), and (b) collapse phase of the cavity from the moment of maximum depth (red line) and the growth
phase of the stalk until the maximum height (green line). Here x = 0 is the impact center and y = 0 corresponds
to the free water surface. The time between profiles is 2 ms. The horizontal line portions of the cavity and stalk
contours are the bottom and top of the meniscus on the tank wall, respectively.

cavity becomes more asymmetrical as the steepness of the cavity wall on the windward side is greater
than that on the leeward side [see Fig. 6(a)]. The penetration velocity of the cavity at the beginning
of impact is about 1.28 m/s, measured from the distance between the first two cavity contours along
the impact direction divided by the time involved. During the outward motion of the cavity walls,
the left edge of the cavity on the windward side of the impact site travels about 2 mm, which is much
less than that on the leeward side (about 5 mm). Capillary waves that originated from the cavity
rim [both corners of the crater wall near the free water surface; see Fig. 6(a)] start to propagate
downward along the cavity wall. Both the amplitude and propagation speed of the capillary waves
on the windward side are greater than that on the leeward side. As the capillary waves reach the
cavity bottom, the cavity shape is distorted and a cusp forms near the left corner of the cavity bottom
[Fig. 5(d), + = 25 ms]. A bubble is generated at the tip of the cusp (not shown in the image). As
the crater retreats upward, the cusp and capillary waves continue to propagate in the wind direction
and the cusp becomes more pronounced until it reaches the opposite side of the cavity wall [see
Fig. 6(b)]. During the retreat of the crater, the cavity rim on the windward side of the impact site
travels a much larger distance than that on the leeward side.

At t =32 ms after initial impact, the crater disappears and a couple of air bubbles are left
underneath the water surface [Fig. 5(e)]. A little while later, a central jet (stalk) forms on the original
impact site. The initial width of this jet is approximately 4 mm. The jet moves upward and slows
down as it rises [Fig. 6(b)]. It is interesting to note that while the stalk shown in the image [Figs. 5(f)
and 5(g)] tilts to the leeward side, the highest point of each stalk contour in the stalk shape-profile
history moves strictly upward [Fig. 6(b)]. Also, Fig. 6(b) shows that while the leeward side of the
stalk base is stationary, the windward side of the stalk base propagates in the windward direction
and as a result the center of the stalk base shifts to the windward direction. As the stalk approaches
its greatest height [Fig. 5(h)], a droplet comparable in size to the impacting drop forms on the top
of the stalk and a little while later this droplet separates from the stalk tip and becomes a secondary
drop. The secondary drop continues to move upward until its greatest height is reached. Both the
secondary drop and the rest of the stalk fall back to the water surface eventually due to gravity.
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FIG. 7. Images from the high-speed movie of the oblique impact of a single drop on the deep-water surface
with a wind speed of 6.0 m/s. Each image shows a 28.6x21.4 mm? section and the wind is blowing from left
to right. The time in milliseconds refers to the frame just before the drop impact (+ = 0 ms). The diameter of
the primary drop is D = 3.1 mm, the impact angle is 8 = 25.3°, the vertical and horizontal impact velocities
are v = 1.9 m/s and u = 0.9 m/s, respectively, and We = 183.

Figure 7 shows eight images of the crater [Figs. 7(b)-7(d)] and the stalk [Figs. 7(f)-7(h)] from
the high-speed movie of a single drop impact with a wind speed of U,, = 6.0 m/s. In the figure, the
diameter of the primary water drop is D = 3.1 mm and the angle of impact is 8 = 25.3°. Figure 8
shows the contour histories of the crater and stalk from the same movie as shown in Fig. 7. Comparing
Figs. 7 and 8 with Figs. 5 and 6, one can see that the aforementioned phenomena of the drop impact
are changed both quantitatively and qualitatively. First, the crown on the leeward side of the cavity
rim is much bigger in size than that in the previous case. Second, the asymmetrical shape of the
cavity along the wind direction becomes even more pronounced. Third, the location of the cusp is
closer to the cavity bottom. Fourth, a wider stalk, about 5 mm in diameter, forms and the maximum
stalk height is reduced significantly. Finally, no secondary droplet is generated from the tip of the
stalk.

It should be mentioned that the meniscus (the thick air-water interfaces with blurred edges in the
images of Figs. 5 and 7) obscures the part of the image that is close to the air-water interface, resulting
in incomplete measurements of crowns and secondary droplets. Thus, the quantitative analysis of
both crowns and secondary droplets is extremely difficult and beyond the scope of the present study.
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FIG. 8. Contour profile histories of the cavity and stalk from the same high-speed movie as the images
shown in Fig. 7, for the oblique impact of a single drop on the deep-water surface with a wind speed of 6.0 m/s.
(a) Downward movement of the cavity, from the moment 4 ms prior to the drop impact to the maximum depth,
t = 18 ms (red line), and (b) retreat of the cavity from the moment of maximum depth (red line) and upward
movement of the stalk until the maximum height (green line). Here x = 0 is the impact center and y = 0
corresponds to the free water surface. The time between profiles is 2 ms. The horizontal line portions of the
cavity and stalk contours are the bottom and top of the meniscus on the tank wall, respectively.

In the following sections, only cavities, capillary waves, and stalks (central jets) with different wind
speeds are discussed.

B. Cavity and capillary waves

Figure 9 shows the temporal evolution of the vertical and horizontal positions of the deepest
point on the contour profile of the cavity under various wind conditions. In Fig. 9(a), the horizontal
axis is the cavity elapsed time, scaled by the vertical impact velocity with the drop diameter, while
the vertical axis, with the positive direction upward, depicts the cavity depth scaled by the drop
diameter. As can be seen from Fig. 9(a), at the beginning of the cavity expansion (tv/D < 5), all
three curves collapse into a single curve that follows the asymptotic solution of the temporal evolution
of the crater depth for normal drop impact [21]. This indicates that the wind has little effect on the
penetration depth of the cavity during the early expansion of the cavity. After the maximum cavity
depth is reached, the cavities in the wind field retract faster than in the case of no wind. Figure 9(b),
in contrast, shows that the temporal revolution of the horizontal displacement of the cavity may be
divided into three phases, corresponding to the cavity expansion, maximum depth, and retraction. As
can be seen from Fig. 9(b), the initial position of the deepest point of the cavity contour in each case
is located on the windward side of the cavity (d.,y¢ < 0). During the early expansion of the cavity,
i.e., phase 1, the bottom of each cavity moves toward the leeward direction with nearly a constant
speed (lines with a nearly constant slope). At the instant labeled by A in Fig. 9(b), the displacement
of the cavity’s bottom reaches a value of about 0.5D. After instant A, the lowest point of the cavity
contour moves back and forth around 0.5D along the wind direction until the instant labeled by
B. This oscillation in phase 2 is due to the passage of capillary waves through the bottom of the
cavity. In phase 3 (after instant B), the lowest point of the cavity contour moves toward the leeward
side at a faster rate than in phase 1. The movement of the cavity in phase 3 is dominated by the
bulge-capillary-waves pattern that is discussed in the latter part of this section.
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FIG. 9. (a) Cavity depth A, and (b) displacement d,,, as a function of time under various wind conditions.
Here ¢t = 0 corresponds to the moment of the drop impact, v is the vertical impact velocity of the primary drop,
and the diameters D of the primary drops corresponding to U,, = 0, 4.5, and 6.0 m/s are 3.5, 3.3, and 3.1 mm,
respectively.

In light of the cavity below the free water surface, it is conjectured that the aforementioned
behaviors of the cavity are dominated by oblique impact. Based on the experimental data of the
oblique impact of drops on a deep liquid pool, Ref. [30] predicted that the maximum penetration
depth of the cavity 4,, depends on the vertical impact velocity v and can be approximately given by

%" =0.18 We!/%, (1)

L U;D is the vertical Weber number. Figure 10 shows a plot of h—g / Well/ 2 as a function

of the impact angle 6. As can be seen from the figure, over the whole range of 6 studied, %“ JWel/ 2
is nearly a constant of around 0.2, which is very close to the 0.18 that is given in Eq. (1). It should
be mentioned that while the wide range of We, is used in [30] by varying the impact velocity and
impact angle, i.e., v = U cos 6 with a nearly constant drop diameter (around 100 pm), a very limited
range of We, is used herein because the vertical impact velocity v is almost the same due to the
constant release height of the primary drop. Also, the shape of the cavity reported in Ref. [30] is quite
different from that in the present experiment. In [30], the cavity at its maximum dimensions has a
sharp bottom tip extending in the direction of drop impact, while the bottom of the cavity herein is
round [see Fig. 6(a)].

where We, =
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FIG. 10. Maximum crater depth £,, as a function of the impact angle of the primary drop under various
wind conditions.

Figure 11 shows the behaviors of capillary waves on the surface of the cavity during the retraction
of the cavity. The cavity-contour profile data are from Fig. 6(b). In the figure, each successive contour
profile of the cavity is plotted 1/2 mm above the previous profile to avoid overlapping curves. The
time between two consecutive profiles is 1 ms. The bottom red curve is the cavity contour extracted
from the image at the instant the cavity reaches the maximum depth. This instant is defined as the
first image of the time sequence (j = 1). To obtain the actual height of the jth contour profile from
the plot, one reads the height from the vertical axis and then subtracts (j — 1)/2 mm. The last (top)
profile shows the central jet forming on the water surface and the large gap between the last two
profiles is due to the meniscus on the tank wall. The dashed curve is a semiellipse computed with the
maximum depth and radius of the cavity for normal impact, as described in [23]. As can be seen from
Fig. 11, at the instant the cavity reaches its maximum depth, the shape of the cavity contour (the red
curve) is very similar to that for normal impact (the dashed curve), except that there is a large bulge
with a rather sharp outer corner, called the toe, on the windward side near the free water surface. As
the cavity continues to retract upward, the toe propagates in the wind direction and downward along
the surface of the cavity [see Fig. 6(b)] and eventually becomes the lowest point of the cavity surface
[at instant B shown in Fig. 9(b)]. The horizontal velocity of the toe might be determined by the
slope using the data points after instant B in Fig. 9(b) and this velocity increases as the impingement
angle 0 increases. Figure 11 also shows that two capillary waves appear upstream of the toe. These
capillary waves become shorter in wavelength during the retraction of the cavity. It is speculated
that the tangential local velocity of the underlying flow in the reference frame of the toe is slower
than the minimum phase speed of linear capillary-gravity waves, according to the theory of capillary
jump proposed in [49]. However, the calculation of tangential local flow velocity with the theory is
not a simple matter since the theory is for a two-dimensional steady wave while the capillary waves
in the present study are on the three-dimensional curved crater wall.

In addition, Fig. 11 shows that the retracting velocity of the surface on the leeward side of the
cavity is much slower than that on the windward side. This might be explained by the fact that the
retracting direction of the cavity surface on the leeward side is opposite to the direction of the drop
impact. Capillary waves without a companion bulge on the leeward side surface are nearly stationary
relative to the free water surface during the retraction of the cavity.

It is interesting to notice that all capillary waves gradually merge into the windward-side toe to
focus the kinetic energy of the fluid. The focusing point shifts to the leeward side. Later, a central jet
forms above the focusing point on the water surface and its distance relative to the impact position
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FIG. 11. Shape profile history of the crater during its retraction (U, = 4.5 m/s and D = 3.3 mm). The
profile data are from Fig. 6(b). The bottom red curve is the crater contour at the moment the crater reaches the
maximum depth, defined as the first image of the time sequence (j = 1), while the dashed curve is a semiellipse
for normal impact, as described in [23]. Each successive profile is plotted 1/2 mm above the previous profile for
clarity and the time between profiles is 1 ms. The top profile shows the central jet formed on the water surface
and the big gap between the last two profiles is due to the meniscus on the tank wall.

(x = 0) increases as the wind velocity increases [comparing Fig. 6(b) with Fig. 8(b)], indicating that
the bulge and capillary waves play important roles in the formation of the central jet. The mechanisms
of the aforementioned asymmetrical characteristics of the bulge and capillary waves on the cavity
surface are not immediately clear. Further investigations are expected.

C. Maximum height of the central jet (the stalk height)

Figure 12 shows three contours of central jets with various wind velocities at the moment these
central jets reach their maximum heights, the so-called stalk height. As can be seen from the figure,
as the wind speed increases, the stalk height decreases drastically and the location of the stalk (central
jet) shifts to the leeward side (the wind blows from left to right) by about 7 mm for the case with a
wind speed of 6.0 m/s. The shifting of the position of the central jet leeward is mainly due to the
effects of wind on the bulge and capillary waves that propagate along the cavity wall, as described
in the preceding section. Additionally, as was shown in Figs. 4 and 7, for the case of no wind the
central jet breaks up at the moment it reaches the maximum height and a secondary drop forms on
the jet tip. There is no breakup of the central jet for the case of a high wind speed of 6.0 m/s.
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FIG. 12. Contours of the stalk at the moment they reach the maximum heights. The case of U, =0
corresponds to the normal impact (without wind) and the origin is the impact center at the free water surface.
The horizontal line portions of the stalk contours are the top of the meniscus. The diameters of the primary
drops corresponding to U,, = 0, 4.5, and 6.0 m/s are 3.5, 3.3, and 3.1 mm, respectively.

Two sets of parameters are involved in describing the behavior of the stalk height. One set includes
quantities of the primary drop, i.e., the diameter D, density p, gravity g, horizontal velocity u, vertical
velocity v, surface tension o, and viscosity u, while the other set includes quantities of the wind
field, i.e., the air density p,, air viscosity u,, and wind speed U,,. Herein, we also use the velocity
magnitude (U = +/u? + v2) and impingement angle [0 = tan‘l(%)] of the primary drop. The range
of U varies from 1.89 to 2.25 m/s, while 6 ranges from 0 to 40° from the vertical. Note that the
angle of the drop impact 6 in the wind field can be determined by the Froude number based on the
wind speed Fr,, = U2 /gD, as shown in the Appendix. The surface tension of the primary drop and
the water in the pool is ¢ = 73 mN/m, as the experiment was performed at room temperature. Thus,
the Froude number based on the impact velocity of the primary drop Fr = U?/gD covered in the
present paper is in a limited range of 100—202 while the Weber number We = pU?D /o ranges from
142 to 256.

The effects of impact velocity, surface tension, and viscosity on the breakup of central jet for
normal impact have been experimentally investigated in [24]. It is shown that the central jet breaks
up in a regime where Oh < 0.091 combined with the Weber numbers beyond certain critical values.
As for the present data, Oh varies from 0.0022 to 0.0026 and the values of We are beyond the critical
value in water. In the case of no wind (normal impact) and a number of cases of low wind speeds
with large drop diameters, central jets break up. It is found that the breakup boundary of these jets is
determined by the wind Froude number Fr,,, in addition to We and Oh. The breakup of the central
jet occurs when the Fr,, is less than approximately 700.

As for normal drop impact, corresponding to the case of no wind (U,, = u = 6 = 0) in the present
study, Ref. [13] showed that the stalk height produced by the impact of large drops on a liquid surface
is a function of Fr as follows:

H
o= 1.43 Fr'/4, 2)

As shown by Eq. (2), the current range of Fr (100 < Fr < 202) to the one-fourth power produces a
very limited variation of H /D, indicating that the effect of the Froude number Fr on the present stalk
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FIG. 13. Nondimensional maximum stalk height H/D versus the impact angle 6 of the primary drop. The
data points for the case of no wind (¢ = 0) are divided into two groups, corresponding to different types of jets
[23]: <, a slow thick (Worthington) jet; <, a fast thin jet. Three closed circles connected by a green line are the
experimental data of normal impacts on horizontally moving films estimated from [39]. The data points around
the two vertical bars show that H/D increases with increasing wind speed.

height data is minor. A similar conclusion can be drawn for the Weber number We, since We = 213Fr,
where I, = /20/pg/D is the dimensionless capillary length with a narrow range of 0.94 to 1.54 in
the present paper. In addition, the effect of the water viscosity on the stalk height can be neglected,
as discussed in [13,23].

Figure 13 shows the nondimensional stalk height H /D varying with the impingement angle 6 of
the drop impact. In the figure, the data points for the case of no wind (normal impact, 8 = 0) are
divided into two groups because of the two different mechanisms of jet formation, as discussed in
[23]. The data points (<) around 4.6 correspond to the slow thick (Worthington) jets that are caused
by cavity retraction and follow Eq. (2). In contrast, the data points («) with low values around 4
correspond to the fast thin jet that is produced by the collapse of a singular capillary wave and a
number of secondary drops are ejected from the jet tip prior to the maximum jet height. It should
be mentioned that this fast thin jet was not observed in all wind cases (U,, > 0) reported herein.
(This was verified by a second high-speed camera that viewed the impact process from the top
[43].) It is conjectured that the absence of the fast thin jet in the wind field may be because the
collapse of the focusing capillary wave is impeded by a nonaxisymmetric distortion in the shape of
capillary waves. Thus, in the following discussion, we focus mainly on the slow thick (Worthington)
jet caused by cavity retraction in the wind field. In addition, the experimental data of normal impacts
on horizontally moving water films (data points connected by the green line) are also included in
Fig. 13, for the sake of comparison. These data points are calculated from Fig. 8 of [39], where
the jet height is essential as a function of the height of the moving film and the Weber number (the
impact velocity). The data points with the film height of 9.3 mm (the deepest water film) are chosen
and a drop diameter of 3.86 mm was used in our calculation. It should be noted that no information
is available in the literature on the central jet (stalk) caused by the oblique impact of a drop onto a
static liquid surface.

As can be seen from Fig. 13, H/D decreases with increasing 6, indicating that the oblique drop
impact caused by the wind plays a major role in the dynamics of the stalk height. However, for a given
impact angle of the primary droplet, the nondimensional stalk height increases as the wind speed
increases (comparing the data points around the two vertical bars). This variation in the data indicates
that H/D must be strongly influenced by the wind drag force in addition to the impingement angle
of drop impact.
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FIG. 14. Schematic showing the growing stalk in the wind field.

A schematic showing the wind drag force acting on the top part of a growing stalk above the water
surface is given in Fig. 14. As can be seen from the figure, the component of the drag force in the
axial direction of the stalk contributes to the growth of the stalk height and may be approximated by

Fy ~ 1p,U;ACpsin®, (3)

where p, is the air density, U,, is the wind velocity, Cp is the drag coefficient, A is the characteristic
area of the stalk, and 6 is the inclined angle of the stalk axis relative to the vertical. It is well known
that the drag coefficient C for a flow over a sphere and cylinder is a function of Reynolds number
Re = p,U,D/1y), where p,, 144, and U, are the air density, air viscosity, and wind speed,
respectively. For a laminar boundary layer with small Re (less than 1000), Cp Re~![50].
Measurements of the peak locations of first three or four consecutive contour profiles of the central
jet reveal that the inclined angle of the stalk can be approximated by the incidence angle of the
drop impact, for example, comparing the two vectors in Figs. 6(b) and 8(b) with those in Figs. 6(a)
and 8(a), respectively. For small 8, sin0 ~ 6. Thus, from Eq. (3), F, o 6 Re™!, indicating that the
nondimensional stalk height H/D depends on § Re™! as well.

Figure 15 shows the nondimensional stalk height H/D varying with # Re™! by using the
experimental data shown in Fig. 13. As can be seen from the figure, the data collapse to a single
curve and H /D decreases with increasing # Re ™! in a nonlinear fashion until zero at  Re ™! = 0.03
and then increases for # Re™! > 0.03. The increase of H/D for large # Re™! is likely to be an
indication that the effects of Re are dominant for high wind speeds. Using a curve fit to the data for
0 < @#Re™! < 0.03 yields

9\ 2
H/D =4.52-303{ — | ., 4
(x)
with the coefficient of determination R?> = 0.94. As shown by the different exponent signs in the
equation, the dimensionless stalk height decreases with increasing impingement angle 8, but increases
as the Reynolds number Re increases. It is worth recalling that the relationship given in Eq. (4) is
obtained under the condition of a small range of the Froude number (100 < Fr < 202). Also, note
that Eq. (4) is valid for Re = 0 (U,, = 0) because 0 Re~! = 0 with 6 ~ Fr,, (see the Appendix). The
coefficient 4.52 in Eq. (4) is approximately equal to that computed from Eq. (2) with Fr = 100 for
normal drop impact.

The phenomenon of inclined stalks has been observed in a normal drop impact on horizontal
moving films given in [39]. In this paper, Figs. 6 and 7 show the stalks (central jets) generated by
the impact of a droplet with a diameter of 3.86 mm on a 7.9-mm-deep moving water film with an
average velocity of u ; = 0.17 m/s. The impact velocities of the droplet in these two figures are 1.9
and 2.94 m/s, respectively. The stalks are inclined in the same direction as that of the film flow. As
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FIG. 15. Nondimensional stalk height H/D varying with § Re™! with the experimental data shown in
Fig. 13. For clarity, only slow thick (Worthington) jets for the case of no wind are included in this figure. The
solid curve is Eq. (4) and 6 is in degrees.

the stalks continue to rise, the inclined angles of the stalks relative to the vertical decrease and the
stalks eventually become very close to the vertical, due to the movement of the stalk base with the
target film. Figure 6 of [39] also shows that the inclined angle of the stalk with respect to the vertical
reaches approximately 21° at # = 34 ms after the drop impact, while the incidence angle of the drop
impact is only 5.12°. In contrast, the inclined direction of the stalks reported in the present paper
is the same as that of the wind, i.e., the horizontal direction of primary drop motion in the air. This
is opposite to the relative direction of the oblique drop impact with respect to the flow film given
in [39].

IV. CONCLUSION

In the present experiments, the effects of wind on the impacts of single water drops on a deep-water
surface were studied. Different experiments were performed with varying impacting drop sizes,
ranging from 2.5 mm to 4.1 mm and wind speeds up to 6.7 m/s. The horizontal velocities of drop
impacts varied from 0 to 1.4 m/s while the vertical velocities were kept nearly the same (about
2.0 m/s). Within the range of the studied parameters, both the cavity and central jet always occurred
during the drop impacts. These events were recorded with a backlit cinematic shadowgraph technique
that uses a high-speed camera in the lateral perspective.

The experimental results show that shortly after the primary drop hits the water surface, an
asymmetrical cavity appears along the wind direction, with a train of capillary waves on the cavity
wall. This is followed by the formation of an inclined central jet at the location of the drop impact.
It was found that the wind has little effect on the penetration depth of the cavity at the early stage of
the cavity expansion, but markedly changes the capillary waves during the retract of the cavity. The
capillary waves shift the position of the central jet formation to the leeward side. The displacement
of the central jet formation increases as the wind velocity increases.

The dynamics of the central jet are dominated by two mechanisms: (i) the oblique drop impact
produced by the wind and (ii) the wind drag force directly acting on the jet. The breakup of the
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central jet may be determined by the wind Froude number Fr,, = U2 /gD, in addition to the Weber
and Ohnesorge numbers. The stalk height is drastically affected by the wind, as the nondimensional
stalk height H /D decreases with increasing @ Re ™! in a nonlinear fashion. Here @ is the impingement
angle of the drop impact in the wind field and may be determined by Fr,,, while Re = p,U,, D/ i1,
is the Reynolds number with air density p,, wind speed U,,, and air viscosity (.

It should be mentioned that with the current experimental facility, impacting drops with zero initial
velocity are generated in the wind field. Thus, the impingement angle of the drop impact is strongly
correlated with the wind velocity and drop diameter, as shown in the Appendix. This correlation is
unnecessary in certain natural phenomena and industrial applications. For future work, experiments
with the impingement angle of drop impact independent of wind velocity are suggested. This may be
accomplished by varying the initial vertical velocity of primary drops. The effects of surface tension
and viscosity on the dynamics of central jets caused by oblique impact in the presence of wind should
be considered. Also, the development of certain techniques to produce a single large droplet with
variable initial velocity in both horizontal and vertical directions is expected.
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APPENDIX: INCIDENCE ANGLE OF DROP IMPACT IN THE WIND FIELD

As the primary droplet of diameter D falls in the wind field, the drag force in the horizontal
direction due to wind may be given by

Fp = 3pa(Uy — u)*CpA, (A1)
where p, is the air density, U,, is the wind velocity, u is the horizontal velocity of the primary droplet,
Cp is the drag coefficient, and A = %Dz is the cross-sectional area of the primary droplet. Thus, the
horizontal acceleration of the primary droplet with a mass of m = p,, %D3 in the wind field is

_ @ 3 La (Uw - u)z

o _ e, PaTw W A2
an = 1 Dpw D (A2)

Similarly, the vertical acceleration of the primary droplet due to gravitational, air drag and
buoyancy forces may be given by

a=¢g—-Cp—— — —g, (A3)

where g = 9.81 m/s? is the gravitational constant and v is the vertical velocity of the primary droplet.
Since p, < p, and u and v are relatively small due to the short traveling distance (~0.254 m in the
vertical) of the primary drops, Eqs. (A2) and (A3) may be approximated by
3 p. U2
~ — C e~ -w s ~ . A4
a2 STy N (A4)
With zero initial velocity of the primary droplet, the incidence angle of the drop impact on water
surface in the wind field may be represented as follows:

3 . U2
6 = tan~! <a—h> — tan~"! <-ch— ) (AS)
ay 4 " pygD
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FIG. 16. Drop impact angle 6 varying with the Froude number Fr,, = U2 /g D. The solid curve is Eq. (A6):
0 = 0.022 Fr,,,.

By using p, = 1.23 kg/m?, p,, = 1000 kg/m?, and Cp, = 0.43 for Re = 0(10°), Eq. (AS5) becomes

0 = tan"'(3.97x 10 *Fr,,) ~ 0.022 Fr,,, (A6)

where 6 is in degrees and Fr,, = U—g is the wind Froude number, defined as the ratio of aerodynamic
forces to the gravitational force. As can be seen from Eq. (A6), the incidence angle of the drop impact
increases as the wind velocity increases. For a given wind velocity, the incidence angle of the drop
impact decreases as the diameter of the primary drop increases. Figure 16 shows that Eq. (A6) is in
good agreement with the results computed with 6 = tan™! (%) based upon the present measurements
in our laboratory.

It should be mentioned that Eq. (A6) would change if there existed a nonzero initial velocity for
the primary drop after leaving the needle tip. Also, it is difficult to produce a primary droplet of
nonzero initial velocity with the current techniques in our laboratory.
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