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Water surface features induced by the impact of raindrops on a deep water pool
are studied experimentally in an artificial rain facility. Artificial rain is produced by
a rain generator that consists of a rectangular tank with an array of 738 hypodermic
needles attached to its bottom and that is mounted at various heights above a deep
water pool. In this thesis, three rain intensities and four raindrop impact velocities
are used while the diameters of raindrops remain approximately the same. For
comparison with some of the results of the rain experiments, a set of single drop
impacts on a quiescent water surface were also performed.

In the single drop impact experiments, cinematic shadowgraph methods were
used to measure the drop diameter (D) and velocity (V) just before impact, to
observe qualitatively the water surface response and to measure the height of the
vertical water jet (stalk) that is typically part of the water surface response. It
is found that the stalk height varies with impact Froude number (Fr = V?/(gD),
where ¢ is the acceleration of gravity) in three different ways depending on the

Froude number range.



In the rain experiments, the drop diameters and velocities are measured with a
cinematic shadowgraph technique while the temporal evolution of the surface profile
along the center plane of the target water pool is measured with a cinematic Laser
Induced Fluorescence (LIF) technique. The history of rain-induced stalk height
and the profiles of the rain-induced surface waves are extracted at each instant in
time. It is found that the stalk height varies considerably in the rain field and the
average stalk heights are less than in cases with single drop impacting a quiescent
surface at the same Froude number (Fr). The stalk height distribution correlates
with the rain intensities rather than the impact velocity. Occasional bubble en-
trainment was observed at the lowest raindrop impact velocity (F'r = 500) while
bubble entrainment only occurred for Froude numbers greater than 1800 in single
drop experiments. Furthermore, surface waves outside of the rain field propagate
faster than that inside the rain field.

Radar backscattering powers from raindrops, surface waves in front of the
rain field and the water surface features inside a rain field are measured. The
measurement results show that strong radar return signals are observed from the
water surface inside the rain field while the radar return signals from both raindrops
and the surface waves in front of the rain field are weak. The experimental results
also show that the radar return intensity increases as the rain intensity increases
from 85 to 300 mm/hr. In addition, it is found that the attenuation of the radar
backscattering from the rain field is likely correlated with a high-water-content layer

of secondary droplets generated in the rain field.
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Chapter 1: Introduction

1.1 Motivation

Rainfall over the ocean plays an important role in the exchange of energy, mass
and momentum between the ocean surface and atmosphere. It has been argued
that approximately 79% of the world precipitation is over the ocean [2] and about
three-fourths of the heat energy of the atmosphere is provided from the latent heat
release in the formation of raindrops [28]. When the temperature of raindrops
is different from the temperature of the ocean, the rainfall can change the ocean
surface temperature and create a heat transfer [26] [57] . Oceanic rainfall generates
turbulence within a thin layer of the water surface and the air entrainment and
bubble formation due to the rainfall over the ocean can contribute up to 20 % to
the total gas exchange [21]. The impact of raindrops on the ocean surface can
enhance the production of sea salt aerosol [39]. Oceanic rainfall can also have a
significant contribution to the ocean surface stress by transferring momentum from
the raindrops to the water surface. Under some conditions, this surface stress is
comparable to the wind stress [8]. In addition, the precipitation associated with
the El Nino-Southern Oscillation (ENSO) has important influence on the ocean

circulation [51].



The knowledge about rainfall over the ocean is limited due to the technical
difficulties of measurements. Conventional rainfall measurement uses networks of
rain gauges and weather radar systems where available. However, only a few gauges
exist over the ocean and these are located on atolls and small islands. These gauges
cannot represent the surrounding ocean due to local influences [27]. For global
coverage of precipitation over the oceans, satellite remote sensing has the potential
to overcome the spatial and temporal limitations of ground observations [41].

The satellite radar signatures of rainfall events over the ocean are mainly
generated from two sources. One is the scattering and attenuation of microwaves
by raindrops and ice particles in the atmosphere and the other is the scattering by
the sea surface features that are associated with raindrop impacts. The effects of
raindrops and ice particles on the scattering and attenuation of the microwaves in
the atmosphere have been extensively studied by radar meteorologists [44]. The
scattering is described by a volume backscattering coefficient that is a function of
radar wavelength, refractive index of water and the reflectivity of raindrops while the
attenuation is depicted by a volume attenuation coefficient that depends on the rain
rate with a power law [64]. More recent experimental study by Lemaire et al. [31]
showed that for a given raindrop size, the shape of the scatterometer spectrum was
independent of the rain rates. For a given rain rate, the peak frequency and the
spectral bandwidth were inversely proportional to raindrop sizes.

The effects of rainfall on radar scattering from the ocean surface were first
investigated by Moore et al. [42]. Further investigations on this subject with different

microwave frequencies were performed by Hansen [18], Sobieski et al. [61], Braun



et al. [6], and others. These studies show that the radar backscattering powers
are dramatically affected by the rain-generated surface features, including crowns,
craters, stalks and ring waves. Furthermore, Sobieski et al. [61] measured these
surface features with a high-speed digital camera that was synchronized with radar
data acquisition. They compared the radar backscattering powers from crowns,
craters, stalks and ring waves and concluded that ring-waves are the dominant
scattering contribution, though the scatterings from crowns, craters and stalks are
not negligible. By developing a scattering model from the splash products of a single
rain drop impact, Wetzel [66] showed that the stalk has significant effects on the
major scattering features. Recently, a backscattering model developed by Liu et

al. [36] [37] shows that the effects of stalks are dominate under low wind condition.

1.2 Previous Studies

An essential part of at-sea rain processes is the generation of surface features
that are associated with raindrop impacting a deep water pool. These water surface
features are extremely complicated. When raindrops impact on a water surface, they
produce crowns, stalks, secondary droplets, ring waves and turbulence underneath
the water surface. Due to the randomness of raindrop impacts in space and time,
the surface features in response to each individual raindrop vary considerably. The
simplest studies of this phenomenon, which is considering the impact of a single
drop on a quiet water surface, started more than 100 years ago by Reynold [54],

Worthington [67], etc. Thus, the literature review given below consists of both



outcomes of a single drop impacting a water surface and the surface features in
response to rainfall with particular focus on stalks, surface waves and subsurface

turbulence.

1.2.1 Single Drops Impacting a Liquid Pool

Many phenomena occur the impact of a single drop on an otherwise quiescent
liquid pool. At first, the target pool surface is forced to deform downward which
results in a crater at the location of impact and the crater is surrounded by a rim
of displaced liquid to form a crown. Some small droplets detach from the top of
the crown which are called secondary droplets. Then, the crown retracts and the
crater starts to recover and results in a liquid jet, which is called a stalk, at the
center of the crater. Depending on the impact conditions, some droplets can also
be generated from the tip of the stalk, which is called tip drops. Surface waves, also
called ring waves, are generated due to the oscillation of liquid surface caused by the
impact. In addition to the above phenomena, a single drop impact also produces
vortex rings that penetrate further down into the liquid pool.

Stalk has been studied extensively. Hobbs and Kezweeny [22] conducted an
experimental study of a liquid drop falling from constant height impacting a liquid
pool with different depths. They observed that the maximum height of the impact-
induced stalk increases as the target pool depth decreased from 25 to 7 mm, but
the maximum stalk height decreases sharply when the pool depth less than 7 mm.

Fedorchenko and Wang [15] studied the behavior of the maximum stalk height



using the Froude number. They derived an equation for the stalk height by assuming

the total energy of the impacting drop is completely converted and the shape of the

stalk was a circular cylinder. For the Froude number between 100 and 1100, they

concluded that the non-dimensional stalk height (H* = H/D )was proportional to
V2

the one fourth power of the Froude number (Fr = 75) :
g

H* = 1.43Fr/4 (1.1)

where V' is the drop speed at impact, D is the droplet diameter and g is the grav-
itational acceleration. It should be mentioned that very few articles have reported
about the stalk behavior for impact condition with Froude number greater than
1000.

The other import dimensionless number associates with the formation and

shape of the stalks is the Weber number given as follows
We = V(pD/T)z (1.2)

where p is density, and T is surface tension. Hsiao et al. [24] developed a theoretical
model and claimed that whether a subsurface vortex or a stalk is produced depends
on the Weber number. Based on a mercury-to-mercury impact experiment that they
conducted and the data presented in Rodriguez and Mesler’ s paper [55], Hsiao et
al. concluded that a stalk would be formed during impact of a drop on the same
fluid when the Weber number is above 8. Cresswell and Morton [12] proposed a
theory for the formation of vortex based on the generation of vorticity on relaxation
of surface stresses at coalescence but did not provide the value of the corresponding
Weber number. Manzello and Yang [38] conducted an experimental study with

5



different target pool depths and two different liquids (water and HFE7100) for the
target pool. The Weber number was used to determine whether the droplet would
be produced by breaking up from the stalks (tip drops). They concluded that the
Weber number for stalk breaking up was independent of the target pool depth for
water to water impact.

While most of the studies explored drop impact on a stationary liquid pool,
Alghoul [1] studied a drop impacting a liquid film which moved at speeds up to
0.2 m/s. The impact-induced stalk exhibited the same regimes as the impact in
static liquids, but the transition boundaries were different. In addition, the stalks
did not have an axisymmetric shape. Recently, Zhao [69] studied liquid droplets with
diameters are less than 1 mm impacting a target pool of the same fluid. He used
five different fluids and concluded that both low viscosity and low surface tension
would create tall impact-induced stalks.

Ring waves have the longest duration among all the outcomes of single raindrop
impacts and they have been studied both theoretically and experimentally. About
30 years ago, Crapper [11] presented some photographs of the ring waves created
by the impact of raindrops of various diameters. Later, Mehaute [40] conducted
a theoretical study of the ring waves generated by the impact of tiny objects such
as raindrops onto an initially quiescent body of water by taking account of gravity,
capillary and dissipative viscous effect. He pointed out that impact-induced ring
waves belong to mixed capillary-gravity regime. He also concluded that ring waves
were generated only by the oscillation of the water surface at the impact location

and that they had a narrow range of wave numbers which relates to the minimum



group velocity of gravity-capillary waves. Furthermore, the amplitude of ring waves
was proportional to the drop momentum when it hits the free surface and ring wave
pattern was composed of a multiplicity of rings with increasing amplitude towarded
the impact location and was terminated by a trailing wave with an exponential
decay. Craeye et al. [10] measured the characteristic wavenumber of impact-induced
ring waves. In their experiments, water droplets falled from three different heights
onto two different target pools, one composed of fresh water and one of salt water.
They found the characteristic wavenumber of impact-induced ring waves was around
0.2 mm™. They also noticed that the ring waves decayed to small amplitude of the
order of 0.1 mm at 0.8 s after impact and further concluded that only a small
amount, on the order of 1%, of the incident kinetic energy was converted to ring
waves. Zhu et al. [70] studied experimentally the propagation of ring waves and
their group velocity. They used 2 mm diameter drops impacting a lake from 1.47 m
above. They found that the carrier waves and the group velocity of the ring waves
packet were near the minimum point of the diversion curve of group velocity of
gravity-capillary waves and claimed that this was the main reason the ring waves
packet could propagate with low diffusion.

A number of experiments studied drop impact on pre-disturbed wavy surfaces.
Schotland [58], Jayaratne and Mason [25] studied drops impinging onto wavy sur-
faces created by previous impacts and they founded that the effect of this wavy
surface on the impact-induced surface features was small. However, the impact
frequency that they used was low and the surface of the liquid layer may have

mostly recovered from the previous impact. For high frequency impact, Siscoe and
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Levin [59] studied the interaction of surface waves with impacting drops by allowing
a continuous sequence of drops to fall on water surface in a circular battery jar. The
battery jar wall would reflect the waves produced by the previous drops back into
the center and interact with the following drops. When the drops fell at a constant
frequency, there would appear a steady condition in which each drop impacts the
surface wave at a fixed phase. This phase could be changed by varying the drop
rate, the height of initial drop and the diameter of the battery jar. They found that
depending on whether the drop would hit the crest or the trough of the wave, the
drop would be absorbed and amplified the surface wave or form an unusually high
stalk, respectively. They also found that the impact-induced vortex rings and eddies

were confined roughly to a depth of 5 to 10 cm.

1.2.2  Raindrops Impacting a Deep Liquid Pool

The physical process of raindrops impinging onto a liquid pool is even more
complex than the single drop case. Unlike single drop impact, the impact of a par-
ticular raindrop in a rain field is affected by the free surface motions and subsurface
flow features due to the nearby random distribution of raindrop impacts prior to and
during the impact of the drop of interest. Some important phenomena associated
with raindrops impinging onto a liquid pool have been studied. These phenomena
include rain-induced stalks, surface waves and sub-surface turbulence.

Unlike single drop impact, only a few articles report about stalk generation and

the behavior of the maximum stalk height in a rain field. Wetzel [66] presented stalk



height distributions for two rain fields that had approximately the same rain rate.
However, he did not provide details about how the stalk height data was obtained.
Instead, Wetzel just claimed that he got these data through private communication
with V. Cavaleri. From these data , Wetzel noticed that sometimes the maximum
stalk height distribution looked like a Rayleigh distribution. However, a different
rain with the same rain rate, the stalk height distribution could be quite different.
Therefore, the correlation of stalk height distribution with rainfall conditions is still
unclear.

Rain-induced surface waves, which are called ring waves in single drop impact,
have also been studied in laboratory. Houk and Green [23] used a capacitance wave
gauge to measure the surface waves due to artificial rain. In their raindrop distribu-
tion, 73% of the drop had diameters near 2.2 mm, 23% of the drops had diameters
near 3.6 mm and 4% had diameters near 5.5 mm. All of the drops had speeds
within 1% of their terminal velocity and impacted a thoroughly mixed receiving
water. Houk and Green [23] found that the root mean square (RMS) surface height
fluctuation was proportional to the rain kinetic energy flux and raindrop size but
inversely proportional to the liquid viscosity. Bliven, Sobieski and Craeye [5] con-
ducted an experimental study with 2.8 mm diameter raindrops impacting a target
pool at terminal velocity. The artificial rain rate was varied between 5 and 200 mm
per hour. They concluded that the energy of rain-induced surface waves is predom-
inately within the range of 2 to 15 cm wavelength. The maximum wave energy was
occurred at a wavelength of about 5.3 cm.

Many studies focused on rain-induced turbulence because this feature en-



hanced air-water gas exchange and damp the surface waves with sufficient rain
intensity. Ho el al. [21], Zappa et al. [68], Harrison et al. [20], etc. claimed rain-
induced turbulence enhanced air-water gas exchange. Green and Houk [17] studied
the rain-induced mixing layer depth. They used rain fall distributions consisting
of both a single raindrop diameter and a crude drop-size distribution which con-
sisted of 4% of 5.5 mm drops, 23% of 3.6 mm drops and 73% of 2.2 mm drops.
The receiving water pools were one composed of fresh water and one of salt water.
Their result showed that large drops played an important role in the mixing process.
Furthermore, upward entrainment coefficients varied inversely to a suitably defined
bulk Richardson number and the fresh and salt water results were nearly the same.
Ho et al. [21] studied the mixing of three different gas helium, nitrous oxide, and
sulfur hexafluoride due to 22 different rain rates which were between 13.6 to 115.2
mm per hour. The raindrop sizes were 2.3, 2.8 and 4.2 mm in diameter and were
able to reached their terminal velocities before impact. Their experiment showed
that the rain-induced turbulence was the dominate factor in the air-water exchange
process. Generated bubbles contributed about 0 to 20 % to the total gas exchange.
The contribution of rain-generated bubbles to mixing increased with higher rain rate
and larger diameter raindrops. Lange et al. [29] measured rain-induced surface mix-
ing using dye, digital partial image velocimetry and ultrasonic sounding techniques.
The average diameter of the raindrops was 2.9 mm and the impact velocity was
about 80-85% of the terminal velocity. They measured typical eddies of 10-15mm
in diameter. The turbulence layer thickness was found to be 15 cm for a moderate

rain rate and showed homogeneous turbulence. Zappa et al. [68] measured the tur-
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bulent kinetic energy dissipation rate of a rain event over a wavy saltwater surface
with a pulse to pulse coherent doppler. However, the measured turbulent velocity
fluctuation was significantly higher than measured by Lange. Beya et al. [3] also
measured rain generated turbulence in freshwater with Acoustic Doppler Velocime-
ter and reported the smallest turbulent velocity fluctuation among the three. Their
result was one order of magnitude less than those measured by Zappa. Beya et al.
also claimed that the rain rate had no significant influence on turbulence intensity
while Harrison et al. [20] reported that turbulent kinetic energy dissipation near the

free surface was increase with increasing rain rate at low wind speed.

1.2.3 Radar Backscattering of Rain

For remote sensing application, the microwave signatures of the ocean surface
features, which are associated with raindrop impacts, are studied. Rain can af-
fect the microwave signatures of a ocean surface by producing additional roughness
through craters and crowns, stalks, and surface waves. However, how those surface
features affect the electromagnetic scattering are not well understood due to the
complexity and chaos of a rain field.

From previous studies, stalks and surface waves significantly affect the radar
backscattering power. Wetzel [66] developed a model and claimed that rain-induced
stalk are dominant for radar backscattering with 75 degree from nadir. Bliven et
al. [4] studied the rain-induced surface waves using 13.5 GHz scatterometer with 30

degree incidence angle in a wind-wave tank. Their simulated rain intensities were
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between 10 and 30 mm per hour. They found that rain-induced surface waves are
the dominate feature contributing to backscattered power. Bliven et al. [5] also
claimed that wave energy and backscattered power increased with the rain intensity
but the growth rates reduced at higher rain intensity. Lemaire et al. [31] performed
a similar experiment, but they used various drop sizes and tested monodisperse and
polydisperse rain events. They observed that for a given drop size, the shape of the
scatterometer spectrum was independent of the rain rates. For a given rain rate, the
peak frequency and the spectral bandwidth were inversely proportional to drop size
but the wave energy was proportional to drop size. They also found that the ring
wave spectra in polydisperse rain events could be derived from the mono disperse
rain-induced wave spectra. Braun et al. [6], Peirson et al. [47], etc. reported that
heavy rain would damp the surface waves and affect the radar backscattering of an
ocean surface.

Previous studies also showed that velocity of raindrop is important. Sobieski
el al. [61] studied the backscattering of rain induced surface features for raindrops
impact at terminal and non-terminal (50 % - 60 %) velocities. They found the
significant differences of geometrical and backscattering characteristics of surface

features between these two cases.

1.3 Thesis Outline

Given the above-noted importance of the surface features in the satellite radar

backscattering, the study of the water surface features in response to rainfall is
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crucial to improve the measurement of oceanic rainfall by using satellite. The main
objective of this thesis is to experimentally investigate the water surface features
inside an artificial rain field.

Details of the experimental apparatus are given in Chapter 2. Rain intensities
and raindrop impact velocities are the two important factors. Three measurement
techniques were used for measuring water surface profiles, sub-surface velocity field,
and the radar backscattering signals. Chapter 3 contains results and discussion of
these three measurements. Chapter 4 provides a conclusion and suggestions for the

future research.
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Chapter 2: Experimental Details

The artificial rain experiment was performed in a rain facility built in the
Hydrodynamics Laboratory at the University of Maryland, College Park. As shown
in Figure 2.1, The facility includes an overflow water tank that acts as the target
pool and a rain generator. The rain generator can be located at heights up to 4.8 m
above the target pool to create a range of droplet impact velocities on the target.
The rain impact process is measured with a variety of time resolved techniques
including shadowgraph, LIF images, stereoscopic PIV, and radar remote sensing as

described below.

2.1 Rain Facility

2.1.1 Target pool

The target pool is a 1.2-m-by-1.2-m square tank in plane view with a depth
of 0.31 m and is constructed of transparent acrylic, see Figure 2.2. The upper edges
of two opposing sidewalls of the tank are 1.27 cm lower than the other two and
overflow channels are attached to these sidewalls. The target pool is supported by

a short frame which is adjusted so that the upper edges of the two lower side walls
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Figure 2.1: Experimental facility.
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Figure 2.2: Target pool.

form a horizontal plane. The bottom of the water tank is about 0.5 m above the
ground, allowing space for optics to project laser light sheet from below. The target
pool is operated with a constant water level by maintaining an overflow condition

at the two lower sidewalls with inflow due entirely to the incoming rain drops.

2.1.2 Rain Generator

The rain generator consists of a rectangular open surface tank (horizontal di-
mensions 0.9 m by 0.6 m) with a rectangular array of 738 equal spaced hypodermic
needles protruding through its bottom surface, see Figure 2.3. During the exper-
iment, the tank is filled with water at a constant rate and a constant water level
is achieved with the aid of vertically oriented overflow drainage tube mounted with
adjustable height. The tank is mounted on a linear traverser system with two hori-

zontal degrees of freedom. Fach axis of the traverser system consists of two parallel
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Figure 2.3: Rain generator.

rails, two bearings, a servomotor, a crank-piston drive mechanism and a linear po-
sition sensor. The motion of the rain generator is controlled by a computer using
the position feedback sensor on each motion axis. A floating closed cell foam pad is
place inside the rain tank to reduce any surface fluctuations that may be induced
by the traverser system. In the following, the term ‘rain generator’ is used to refer

to the entire above-described system.

2.1.3 Impact Velocity Variation

To achieve different impact velocities, the traverser system was mounted on

top of a frame with adjustable height. Due to the limited height of the laboratory
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ceiling, the maximum distance between the bottom end of the needles and the water
surface in the target pool was 2.2 m. With this maximum height, the raindrops
reached impact velocities of 72% of their terminal velocity in natural conditions.
In order to achieve higher terminal velocities with the same diameter raindrops,
a section the steel grating in the ceiling above the rain generator was removed to
create a 1.83-m-by-1.83-m opening. Then, two 3-m-long 80/20 square beams with a
7.62-cm-by-7.62-cm cross section were placed across the opening and clamp fixed to
the floor above the laboratory. Three 3.6-m-long pieces of lumber with nominal 4-
inch-by-4-inch cross sections and two with 2-inch-by-4-inch cross sections were then
placed parallel to the 80/20 beams for additional support. A plywood platform was
mounted on top of the lumber supporting beams to cover the opening area for safety
when not in use. At the four corners of the platform, small rectangular holes were
cut in the platform to mount the tall rain generator support frame on the 80/20
beams. Plywood side walls were then attached to the structure for stability, see
Figure 2.4. With this arrangement, the rain generator could be positioned so that
the distance between the ends of the needles and the water surface in the target
tank was 4.8 m and the impact speed of the raindrops reached 90% of the terminal

velocity for the drop diameters used in this study.

2.1.4 Artificial Rain Intensity Variation

The artificial rain intensity was varied by varying the needle length, the water

level inside the rain generation tank, and the needle arrangement. In order to
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Figure 2.4: Experimental facility.
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maintain constant droplet size (2.6 mm - 2.8 mm in diameter), all needles used were
22-gauge with an inner diameter of 0.41 mm. However, two different needle lengths,
50.8 mm and 6.4 mm, were used. The water in the rain generator reservoir was kept
at a depth of about 25 cm for the long needles and 10 c¢m for the short needles by
adjusting the height of the drainage tube. This resulted in a raindrop diameter of
2.6 mm and two different drip rates, about 3 Hz and 4 Hz.

For the single-drop impact experiments, only one of the 22-gauge needles with
a 6.4-mm length was used. For the rain experiments, four needle arrangements were
used. These arrangements consisted of blocking the flow to some of the needles as
shown in the schematic drawings in Figure 2.5. For the full field concentrated case,
see Figure 2.5(a), 35 rows of needles were used and the needles covered almost all
of the bottom surface of the rain tank. In this case, there are a total of 717 needles
and the distance between the needles is uniform, 2.54 cm. For the full field scattered
case, see Figure 2.5(b), the 17 odd rows of the full field concentered case were blocked
and the 18 even rows were used. There were 360 working needles and the distance
between the needles is 2.54 c¢m along the y-axis (vertical in figure 2.5) and about
4.4 cm along the x-axis. In the half field concentrated and half field scattered cases,
Figures 2.5(c) and (d), respectively, half of the rain field was blocked in order to
have enough space to study the surface waves outside a rain field. As a result, 18
rows were used for a half field concentered case and only 9 of the even rows were
used for the half field scattered case.

The rain generator was in motion for the rain experiments but remained sta-
tionary for the single drop impact experiments. For the concentrated cases, the rain

20



o o o o o o

OOOOOOOOOOOO o) o) o) o o o

OOOOOOOOOOOO o) o) o) o) o) o)

OOOOOOOOOOOO o) o) o) o) o) o)
@ (b)

o} o} o}

o} o} o} o
o} o o

o} o} o} o
o} o o

o o o o
o} o} o}

(d)

(@

Figure 2.5: The four needle arrangements used in the experiments. The open circles
indicate open needles used to generate raindrops, but in these schematic drawings
only a small faction of the needles used are shown. The needles in the red regions
were blocked so that no droplets were produced. (a) Full field concentrated, (b)
Full field scattered, (c) Half field concentrated, and (d) Half field scattered. In this

figure, the x axis is horizontal and the y axis is up.
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generator motion was circular with a diameter of 2.5 cm and a frequency of 0.5 Hz.
For the scattered cases, the rain generator moved in an oval path with the diameters
along the y and x axes equal to 4.33 cm and 2.5 cm, respectively. With this com-
bination of the needle separation and the motion of the rain generator, the average
distance between two adjacent raindrop impacts on the water surface is about the

same for both the concentered and scattered cases.

2.1.5 Artificial Rain Intensity Measurement

The rain intensity was measured using a ruler and a stop watch. The ruler is
attached to the side wall of the target pool as shown in Figure 2.6. After a given rain
experiment, the rain rate was maintained and water was drained from the target
pool until the water level was 50 mm below the lower tank walls. The water level was
then recorded and the stop watch was started to measure the elapsed time. After
the 15 minutes, the water level was record again. Then, the following formula was
used to relate the rain intensity R (mm/hr) to the water level difference L (mm),
the surface area of the target pool Ap (m?), and the active surface area are of the

rain generator Ag (m?):

ALA;

i (2.1)
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Figure 2.6: A ruler is attached to the target pool edge for rain intensity estimation.

2.1.6  Water Preparation and Surface Tension Measurement

The literature review showed that surface tension (Weber number) is an im-
portant factor in liquid to liquid drop impact, so clean fresh water was prepared
for the experiments by using a special procedure. In the morning, the day before
a given experiment, a 0.91 m in diameter round storage tank (Figure 2.7) was be
filled with filtered tap water up to 1.68 m in height. Then, chlorine was added to
the round tank such that the water free chlorine level of 3 ppm. The water was
then circulated through a diatomaceous earth filter for about 6 hours before filling
the 0.45 m? target pool. After the target pool was filled, the round storage tank
was filled with filtered tap water again. Then, pool chlorine was added to the round
tank such that the water had a free chlorine level of 5 ppm. The water was then cir-

culated overnight for about 12 hours. On the following experiment day, a sufficient
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Figure 2.7: Round water storage tank used to prepare clean water.
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amount of hydrogen peroxide was added to the round tank in order to dechlorinated
the water to about 2 ppm. In this way, about 1100 liter of water was prepared for
experiment. For the maximum rain intensity of 340 mm/hr over a 0.56 square meter
area. The round tank would supply water for about 7 hours.

During the experiment on each day, three samples of the target pool water were
extracted after the calibration and before the first experimental run, in the middle
of the experiment (if there were ten runs, the sample was taken after the 5th run),
and after the last run. The surface tension isotherm of each sample was measured
using a KSV NIMA Langmuir trough as shown in Figure 2.8. Before the surface
tension measurement, a Platinum Whilhelmy plate was heated with a Bernzomatic
propane torch to clean its surface. The trough and its two movable Teflon barriers
were rinsed by the sample water from the target pool. Then, the remaining sample
water was poured into the trough. Finally, the two barriers was placed on the trough
such that they barely touch the water surface and the Whilhelmy plate was lowered
so that it dipped into the sample water. During surface tension measurement, the
Platinum Whilhelmy plate monitored the surface tension as the water surface in the
trough was compressed by the two Teflon barriers as they moved toward each other
at a constant rate of 180 mm/min. As a result, the number of surfactant molecules
per unit water surface area in between two barriers was increased with increasing
time.

An example of the surface tension isotherm results is shown in Figure 2.9.
Before the compression, the fresh water used for experiment had a surface tension of

73.0 = 0.5 mN/m, which is close to the value for clean water. Then, the water surface
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Figure 2.8: KSV NIMA Langmuir trough used for surface tension measurement.

area was compressed about 80%. As image shown, the surface tension remained at
about 72 mN/m through a 70% compression and then experienced a sudden drop
beyond about 75 % compression. This data is typical of the surface tension isotherm

data in all experiments discussed herein.

2.2 Shadow Graph Measurement

In this study, measurements were performed for both single drop impact ex-
periments and raindrop impact experiments. As mentioned in the Chapter 1, only
a few researchers, for example Fedorchenko and Wang [15] ,studied the maximum
stalk height of a single drop liquid-to-liquid impact and they only recprded data
for impact Froude numbers (V2/(gD)) less than 1,200. However, Laws’ report [30]

and theoretical predictions using a drag coefficient approximation given by Cheng [9]

26



Surface tension versus Trough area
Ren 111116

~
o

(o]
o

)]
o

IS
=)

ST [mN/m]

w
o

N
o

-
o

o

4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
Area [mm?]

Figure 2.9: A sample surface tension test result using the Langmuir trough. The ver-
tical axis is the surface tension measured by the Wilhelmy plate and the horizontal

axis is the water surface area between the two teflon barriers.

showed that raindrops with 2.6 to 2.8 mm diameters have terminal velocities greater
than 8 m/s, which has a corresponding Froude number greater than 2,200. Thus,
a single drop impact experiment was needed to study the maximum stalk height
variation for Froude numbers greater than 1,200 in the single drop impact experi-
ments. For the rain experiment, knowing the raindrop impact conditions is essential
for comparing the outcomes of a raindrop impacting on a wavy water surface in a
rain field to a single drop impacting on an otherwise quiescent surface. In order to
obtain the required data, the following cinematic shadowgraph measurement setups

for the single drop and rain experiments.
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2.2.1 Single Drop Impact Experiments

For the single drop impact experiment, only one needle was activated and a
rectangular glass tank (0.9 m x 0.4 m x 0.2 m) was used as the target pool. This
tank was chosen because its small volume (0.07 m? ) reduced water usage. As shown
in Figure 2.10, a small bucket was placed above the target pool and was used as
a shutter. During the experiment, the shutter bucket was quickly moved out of
the way between droplet impacts, then allowing the next drop to hit a quiescent
water surface in the target pool. After the measurements for the first drop impact,
the shutter bucket position was restored to catch the droplets again. Water from
the round storage tank was then fed to the target pool, thus overflowing the tank
for about 5 minutes in order to clean the water surface. The water supply was
then turned off and a period of 10 minutes was allowed for the target pool to again
become nearly quiescent before the next drop impact.

The single drop impacts were recorded by two high-speed digital movie cam-
eras (Phantom V640, Vision Research), which were set to a frame rate of 2,000
frames per second (fps) and synchronized through a BNC pulse delay generator.
The first camera (1) was placed in front of the target tank and oriented to view the
water surface from the front with a look-down angle of about 0.6 degrees from the
horizontal. By using a metal combination square, camera 1 was carefully oriented
such that, other than the small look-down angle, its lens was perpendicular to one
of the vertical glass walls of the target tank. The light source was a 650 watt flood

lamp which was placed on the opposite side (behind the target tank) and pointed
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Figure 2.10: Experimental setup for the single drop impact measurements.
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into the line of sight of the camera 1 lens through a translucent screen. Camera 1
was equipped with a 200 mm lens. Camera 2 was used for verification of the location
of the drop impact. The line of sight of camera 2 was horizontally perpendicular to
the line of sight of camera 1 but with a look-down angle of 45.4 degrees. The light
source for camera 2 was a 650 watt flood lamp which was placed under the square
tank and oriented to shine upward through a translucent screen. From the camera
2, the drop impact location relative to the focus plane of the first camera could be
measured; only single drop impact events which were located less than 5 mm away
from the focus plane were collected for the data set. From the high-speed movies,

the droplet diameter, droplet impact speed, and stalk height were obtained.

2.2.2 Experimental setup for raindrop velocity and diameter mea-
surements.

To measure the raindrop diameters and impact velocities, two sections of 7.62-
cm diameter PVC tube are placed in line horizontally across the free surface of the
target pool with a 25.4 mm gap in between the adjacent tube ends as shown in
Figure 2.11. The outer ends of the tubes were located outside of the rain field. Each
PVC tube blocks all the raindrops along its length allowing only the drops from 2-3
needles above the gap to be captured when looking through the length of the tube
from one end. A high-speed digital movie camera (Phantom V640) was placed at
one end of the tube with its line of sight directed along the tube axis and a back-

lighted translucent screen was placed at the end opposite the camera. The majority
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Figure 2.11: Experimental setup of the raindrop impact condition measurement.

of the measurements were conducted when the rain generator remain stationary. A
few measurements were conducted when the rain generator was moving, the drop
impact velocities and diameters were the same as in the case with the stationary

rain generator.
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2.2.3 Calibration

For the single drop impact experiments, the error was estimated using an
optical formula considering an ideal Gaussian optical system [34]. For the possible
error due to impact location variation, the following formula was used to relate
the distance between the focal plane and the object s,, the focal length f, and the

magnification error M, :

(2.2)

Since the collected impact events were less than 5 mm away (measured by
camera 2 using the calibration image if Figure 2.12 (b)) from the focal plane and
the focal length was at least 0.6 m, the resulting error due to distance between the
impact location and the focal plane should be less than 0.17%. From calibration
images, it was found that the camera 1 had greater than 22 pix/mm resolution. For
measuring the raindrop, only 1 camera was used and calibrated. The procedure and
calibration image was similar to Camera 1 of the single drop impact experiment.
Raindrop measurement had 5 times more error than single drop experiment because
the drop could be anywhere within the 25.4 mm gap in between the adjacent tube

ends, but the error was still less than 1%.

2.2.4 Image Processing

To extract the droplet diameter and droplet position from the digital images,
a gradient-based method was applied. Images illustrating various steps in this ex-
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Figure 2.12: Calibration ruler images of shadow graph measurement. Image (a)
is captured by camera 1 and the vertical ruler image is used to correct the image
distortion due to look-down angle by measuring the number of pixels in 32 mm
vertical distance. Image (b) is captured by camera 2 and the horizontal ruler image
is used to determine the impact distance respects to the focus plane (the edge of

the camera 1 calibration ruler).
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traction method are shown in Figure 2.13. In the first step, a constant threshold
is determined from images in a given experimental run. Then, all the pixels with
grey levels below the threshold were converted to white and all the pixels with gray
level equal to or above the threshold are converted to black. This converts the
original gray level image to a a black and white image, see Figure 2.13(b). Next,
this black and white image was processed with a smoothing filter and a gradient
operator to obtain gradient intensity image. The pixels with the highest values of
image-intensity gradient were taken as the location of the edge of the droplet. Due
to droplet oscillations while falling, the droplet may not appear as a perfect circle in
the images; however, since these oscillations in shape were small, the drop diameter
and the position of its center were determined by fitting a circle, by using a least
squares method, to the locations of the pixels with maximum gradient intensity. In
figure 2.13(c), this fitted circle plotted on top of the raw image. The final droplet
diameter was determined by averaging the diameters determined by this method to
five consecutive images taken (at 2,000 fps) just before impact. To extract the im-
pact velocity, the horizontal and vertical positions of the drop center in two frames
separated by 2 ms was used. It was found that the horizontal velocity was less than
0.01% of the vertical velocity. Thus, the droplet speed was taken as the vertical

component.
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Figure 2.13: Shadow graph image processing for determining droplet diameters and
speeds. (a) Original image of a drop before impact. (b) Image (a) after thresholding
and conversion to black and white. (c¢) Image (a) with computed outline of the

droplet shown in red.

2.3  Surface Profile Measurement

A cinematic planar laser induced fluorescence (LIF) method was used to mea-
sure the water surface profile during rain drop impact in regions both within and
adjacent to the rain field in the target pool. Various aspects of this method are

described in the following subsections.

2.3.1 Fluorescent Dye Preparation

Fluorescein Sodium salt (F6377) powder was mixed with the water in the rain
facility by using the following procedure. First, a laboratory analytical balance was
used to obtain a 0.4 g sample of the dye powder. This sample was then mixed into

800 ml of distilled water to produce the dye mixture. Disposable latex gloves and
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Figure 2.14: LIF measurement setup.

a 3M industrial respirator were used during the above preparation process. Before
the experiment, 1 ml of the dye mixture was added into the 0.45 m® of water in the
target pool and 2.4 ml of the dye mixture was added into the round tank so that
the incoming raindrops would not decrease the dye concentration. This resulted in

a dye concentration about 1.1 ppm throughout the system.

2.3.2 Experimental Setup

A vertically oriented laser light sheet and 3 synchronized high-speed digital
movie cameras were used in the LIF surface profile measurement technique, see
Figure 2.14. The light sheet was created from the beam of 5-Watt CW Argon-Ion

laser that was operated in all lines mode (power output dominated by spectral lines
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at wavelengths of 488 nm and 512 nm). A train of fixed mirrors, lenses and a rotating
mirror were used to direct the beam to its focal point at the water surface where
the beam waist about 1 mm in diameter. In this optical path, the fixed mirrors
were used to direct the beam horizontally under the target pool where the beam
intersected the rotating mirror. This mirror consisted of 3/8-inch-thick 12-sided
aluminum polygon with polished edges. The rotation axis was horizontal and as
each mirror facet passed through the beam it was deflected in a vertical plane and
scanned over an angle of 60 degrees. This light sheet was positioned at the mid-
plane of the tank and oriented to extend perpendicular to the two overflow channels.
The mirror rotation rate was 12,000 rpm thus producing a scan rate of 2.5 per ms.
The cameras were set with a frame rate of 250 Hz and an exposure time of 4 ms
so within each frame the laser beam was scanned 10 times, thus creating essentially
a uniform light sheet for each image. The three high-speed digital movie cameras
(Phantom V640 an V641, Vision Research) were synchronized frame by frame by
using a pulse delay generator (Berkeley Nucleonics). The first camera was oriented
to view the intersection of the light sheet and the water surface in the rain field from
the side with a look-down angle of about 10 degrees from the horizontal. To measure
the surface waves outside the rain field, the second camera was oriented parallel to
the first camera and positioned such that 50 % of its field of view overlapped that
of camera 1 while the other 50% of its field of view was adjacent to the rain field.
The line of sight of the third camera was oriented along the light sheet, i.e., nearly
perpendicular to the view of the first and second camera. With 50 mm Nikon lenses,

the images captured by the first and second camera, which consisted of an array
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of 2,560 x 1,440 pixels, had a resolution of 7.3 pixels/mm and a horizontal field of
view of 35.1 cm in the plane of the light sheet. The third camera was used only to
verify that the drop impacts used in the measurement set occurred within the light
sheet. A long-wavelength-pass (cut off wavelength 550 nm) optical filter was placed
in a 3-D printed housing and then attached in front of each camera lens by using
Cokin ring adaptors as shown in Figure 2.15. These filters blocked the primary
light wavelengths of the laser thus minimizing specular reflections of the laser beam
from reaching the image sensor in the camera while transmitting a portion of the
fluoresced light. With this system, the primary light source for the images is the
glowing dye within the light sheet near the water surface.

Sample LIF images from the first and second cameras are shown in Fig-
ure 2.18(a). The interface between the dark upper and bright lower region of each
image is the intersection where the light sheet hits the water surface. The region be-
low the interface was bright because the laser beam was projected from the bottom
of the target pool and illuminated the fluorescent dye along its path. Therefore, the
fluorescing light worked as a background light and made the water surface in front
of the light sheet visible. Due to the surface shape fluctuations in the rain field,
some fluorescing light was refracted from high slope portions of the water surface

behind the light sheet as well.
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Figure 2.15: A long-wavelength-pass 550 nm optical filter mounting on a 50 mm

lens.

2.3.3 Calibration

For the measurement cameras (camera 1 and 2), images of rulers placed above
the water surface and in the plane of the light sheet were taken to determine the
resolution and to correct for image distortion due to the 10-degree look down angle
of the cameras. One of these calibration images is shown Figure 2.16 (a). Also, a
longer ruler was placed across the target pool (Figure 2.17) and photographed by
cameras 1 and 2 to determine the relative position of the observation windows of
the two cameras. For the verification camera (camera 3), an image of a horizontal
ruler (Figure 2.16 (b) was also taken to determine the image resolution and the
location of each pixel along the light sheet. In addition to these images taken for

the determination of image resolution, images were taken with the rulers removed,
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(2) (b)

Figure 2.16: Calibration images for the LIF measurements. (a) Camera 1 image.
(b) Camera 3 image. (c¢) Camera 1 image with laser on and no rain. (d) Camera 3

image with laser on and no rain.

the laser turned on, and the rain generator turned off. From these images, the mean
water level was located in the images from cameras 1 (see Figure 2.16(c)) and 2
and the position of the light sheet was determined in the images from camera 3,
see Figure 2.16(d). During these calibrations, the round tank was supplying water
directly into the target pool though a garden hose to make the water overflow as it

did during the rain experiment.
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Figure 2.17: Calibration images from cameras 1 (a) and 2 (b) of a ruler that spanned

the fields of view of both cameras.

2.3.4 Image Processing

The water surface profiles were extracted from the digital images using gradient-
based methods similar to Liu and Duncan [35]. A MATLAB program consisting of
several steps was written for this purpose. In the first step of the calculations, two
threshold values were determined using image intensities over all the images from
one experimental run. Then, in each image all the pixels that have grey levels below
and above these two thresholds are saturated to increase the contrast of images.
Next, the edge function in MATLAB is used to find the edges at those points where
the gradient of the image intensity is maximum. These edges at the air-water in-
terface are connected from left to right and a spline function is used to manually
connect the gaps between the edges. Finally, a smoothing function is used to create
the finished surface profile.

As shown in Figure 2.18, images on the left are the LIF image of water surface

inside the rain field captured by camera 1. Images on the right are the corresponding
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(d)

Rain Field Outside Rain Field

Figure 2.18: LIF image processing for extracting the surface profile. (a) Original
LIF images from cameras 1 and 22. (b) Image (a) after thresholding, conversion to
black and white and edge detection using canny method. (c¢) Images (a) with the
edge detection results from (b). (d) Images (a) with the extracted surface profiles

' 42
shown in red.



LIF images captured by camera 2. Only about 40% of the right images (on the right
of the blue light) were processed because it indicates the region outside the rain field.
Due to the chaotic nature of the water surface within the rain field, there were many
discontinuities of the initial guessed surface profile and required a lot of spline fitting.
On the other hand, the surface profile outside the rain field was well estimated and

spline fit was rarely needed.

2.3.5 Needle Cleaning Process

Experiments for each case took about 7 to 12 hours and they were complete
in one day. After a case was completed, the needles were taken off and placed in
isopropyl alcohol overnight to prevent fluorescein dye or dust, which was remain
inside the needle tube, getting dry and solidified. On the next day, a syringe with a
two and half teflon tube was used to clean the needle by forcing a water jet through
needle tube toward needle base as shown in Figure 2.19. A needle was considered
cleaned, when a steady water jet could be erupted out of the needle base. If a
blockage occurred due to harden dye or dust, the cleaning probes were used to poke

through needle tubes before cleaning with syringe.

2.4 Simultaneous LIF and Stereoscopic PIV Measurement

The literature review showed that the subsurface flow field could effect the
rain-induced surface features. To investigate the possible correlation between the

water surface features associated with impinging raindrops and the subsurface flow
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Figure 2.19: Needles and cleaning tools

field, the turbulent velocity field beneath the free surface was measured simultaneous
with LIF surface profile measurement. Thus, PIV particles and experimental setup

were prepared to perform LIF and Stereoscopic PIV measurements together.

2.4.1 PIV Seeding Particles

One of the problems in PIV measurements of the rain-induced sub-surface flow
field is the possibility of the specular reflections of laser light in the images. These
reflections can originate if the light sheet hits the air-water interface of impact craters
and air bubbles. In addition, the light from LIF setup (fluoresced light) may act
as background light and reduce the contrast of stereo PIV images. Thus, a special
type of seeding particles were manufactured in the laboratory using Rhodamine
WT dye (maximum emission wavelength of 582 nm) to solve these problems. First,
Rhodamine W'T dye was well mixed with epoxy in a cake pan. Then, the epoxy-
Rhodamine WT dye mixtures was allowed to cure for at least 24 hours to become

a solid disk. This disk was then sanded into a wide range of small particles with
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a belt sander.and collected using a vacuum. Finally, the collected particles were
segregated into various size ranges by using a shifter with different size sieves. Only
particles that had size ranges from 25 ym to 53 pum were selected as PIV seeding
particles. During the experiment, a long-wavelength-pass (cut off wavelength 562
nm) optical filter was attached in front of each stereo PIV camera lens. These
filters blocked the primary light wavelengths (527 nm) of the laser and most of the
fluoresced light (maximum emission wavelength of 515 nm) from the LIF setup while
transmitting a sufficient portion of the fluoresced light from the Rhodamine WT dye
in the particles.

The settling velocity of these PIV seeding particles were estimated using

Stokes’ Law:

2(pp — pys)

V:
9 u

gR? (2.3)

In this equation, V is the settling velocity, g is the gravitational acceleration, p,
and py are the mass density of the seeding particle and water, and p is the dynamic
viscosity. The estimated settling velocity was between 0.04 mm/s and 0.20 mm/s.

The frequency response of these tracer particles was studied by Washuta [65].
Based on his analysis (Figure 2.20), for the seeding particles used in this study
(ranging in diameter from 25 pm to 53 pm) the As can be seen in the figure,
the square of the magnitude of the transfer function H, between the fluid particle
oscillations and the tracer particle oscillations is 95% or higher for frequencies less
than or equal to 1,000 Hz.

Before each experiment, 10 g of seeding particle were well mixed with 200 ml
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Figure 2.20: Particle frequency response for a range of particle diameters (Washuta
2016). H, is transfer function between the fluid velocity fluctuations and the the

particle velocity fluctuations of frequency f.

of isopropyl alcohol in order to prevent PIV particle clogging. Then, 110 ml of the
particles-alcohol mixture was poured over the target pool. During the experiment,
seeding particles density would decrease overtime due to overflow of the water and
particle settling. Therefore, 30 ml of the remaining mixture was added into the

target pool after every three runs to maintain sufficient particle density.

2.4.2 Experimental Setup

This measurement used four high-speed digital movie cameras (Phantom V640
& V641, Vision Research) and a high-repetition rate Nd: YLF laser to provide light

source. As Figure 2.21 shown, Nd: YLF laser was set to generate a light sheet which
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Figure 2.21: Simultaneously LIF and stereo PIV measurement setup

passed through the transparent bottom of the target pool and illuminate a light sheet
vertically upward at the center line of the target pool. Two cameras were performing
LIF measurement of the water surface while the other two cameras were performing
stereo PIV measurement of the flow field below and they were synchronized together
at a frame rate of 250 fps. To measure the out of plane velocity, two 30-60-90 triangle
prim filled with water were attached to the front side of the target pool in front of
the stereo PIV cameras. Each PIV camera had equipped with two Scheimpflug
mount and tilted camera sensor plane to the lens plane as shown in Figure 2.22.
Combining the effect of triangle prim and Scheimpflug mount, each camera could
focus on a plane parallel to front side of the target pool, which was also the parallel
to the light sheet.

Instead of using a long-wavelength-pass (cut off wavelength 550 nm) optical
filter, a band-wavelength-pass (515 nm 4+ 10 nm) optical filter was placed in front
of each LIF cameras in this measurement. These filters blocked the primary light

wavelengths (527 nm) of the laser and the Rhodamine light (maximum emission
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Figure 2.22: A Phantom V641 with Scheimpflug and 105 mm lens

wavelength of 582 nm) from stereo PIV particles while transmitting fluoresced light

(maximum emission wavelength of 515 nm).

2.4.3 Calibration

Calibration of the LIF and Stereo PIV image was perform both before and
after the experiment using DaVis software (LaVision, Inc.). The calibration target
is a two-level 3D calibration plate(Type 309-15, LaVision, Inc.) as shown in Figure
2.23. Tt is a 309 mm by 309 mm black plate with 3mm diameter white dots. The
dots are 15 mm apart and the separation of the calibration planes is 3 mm. The top
plane of the calibration plate was carefully aligned with the laser light sheet before
the calibration images were taken. Then, DaVis software could apply a 3rd order

polynomial fit to transform camera images into real-world images by calculating the
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Figure 2.23: Type 309-15 calibration target

image distortion of the target plate. Using this procedure, DaVis software should

properly correct image distortion due to the optical setup.

2.4.4 Image Processing

DaVis software was used to process both LIF and Stereo PIV images. LIF
images were corrected only use the 3rd order polynomial fit calculated from cali-
bration. Stereo images went through planar self-calibration method to correct mis-
alignments between laser light sheet and calibration plane. Then, the Stereo PIV

cross-correlation algorithm were apply to calculate the velocity fields.
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2.5 Simultaneous LIF and Radar Measurements

To investigate the radar backscattering due to rain-induced surface features,
simultaneous measurements of LIF and radar with different rain intensities and
impact velocities were conducted using a 6 -12 GHz scatterometer with different

incident angles.

2.5.1 Radar System

The radar system is an ultra-wide band, polarimetric radar similar to that
shown in Sletten and Trizna [60], see Figure 2.24. The radar is based on a fast
oscilloscope (Tektronix Model DPO72004B) that samples the radar backscatter in
real time at rates of 50 GS/s. The short ultra-wideband pulse is generated through
the use of an ultra-fast pulse generator (PSPL Model 4015) and a 6 - 12 GHz (X-
band) solid state microwave amplifier. The combination of the amplifier response
and the pulse generator rise time produces microwave pulses with a 3 dB pulse-
width of approximately 0.5 ns, providing a range resolution of approximately 4 cm.
A pair of 2 - 18 GHz antennas with appropriate pulse-to-pulse transmit and receive
switching capability are used to collect four consecutive equivalent-time-sampled
pulses at a per-polarization pulse repetition frequency of 500 Hz. One complete
scan of the 1.2 m range (the width of the square target pool) swath of the radar was
complete at every pulse, with (HH, HV) and (VV, VH) echoes collected on alternate

scans.
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Figure 2.24: Radar design

2.5.2 Experimental Setup

The radar antennas were mounted on a sliding bar which was attached to a
vertical 80/20 beam. The bar had a 90° rotating pivot at the bottom. As shown
in Figure 2.25, the sliding bar allows the adjustment of the antenna height and its
pivot provides different incident angles. By adjusting the sliding plate and pivoted
beam, the radar antennas measured rain-induced surface features at different inci-
dent angles. Radar absorbents are installed in order to reduce the reflection of the

target pool edges. The distance to the center of the rain field on the water surface

from the antennas was 1.6 m, producing a bistatic angle of 9°.

The LIF measurement used 1 laser and 2 synchronized cameras as shown in

Figure 2.26. A continues wave Argon-Ion laser was used and the light sheet was
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Figure 2.25: Antenna angle variation

generated the same way as in the above LIF measurement. Two high-speed digital
movie cameras (Phantom V640, Vision Research) were placed side by side and set
to a frame rate of 500 frames per second (fps) were synchronized using a BNC pulse
delay generator. Both cameras were oriented to view the water surface from the
side. Camera 1 had a look-down angle of about 10 degrees from the horizontal and
focused on the bright region in front of the light sheet. It provides a overview of the
number of stalks presented in the front half of the rain field for a particular radar
pulse. The second camera focused on the light sheet (performing LIF measurement)

with a look-down angle of about 6 degrees from the horizontal.
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Figure 2.26: Experimental setup of synchronized radar measurement and LIF

2.5.3 Calibration

Two spherical targets were used to calibrated the radar travel distant and
radar backscattering power. As shown in Figure 2.27 (a), a 5.1 cm diameter (slightly
bigger than the radar range resolution of 4 cm) plastic ball was placed with known
distance relative to the square target pool and its image was captured by both
cameras to indicate the relative position of the two cameras. Then, the ruler was
removed and the radar signal of the plastic target was record. Next, the radar
backscattering signal of the metal spherical target was record as shown in Figure
2.27 (b). Finally, the LIF images and radar backscattering signal of an overflowing

water surface without rain was also recorded (Figure 2.27 (c)).
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Camera 1 Camera 2

Figure 2.27: Radar calibration images. (a) Calibration images from cameras 1 and
2 of a ruler that spanned the fields of view of both cameras and the position of a
plastic spherical target is measured. (b) The position of a metal spherical target is

measured. (c¢) The mean water level is measured.
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2.5.4 Radar Signal Processing

The radar return signal in the present study consists of four waveforms (HH,
HV, VH, VV). The raw data of the radar backscattering signal is recorded as voltage
vs. time. Using the radar backscattering from the plastic spherical targets and the
back edge of the target pool, the time can be converted to space with the following

formula

_oa
79 sin(#)

(2.4)

where c is the speed of light, ¢ is the time, and @ is the incident angle. The backscat-
tering power strength was then calculated by comparing it to the backscattering

signal of the metal spherical target.
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Chapter 3: Results and Discussion

3.1 Single Drop Impact

Single drop impact experiments were performed at 11 different needle heights
(Hg, defined as the vertical distance between the free end of the hypodermic needle
and the undisturbed surface of the target pool). For the lowest 9 heights, the
experiments consisted of ten individual drop impacts, while for the two highest
heights, the experiments consisted of 30 drop impacts. The data resulting from these
experiments is given in Table 3.1. As can be seen in the table, the droplet diameters
were nearly the same for all needle heights; the average of the average diameters for
each case is Dgye = 2.66 mm and the standard deviation is only +0.08 mm. On the
other hand, the impact velocity varies substantially from V,,. = 2.15 m/s at the
lowest needle height to 7.2 m/s for the highest needle height. The impact Froude

and Weber numbers,

V2 V2, Dave
s and We= Bove e, (3.1)

Frave -

varied from from 176 to 2,011 and 172 to 1,893, respectively. Because of the defi-
nitions of Fr and We, the fact that all experiments were performed in water, and

the fact that D,,. is nearly the same for all experimental conditions, F'r and Br are
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Hy(m) Vie(m/s) Viy(m/s) Dgye(mm) Dy(mm) Fr We H* H}

g

0.25 2.15 0.01 2.68 0.05 176 172 - -

0.51 3.0 0.01 2.66 0.02 345 332 4.66 0.27
0.71 3.4 0.01 2.61 0.02 451 419 553 0.13
0.91 3.9 0.02 2.67 0.03 581 564 5.74 0.26
1.4 4.6 0.06 2.82 0.05 765 829 6.44 0.30
1.9 2.3 0.03 2.73 0.04 1050 1065 7.08 0.26
24 5.7 0.03 2.72 0.03 1219 1227 829 0.24
2.9 6.1 0.04 2.68 0.06 1417 1385 9.60 0.54
3.4 6.6 0.05 2.58 0.02 1723 1561 11.3 0.37
4 6.9 0.07 2.53 0.1 1920 1673 10.2 1.92
4.8 7.2 0.06 2.63 0.03 2011 1894 8.67 2.89

Table 3.1: Experimental conditions and measurements for the single drop impact
experiments. H, is the vertical distance from the bottom of the hypodermic needles
to the water free surface in the target pool. V,,. and V,, are the average and standard
deviation of the drop impact velocities, respectively. D,,. and D, are the average
and standard deviation of the drop diameters, respectively. Fr = V2_/(gDaye)-
We = pV2 _Dawe/T. H* and H are the average and standard deviation of H/D g

where H is the measured stalk height for each drop impact.
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Figure 3.1: The determination of maximum stalk height. Images from an experiment

with F'r = 345.

nearly proportional to one another in the present experiments as is demonstrated
by the plot of F'r versus We in Figure 3.5. This proportionality results in a nearly
constant Bond number,

2

D
Bo=We/Fr = %, (3.2)

of 0.966 +.060.

Variations in the stalk behavior as the impact Froude number changes creates
some ambiguity in measuring stalk height. In the present study, the maximum
stalk height is defined as the vertical distance from the undisturbed water level to
the to the highest point reached by the top of the stalk without or before a tip
drop pinches off from the upper end of the stalk. This is shown schematically in
Figure 3.1 for a case with F'r = 345. In this experimental run, an instant in time
after the second image, the drop separated from the stalk. More complex behaviors
occur at low Froude numbers as shown in a study by Rein [53]. Image sequences
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from Rein’s study for three drop impacts are shown in Figures 3.2(a), 3.2(b) and
3.3 and correspond to Fr = 120, 177, and 305, respectively. For the two lowest
Froude numbers, Figure 3.2, tiny droplets are ejected upwards while the stalk is still
growing. A similar sequence of images for the F'r = 176 case from the present study
is shown in Figure 3.4(a). As in Rein’s study, small droplets are ejected from the
stalk while it is still growing. Thus, in these low Froude number cases, one is not
certain how to define a maximum stalk height. At the next lowest Froude number
(345), no small droplets are ejected. Because of the small droplet ejections, no value
of stalk height has been assigned to the F'r = 176 case in the present study; see
Table 3.1. Thus, the maximum stalk height variation studied herein correspond to
Froude numbers ranging from of 345 to 2011 and Weber numbers ranging from 332 to
1,894, including 10 experimental conditions. According to Rein’s [53] classification,
the stalks in for Froude numbers ranging from 345 to 1050 the present experiment
are all in the "thick jet” regime, while the case with the lowest Froude number,
Fr =176 is in the thin jet regime; see Figure 3.4.

The average and standard deviation of the dimensionless stalk height (H* =
H/D4.) measurements at each of the 10 experimental conditions are given in Table
3.1 and plotted versus F'r in Figure 3.6. As F'r is increased, H* at first increases
nonlinearly, then increases linearly at a higher rate and finally decreases. In addition
to the data, several lines are plotted. The blue dash-dot line is Fedorchenko and

Wang’s theoretical model [15],

H* = 1.43Fr/4, (3.3)
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which, in their work, was favorably compared to experimental data with a 70%
glycerol-water solution in a relatively shallow pool, depth equal to 6D,,.. The
theory was based on images from experiments with 100 < Fr < 1,000, droplet
diameters greater than 3 mm and three approximations: (1) all of the kinetic and
surface tension energy of the drop, M %V2 (where M is the mass of the drop),
is converted to the potential energy of the stalk, which is taken as a vertical right
circular cylinder and (2) all the kinetic and potential energy of the drop is converted
to the crater which reaches a stationary maximum size just before the jet forms, and
(3) the mass of the stalk is equal to the added mass of the crater.

In the present experiment, where the droplets were between 2.5 to 2.8 mm in
diameter, clean water was used and the water depth was 114D,,., the stalks in the
Froude number range from were not very close in shape to the right circular vertical
cylinders assumed in the theory, see figure 3.9. Therefore, the images from the
experiment were used to calculate the total mass of the stalk and the induced mass of
the crater by using the following method; see Figure 3.7. First, the crater diameter
was determined from the image taken when the bottom of the crater reached its
maximum depth and the crater induced mass was approximated by treating it as
a perfect hemisphere. The tip droplet diameter was calculated in the same way as
the impinging droplet diameter as described in section 2.2.4. For this calculation,
the image used was one frame after (0.5 ms after) the tip drop detached from the
stalk. Next, the remaining part of the stalk was divided into different sections and
treated as truncated cones using the image of the frame just before the tip drop was

detached from the stalk. Finally, the mass of a stalk was approximated by adding
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Figure 3.2: Photographic sequences begin shortly before the crater bottom reverses
its motion (Rein 1996). Small arrows are pointing at the small droplets. (a) Forma-
tion of a thick jet (Fr = 120, We = 102). (b) Formation of a thin jet (Fr = 177,

We = 125).

the mass of the tip drop, and the mass of all the truncated cones together. From
this mass approximation, it was found that about 80% of the induced mass of the
crater was later converted into the mass of the stalk. Thus, Fedorchenko and Wang’s

theoretical model was scale by 0.8:
H* = 0.8 % 1.43Fr/4, (3.4)

This new equation is plotted as a blue solid line in Figure 3.6 and agrees well with
the experimental data.
For Froude number between above 1050 but less than about 1800, images
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Figure 3.3: Photographic sequences begins at the moment when the base of the

crater reverses its motion and form a thick jet for Fr = 305, We = 219 (Rein 1996).
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Figure 3.4: Photographic sequences begins at the moment when the droplet impact
the water surface. (a) Formation of a thin jet (Fra,. = 176) and small tip droplets
are constantly generated when the stalk is rising. (b) Formation of a thick jet (Fr,.
= 345)
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Figure 3.5: Non-dimentional Single Drop Impact Condition
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Figure 3.6: Single drop impact-induced stalk height H* Vs. Fr
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Figure 3.7: Mass Approximation: The mass of the induced mass by crater is ap-
proximated using the maximum crater diameter (between red dash lines). The mass
of a stalk is approximated by treating it as a tip drop, and truncated cones (plotted

by red solid lines)
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of the stalk formation are shown in Figure 3.10. In this region of Figure 3.6, H*
increases linearly with F'r. The straight line with slope 0.006 plotted in the figure
was obtained by a least squares fit to the data. Comparing the shape of the stalk
between Fr = 300 to Fr= 1800 as shown in the Figure 3.9 and 3.10, their shapes
are similar. All of the stalks have a large base, a narrow neck and a tip drop that
detaches from the stalk at the end. The bases and tip drops of all cases had similar
size, but the length of the narrow neck between the base and the tip drop increased
with increasing Froude number. For impacts with Froude number greater than 1000,
the mass of a stalk was also approximated and the ratio of the mass of a stalk to the
induced mass of the crater was found to be about 1.2. This means that at maximum
height the mass of the stalk was greater than the induced mass of the crater. This
gives some indication of the reason for the rapidly increasing stalk heights in this
region; however, the root cause of this behavior is not known.

It is also interesting to note that all the stalks are in the thick jet of the Froude
versus Weber number plot given by Liow [33]; see Figure 3.8 shown. The red dash
line is the fitted Bo numbers using Froude and Weber number calculated from the
present 10 single drop impact experiments. The upper portion of the red line, which
extends outside Liow’s graph, indicates single drop impacts with Froude number
greater than 1000.

The time for a stalk to reach its maximum height and the mechanism which
causes tip drop formation were also investiagted. Figure 3.9 and 3.10 show the time
instance around the maximum stalk hight. For Froude number between 300 and

1800, stalks are getting higher as the Froude number (impact velocity) increase and
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64 ms

67 ms 79 ms
70 ms 82 ms
73 ms 85 ms

(b)

Figure 3.9: Photographic sequences begins at the moment when the droplet impact

the water surface. (a) Fra,.e = 347 (b) Fra,e = 586, (¢)Fry,. = 1005
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(a) (b)

Figure 3.10: Photographic sequences begins at the moment when the droplet impact

the water surface. (a) Fry,e = 1208 (b) Fra, = 1406, (¢)Fry,. = 1729
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the time for the stalk to reach the maximum height is increased as well. However,
the mechanism causes tip drop formation was different. For Froude number between
300 and 1000, the bottom half of the stalk started to retract indicted by its base
spread to the side while the tip of the stalk still remained at the same height (the
red dash lines there to help better observe the slight change in the base diameter).
Then, a tip droplet was form due to the retraction of the water at the bottom. Thus,
this formation was dominated by the gravitational force verse surface tension force.
For Froude number between 1000 and 1800, the base did not spread as much as the
lower Froude number cases, and the tip droplet was continuing moving up after it
pinched off from the tip of a stalk. Thus, the tip droplets were form due to the
upward motion of the tip of the stalks i.e apply force verse surface tension force.
For Froude number greater than 1800, the standard deviation was suddenly
increased. The average stalk height is getting lower as the Froude number increases.
That is because the impact condition enter the region where the flow condition after
the collapse of a crater is random as Figure 3.11 shown. Even though these three
cases has similar size initial droplets and they had the similar shape before impact
(T = -1 ms), three different surface responses occurred. For Figure 3.11(a), a regular
stalk appeared. For this type of response, the stalk height increased linearly with
the Froude number. For Figure 3.11(b), the stalk was intercepted by the tips of the
crown and resulted a stalk with reduced maximum height. For Figure 3.11(c), the
crown closed and formed a larger air bubble. Thus, the maximum stalk height was
limited by the height of the air bubble as shown in Figure 3.12. For these three

cases, the droplet impact and target pool conditions were nearly identical and the
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surface response is not much different up to 10 ms after impact. However, from
case (a) to (c), the crater opening decreased and in case (c) the crater closed 20
ms after impact. The difference between cases (a) and (b) became visible at about
40 ms after impact. Case (a) left enough space for a stalk to rise up while in case
(b) the gap was smaller than the stalk diameter. From this point on, the average
stalk heights were lower as the Froude number increased. That is because the crown
enclosure appeared more often at higher Froude number. However, the experiments
condition were too few (only took place at two different Froude number) to predict
its general behavior. In addition, there is not enough repeated runs (only 20) to

make statistical analysis for such a random outcome either.

3.2 Rain Field Measurements

Surface profile measurements were performed for eight rain conditions gener-
ated from three rain intensities, four rain generator heights, two needle lengths and
four needle arrangements. The rain conditions and the measurements performed
are given in Table 3.2. The resulting raindrop velocities at impact ranged from 3.8
to 7 m/s and the rain intensity ranged from 85 mm/hr to 300 mm/hr. Stalk height
distributions were measured for the full field concentered and full field scattered
needle arrangements described in Section 2.1.5. The half field arrangements were
used to study the surface waves within and outside of the rain fields. Flow field
measurements were performed at three conditions created from two rain intensities

with the rain generator at two heights. The radar backscattering power was mea-
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Figure 3.11: Photographic sequences for 4.8 meter single drop impact, Fr = 2,011.
The time when the droplet impacts the water surface is taken as T = 0. The
behavior after the collapse of the crater at 7= 40 ms is random. (a) Formation of
a regular stalk. (b) A stalk is intercepted by the crown and its height is reduced.

(¢) An irregular bubble entrainment occurs and the stalk height is limited.
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Figure 3.12: How to determine the maximum stalk height when irregular air en-

trainment bubble occurs

sured for four conditions created from three rain intensities and two rain generator

heights. The results from the various measurements are discussed below.

3.2.1 Raindrop Impact Conditions

Raindrop diameter and impact velocity were measured by the cinematic shad-
owgraph technique described in Chapter 2. At each height about 20 to 50 raindrop
impact events were recorded and the raindrop diameter and velocity at impact were
extracted from the shadowgraph images by the same process used in the single drop
measurements. The resulting raindrops had diameters between 2.3 and 3.1 mm as
shown in Figure 3.13. The drop diameter variation could be due to several reasons.
First, the inner diameter of needles are not perfectly identical even though the were

all 22 gauge needles. Second, dust and the dye added to the rain tank might clog
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H, NA NL  Vie  Dape R Fr  SPIV LIF Radar

(m) (m/s) (mm) (mm/hr)

085 S St 378 277 130 526 - x -
1.5 S St 466 3.04 130 728 - x -
2.2 S Lg 559 2.58 85 1,235 - X .
2.2 S St 561 266 130 1206 - x -

2.2 C St 5.66 284 300 1,150 X X X

4.8 S Lg 7.04 241 85 2,096 - - X

4.8 S,HS St 683 244 130 1,949 X X X

48 C,HC St 7.02 244 300 2,059 X X X
Table 3.2: Experimental conditions and measurements for the rain experiments. Hy
is the vertical distance from the bottom of the hypodermic needles to the water free
surface in the target pool. NA is the needle arrangement discussed in Chapter 2,
where C represents the full field concentrated arrangement, HC stands for half field
concentrated, S is for full field scattered, and HS is for half field scattered. NL is
the needle length, where Lg is for long needles and St stands for short needles. V.
and D,,. are the average of the raindrop impact velocities diameters, respectively.

R is the resulting rain intensity. ”x” means a measurement is performed and ”-”

means otherwise.
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Figure 3.13: Raindrop impact condition

the needles and reduced their working inner diameter over time. Third, the rain
generator motion may induce vibrations to the needles and cause raindrops to fall
off before they would under static conditions. Fourth, the water level inside the rain
tank was varied to accommodate different needle lengths and to achieve different
rain intensities. Possible variations due to needle ID variations are the due to man-
ufacturing and cannot be controlled. Diameter variations due to water level changes
are desired and controllable. However, diameter variations due to needle clogging
and the rain generation motion need to be prevented and measured, respectively.
To investigate the raindrop diameter variation overtime due to possible needle
clogging, nine separate raindrop measurements were conducted over a 7 hour period

in which the rain generator remained on at constant conditions. A condition with 22
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Figure 3.14: Raindrop diameter variation over 7 hours period

gauge long needles and a rain generator water height of 25 cm with the rain generator
stationary was chosen for these experiments. The droplet measurement samples at
each time contained 10 to 45 raindrop impacts. The average and the standard
deviation of the raindrop diameters were calculated and the results are shown in
Figure 3.14. The average raindrop diameters fluctuated between 2.55 to 2.65 mm
during the seven hour period and the standard deviation in the measurement at any
time was about £0.05 mm.

To investigate the raindrop diameter and impact velocity variation due to rain
generator motion, raindrop impact measurements were conducted using 22 gauge
short needles with a 13 cm of water height inside the rain tank when the rain
generator was stationary and moving in both circular and oval motions at the 4.8-

meter height. The average and the standard deviation of the raindrop diameters are
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Figure 3.15: Raindrop variation due to rain generator motion

plotted in Figure 3.15 as black (stationary rain generator), red (circular motion), and
blue (oval motion) open circles and error bars, respectively. The raindrop diameters
varied from 2.3 to 2.6 mm and the average values varied from about 2.40 to 2.48.
The average raindrop diameters were smaller when rain generator was moving but
the difference was minor (less than 0.1 mm). For the three cases, the horizontal
velocities of the raindrops at impact were close to zero and the average velocities at
impact were almost the same. The stationary case had the biggest raindrop diameter
variation, perhaps because the raindrops were generated from just two needles and
the raindrops produced had two sizes with fairly large difference between them. This
may also have lead to the stationary case having the largest variation of impact
velocities.

As mentioned before, the average impact velocities of the raindrops ranged

from 3.8 m/s to 7 m/s as the rain generator was positioned at 4 different heights.
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Figure 3.16: Non-dimentional raindrop impact condition

The drop impact Froude and Weber numbers were calculated using the average
raindrop diameter and impact velocity. The resulting Froude numbers were between
500 and 1900 and the Weber numbers were between 500 and 2000. As shown in
Figure 3.16, the Bond number was still consistent and small (0.71) but slightly less
than the single drop cases due to the smaller diameter of the raindrops.

The maximum stalk heights in the rain fields were measured by nearly the
same method, see Figure 3.17, as in the drop impact experiment. The mean water
level measured without rain was used as the base level for all stalks. As mentioned
in Section 2.3.3, this mean water level should be the same as the mean water level
during the rain because the round tank was supplying water directly into the target

pool through a garden hose to make the water overflow nearly the same as during
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Maximum Stalk Height

Mean Water Level

Center of the , Center of the
Lightsheet without 1T Lightsheet without
Surface Distortion ' 2 . Surface Distortion

Figure 3.17: Measure the maximum stalk height in a rain field. (a) The maximum
height a stalk can reach measured during experiment. (b) Mean water level measured
during calibration. (c) Location of the measured stalk. (d) Location of the light

sheet during calibration.

the rain experiment. Also, the stalk location relative to the center plane of the light
sheet was measured with the end-view images; see Figures 3.17(c) and (d). Only
stalks that were at least partially within the light sheet were collected for the data
set.

The heights of about 1000 stalks were collected for each rain condition and
statistical analyses were performed with each data set. Figures 3.18 (a) through (c)

show the stalk height distributions of four rain cases. For the conditions correspond-
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ing to subplots (a), (b), and (c) the impact velocities were nearly the same (5.59,
5.61 and 5.66 m/s, respectively), but the rain intensities were different (85, 130, and
300 mm/hr, respectively). The conditions corresponding to subplots (b) and (d)
have the same rain intensity (130 mm/hr) but different impact velocities (5.61 and
6.83 m/s, respectively). The range of stalk heights is about 2 mm to 400 mm in all
four cases. This wide range of the stalk height distributions, which consistently ap-
pears for all rain conditions, indicates that this is a complex problem. If we consider
a drop impact for which the vertical velocity of the water surface in the vicinity of
the drop impact has the same magnitude and opposite direction as the drop veloc-
ity, then the relative impact velocity between the droplet and water surface will be
twice as big as the drop velocity. Thus, the single drop impact-induced stalk height
under this assumption could be as high as the tallest measured stalk in a rain field.
The dotted vertical blue lines indicate the average stalk height for each rain experi-
ment. The dotted vertical red lines indicate the corresponding average stalk heights
from the single drop experiments. These values are obtained using the straight line
fit to the single drop impact data (Figure 3.6) in the range 1,000 < Fr < 1300
and the Froude numbers from the rain experiments, Fr = 1,235, 1,206, and 1,150
corresponding the subplots (a), (b) and (c), respectively, in Figure 3.18. For case
(d), the single drop impact-induced stalk height is not predictable as mentioned
before. In is found that as the rain intensity increases, the raindrop impact-induced
average stalk height decreases while the corresponding stalk height from the single
drop impact experiments remains nearly the same. For the cases with the same

rain intensity comparison but different drop impact velocities (subplots (b) and (d))
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the average stalk height changes only slightly from 15.05 mm at the lower velocity
(subplot (b) to 14.5 mm at the higher velocity (subplot (d)). This latter trend with
impact velocity is opposite to the single drop results.

To take a close look at what happened in the rain field, a sequence of images for
the lowest raindrop impact velocity 3.8 m/s were shown in Figure 3.19. The images
show two raindrops impacting the water surface with similar impact conditions.
However, the first impact (marked by the red arrows) results in the formation of a
stalk while the second impact (marked by the white arrow) results in the formation
of a bubble. This difference might be due to the local turbulence-induced surface
velocity of slope fluctuations. The crown enclosure phenomenon which only happens
for Froude number greater than 1800 in single drop experiments, can happen at much
lower Froude numbers (average F'r = 526 in the present case) in a rain field.

To further investigate the effect of rain intensity on the stalk height distri-
butions, the three cases with different rain intensity and similar impact velocity
(approximately 5.7 m/s) plotted in figure 3.18(a), (b) and (c) were further ana-
lyzed. To this end, the stalk heights for each case were nondimensionalized by their
average height and the three distributions were were placed on a single log-log plot,
see Figure 3.20. Straight lines were fit to each distribution in the low (H* < 0.5)
and high (H* > 15) ranges of the graph and plotted as solid lines. The distribu-
tions in these regions vary significantly with the rain condition; as the rain intensity
decreases, the slope of the solid lights increase. In the band of H* between the
straight line fits, the distributions are nearly independent of rain intensity. If the
rain intensity (number of raindrop) is further reduced to the same as a single drop,
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Figure 3.18: Stalk height distributions. (a) Rain intensity is 85 mm /hr with 5.59 m/s

raindrop velocity at impact. (b) Rain intensity is 130 mm/hr with 5.61 m/s raindrop

velocity at impact. (c) Rain intensity is 300 mm/hr with 5.66 m/s raindrop velocity

at impact. (d) Rain intensity is 130 mm/hr with 6.83 m/s raindrop velocity at

impact. See Table 3.2 for additional characteristics of these rain conditions.
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T=0 ms

T=16 ms

Figure 3.19: An LIF image sequence from the rain condition with a rain intensity of
130 mm/hr and a raindrop impact velocity of 3.78 m/s. The sequence begins at the
moment when a droplet impacts the water surface at the location marked by the
red arrows. In subsequent images, a stalk forms at this location. The white arrows
marks the location of a second drop im1§a4(:t. At this location, an irregular bubble

forms instead of a stalk.



T=28 ms

T=32 ms

T=60 ms

T=72 ms

Figure 3.19: Photographic sequences (cont.)
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Figure 3.20: Non-dimensional stalk height distributions. All three conditions have
nearly the same drop diameters (about 2.7 mm) and impact velocities (about

5.7 m/s). Further details can be found in Table 3.2.

the two solid line will collapsed together to form a vertical line. The thickness of the
vertical line will indicated the standard deviation of a single drop impact-induced
stalk heights.

To investigate the effect of impact velocity on the stalk height distribution,
three cases with a rain intensity of 130 mm/hr and different impact velocities (3.8,
5.6 and 6.8 m/s) are plotted in Figure 3.21. The data points below H* = 0.7 and

above H* = 15, especially on the upper range, appeared to collapse to a single

86



3 OV=3.8m/s
IS { V=56m/s
S0 OV=6.8mI/s
= O
I
= O
=
F
£102+F
(o
Y
fas]
2
g
Z103¢ O
o
2
0
g
s}
Z,
'4 | i i i i i N |
104 ———
10 10°

Stalk height H* = H/H

Figure 3.21: Non-dimensional stalk height distribution. Rain intensity is about 130
mm /hr rain intensities with three different raindrop velocities at impact. Further

details can be found in Table 3.2.

straight line. Thus, linear regression fits were performed and plotted as the green
solid lines. In the band between the two linear regions, there is a slight increase in the
number of stalks with decreasing impact velocity; however, generally speaking the
distributions only vary slightly in the range of impact velocities in these experiments.

To compare the raindrop stalk height data with the data from the single drop
impact experiment, the average and standard deviations of H* were calculated for
each condition and plotted versus Froude number, along with the single drop data,

in Figure 3.22. The green circles are the maximum stalk heights from single drop
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impact experiment and the black diamonds are the rain experiments. In any small
band of Fr, the average maximum stalk heights in the rain cases were always sub-
stantially less than in the single drop cases. For Froude numbers less than 1000, the
upper end of the standard deviation range is above the single drop H* average and
standard deviation range. For Froude numbers between 1000 and 1800, the upper
end of the H* standard deviation range is close to but usually below the H* data
for the single drop case. -induced stalks are about the same as the stalk induced by
a single drop impact. For Froude numbers greater than 1800, the upper end of the
standard deviation range of H* values for the rain-induced stalks are less than the

average stalk height in the single impact experiments.

3.2.2  Surface Waves

As mentioned in Chapter 2, a water surface profile in the plane of the light sheet
can be extracted from each image of the LIF movie. For several rain conditions,
a continuous sequence of 250 profiles were plotted together and each profile was
shifted vertically from the previous one by 1 mm to generate plots such as the one
in Figure 3.23. The horizontal axis in the plot is horizontal distance along the
center-plane of the rain field. The vertical axis is the water surface height above
the mean water level. Based the camera frame rate, the time interval between the
consecutive profiles is 1/250 s. The big empty white spots indicate the rapid change
of the water surface that are usually associated with the raindrop impact-induced

crowns. There are more than 50 stalks in Figure 3.23, but many of them were from
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Figure 3.22: Average stalk heights and the corresponding standard deviations.
Green dots are the data from single drop experiment and black diamonds repre-

sent rain experiments
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raindrops that hit the target pool in front of the light sheet and induced stalks that
rose up to block the camera’s view of the light sheet and appeared as if they were
part of the profile in the light sheet plane. Only a few of stalks (less than 10) were
induced by the raindrops impacts near the light sheet indicated by the formation of
crowns (white spot).

Although the surface in a rain field is chaotic, the surface waves propagating
in both the (left and right) directions away from the impact location can be clearly
observed. Due to the chaotic nature of the water surface inside a rain field, many
other features like crowns and stalks are present and blocking the surface waves.
Because of these complex profiles, the surface waves could not be analyzed using
numerical methods such as cross correlation. The velocities of those surface waves
were approximated by tracking their crests from profile to profile as indicated by
the red arrows.

On the other hand, the surface profiles outside the rain field contain mostly
the surface waves as show in Figure 3.24. Occasionally, small drifting droplets
carried away by the surface waves were observed. There appear to be two distinct
wavelengths in the record and both move at nearly the same speed. To be consistent,
with the above-described wave speed measurements inside the rain field, the the wave
phase speeds outside the rain field were also approximated by the same method of
tracing crests. The velocity distributions of surface waves inside and outside of a
rain field are plot in Figure 3.25. The wave velocities inside the rain field have
greater variation. Surface waves outside of the rain field (further away from the

impact location) propagate faster.
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the water surface within a rain field.
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Figure 3.24: A water surface profile history of the surface wave outside the rain field

at the intersection of the light sheet and the water surface.
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Figure 3.25: Surface wave velocity distribution
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In order to quantitatively study the propagation of surface waves outside of a

rain field, a cross correlation function R was applied to profiles, where

S (Zi(z,t) — 20)(Zay(z + Az, t + At) — Zo)

A = @) - By ala + At + 80— Z7)

(3.5)

In this equation, Z; and Zs are the two correlated profiles, x is the horizontal
coordinate along the center-plane of a rain field at free surface and ¢t is time deter-
mined by the frame rate. Az and At are the spatial and temporal shift between
correlated profiles. The cross correlation was applied for profiles outside the rain
with different rain intensities and nearly the same impact velocities. The resulting
correlation maps average over a region next to the rain field are shown in Figure
3.26. Figure 3.26 (a) is the result from the lower rain intensity (130 mm/hr). The
resulting period is T=0.14s and the average surface wave velocity is 0.354 m/s.
When the rain intensity is increased more than twice (300 mm/hr), the period and

average surface wave velocity were not change much (T=0.136 s and V,,. = 0.357

m/s).

3.3  Subsurface Flow Field

Subsurface flow field were measured at two different rain generator heights
and with two different rain intensities. The original goal was to find the correlation
between the subsurface turbulence and the raindrops impact-induced surface fea-
tures. Thus, a geometric mask, like the one shown in Figure 3.27 (a), was applied
around drop impact locations for images 8 ms and 4 ms before raindrop impact to
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Figure 3.26: Cross correlation result of surface profiles outside the rain field. (a)

Rain intensity R = 130 mm/hr. (b) Rain intensity R = 300 mm/hr.

measure the subsurface flow field (Figure 3.27 (b)). Then, the resulting maximum
stalk height was also collected from the simultaneous LIF measurement. About
100 of those velocities fields and the resulting maximum stalk height were collected.
The averaged vertical velocity showed a correlation with the averaged maximum
stalk height as shown in Figure 3.28. If the vertical velocity of the flow field was
downward when a raindrop impacted the water surface, the crater would be deeper
and the resulting stalk would be higher. However, the standard deviation was big
and may have been due to the surface slope variation. The surface slope was not
measured because the LIF is a 2D measurement.
It is also important to look the average RMS turbulent velocities (U rass,V rars,W rars)-

The RMS velocities of each velocity field (V) were calculated using the following

equation:
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Figure 3.27: Subsurface flow field at impact location. (a) A geometric mask was
apply before raindrop impact at impact location (b) Calculated subsurface flow field

4 ms before a raindrop impact
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Figure 3.28: Stalk height variation and the corresponding averaged vertical velocity.

Virs = (= (Vi = Vinean)?) 2. (3.6)
where,
Vmean = T]_LZ(V;) (37)

Then, Vgus from 4500 velocity fields (18 s measurement time) were averaged
to get the average RMS turbulent velocities (Urars,V rars,W rms). Due to the
depth of rain-induced craters, the subsurface flow field were measured about 10 mm
(5.7 m/s impact) and 18 mm (7 m/s impact) below the mean water level. Figure
3.29 shows the RMS velocity for the same rain intensity with different raindrop
impact velocities. At the same depth (-18 mm), the RMS velocities were greater
with higher raindrop velocity at impact . RMS velocities of both cases experienced a
sudden drop. For 5.7 m/s raindrop impact velocity, the velocity is suddenly decrease

around 12 mm below the mean water level while the higher impact velocity case the
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Figure 3.29: Velocity RMS vs. Depth (mean water level is considered depth = 0
mm) of rain intensity 300 mm/hr. (a) 5.7 m/s raindrop impact velocity. (b) 7 m/s

raindrop impact velocity.

suddenly decrease happens at much lower depth (around 22 mm below the mean
water level). The rain intensity did not have significant impact on the RMS velocity,
see Figure 3.30. When rain intensity increased more than twice, all three velocities
(U, V, and W) had small differences (on the order of 0.001 m/s) at the at a given
depth. RMS velocities measured in the present study have greater RMS velocities
than those previously reported by Lange et al. [29], and Beya et al. [3], because the

measurement was conducted closer to the water surface.

3.4 Radar Measurement Results

The radar backscattering power (intensity) from the raindrops, surface waves,

and stalk were measured separately to study the effect of each feature on radar
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Figure 3.30: Velocity RMS vs. Depth (mean water level is considered depth = 0
mm) with raindrop velocity 7 m/s at impact. (a) Rain intensity R = 130 mm/hr.

(b) Rain intensity R = 300 mm/hr.

backscattering. For raindrop cases, the antennas was placed horizontally (6 = 90° )
and the water in the target pool was lowered such that the secondary droplet did not
interfere with the radar signals. For surface wave cases, the half field concentrated
needle arrangement was used such that there are only surface waves in the first half
of the target pool. Thus, the backscattering power from the front half of target pool
is correlated with the surface waves.

Figure 3.31 is a image for raindrop falling from 4.8 m above (7 m/s velocity
at impact) and it shows that the secondary droplets formed a thick layer (up to
14 cm) above the water surface. The raindrops were constantly falling down and
appeared to be short vertical bars because the velocity of the raindrop was high and

the exposure time was not sufficiently short to capture them.
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Figure 3.31: Rain field of a 300 mm/hr rain with 7 m/s raindrop velocity at impact

Figure 3.32 shows the variances of all four backscattering signals measured at
five different incident angles. Five measurements were taken at each angle with a
constant rain intensity, which was around 130 mm/hr and 5.7 m/s raindrop velocity
at impact. As can be seen from the figure, the variance of the radar signal decreases
with increasing incident angle with an exception at 55°. The magnitude of the VV
radar signal is significantly stronger than that of other signals.

As mentioned in Chapter 1, Sobieski el al. [61] found significant differences
of geometrical and backscattering characteristics of surface features for raindrops
impact at terminal and non-terminal (50 % - 60 %) velocities. However, no sig-
nificant difference is found in the present study for raindrops impact at 90 % and
72% terminal velocities with an exception of HV signals, see Figure 3.33. This is

consistent with the stalk height distribution only vary a little for increasing impact
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Figure 3.32: All four signals of the radar backscattering of water surface inside the
rain field. Each plotting symbol represents one experimental run. There were 5

repeated run performed at each angle.
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velocity.

Figure 3.34 shows the radar backscattering due to the raindrops, the surface
waves in front of the rain field and the water surface within the rain field. The radar
backscattering due to surface waves in front of the rain field was measured at two
different incident angles with 300 mm/hr rain intensity and 7 m/s raindrop velocity
at impact. As can be seen from the figure, the radar backscattering power of a water
surface within a rain field was the strongest one except the HV signals. The power
of HV signals of a rain field had the similar strength as the surface waves at 45°.

Since a large amount of the secondary droplets and raindrops were consistent
present in a rain field as well as other surface feature such as surface waves, and
crater and crowns, it is difficult to study the effects of impact-induced stalks to
radar backscattering alone. Thus, a PVC board with an array of nails were used
to mimic the stalks to investigate the backscattering power due to stalks only, see
Figure 3.35. These nails were arranged to have the same full field concentered
setting as the needles attached to the bottom of rain tank. Then, the PVC board
was completed submerged into the water, only allowing top 2 cm portion of the nails
to be above the water surface.

Figure 3.36 (a) shows the radar signal obtained from the raindrop impact area
ranging from 0.3 to 0.8 m. As can be seen from the figure, the radar signal in the
rain field decays with increasing distance from the radar antennas, while the radar
signal in from the array of the nail tips, which is shown in Figure 3.36 (b), has
little variation with the distance less than 0.8 m away from the radar. The trend

difference between these two signals in Figure 3.36 (a) and (b) might be due to
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Figure 3.35: Array of nails used to represent stalks.

the presence of the raindrops and the layer of raindrop impact-induced secondary
droplets. In addition, the radar signal obtained from the simulated rain falling on
the nail tips (Figure 3.36 (c)) is similar to that shown in Figure 3.36 (a), indicating
that the radar signal from the nail tips is significantly attenuated by the rain.
Figure 3.37 shows the variances of the radar backscattering signals measured
at 57° incident angle with three different rain intensities. Each measurement was
repeat for five times and the difference between run to run was small. As can be
seen from the figure, the variances of all four signals increase with increasing rain
intensity and the VV signal remains to be the strongest one. The HH signals are

stronger than VH and HV signals but they have similar trend.
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Chapter 4: Summary, Conclusions and Future Work

4.1 Summary and Conclusions

It is found that for single drop impacts on a quiescent water surface, the plot of
average impact-induced stalk height versus Froude showed three different behaviors
in the range 300<Fr<2,000. For 300<Fr<1,000, the stalk height is proportional
to the one fourth power of the Froude number. For 1000 <Fr<1800, the stalk
height increases linearly with Froude number. For 1,800<F'r<2,000, the crown
sometimes blocks the formation of the stalk and the average stalk height decreases
with increasing Froude number. The standard deviation of the stalk heights in
repeated drop impacts on a quiescent surface is quite small, except in the range
1,800< Fr<2,000.

For raindrop impact-induced stalks, the average stalk heights were less than
in the single drop cases at the same drop impact Froude numbers. However, the
stalk height variation at any stalk height was much larger than in the single drop
case. In addition, occasional bubble entrainment was observed even in the lowest
raindrop velocity impact (F'r = 500) while this phenomena only occurred for Froude
numbers greater than 1,800 in the single drop experiments. Furthermore, the width

of the stalk height distribution was correlated with the rain intensities rather than
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the drop impact velocity.

The measurement of the subsurface flow field showed that the stalk height was
inversely proportional to the local vertical velocity in the target pool near the free
surface just before drop impact. The RMS velocities near the free surface increased
with increasing raindrop impact velocity. However, the rain intensity did not have
a significant effect on the RMS velocity.

The air-seas interface in rain fields and its effects on the attenuation of radar
backscattering were experimentally studied in the laboratory. The measurement
results show that strong radar return signals are observed from the water surface
inside the rain field while the radar return signals from both raindrops and the
surface waves in front of the rain field are weak. The experimental results also show
that the radar return intensity increases as the rain intensity increases from 85 to
300 mm/hr. In addition, it is found that the attenuation of the radar backscattering
from the rain field is likely correlated with a high-water-content layer of secondary

droplets generated in the rain field.

4.2 Directions for Future Work

In the present experiments, the variations in the impact Froude and Weber
numbers were due primarily to changes in the impact velocity, while the droplet
diameter and water properties were held nearly constant. In future work, it is
important to test the effect of initial droplet diameter and fluid properties on the

results. Surfactants could be added to water to study the effect of different surface
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tension as well. It is also helpful to predict the raindrops impact by studying the
effect of moving water surface since the water surface in a rain field is fluctuating
and moving. Finally, a further investigation of flow conditions after the collapse of
a crater for high Froude number (greater than 1800) is needed.

A 3D surface imaging is needed to measure surface slope in order to take out
the effect of impingement angle. Thus, the effect of subsurface flow field to stalk
height will be better understood. A rain experiment with 85 mm/hr rain intensity
is need to investigate the corresponding subsurface flow field.

For Radar measurement, only X-band waves were measured while the other
radar waves such as C-band waves are also commonly used for weather radar detec-
tion. Thus, it is important to explore the effect of electromagnetic frequency effect
as well. Also, the needle spacing can be further reduced to investigate the effect of

stalk distance on radar backscattering power.
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