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Drop impingement and splashing as a function of viscosity and, to
a lesser extent, temperature are examined here. The working fluid is
a mixture of water and glycerin with relative mass percentages vary-
ing from 0 to 100%, which spans a viscosity range of three orders
of magnitude. First, a criterion that separates “on” and “off” for
splashing as a function of glycerin percentage is expressed in terms
of both Weber and Reynolds numbers and its highly nonlinear beha-
vior is a function of the change in fluid viscosity. Next, the complex
splashing characteristics of a rather simple monodisperse spray
injected at a pressure of 2 bars onto a flat, 2-mm-diameter aluminum
cylindrical rod are examined. Spatial variations in the fraction of
splashed liquid, Sauter mean diameter, splashed droplet size distri-
bution, and splash volume fraction as a function of radial distance
for these mixtures are reported.
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INTRODUCTION

Drop impact phenomena are encountered in numerous
industrial applications such as spray drying,!"® pharma-
ceutical coating,””~? inkjet printing, painting, spray cooling,
fire suppression,!'®!! and fuel injection systems of internal
combustion engines.!'? It is also relevant to spray-drying
applications where powders are produced from suspensions
and solutions that are dispersed with various types of atomi-
zers. Another area of application is found in thin-film coat-
ing for solar cell production, which is in rapidly increasing
demand due to green technologies.'¥ Instead of using a
high-cost vacuum physical vapor deposition (PVD) or
chemical vapor deposition (CVD) method, non-vacuum
spray coating at room temperature is now considered an
economical way to produce cost-competitive solar cells. In
this solar cell spray-coating application, liquid drops are
used as a carrier and are dispersed and deposited onto a sub-
strate. These sprayed solvent drops, often mixed with highly
viscous additives, contain semiconducting nanoparticles to
enhance coating quality by decreasing drop splashing.
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During this deposition process, well-known impact
phenomena like bouncing, spreading, and splashing can
occur. When the surface tension is high, bouncing can occur.
With increasing dynamic force (kinetic or impact energy),
spreading and eventually splashing become the predominant
mechanisms. Though surface tension effects are described
by the Weber number (We), impact phenomena are also
influenced by viscosity and hence the Reynolds number
(Re) is also an important nondimensional parameter. The
combination of these two parameters comprise the impinge-
ment parameter, which is defined as K= WeRe’, where a
and b are constant!'* and K is a useful nondimensional para-
meter that reflects the effects of kinetic energy, viscosity, and
surface tension effects on the action of drop impact and can
be used to define incipient splashing. Our previous work
underscored the importance of viscosity!'” in splashing,
and this effort extends the analysis to further evaluate
viscosity effects.

To better understand the deposition processes, we focus
on a detailed analysis of postsplashing mechanisms subject
to significant viscosity changes for a water—glycerin mixture
including moderate temperature changes. In a real solar cell
coating process, the substrate temperature may be up to
600°C, which may induce the Leidenfrost effect that pre-
vents a drop from depositing because of sudden vapor for-
mation between the drop and substrate. However, this work
will not address the issue of elevated substrate temperature
(therefore, no phase change is included) so that we can focus
only on splash characteristics by varying liquid properties.
Moreover, although nearly all real sprays are polydisperse,
a monodisperse spray is considered here to simplify this
analysis.

An energy balance is invoked to describe how the total
initial energy is distributed across various regimes after
impact. Three major postimpact modes are noted: rebound-
ing, spreading, and splashing. Rebounds are atypical, do
not splash, and are not observed here. Spreading is a pre-
requisite for splashing where jets or fingers at the rim of a
crown separate from the spreading crown given sufficient
energy. Because total energy is conserved, balance requires
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that the incoming drop’s kinetic and surface tension
energies (KE; and SE;) are equal to the postimpact energies,
which include surface tension energy of a spreading disk
(SEgisk), kinetic and surface tension energies (KE;,, and
SEg,) of splashed satellite droplets, and energy lost to
viscous dissipation (DISS.isc):

KE; + SE; = SE s + DISSuisk + Nyat(KEsa + SEsar) (1)

N represents the number of splashed or satellite
droplets, which can be estimated from the mass balance
as in Ngye = fop/(Dsar/ D;)* where and fsp» Dsar, and D; stand
for the mass fraction of the splashed liquid, splashed satel-
lite diameter, and the incoming drop’s original diameter.
This energy balance suggests that the postimpact satellite’s
kinetic energy, KFEj, is small if the dissipation energy is
large or vice versa. According to Chandra and Avedisian,!'®!
this dissipation energy is directly proportional to viscosity.
In other words, viscosity largely controls the postimpact
phenomena, which are quantified in our experimental
studies with splashed fraction, Sauter mean diameter,
dispersion coefficient, and the line volume concentration
for splashed satellite droplets.

Our unique data describe how much mass is splashed
and deposited as a function of the liquid’s viscosity
and temperature. Also, we report the average size and
distribution of the splashed “droplets™ (drop refers to the
impacting drop and droplet refers to the satellite or
splashed liquid) as well as how far these splashed droplets
travel after impact. The working fluid is a water—glycerin
mixture with mass percentage of glycerin varying from 0
to 100%, which yields a significant viscosity change; see
Fig. 1. Liquid drops of nearly uniform size (monodisperse)
were injected at a pressure of 2 bars onto a 2-mm-diameter
flat aluminum cylindrical rod.
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FIG. 1. Viscosity as a function of glycerin percentage.
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EXPERIMENTAL SETUP

A schematic diagram of the experimental apparatus is
shown in Fig. 2. Liquid was supplied to the atomizer using
pressurized nitrogen. A pressure transducer and thermo-
couples were installed in the liquid supply pipe to measure
injection (or operating) pressure and temperature to within
1%. The volumetric (or mass) flow rate was measured using
a gear displacement flow meter with accuracy also within
1%. The temperature controller varied the liquid tempera-
ture from 20 to 35°C, which in turn slightly varied the
liquid viscosity, density, and surface tension. The monodis-
perse spray injector, subject to an injection gauge pressure
of 2 bar, was positioned 7cm above the top of the impact
rod; see Fig. 3. An initial or injected drop size was
D;=235+5um and the maximum injection speed was 14
<U;< 15m/s, depending on the glycerin mass percentage.
This injection speed remains nearly constant across the
7cm until impact and, thus, we assume it as the impact
speed. Though the Weber number change is relatively
small, increasing the glycerin fraction in the mixture yields
a viscosity increase of nearly 1,000-fold, which in turn
reduces the Reynolds number by a factor of 1,000. Upon
impact onto the rod, splashed droplets are ejected with
horizontal momentum and the remaining nonsplashed
liquid is collected from drippings off the bottom of the
rod. Horizontally ejected droplets are also collected using
a patternator shown in Fig. 2.

To measure droplet characteristics, a 10-mm-diameter
laser beam transects various x (0<x<8cm) and y
(0<y<4cm) locations at spatial intervals of Smm as
shown in Fig. 3. A Malvern particle sizer measures the
Sauter mean diameter (SMD) using Fraunhofer diffraction
from a monochromatic light beam. Splashed droplet
diameters, D,, were fit to a Rosin-Rammler distribution
and they are typically 20 < Ds < 110 pm. Based on previous
experience,!'”! droplet size uncertainty is within 5% because
the detector monitors a statistically reliable average of the
light-scattering characteristics across several million
droplets. A high-speed CCD camera (500 to 10,000 fps)
was used to capture images of the splashing droplets with
stroboscopic illumination. All work was conducted at
room temperature, although additional lighting could raise
local air temperature slightly above 300 K. Thermal evap-
oration of the splashed droplets was assumed negligible;
the important parameters governing splashed droplet
characteristics are the fluid’s viscosity change because of
glycerin fraction and the moderate temperature variation,
20 to 35°C.

RESULTS AND DISCUSSION
Single Drop Impact

In this section, the splash criterion that separates on and
off for single-drop splashing as a function of glycerin
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FIG. 2. Schematic of the experimental setup.

percentage is expressed as a function of Weber and
Reynolds numbers.

In an effort to find the critical impingement parameter
describing incipient splashing, K, for a given glycerin per-
centage, the drop impact speed was varied by changing the
drop release height without any injection pressure, which
gives the impact speed of U; = \/2gh. Here, K., is defined
as Ko = We> R, according to Mundo et al.l'¥ The
diameters of released drops remain fairly constant as
D;=4.760mm or 4,760 um (much larger drop compared
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FIG. 3. Droplet measurement points.

to the diameter of the monodisperse spray, D;=235+
5um); the impacting substrate was aluminum with a non-
dimensional surface roughness on the order of R*=R/
D;~1072 or less.

Figure 4 displays the snapshots taken 400 ps after a single
drop’s initial impact for various glycerin percentages. The
drop release height and the impact velocity were 7=1.9m
and U;=6.1 m/s, respectively. Between 0 and 20% glycerin,
moderate splashing is observed. Within this glycerin range
(which we define as Regime 1), the dynamic motion of the
spreading disk is impeded by viscous (or shear) forces at
the substrate wall; there is competition between the
dynamic force and viscous force. In Regime 1, when
viscosity is higher, the shear stress is higher, which slows
the spreading motion and results in a smaller spreading
disk. Moreover, it is more difficult for a drop to splash
(or destabilize) at higher viscosities because viscosity tends
to stabilize disturbances from impact. As a result, the
critical impingement parameter, which distinguishes on
and off for splashing, is higher at higher viscosity; see
Fig. 5. Regime 1 is therefore referred to as the viscous
stability regime. Overall, the threshold value of K..;; appears
to be relatively high compared to those of Mundo et al.,!'¥
perhaps because of the small roughness of the substrate
used herein.

When glycerin is in the range of 20 to 60%, the splashing
phenomenon takes an unexpected turn: splashing actually
increases with increasing viscosity. This new regime,
Regime 2, is referred to as the transient or viscous instability
regime. Though it is generally assumed that viscosity stabi-
lizes flow, it can also destabilize flow when an adverse
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FIG. 4. Snapshots taken 400 ps after the single drop’s initial impact for glycerin mass percentages varying from 0 to 100%. The corresponding impinge-
ment parameter, K, of these snapshots is plotted in Fig. 5 with circles. The drop release height and the impact velocity are 7=1.9m and U;=6.1m/s,

respectively.

pressure gradient at the wall causes a rollup motion
(primary instability), which eventually transforms into a
hairpin vortex (secondary instability)."®!” In this viscous
instability regime, increasing the viscosity causes a larger
adverse pressure gradient due to increased shear stress at
the contact wall. For flows in general, increased shear stress
at the boundary layer expedites the incipient turbulence.
This source of turbulence is described by the Orr-
Sommerfeld equation,”*2% which identifies the dominant
wavelength arising from that viscous instability. For 20
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FIG. 5. Splash criterion that separates on and off for splashing with

changing glycerin percentage. Red circles represent the values of K from
Fig. 4. The first seven data points, up to 60% glycerin, show splashing
because their Ks are greater than K, (black squares). K. was not avail-
able for glycerin percentage greater than 60% because drop impact speeds
of greater than 10 m/s were not achievable with our experimental setup.

to 60% glycerin, the primary source of instability is the
viscous shear stress, which yields a highly nonlinear
velocity profile near the interface that eventually leads to
rollup motion and that yields a highly nonlinear velocity
profile near the interface that eventually leads to rollup
motion and splashing. Within this viscosity range, splash-
ing is noted for relatively small K ;.. Above 70% glycerin,
splashing is completely suppressed and measurement of
K.y was not possible because it was too large to be mea-
sured using our experimental apparatus. This is Regime
3, where viscosity again acts as a stabilizing force and
splashing is inhibited. Note that according to Brown
et al.,**! a 10-cm-diameter, high-glycerin-content drop with
an impact speed of ~100m/s does not splash even at
Weber and Reynolds number of We~2x 10> and
Re~10% yielding K= We"> Re"* =5x10°, which was
not achievable with our current experimental setup.

It is noteworthy that the impingement parameter, K, can
be defined in various forms. For example, Mundo et al.l'¥
defined it as Knyundo = Re'?> Oh or We®> Re®* where
Oh=We™ Re ', Cossali et al.”?¥ used a slightly modified
version, Kcogan = We'® O %4 = we®8 Re"*, with expo-
nents substantially larger than those of Mundo et al.['¥
Yarin and Weiss®®”! introduced the nondimensional impact
velocity, u* = Ca A, where the capillary number is defined as
Ca=pUy/o=We/Re, and A= (v/f)"/?/(pr?) with fre-
quency f=(3/2)(U;/@)(d/@)*; nozzle diameter d; and
@ ~2d. Yarin and Weiss'>” noted that the nondimensional
impact velocity, in the range of 17 <u* <18, is the splashing
threshold for the wide range of A and Ca for the impact of
continuously injected drops over an initially dry substrate
that became wet due to impact of the preceding drops. Here,
u* can be reduced t0 Kyarinweiss = 1" = We?° Re™'® for
the case of single drop impact if f= U,;/D,. It is interesting
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that the K parameter of various authors retains the form of
We Re”, where b=a/2, and the influence of the Weber
number is always more prominent than that of the
Reynolds number. The threshold range of 17 < u* < 18 seems
to be applicable to our case also when the glycerin percentage
is relatively low, as shown in Fig. 6 (note that Ky . in-weiss 1S
not the same as Kyjungo). However, upon increasing the gly-
cerin percentage, this splashing threshold no longer holds,
suggesting that viscosity is a critical factor not sufficiently
considered in deriving the empiricism that »=a/2. Perhaps
this ratio should be investigated further when large changes
in viscosity are possible, but such an effort is beyond the
scope of this current study. Moreover, differences in splash-
ing criterion between our results and those of Yarin and
Weiss® could arise because our experiment is for a single
drop onto a “dry” substrate, whereas Yarin and Weiss exam-
ined monodisperse spray onto a “wet” substrate (though
initially dry), yielding various uncertainties such as liquid
film thickness and surface roughness.

Monodisperse Drop Impact on a Cylinder

Figure 7 presents snapshots of glycerin—water mixture
drops impacting onto an aluminum cylindrical rod at vari-
ous liquid temperatures. Drops splash upon impact and
form crowns, which transform into fingers and satellite dro-
plets of various sizes. Because the surface tension does not
vary much with glycerin fraction, the Weber number remains
fairly constant, 643 < We < 822, whereas the Reynolds num-
ber ranges from Re=631 to 4,688 (Fig. 7). Snapshots for
glycerin >60% are not shown because there was no splashing
for the impact velocity and temperatures considered here.

A temperature decrease induces a viscosity increase,
which, in turn, decreases the Reynolds number. Based on
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FIG. 6. The splash criterion (Kyin-weiss) O the nondimensional impact
velocity (u*) of Yarin and Weiss® as a function of glycerin percentage,
which is different from Kyjungo = We®> Re®%.
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the snapshots, it is difficult to discern the effect of a
moderate temperature change (20 to 35°C) on splashing
phenomena. However, it is apparent that the glycerin frac-
tion alters splashing. In general, when glycerin percentage
increases, there is less splashing because of the increase in
viscosity.

It is noteworthy that the higher glycerin percentages
yield larger splashed droplets, thicker crown, and more
uniform size distributions of splashed droplets. When the
viscosity is low (low glycerin percentage), less energy is lost
through viscous dissipation and more kinetic energy is
available for the splashed droplets, yielding a broader size
distribution of splashed droplets. Conversely, when the
glycerin percentage is high, much of the incoming drop’s
kinetic energy is lost through viscous dissipation and, thus,
less energy is available for the splashed droplets.

Splash Fraction

Figures 8 and 9 plot the fraction of splashed droplets as
functions of liquid temperature and glycerin percentage,
respectively. Injected drop diameters remain fairly constant
for all cases. Splash fraction is calculated as

(rin, — rivy)
fSI’ - 7, ’ (2)
where 1, is the injected mass flow rate and s, is the
mass flow rate collected from drippings off of the bottom
of the rod.

Figure 8 indicates that a moderate temperature increase
induces a slight increase in splash fraction, which becomes
more evident when the glycerin percentage is high. When
glycerin percentage is low or zero, the moderate tempera-
ture change does not induce a change in the splash fraction,
as shown in Fig. 8. It is interesting that the temperature
trend becomes apparent when glycerin is greater than 20%.

For a given liquid temperature, the effect of glycerin
percentage on splash fraction is shown in Fig. 9. With
increasing percentage, less splashing is observed, nearly
independent of temperature. At zero glycerin percentage,
about 0.65 of the total mass splashed. However, at a gly-
cerin percentage of 50%, only 0.15-0.25 of the total mass
splashed. There is no splash observed for larger glycerin
fractions; that is, >60%.

Sauter Mean Diameter

Figure 10 shows the SMD, taken at the vertical location
of the top of the impact rod, for various glycerin percen-
tages, liquid temperatures, and horizontal distances. In
general, the SMD of the droplets increases as the radial
distance increases for all glycerin percentages and tempera-
tures. Because a larger SMD is observed at larger radial
distance, this indicates that the larger droplets of the
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distribution travel farther and have more momentum. This
does not, however, suggest that all large droplets travel far,
only that the largest droplets in the distribution travel

fs‘p /ash

HWANG ET AL.

Glycerin 0%
35°C 30°C 25°C 20°C
Re=4688, We=680 Re=3398, We:
Glycerin 20%
35°C 30°C 25°C 20°C
Re=2997, We=728 Re=2659, We=731 Re=2453, We=735 Re=2139, We=738
Glycerin 30%
35°C 30°C 25°C 20°C
(Re=2212, We=750 (Re=1965, We=754) | (Re=1721, We=758) | (Re=1503, We=762)
Glycerin 50%
35°C 30°C 25°C 20°C
(Re=1096, We=846) | (Re=936, We=845) | (Re=741, We=845) | (Re=631, We=844)
FIG. 7. Snapshots of water—glycerin mixture at various glycerin percentages and temperatures.
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farther than their smaller counterparts. It is also clear that
an increasing glycerin percentage yields larger satellite
droplets for all temperatures. This trend is expected
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FIG. 9. Splash fraction as a function of glycerin percentage.
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FIG. 10. SMD variation for various glycerin percentages and tempera-
tures: (a) 20°C, (b) 25°C, (c) 30°C, and (d) 35°C.

because it is thought that droplet size is inversely
proportional to the Reynolds number;*® more glycerin
— decreased Reynolds number — larger droplet size.
Temperature increases narrow the SMD gap between the
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results. This effect is primarily a result of the 50% glycerin
case approaching the other cases as temperatures increase.
In other words, SMD is most sensitive to temperature
change when glycerin is at 50%. Figure 11 summarizes
the effect of liquid temperature on SMD. As expected,
temperature increases, which induce viscosity decrease,
yield an overall decrease in SMD.

Rosin-Rammler Distribution of Postimpact Droplets
Figures 12 and 13 display the distribution (or dispersion
coefficient) of the Rosin-Rammler distribution for various
glycerin percentages and horizontal distances. The larger
the N, the more uniform the distribution (or smaller width
in the PDF approaching monodisperse droplets). The
Rosin-Rammler probability distribution function is

Ds\ "
PIm\D
where D, is the splashed droplet diameter and D is the
characteristic or mean droplet size!'>?”! defined as:

N—1

ND
PDF(Dg) = —35—ex
D

, 3)

Dy :51—‘(%4' 1), (4)
or
3
Duy — Dzr(3/N+ 1) 5)
DT(2/N +1)

Here, Do and Ds, are the arithmetic and SMD, respect-
ively, and I" is the gamma function. Based on Figs. 12 and
13, at the furthest detectable droplet distance in the
horizontal direction, N is fairly large, N > 20; the droplets
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FIG. 11. SMD variation for a 50% glycerin mixture.
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FIG. 12. Rosin-Rammler distribution for various glycerin percentages
and temperatures: (a) 20°C, (b) 25°C, (c) 30°C, and (d) 35°C.

that traveled furthest (largest horizontal distance)
approach monodispersity. N increases with distance
because near the impact, the measurement includes all
splashed droplets and, farther away, only the larger, faster
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FIG. 13. Rosin-Rammler distribution for a 50% glycerin mixture.

droplets remain, leaving a more narrow distribution of
(larger) droplets to measure. This suggests that distribution
of the postimpact kinetic energy for satellite droplets is
distributed in a way that the larger droplets receive a larger
portion of the kinetic energy.

In general, it is fair to state based on results from Fig. 12
that a larger glycerin fraction yields a more uniform or less
dispersive size distribution at all temperatures. When a
drop impacts, waves ripple across its surface as it distorts
into a spreading disk. These variously sized waves contrib-
ute to a distribution of sizes for splashed droplets. With
increasing viscosity, both magnitude and wavelength of
these waves are reduced, with consequent narrower distri-
bution of splashed droplet sizes (larger Rosin-Rammler
N; see Fig. 14).

Volume Distribution

Splashed droplets are collected using a patternator with
bins located at the bottom of the cylinder; see Fig. 2.
Because the patternator is a line bin, only the line volume
of the splashed droplet is collected into the bins. These col-
lected volumes are normalized by the entire volume of the
corresponding splashed liquid, which are plotted in Fig. 15.
The maximum of the normalized volume is less than 1.5%,
indicating that only a small fraction of the entire splashed
liquid is collected in the bins.

Captured volume maximum and minimum values are
seen near the cylinder center (at 12.5cm) and at the furthest
radial distance, respectively. At 50% glycerin, the slope of
the normalized volume with respect to the radial distance
is steepest because not much liquid is splashed due to the
high viscosity. Conversely, the slope becomes more gradual
with reduced glycerin percentage, indicating that fluid is
splashed farther with decreasing viscosity.
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FIG. 14. Comparison of drop size distributions obtained at various
glycerin percentages. Note that the Rosin-Rammler PDF model is used
with the size data obtained at 20°C and radius location of 3cm from
Figs. 10a and 12a.

It is noteworthy that the splashed fraction from 50%
glycerin is comparable to that of 0% glycerin (or 100%
water) near the cylinder center. This trend is also reflected
in the snapshots for Re=631 from Fig. 7. When viscosity
is increased, energy lost through viscous dissipation is sig-
nificant and less kinetic energy remains for the splashed
droplets.  Consequently, most high-glycerin-content
splashed droplets (even though they are, in general, larger)
fall near the cylinder because they do not have sufficient
kinetic energy to travel farther. This does not contradict
our observation that the largest droplets (for all viscosities
and Reynolds numbers) travel farther than their smaller
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FIG. 15. Normalized volume distribution for various glycerin percen-

tages at 20°C.
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counterparts (Fig. 10). More glycerin (increased viscosity)
yields larger droplets, in general, with more energy lost dur-
ing impact to viscous dissipation, but those large droplets of
the splashed distribution still travel farther than the smaller
ones. Small droplets generated from large-glycerin-fraction
impacts have, in general, the shortest travel distances.

CONCLUSION

The critical impingement parameter, K., describing
incipient splashing was defined. Next, the postimpact char-
acteristics of splashed droplets from uniform drop impacts
onto a cylindrical rod were studied experimentally. These
characteristics include splash fraction, SMD, dispersion
coefficient, and the line-volume concentration. The work-
ing fluid was a water—glycerin mixture where glycerin mass
varied from 0 to 100%, which facilitated a viscosity change
of nearly 1,000-fold. With increasing viscosity, smaller
amounts of splashing liquid were observed and the
splashed droplets tended to be more uniform and larger
but traveled shorter distances due to increased energy lost
through viscous dissipation.
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