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Liquid drop impact, spread, and surface coating is critical in wing icing, combustor liner cooling, and other
aerospace applications. This study reports an investigation of droplet impact on a smooth quartz surface and
formulates new data correlations with extensive error assessment. Several previous models were compared with the

experimentally obtained results for droplet maximum spread over a wide range:

1) impact speeds

(1.2 <V <3.1 m/s), 2) initial droplet diameter (2.7 <D <4.0 mm), and 3) Reynolds and Weber numbers
(4500 < Re <13,700 and 80 < We < 510). Droplet images were collected using a high-speed digital camera
recording at ~2500 frames per second with an image plane spatial resolution of ~16 pm. Based on the large amount
of data collected, a statistical analysis was performed to account for error contribution in model prediction and to
determine experimental repeatability. Relative mean error in model prediction ranged from 81.3 to 4.0%.
Comparison of maximum spread time models with experimental spread times was also made and an improved model

that decreases error by a factor of 2 is presented.

1. Introduction

HE study of droplet impact and deformation upon a solid, dry

surface is important to a vast range of applications including,
but not limited to combustion, aircraft icing, agricultural sprays, mist
controlled fuels, ink jet sprays, paint sprays, cooling sprays, fire
suppression, and spray coatings. To properly characterize impact and
spreading, experimental work must characterize the entire
deformation process so as to support and complement computational
modeling of the same behavior. Much of the research in the area of
droplet impact has provided correlations for predicting the spreading
behavior and equilibrium state of fluid droplets on solid surfaces.
Particular attention has been given to predicting the maximum spread
ratio B, of droplets due to the pervasiveness of this parameter in
predictive models. In this study, B, is a nondimensional spreading
parameter obtained as calculated as the ratio of the postimpact
diameter to the preimpact droplet diameter.

In combustion, such predictive ability lends insight into the
breakup behavior of fuel when injected either into a piston chamber
or gas turbine combustor. In cooling sprays, the initial deformation of
the drops affects the heat transfer from the solid surface into the fluid.
Preventative techniques in situations of aircraft icing depend upon an
understanding of how water droplets break up and crystallize on
wing and body surfaces. Similarly, deformation behavior for fire
suppression, agricultural, or ink jet spray droplets dictates the
effective surface over which such a fluid can quench a fire, cover a
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foliar surface, or produce precise characters, respectively. Surface
properties, such as porosity and hardness, are also dependent upon
the method of application of a spray coating.

One motivation of this study is to improve upon previously
obtained data sets by providing a large collection of experimental
data taken over a range of impact speeds and droplet diameters. It is
then possible to more closely analyze the predictive ability of
previously put forth spread models (on a statistical basis) and better
quantify the associated error. The ability to perform such an analysis
is a result of greatly advanced imaging techniques that have only
been realized within the last decade.

Another motivation of this study is to quantify the time-dependent
variation in droplet deformation. Although viscous and surface
tension effects have been well established as the primary forces
responsible for dissipation of preimpact droplet energy, previous
experimentation and studies have yet to fully define the variation
observed in the characteristic spreading time. Postimpact internal
fluid motion and/or surface wave instability are potential culprits to
inducing such variation; however, droplet particle-image-velocim-
etry (PIV) methods detailing intrinsic fluid motion and high-
resolution/speed imaging techniques for capturing the appropriate
surface wave formation have yet to be realized.

This study employs high-speed digital imagery capable of
providing the sizable data set needed to enable thorough statistical
analysis of the droplet spread process. The high repeatability of the
experiment allows for numerous impact situations having identical
preimpact parameters that can be compared against one another to
measure in detail the geometric and temporal variability of droplet
spread. This work strives to show the differences that arise between
previous models when compared against a spectrum of experimental
parameters and provides insight into the deformation of a simple
Newtonian fluid (water).

Both experimental and computational research efforts in this area
have focused on predicting the initial spread phase, point of
maximum spread (B,,,), recoil, and equilibrium state of droplets on
solid surfaces. Such efforts have primarily focused on how droplets
deform on solid surfaces based upon a set of impact parameters
(namely, diameter, velocity, viscosity, contact angle, and surface
tension) which are indicative of how preimpact energy is eventually
dissipated.

To develop and validate predictive modeling techniques for the
spreading process, various experimental imaging methods have been
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employed to track the position of the contact line (the point at which
solid, liquid, and gas phases meet). The most prevalent method has
involved acquiring multiple images at various points in the impact
process by means of still photography. By calculating the defining
impact parameters, formulation accounting for fluid dynamic effects
which retard outward radial flow can be obtained. Typically such
formulations apply conservation principles which equate initial
kinetic and potential energies with postimpact viscous and surface
tension forces and radial inertial energies. Investigations of this
manner have been mostly concerned with the final geometries of the
deformed droplet, often computationally approximating the flow
conditions to replicate simpler processes such as a flattening cylinder
or a spherical cap.

Although such methods in modeling have focused purely on the
geometric aspects of deformation in relation to energy transfer, they
have not been able to account for the time-dependent variations of the
same process. Specifically, wave formation, directly proportional to
the surrounding ambient gas pressure, can cause oscillations along
the surface as a droplet impacts and spreads across a solid. These
oscillations ultimately result in varied deformation behavior or even
splashing. However, older acquisition techniques have been
incapable of capturing such behavior due to the inefficiency of using
single photographic images to piece together the deformation
process. The primary limitation is that the multi-exposure method
cannot provide a continuous look at individual realizations of droplet
impact throughout their deformation process. Instead, only general
trends could be characterized (such as the influence of contact angle
on surface force), and often these trends were formulated by applying
only a few experimental cases in which the preimpact parameters
were varied.

The ultimate goal of this study is to provide a better prediction of
not only the final maximum spread geometries during such impact
situations, but to also better characterize the time scales associated
with such deformation processes. Specifically, the major aim is to
begin quantifying the interplay of ambient pressure and surface wave
formation. With the high frame rate (~2500 frames per second), low
exposure time (~0.3 ms), and high-resolution (~13-18 pm/pixel)
cameras now in use, it is possible to statistically characterize the
deformation process in terms of a critical spread time associated with
the maximum spread diameter. To the best of the authors’
knowledge, few attempts at this type of investigation have been
completed primarily due to the imaging limitations discussed. High-
speed imaging has been used to examine other droplet-related
scientific problems, but there has been no attempt to systematically
reexamine the classical droplet impact on a smooth surface problem
while examining second-order effects, including surface waves,
maximum spread time, and the like. This type of assessment requires
a large data set so as to characterize all associated errors. Also, by
drawing on this data set, a new model for maximum spread time with
half the error rate of the previous best formulation is developed.

II. Review

The physics of droplet behavior has been studied for some time.
Experiments by Worthington [1,2] in the late 19th century
investigated milk and mercury droplet impact upon a smoked glass
surface. The focus of the work was to observe both the splashing
patterns of each droplet type upon the solid surface and to detail the
deformation period immediately following impact. Initially, a spark
flash was used to provide illumination of the deformation process,
which was then drawn by hand.

The first numerical investigation of the droplet impact process was
performed by Harlow and Shannon [3] in 1967. The complicated
equation sets for complex fluid dynamic problems, such as droplet
impact and deformation, became tractable with the advent of
computers. In their investigation, Harlow and Shannon employed a
marker-and-cell technique involving a mesh of computational cells
idealized as a viscous, incompressible fluid. For each cell, the
nonlinear Navier-Stokes equations were solved and a finite-
difference Poisson equation was used to determine pressure.

A full review of the state of droplet dynamic research up to 1993,
including impact on both solid and liquid surfaces, was conducted by
Rein [4]. The review highlighted formulations for the overall
deformation process (Loehr [3]), as well as for the maximum spread
ratio, B.. (Stow and Hadfield [6], Chandra and Avedisian [7]).
Other investigations highlighted in the review concerned the
threshold at which droplets would splash, which occurred at a critical
impact Weber number, We, (Stow and Hadfield, and Walzel [8]). As
a result of observing the deformation process and final spread
diameter d,,,, of adroplet, several empirical prediction methods have
been developed. Typically, an energy balance of some form is used
with terms describing both initial and final kinetic, potential, and in
some cases, surface energy. The earlier investigations by Stow and
Hadfield used this formulation method (Table 1) in deriving their
model for the maximum spread ratio f,,,,. This ratio, of maximum
spread diameter versus initial preimpact droplet diameter, allows for
nondimensional consideration, and consequently for relationships to
be established between all aspects of the deformation process. The
model proposed by Stow and Hadfield took into account the
advancing contact angle the deformed drop formed with the contact
surface (Fig. 1), which indicated surface properties of the fluid. Their
equation, however, did not factor viscous dissipation, resulting in an
unbalanced energy equation.

Contact Angle

Fig. 1 Liquid-solid contact angle.

Table 1 Literature models for maximum droplet spread ratio g,

Author

Model

Stow and Hadfield [6]

Chandra and Avedisian [7]
Asaietal. [17]
Scheller and Bousfield [18]

Bamax = Cy/(2(We + 2We/Fr + 6))/(3(1 — cos ,))
(3W€ﬁ?nax/2Re) + (ﬂgnax(l — COS 011)) — (W€/3) Z4~0
Buax = 1 + 0.48/We exp(—1.48WeP2Re—021)

Bumax = 0.61(Re>Oh)%166

Scheller and Bousfield (FS) [18] B = 0.91(Re*OR)*'¥

Pasandideh-Fard et al. [19]

Mao et al. [20]
Fukai et al. [21]
Park et al. [24]

Buws = | (We +12)/(3(1 —cos6,) + 4(We/ VRe))
[((1 — c0s 6,)/4) + (0.2We' /RO B — (We + 12)/12) By + (2/3) =0
(We/2Re" ) B + (2.29(1 — 08 0,,)) Biax — (We +12)/3) =0

[((0.33We)/v/Re) — (cos 6,/4) + ((1 = cos B,)/2sin*6,,)|Brax — (We + 12)/12)

+[(cos B, + 4) — ((1 — cos ,)/2sin6,)|[4sin>6, /
(2—3cosf, 4+ cos’0,)* =0

Ukiwe and Kwok [25,26]

((3(1 —cosb,) VRe + 4We)/VRe) B — (We + 12) By +8=0




BATHEL ET AL. 1727

A correlation relating the static contact angle to the dynamic
contact angle, which is used to assess the surface tension forces
acting counter to the radial expansion during deformation, was
described by Hoffman [9] and later defined mathematically by
Kistler [10].

0, = Fhofr [Ca + fﬁ(l)ff(ee)] (1)

where

X 0.706
fH()ff(x) = COS?I {1 — 2tanh |:5 16(W) ] } (2)

Here, Ca is the capillary number which relates system viscosity to
surface tension (Ca = uVep /0), 6, is the static (equilibrium) contact
angle, and 0, is the advancing contact angle. The velocity used in
calculation of the capillary number is typically the contact line
velocity; however, in this experiment the contact line velocity and
impact velocity were approximately of the same order, and so the
impact velocity was used. Previous work by Roisman et al. [11] has
shown that this serves as an effective approximation of advancing
contact angle for similar impact conditions.

This formulation was based upon observation of a partially
wetting system. The dynamic contact angle behavior was postulated
to be dependent upon the static contact angle and capillary number,
Ca. It accounted for both the wettability of the fluid on the impact
surface and for contact angle hysteresis effects resulting from surface
irregularities. More recent investigations into contact line behavior
and its relation to droplet impact (for both horizontal and inclined
surfaces and varying droplet geometries) are addressed by Cox [12],
Bayer and Megaridis [13], Sikalo et al. [14,15], and Vafaei and
Podowski [16].

Chandra and Avedisian used an energy balance formulation
similar to that of Stow and Hadfield. However, a viscous dissipation
term was introduced to explain the inequality encountered in
previous attempts to balance the energy equation for the same
process.

For all of these studies, surface conditions for the experiment were
only described by the advancing contact angle, with the resulting
equation for f,,,, being a fourth order polynomial. Asai et al. [17]
considered the impact of small ink droplets (D ~ 44-81 pm) on a
paper surface. In this case, the deformation process was like that of
water impacting a solid surface. Absorption of the ink into the paper
was considered only after the droplet had reached its maximum
spread diameter. From this experiment, the resulting spread ratio
Bmax Was observed to be independent of the contact surface and was
dependent only on the fluid properties, defined by the nondimen-
sional impact Reynolds and Weber numbers. Experiments by
Scheller and Bousfield [18] focused on a mixture of water and
glycerin which allowed the viscosity and surface tension of a droplet
to be altered. From their testing, it was found that the deformation
process of a droplet was dictated by the properties of the fluid alone,
rather than by impact velocity. Using the data collected, two
equations for 8,,,,, were developed; the first equation was formulated
empirically and the second was formed by using a theoretical
cylinder model, which more closely represented the regression of
experimental data.

Work by Pasandideh-Fard et al. [19] furthered the work of
Chandra and Avedisian by examining the continual evolution of the
advancing contact angle throughout the deformation process. It was
observed that during the initial phase of spread, the advancing
contact angle was consistently observed to be 110 deg. The research
also focused on improving the formulation for the viscous dissipation
correction W in the energy balance. Both a nondimensional
boundary layer thickness § and nondimensional maximum spread
time t,,, were used to develop a viscous dissipative function ¢,
which in turn allowed for the calculation of W. Table 2 gives the
nondimensional formulations for maximum spread time.

Mao et al. [20] furthered the understanding of viscous dissipation
present in droplet impact by considering two instances in which
resulting fluid flow outward from an impacting drop would differ.

Table 2 Maximum spread time literature models

Author Model T =1tV/D

Pasandideh-Fard et al. [19] tm 8D

ax = 3y
K _ (D/7)0.680
Fukai et al. [QJ thax = Re’(’34"‘+We’/“'m"(l—cos 0,)0357

They considered a low-viscosity fluid in which the boundary layer
was smaller than that of the water sheet thickness of the deformed
drop. Using the work of Chandra and Avedisian and Pasandideh-
Fard et al., Fukai et al. [21] solved a set of empirical coefficients
applied to a modified equation. With the modified form, it was then
possible to further refine the prediction for maximum spread and
viscous dissipation.

Fukai et al. also developed a new term for calculating the
maximum spread time. To estimate the time, only spreading up to
90% of the actual maximum was considered to account for error. The
reason for this precaution was to account for instances in which the
transition of radial expansion to radial retraction was particularly
slow (i.e., long, flat portions near maximum spread diameter). Using
the 90% nondimensional time fraction, the maximum spread time
was then calculated. While the Pasandideh-Fard et al. model
consisted of a constant characteristic maximum spread time of 2.67,
the Fukai et al. characteristic formulation remained dependent upon
initial impact conditions. Additional work by Biance et al. [22]
provides a fundamental approach to predicting the inertial phase of
spreading occurring ~1 ms into the spreading process and Rioboo
et al. [23] examines the entire time evolution of a spreading drop.

Park et al. [24] developed an empirical equation for spreading and
recoil at low Weber numbers (< 176). Their method considered both
the maximum spread and equilibrium conditions of the droplet to
determine B,,,,. Work completed by Ukiwe and Kwok [25,26] used a
high-speed camera system to obtain images of droplets impacting
smooth polymer surfaces. The result of the work was a modified form
of the Pasandideh-Fard et al. equation for maximum spread.

Work by Renardy et al. [27] details wave formation of occurring
immediately after impact on extremely hydrophobic surfaces. More
recently, experiments by Xu et al. [28] have detailed the interplay
between pressure and a deforming liquid droplet on a solid surface.
From the study, it was determined that the surrounding gas pressure
strongly influences splashing of a droplet. At elevated pressures, the
tendency of a deforming droplet to splash was increased. Conversely,
in the presence of a vacuum or low molecular weight gas, it was
hypothesized that splashing can be severely limited or even
eliminated due to the weak interactions between the gas and
expanding fluid sheet.

III. Experimental Arrangement

In this study, 17 and 23-gauge blunt aluminum needles were
connected to a 5-gallon Nalgene tank positioned above the impact
surface. This configuration allowed for each water droplet to detach
from the needle under the influence of pressure from the tank and fall
freely to the impact surface. A schematic of the experimental setup is
given in Fig. 2.

The impact surface was composed of highly refined NSG (Nippon
Silica Glass) “N” material quartz smoothed to 1/4A across a 2 in.
diameter. This plate served to reduce undesired reflected light from
lamps surrounding the impact surface and minimize the effect of
surface roughness on the deformation process.

For each needle gauge, the vertical position of the needle was
varied to change the impact speed of the drop. For each of nine
different fall heights, 70 individual droplet impacts were recorded
using a high-speed video system.

Each set of 70 tests was divided into groupings of 10 droplet
impacts. Before each grouping was recorded, calibrations were
performed to obtain a resolution factor which would be used to
calculate all droplet parameters. For all of the tests, the resolution
factor was approximately 13—17 pm/pixel. A small number of test
drops were also imaged from the top (with the camera at 60 deg to the
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Fig. 2 Experimental setup.

impact plane) to assess postimpact symmetry. No asymmetry was
observed, even for the higher impact speed drops.

To capture the continuous video images of the deformation
process, an IDT XStream-Vision XS-3 digital video camera was
used, operating at approximately 2200 fps. A Nikon® 105 mm
f/2.8D Micro-Nikkor lens was attached for image enhancement. A
droplet impact image sequence is shown in Fig. 3.

The entire video system rested on an optical rail supported by two
Newport vibration damping rods. For lighting, four 100-W lamps
were positioned around the impact area, and a single 20-W puck lamp
was placed beneath the impact surface. The lamps were turned on
only during acquisition of the video images, and turned off between
tests while the impact surface was cleaned. To further limit the effect
of surface heating, a cooling fan was positioned on the breadboard
beneath the impact surface. This provided additional heat removal
from the impact surface and did not disturb droplets on the top side of
the plate. These procedures ensured that the impact surface stayed at
a constant temperature.

In the current study, the advancing contact angle 6, was
determined by observation of the deformation period between impact
and maximum spread. The static contact angle 6, was determined
from observation of droplets at the static, and the maximum spread
contact angle 6,, was calculated by measuring the contact angle at the
point of maximum spread after the initial impact. Subsequent radial
spread diameters occurring after contact line retraction were not
considered. The advancing contact correlation by Hoffman and
Kistler was determined by applying the measured static contact angle
and calculated capillary number, Ca, based upon the initial impact
speed. Whereas calculation of Ca in this study is based upon the
preimpact velocity, it would be more appropriate to define this
parameter based upon contact line velocity. However, due to the
evolving nature of such a velocity, Ca was defined only for the
preimpact velocity.

Fig. 3 Image sequence droplet impact.

IV. Procedure

Each droplet impact was video recorded as a series of digital
images and the resulting data were extracted from observation of
these images. Calibrations were performed by imaging a ruler with
millimeter divisions and performing a pixel count across a known
distance. The resolution was then calculated by dividing the
measured distance by the pixel distance, giving units of ym/pixel.

From the calculation of the resolution factor, crucial parameters
suchas V, D, d, .« We, Re, and Oh could be calculated. To calculate
the impact velocity V, the two images before impact were analyzed,
and the distance between each position was measured and then
divided by the time between frames. Fluid characteristics were
obtained by noting the experimental temperature and using
published values of viscosity and surface tension for pure water [29].

The method of acquiring the images was straightforward. The flow
of water droplets was controlled by a spigot attached to the fluid tank.
Pressure from the tank produced single droplets at the needle tip,
which then separated under their own weight. A Petri dish was placed
below the needle tip to capture the initial stream of droplets. Once a
steady flow of droplets was achieved, the dish was removed and the
droplet was allowed to impact the surface. This ensured that only
slowly formed droplets were analyzed, minimizing error propagation
from internal fluid circulation or oscillation resulting from rapid
formation.

To measure the maximum spread, static, and advancing contact
angles for each of the droplets, images from each droplet height were
selected and enhanced using Adobe® Photoshop software. Each of
these images was then enlarged, and the contact angles measured.
For this study, the entire deformation process, from initial impact to
the maximum spread diameter, was examined.

Using the large collection of data obtained through video imaging,
17 groupings of five or more droplets were extracted based on
identical values for initial diameters, velocities, Weber, Reynolds,
and Ohnesorge numbers. This provided a basis by which a statistical
evaluation of the deformation process could be made.

The droplets analyzed in this experiment were such that the
difference between the horizontal and vertical preimpact diameters
varied by no more than 3.8 £ 3.0%. Error calculations were made by
comparing individual model predictions for a given set of preimpact
conditions with the averaged experimental parameter for that set. To
obtain a root-mean-error value, the average individual errors were
then averaged for all preimpact parameters, and the standard
deviation of those errors used to tolerance the root-mean-error value:

—Xexperiment

Yexperiment

Root Mean Error = N

+ SAveraged RME (3)

Here, x; was the model prediction of the postimpact parameter of
interest, Xeyperiment Was the experimental averaged value for the
postimpact parameter of interest, N was the total number of identical
preimpact parameter data sets, and Syerae rme Was the standard
deviation of the root mean error for all identical preimpact parameter
tests. The Xegperimenn Vvalue was obtained by averaging the
experimental values of the postimpact parameter of interest. The
standard deviation of this value was used to form error bars in the
consideration of the characteristic spread time.

V. Experimental Results
A. Characteristic Spread Time Prediction

Both Fukai et al. and Pasandideh-Fard et al. presented
nondimensional (Table 1) formulations for determining the
maximum spread time required for the impacting droplet to achieve
its maximum spread state. Figure 4 compares their formulations
compared with the maximum spread times obtained experimentally.

From Fig. 4, it can be seen that both formulations underpredict the
maximum spread time. The characteristic spread time predictions by
Fukai et al. using the experimentally observed advancing contact
angle, Hoffman/Kistler dynamic angle value, and formulation of
Pasandideh-Fard et al. resulted in relative mean errors of
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Fig. 4 Comparison of characteristics spread time models.

23.1+9.9%, 18.0+9.8%, and 31.7 & 11.1%, respectively.
However, it is again noted that formulation by Pasandideh-Fard
et al. assumed a constant characteristic spread time.

Figure 4 shows that the model of Fukai et al. tends to exhibit a
higher error at lower Reynolds and Weber numbers with decreasing
error occurring as transition to higher-end values is made.
Pasandideh-Fard et al.’s constant-valued characteristic spread time
model exhibits similar error behavior over the range of impact
conditions. However, itis observed that as the transition is made from
low- to high-end Reynolds and Weber numbers, the relative mean
error exhibits a hyperboliclike increase.

Although the relative error of each characteristic model is similar
over a range of impact conditions, the prediction by Fukai et al.
allows for formula sensitivity to Reynolds and Weber number
variations to some extent. This is a more preferable method of spread
time prediction due to the applicability of nondimensional
formulation to a greater range of defining parameters like preimpact
velocity and diameter as well as fluid properties such as viscosity and
surface tension. However, the equation considers the effect of
advancing contact angle. While this may be applicable in cases where
interaction with the impact surface must be carefully considered, it is
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not necessary in cases where the impacting liquid droplet is not
dependent on the impact surface characteristics.

Because of the nondependence of the characteristic spread time on
impact surface characteristics, it was desired that a formulation be
developed that relied completely on the preimpact conditions of the
droplet. By employing a quasi-Newton optimization technique, an
equation was formulated that minimized the relative mean error with
the experimental data:

_ (4Re' LY 34.75 A
T‘““X_( 5 )Jr(«/_We) (l.64(Re-We)]/5) @

Figure 5 shows error comparison of the previous literature models
with the current model. The curves are a linear best-fit approximation
of the error scatter, representing an quasi-average error behavior. The
new model exhibits a much lower relative mean error decreased by
more than a factor of 2, or 8.9 & 7.8%.

Figure 6 shows the results of the new model compared with the
experimental characteristic maximum spread time. From the figure, it
is observed that the model exhibits better predictability of the spread
time associated with this type of droplet impact problem. However, it
tends to underpredict spread time at approximately 8 ms into the
spread phase. Similar underprediction is observed from the previous
literature models at this same point. This underprediction occurs
around the Reynolds number regime of 9000-10,000 and Weber
number regime of 250-300.

Whereas this new characteristic spread time model aids in
narrowing the predictive time range in which droplet spread occurs, it
still cannot account for the associated statistical deviations evident by
the bars in Fig. 6. This behavior suggests that the characteristic
spread time is not only a function of the viscosity and surface tension
of the fluid, but also of other factors such as ambient pressure. It is
hypothesized that such an interaction supports the formation of
surface waves (on the air-liquid interface away from the solid
substrate) on the radially expanding droplet which eventually
becomes unstable as all of the initial kinetic energy is dissipated by
viscous and surface forces. These unstable surface waves might then
vary interplay between internal fluid motion and surface interactions
with the solid surface, ultimately leading to sizable deviations in the
characteristic spread time for an impinging droplet. Figure 7
demonstrates more clearly how the droplet impact process (in terms
of maximum spread parameters) is more of a time-dependent process
rather than a spatially dependent process, as many previous
investigations have considered. Indeed, as will be demonstrated in
the next section, determination of the maximum geometric
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Fig. 5 Relative mean error of characteristic spread time models as functions of a) Reynolds number and b) Weber number.
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Fig. 7 Dimensional and nondimensional spread diameter evolutions
with time. Data represent impact cases with identical nondimensional
impact conditions.

characteristics of a deforming droplet has been well established, yet
determination of time-sensitive properties remains to be resolved.

B. Prediction of Maximum Spread Diameter

Figures 8a and 8b show the variation of the experimentally
obtained maximum spread ratio with the Weber and the Reynolds
numbers, respectively. For model comparison, the advancing,
maximum, and static contact angles were measured from enlarged
sample images, and the resulting experimental average angles
achieved were determined to be approximately 88.6 £ 8.4 deg,
54.8 £ 11.1 deg, and 13.4 4 3.4 deg, respectively. Alternatively,
the Hoffman/Kistler model for advancing contact angle was
calculated to be 12.6 £ 6.9% that of the measured advancing contact
angle.

The model of Stow and Hadfield’s predicted values (using both the
Hoffman/Kistler and experimental contact angles) of maximum
spread ratio, with a 50% applied correction suggested by the authors,
was clearly well outside the error range of the current experiment
with relative mean errors of 81.3 & 16.7% and 62.7 £ 23.5% for the
model and experimental contact angle cases, respectively.

Chandra and Avedisian improved by more than a factor of 2 on this
initial prediction by accounting for viscous dissipation in their
formulation. Relative mean error for both the Hoffman/Kistler and
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Fig. 8 Experimental maximum spread ratio as a function of a) Weber
number and b) Reynolds number.

experimental contact angle cases were observed to be 37.5 + 7.5%
and 33.5 £ 7.1%, respectively. The model by Fukai et al. exhibited
similar magnitudes of error. Application of the experimental
advancing contact angle resulted in a relative mean error of 26.9 +
5.2% while application of the Hoffman/Kistler angle resulted in a
22.3 £ 4.2% relative mean error.

Figure 9 shows the formulation by Asai et al. predicted spread ratio
within a relative mean error of 8.5 £ 6.7%. This formulation was
obtained without the use of a contact angle. For low Reynolds and
Weber numbers, the prediction remained within or only deviated
slightly from the error interval of the experimentally obtained
maximum spread ratio. However, as the lower end of Reynolds and
Weber numbers is surpassed, deviation of the model from the
experimental results occurs. This is most likely the result of surface
tension and viscous effects associated with the higher nondimen-
sional Reynolds and Weber numbers not considered experimentally
by Asai et al.

Scheller and Bousfield used a similar approach by obtaining
empirical models for the maximum spread ratio. In their model,
larger droplets were used to allow for a wider range of Reynolds and
Weber numbers to be examined. Figure 8 indicates that their
predictions were in good agreement with the experimental S,
values over the range of Reynolds and Weber numbers with little
discrepancy between the experimental and free spread (FS) models.
The resulting relative mean errors for the experimental and free
spread models were calculated to be 4.3 4+ 3.3% and 4.4 £ 3.4%,
respectively.

The Pasandideh-Fard et al. model using the experimental contact
angle predicted spread slightly more accurately than the literature
case with a relative mean error of 4.1 +3.3% as compared to
4.7 £ 3.8%.
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Fig. 9 Model prediction of maximum spread ratio with less than 10%
relative mean error versus Weber number.

Subsequent models were the result of revisions of earlier spread
formulations. These modified equations resulted in a more rigid
agreement with the experimental data obtained. The general trend in
equation modification tended toward fitting the data to experimental
results. This is evident in Figs. 9b and 10b.

Formulation by Mao et al. showed a divergence in predictive
ability as the transition from high to low Reynolds and Weber
numbers was made. As the transition occurred, the effect of static
contact angle in the formulation became more apparent. Application
of the Hoffman/Kistler and experimental advancing contact angles
resulted in maximum spread ratios that converged toward a single
valued B, Relative mean errors for Hoffman/Kistler advancing
contact angle, experimental advancing contact angle, and
experimental static contact angle cases were found to be
4.7+3.4%,59 £ 4.0%, and 7.2 £ 4.9%, respectively. Formula-
tion by Park et al. tended to overpredict the maximum spread ratio
slightly with a relative mean error of 8.6 = 5.9%.
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Fig. 10 Model prediction of maximum spread ratio with less than 10%
relative mean error versus Reynolds number.

The most recent investigation into droplet deformation performed
by Ukiwe and Kwok, based on a modified equation by Pasandideh-
Fard et al., resulted in a relative mean error of 4.1 £ 3.3% using the
experimental advancing contact angle and 4.6 &+ 3.6% using the
Hoffman/Kistler advancing contact angle.

Although the calculated relative mean error is only a simple
indicator of model agreement with the experimental results, it does
provide for selection of the more agreeable models. Based on the
relative mean errors, the models of Scheller and Bousfield,
Pasandideh-Fard et al., Mao, Kuhn, Tran (with Hoffman/Kistler
contact angle), and Ukiwe and Kwok provide for the best agreement.
Each provided relative mean errors of less than 5%. Figure 10 shows
all models exhibiting less than 10% relative mean error with the
experimental data of this study. Figure 11 provides a direct
comparison of the maximum spread models with less than 10% error
relative to the experimental results.

It should be noted that although the most recent models predict
maximum spread ratio to within a very small percentage of error,
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some discrepancies still exist due to unknown factors. This is evident
inFigs. 6 and 7. As B, varies over the range of Weber and Reynolds
numbers, the values oscillate instead of following a more linear trend.
Because of the smooth surface employed in this experiment, it is
assumed that fluid-surface interactions are negligible. This again
supports the possibility that certain instability modes, which have
been qualitatively examined but not quantified, can describe this
occurrence. Specifically, the internal fluid motion resulting in fluid
oscillation and fluid-vapor interaction at the fluid surface causing
fluid oscillation.

Whereas consideration of the fluid oscillation for low-speed
impact situations would only improve maximum spread prediction
by a small amount, translation of the low-speed impact case to
higher-speed impact cases will certainly need to include
consideration of fluid oscillation to accurately predict breakup and
subsequent droplet formation.
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Fig. 11 Comparison with maximum spread models with experiment
(less than 10% relative mean error).

C. Effect of Contact Angle

Every model, except for those put forth by Asai et al. and Scheller
and Bousfield, implemented the static, equilibrium, maximum, or
advancing contact angle to some extent. Although in most cases the
models continued to accurately predict the maximum spread ratio
within a small percentage of error, the contact angles used remained
without a solid definition.

Considering the models of Pasandideh-Fard et al. and Mao et al.,
no notable difference was observed between the Hoffman/Kistler
and experimental contact angle cases, except for small variation at
lower Reynolds and Weber numbers. For the range of preimpact
parameters tested the effect of contact angle, in general, was not areal
contributing factor to the prediction of maximum spread. Therefore,
due to the specific range of preimpact parameters tested, it is
observed that the dominant physical properties include fluid
viscosity and surface tension. Analysis of contact angle provides
little insight in regard to this type of impact problem and it is other
issues, such as those discussed above (i.e., internal fluid motion,
surface wave formation and instability, and solid-fluid surface
interaction) that should be examined thoroughly so that a true
mechanistic definition droplet impingement can be made.

VI. Conclusions

The large data set produced in this study was employed first to
examine the accuracy of existing models for the impact of a
Newtonian fluid onto a smooth, dry surface, with the findings being
that these models predict the maximum spread to within 5% of the
actual value. It was also shown, for the range of parameters and
experimental conditions considered herein, that use of contact angle
provided no improvement in prediction accuracy.

The maximum spread time prediction models examined exhibited
deviation from experiment which most likely was the result of
secondary physical (including surface instability) mechanisms that
alter the characteristic spread time behavior of impinging droplets.
These mechanisms can be expected to play a greater role at higher
ambient or stagnation pressures, while for the cases examined here
the impact was less than the total model uncertainty of 8.9%. To
effectively model the entire spread process from the initial point of
impact to the point of maximum spread, a time-dependent function
needs to be formulated which can include these mechanisms and
predict spread trends over a large range of Reynolds and Weber
numbers. Based on this work, it appears that a formulation that
captures energy transfer into and out of surface waves, wave
behavior, and bulk fluid circulation would be able to predict drop
spreading and maximum spread time with significantly greater
accuracy. Such a formulation would also provide a mechanism-
based path to splash prediction. It appears that such a model is also
necessary if higher impact or spread velocity situations are to be
addressed.

For lower Reynolds and Weber number impacts, the results of this
paper and the work of recent investigators provide a solid basis for
prediction of maximum spread distance and time. Therefore, these
results can be applied to simplify modeling of the entire spread
process under such conditions.
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