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Impad of wate droples on aflat, solid surfa@ was studied using both experimerg and numerical
simulation Liquid—solid contat¢ angke was varied in experimers by addirg traces of a surfactamto
wate. Impactirg droples were photographe and liquid—solid conta¢ diametes and contat angles
were measurd from photographsA numerica solution of the Navier—Stokes equation using a
modified SOLA-VOF methal was usel to modé drople deformation Measuré values of dynamic
conta¢ angles were used as a bounday condition for the numerichd model Impactirg droplets
sprea on the surfae until liquid surfae tensio and viscosiy overcane inertid forces after which
they recoile off the surface Adding asurfactandid not affect drople shag during the initial stages
of impact but did increag maximun sprea diamete ard redue recol height Comparisa of
compute generatd images of impactirg droples with photograpk showel tha the numerical
modd modela drople sha evolution correctly. Accurat predictiors were obtainal for droplet
conta¢ diamete during spreadig and at equilibrium The modé overpredictd drople contact
diametes during recoil. Assumirg tha dynamt surfa® tensia of surfactam solutiors is constant,
equalirg tha of pure wate, gawe predictal drople shaps tha beg agree with experimental
observationsWhen the contat¢ angk was assumd constan in the mode| equa to the measured
equilibrium value predictiors were less accurate A simple analyticd modd was developé to
predid maximun dropld diamete after impact Modd predictiors agreel well with experimental
measuremestreportel in the literature Capillaly effects were shown to be negligible during droplet

impad when Wes>>Ret2, © 199 American Institute of Physics [S1070-663(96)01203-2

I. INTRODUCTION

Modeling industrid processe sud as sprgy cooling of
haot surfaces fire extinguishmeh by sprinkle systems,
plasna coating spray forming, and pesticice sprayirg re-
quires an understandig of the impad dynamic of liquid
drops on solid surfaces Severa simple analytica modek of
drople impad hawe been proposed;™ basel on an enagy
balane tha equats initial dropld kinetic enegy to change
in surfa@ enagy due to drople deformatia and work done
in overcomiry liquid viscosity during impact Bennet and
Poulikako$ haw reviewal the use of sud modesk in pre-
dicting the maximun diamete of drople spreadafter which
further spreadiy is restrain@ by liquid surfa@ tensio and
viscosit. Thee models howeve, give no information about
pressurgvelocity, and temperatue distributiors during drop-
let deformation Calculatiors of hed transfe betwea a sur-
face and impinging droples require detaila information
abou drople sha and temperatue during impact which
can be obtainal only by a complet solution of the continu-
ity, momentum and enegy equations.

Harlow and Shannof were the first to obtain a numeri-
cd solution to the problem of fluid flow during drople im-
pact usirng the so-callel “‘Marker-and-Cell'’ (MAC) finite
differen@ methal to solve the Navier—Stokes equations.
They neglectd ary effects of liquid surfae tensia ard vis-
cosity, so tha their resuls are applicabk only to the initial
stages of dropld impad when thes forces are negligible
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compare to inertid effects Their solution could not predict
the maximum extert of liquid spread but proved usefd in

researb on erosia of turbine blades by high-sped imping-

ing droples to calculae ped liquid pressurs immediately
after impact®® Modeling hea transfe within the drople re-

quired modificatiors to the MAC coce to include surface
tension ard viscows effects which was dore by Tsurutani
et al.'®and Watanale et al.!* An alternae algorithm for solv-

ing the complee Navier—Stokes equationsthe ““ Volume-of-
Fluid” (VOF) method was usel by Liu etal'? and

Pasandideh-Fdrand Mostaghim?® to modé spreadig and

simultaneos solidification of molten droples on a substrate
during plasma spraying A commercialy availabk code
(FLOW-3D) tha implemens the VOF methal to modé three-
dimensiongl unsteasl, free surfae flows, was usel by

Trapag et al.}**° to study fluid flow, hea transfe ard so-

lidification during molten metd drople impact Fuka et al.1®

studied the fluid dynamic of drople impad using a finite

elemen methal ard avarying rathe than fixed, discretiza-
tion grid to improwve solution accurag when the dropld un-

derwert large deformations.

An accura¢ description of fluid flow at the liquid—
solid—gas contad line is importart in formulating realistic
modek of dropld impact Analyticd solutiors hawe been
derived’® to predid fluid flow during capillarity-driven
spreadig of droples deposité gently on a solid surface.
Modeling fluid behavig in the vicinity of a moving contact
line is complicated becaus assumig a no-slip boundary
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condition at the solid-iquid interfae leads to aforce singu-
larity at the contat line.}” The problem can be resolvel by
replacirg the no-slip bounday condition with aslip model®
Thoudh this methal alleviates mathematich difficulties,
there is no experimenthevidene to determire which of sev-
erd availabk slip modek is the mog appropria¢ one to use,
or whethe slip does indeead occu.

Fluid motion in droples impinging with significarn ve-
locity on a surfa@ is controlled by inertid in addition to
capillay forces and no analytica solution is availabk for
the flow problem Numericd modek of droplé impad usu-
ally specif the contac line bounday condition by assigning
avalue to the angk betwee the solid surfae and the liquid—
gas interface This appareh contat¢ angk defines the shape
of the free liquid surfa@ abo\e the contad¢ line. Thoudh the
conta¢ angk can in principle be measurd directly, no ex-
perimenth measuremestof conta¢ angk variation during
dropleg impad and sprea are availabk in the literature.
Trapag et al.**'®> ard Pasandideh-Fdrand Mostaghimt®
therefoe assumd contad¢ angles reman constantwith arbi-
trarily selectd values rangirg from 5° to 90°. Rathe than
assumiiy an arbitray contat angle Fuka et al.*® neglected
capillaly forces at the contac line. They noted howeve, that
capillay forces becone increasingy importart towad the
erd of drople spreadig when inertid forces becone small,
ard tha modd resuls would be sensitiwe to capillary effects
at this time. In a subsequenpape,?° they usel experimen-
tally determiné values of advancig ard recedirg contact
angles measurd from photograph of droples sliding down
an inclined surface and found tha modeé predictiors im-
proved.

A study of surfae wetting effects during drople impact
is important nat only in accuratgl modelirg industrid ap-
plicatiors of liquid sprays but alo in improving them In
particula, wetting of solid surface by droples can be en-
hancel by dissolvirg a surfactamin the liquid to redue the
conta¢ angle Addition of surfactah solutions known as
“wetting agents, to wate sprays is known to redue the
amour of wate required to extinguis fires?! The use of
surfactarg has also been propose to improve covera@ of
foliage by liquid pesticice sprays: In spite of thes practical
applications no study is availabk in the literature that de-
scribes the effect of dissolval surfactah on impad dynamics
of droplets.

We studied using both experimeng ard numericé mod-
eling, the effect of addirg asurfactahto wate drops impact-
ing a stainles steé surface Our objectives were to (a) ob-
sene experimenth changs in drople impad dynamics
produce by dissolval surfactant (b) measue liquid—solid
conta¢ angke during drople impact (c) verify tha the nu-
mericd modé accuratef predictel drople shap during de-
formation using measurd conta¢ angk values (d) study
the effect of using a constantrathe than dynamic contact
angk in formulating the mode} (e) determire the effect of a
surfactamon dynamc surfa® tensio values and (f) develop
a simple criteria to determire conditiors unde which capil-
lary effects can be neglecte when modelirg drople impact.

Surfactah concentratia in wate was the principd pa-
ramete varied—fram 0 to 1000 ppm by weight—in our ex-
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FIG. 1. Initial configuration usal in numericd computations.

perimentsDroplet diamete (2.05+0.03 mm) and impad ve-
locity (1.0 m/9) were held constant Photographk were taken
of droples impactirg on astainles steé surface from which
we measurd variation of the liquid—solid contat¢ angke and
contat¢ diamete during dropld spreadingWe usel the nu-
mericd mode of Pasandideh-Fdrard Mostaghimt® to cal-
culae the evolution of dropleg shape during impact using
both equilibrium conta¢ angles and measurd values of dy-
namic contat¢ angles ard compare predictel values with
experimentbmeasurements.

IIl. NUMERICAL METHOD

Figure 1shows the axisymmetr¢ coordinaé systen used
in formulating the numericd model| ard the initial configu-
ration of the dropla at the time of impact t=0. The math-
ematich modé assumd tha dropleg impingemen velocity
was normd to the substrateard tha fluid flow was laminar
ard incompressibleDue to the large deformation undegone
by an impactirg droplet an Eulerian formulation was used.
The governirg equatiors may be written, using axisymmetric
coordinatesas follows: Continuity equation

Ju Jdv U
¥ + Ey + T 0~ 1)
where u and v are velocity components in threandy direc-
tions respectivef (Fig. 1); momentm equations
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where P, p, andv are pressure, density, and kinematic vis-

cosity of the fluid, respective}l, and g represert gravita-
tiond force per unit mass.

To represen the free boundaris of the droplet the
“fractiond volume of fluid” schene was used In this tech-
nique a function F(r,y,t) was defina whos value was
equa to the fractiond volume of the cel occupial by the
fluid. Here F equalel one for cells occupia by the fluid and
zeo for empy cells Cells with values of 0<F <1 contained
a free surface Since F movead with the fluid (i.e., the total
value of F for the drople was constant this function satis-
fied the conservatia equation:
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Bounday conditiors for the flow problem are shown in
Fig. 1. The flow was assumd symmetrica abou the y axis,
with no slip at the solid substrateAt a free surfae tangential
stresse were s¢ equa to zeo and normd stresse were re-
placeal by an equivalen surfa@ pressurgcalculatel from the
interface mechanich equilibrium condition given by the
Laplae equation:

P,—P,=Jy, (5

where P, ard P, were pressurginside and outsice the drop-
let, respectivel, J was the interfaee mean curvature and y
was the liquid—gas surfa® tension.

Describirg the liquid—solid contad¢ line required special
attention We incorporate the conta¢ angle, 6, in the free
surfa@ bounday condition [Eq. (5)] by using it to calculate
the mean curvature J, of the liquid menisci nea the sub-
strate The techniqwe has earlie been describe in detal by
Nichols, Hirt, and Hotchkiss?2 The mode usel eithe a con-

FIG. 2. Liquid—solid conta¢ angk (6) measurement from a photograph of a
drople of pure wate 8.2 ms after impactirg a stainles steé surface.

droples photographd in freefall, after they had detached
from the neede tip. Surfae tension values were calculated
by equatirg the weight of ead dropld to the surfa@ tension
force attachim it to the neede tip, whos diamete was
known This methal was testel using pure wate and

start value of 6, or a dynamic contact angle that varied with N-heptane measurd surfa@ tensiors agreel closely with

time during dropld impact When dynamc conta¢ angle
values were used they were updatel after ead time step.
The equatios were solved using the modified SOLA-

VOF numericé code a progran basa on the “Marker and
Cell” finite-differene technique Most terms in the momen-
tum equatiors were solved using an explicit computational
scheme but the coupling betwea pressure ard velocities
was implicit. This semi-implict formulation was solved us-
ing the successig ove-relaxation methal to acceleras con-
vergence.

Ill. EXPERIMENTAL METHOD

Single droples were formed by forcing wate from a
syringe punp through ahypoderme needé and letting them
detat unde their own weight Droples fell onto apolished
stainles steé¢ surfa@ placad 50 mm below the neede tip.
Their impad velocity, 1 m/s, was low enoudn that droplets
did nat shatte upan impact Photographk of drople impact
were taken using a single-sho flash photographs technique
(describé in detal by Chande ard Avedisiari). A strobe

unit with an 8 us flash duration provide illumination to take

asingle 35 mm photograj of a droplé at one instart during

its impact By varying the time delay betwea the droplet
first touchirg the surfa®@ and triggering of the flash different
stage of drople impad could be photographedDroplet re-

lea® and impad were sufficiently repeatal# that the entire
dropleg deformation proces could be reconstructé from

photographb of differert droplets capturel at progressively
advancimg stage of impact.

The surfactah used in experimeng was sodiun dodecyl
sulphaé (SDS, obtaina in the form of a powde from
Malinckrod Specialiy Chemicals Three differert surfactant
concentratioawere useal in experimentso (i.e., pure watep,
100, ard 1000 ppm by weight Thes concentratioa were
low enoudn tha changs in densiy and viscosiyy were neg-
ligible. We determind the variation of surfae tensian with
surfactaih concentratia by measurig diametes of spherical
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values reportal in the literature Adding increasiig amounts
of the surfactan reducel the measurd surfae tensia from

73 (pure watep to 70 (100 ppm), and 50 mN/m (1000 ppm),

respectivel. A 33 gauge hypodermt needé was usal to

form droples of pure wate and 100 ppm solutions ard 30
gauge for 1000 ppm solution which had significantly lower

surfa@ tension Uniform-sized droples were formed by this

method with diametes of 2.05+0.03 mm.

Liquid—solid contat¢ angles ard conta¢ diametes (i.e.,
the diamete of the wetted surfa@ area were measurd from
enlaged photograpbk of dropld impad and spreadig by
manualy drawing atangen throudh the liquid—gas interface.
Figure 2 shows an exampé of conta¢ angke measurement
from a photograp of a drople of pure wate 8.2 ms after
impact We verified the repeatabiliy of our measuremestby
photographig five differert droplet at the sane instart after
impact This was repeatd for ten differert time delays Mea-
suremerg of the conta¢ angk were reproducibé within
+2°, ard of conta¢ diamete within =0.1 mm.

IV. RESULTS AND DISCUSSION

Figure 3 shows images of drople deformation obtained
from the numericd mode| along with photograpk of 2.0
mm diam droples of pure wate impacting the surfa®@ with a
velocity of 1 m/s Both compute generatd images and pho-
tograpts are viewed from the sanme angk (30° from the hori-
zonta), ard at the sane time (t) after impact Droplets can be
sea reflectal in the polishel stainles steé surfae in the
photographs A single bubbke formed in droples at their
point of impad becaus of entrapmenof air in acug at the
liquid—solid interface® No bubbles were see in theoretically
predictal drople shapessina the modd did naot consider
pressue changs in the air surroundirg droplets Droplets
did not bre& up during impad since therr kinetic eneggy was
too low to overcone surfa® tension A measue of the rela-
tive magnituds of kinetic and surfa@ enegies is the Weber
numbe (We=pD,V3/y), whose value was 27 for the condi-
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FIG. 3. Compute generatd images compare with photograpk of a 2 mm diam wate drople impactirg a stainles stee surfae with avelocity of 1 m/s.

The time of eat frame (t) is measurd from impact.
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FIG. 4. Compariso of photograpk with modé predictiors for impad of droples of pure wate (0 ppm), 100, and 1000 ppm surfactai solution.
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tions of Fig. 3. The dropla reachd its maximunm exten at
approximatet t=2.6 ms after which surfae tension and
viscous forces overcane inertia, so tha fluid accumulatd at
the leadirg edge of the spla ard it startel pulling back.
Surfae tensio finally cause recol of droples off the sur-
face (t=6.2 ms).

The effect of addirg a surfactah on dropld impad dy-
namics can be seen in Fig. 4. Compute simulatel images of
impactirg droples are comparé with photograpb taken at
the sane instart after impad for droples of pure wate (0
ppm), ard also for droples to which 100 and 1000 ppm of
surfactaih was added The surfactaih appeard to hawe little
influene on early stage of drople spread drople shapes
appea similar in all three case for t<<1.3 ms The maximum
extert of sprea increasd as more surfactahwas addel (see
Fig. 4, t=2.6 ms). Drople shag during recol was sensitive
to surfactah concentrationAdding as little as 100 ppm of
surfactamn to wate produce significart changs in droplet
sha (see Fig. 4, t=6.2 ms). A simple orde of magnitude
analysi§ shows tha during the initial period of droplet
spreadig inertid forces are mud larger than surfae tension
and viscous forces lowering surfae tensia or conta¢ angle
therefoe has little influene on fluid flow. Droplet recoil,
though is controlled by capillaly forces ard addirg a su-
factant decrease the height of dropld recol (see Fig. 4,
t=102 ms).

Modeling the effect of a surfactamon the surfa@ tension
of a freshly create surfae is acomplex problem The su-
factart reduce surfae tension when it diffuses to the free
liquid surface dynamt surfa@ tensian values therefoe de-
perd on the age ard histoly of a surface®”® The surfactant
was uniformly distributed in droples when they formed at
the neede tip. Diffusion of SDS in wate is relatively slow,
with an estimated* diffusion coefficienta=8x10"1° m%s.
An orde-of-magnituck estimae of the characterist time for
transpot of SDS in adrople by diffusion is D%«, equaling
5x10° s for D=2 mm. Consequenyi afurther reductian in
surfae tension due to the migration of surfactatto the free
surface would be negligible in the 10 2 s pericd of droplet
impact Therefore our measuremdrof surfae tension made
at the instart the dropld detachedrepresenté alower bound
on possibe surfae tension values Howeva, as the droplet
deformel during impact the depletio of surfactamh due to
the expansio of free surfa@ area may hawe increasd su-
face tension Experiment$ on the rapid growth of bubbles
in aqueos surfactam solutiors have shown tha dynamt sur-
face tensin can equa tha of pure liquid. Surfa@ tension
values during the impad of surfactah solution droplets
could therefore lie betwea tha of pure wate (73 mN/m)
ard those measurd by us experimentaif (70 mN/m for 100
ppm and 50 mN/m for 1000 ppm surfactant, ard also vary
from point to point on the drople surface.

We did not attemp to modé the transpot of surfactant
during dropld impact Any assumptios mack in sud a
modé would hawe been unverifiabk becaus we had no
mears of experimentall measurig surfa@ tensia distribu-
tions during droplet deformation Insteal we calculate& drop-
let shaps during impad usirg the highe¢ and loweg values
of surfa@ tensim (tha of pure wate, and our experimentally
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FIG. 5. Variation of measurd sprea facta (), shown by symbols, during
impad of a dropleg with 1000 ppm of surfactant compare with model
predictiors (solid lines) using surfae tensia (y) values of 50 and 73 mN/m.

measurd value to determire if changs in surfa@ tension
significantly altera the results The two set of resuls were
compare with experimenth measuremestto see which
gaw better agreementA quantitative comparisa of experi-
mentd and numericd resuls was dore by measurig the
diamete of the wetted surfa® area (D) at successig stages
during droplea deformation Normalizing this quantiy by the
initial droplet diamete (D) yields the so-calle *‘sprea fac-
tor,” &t)=D(t)/Dy. Experimentaly measurd values of &
are shown by the symbok in Fig. 5 for droples containing
1000 ppm of surfactant solid lines mak modé predictions
obtainel using two differert values of y. Results are shown
for both smal times after impad (t*<3.5 where
t* =tVy/Dy) to shov detaik of impact ard large times
(5<t* <30) to shaw equilibrium Resuls obtainal from the
two calculatiors showa littl e difference Assumirg arny su-
face tensiom value in the range 50 mMN/m=y=<73 mN/m
would hawe producel reasonald predictiors for the evolu-
tion of £ Similar calculations for 100 ppm surfactant solu-
tion droplets using surfae tensio values of 70 ard 73
mN/m, revealel only very minor difference betwea values
of & However, Fig. 5 shows that using=73 mN/m gave
bette predictiors for & during the period 3t* <10. Quali-
tative inspectim of predictel dropld shaps showel that
they were sensitie to surfa@ tensin values during this
time, when the dropld was recoiling Figure 6 shows images
of impactirg 1000 ppm droples at t=6.2 and 102 ms, cal-
culated using the two differert values of y. Comparison with
photograph (Fig. 4) confirms tha using y=73 mN/m gave
predictiors that were in close agreemenwith experimental

Y= 73mN/m Y= 50 mN/m

= 6.2 ms

=10.2 ms

FIG. 6. Shaps of impactirg 1000 ppm surfacta solution droplet calcu-
lated using surfa@ tensim (y) values of 50 and 73 mN/m.
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FIG. 7. Measurd evolution of the contat angle during spreadig of drop-
lets of pure wate (0 ppm), 100 and 1000 ppm surfactan solution.

observationssuggestig tha dynamt surfae tension values
of surfactah solutiors were indeed close to tha of pure
wate. All calculatiors in this pape were performed there-
fore, assumig surfae tension equd to 73 mN/m.

Sinee surfa@ tensim was assumd constamh in the
mode| addirg a surfactan affected impad dynamics only
becaus it reducel the liquid—solid conta¢ angle Modd re-
sults shown in Figs 3 ard 4 were obtaineal using experimen-
tally measurd dynamt contad¢ angk values Figure 7 shows
measurd values of contat angles (6) during droplet impact
ard rebound Symbok in Fig. 7 maik experimentameasure-
ments linear interpolation was usel in calculatiors to esti-
mat intermedia¢ values In all three case (0, 100, and 1000
ppm), the advancig conta¢ angke (6,), measurd during
drople spreadig (t* <1.5), remain@ approximate} con-
start (~110°), regardles of surfactah concentrationOnce
droples reaché their maximun extensim surfa@ tension
forces causd recol (1.5<t* <3). Spla diametes remained
constan while conta¢ angles decrease until they reached
their minimum value called the recediy conta¢ angle at
t* ~3. The periphey of the spla was then drawn inward,
reachiry its final position at t*~4. Droplets assumd their
equilibrium forms shapé like spherich caps at t*>10.
Measurd equilibrium contad¢ angke values were pure wate,
90° 100 ppm surfactah solution 57° and 1000 ppm surfac-
tant solution 18°.

Dynamt contat angles are known to increag with the
velocity of a moving solid—liquid—air contac line. 262" Elliot
ard Riddiford®® measurd conta¢ angles during liquid flow
betwea two parallé plates and found tha advancimg con-
tad angles increasd linearly with contad line velocity, until
finally an uppe limiting value of 6, was reached contact
angles were then independenof further increasein velocity.
They also determind tha the addition of a surfactan did not
chang this maximum value of 6,. Contad line velocities in
our experimend were estimatel by differentiatirg polyno-
mial curves fitted through measuremestof drople contact
diamete evolution Figure 8 shows the variation of dynamic
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FIG. 8. Variation of the contat¢ angke with contac line velocity.

conta¢ angles with contac¢ line velocity; positive velocities
indicat drople spreadig and negatie velocities recoil. Our
measuremest confir tha values of advancilg contact
angles read amaximum of approximatef 110°, independent
of both contad line velocity and surfactaih concentration.

We performeal calculation using a constant as dore in
previots studies- > rathe than adynamt contad angk to
see if this increasd errors in modd predictions Measured
values for £ for droplets of pure water are indicated in Fig.
9(a) by symbols Numerica predictiors are shown by solid
lines for simulatiors dore using both measurd values of
dynamt conta¢ angle ard constah conta¢ angk se equal
to the equilibrium value For pure wate the equilibrium con-
tad angk (90°) was close to the advancig conta¢ angle
(~100° se= Fig. 7). Consequenyl there was littl e difference
betwea the resuls of the two simulations and both accu-
rately predictel experimenth measuremestduring droplet
spreadig [Fig. 9(a), t* <2]. Howeve, during dropld recoil
(2.5<t* <10) there was aconsideral# discrepang between
numericé predictiors and measurd values of ¢. As the drop-
let receds it leaves avery thin liquid film behird on the
surfa@ (Fig. 4, t=102 ms). Modeling fluid flow realistically
in this thin layer preserd consideral® challengesit is not
clea whethe it is appropria¢ to use ano-slip bounday con-
dition in this situation or whethe our measurd values of 6,
differ from actua contad¢ angles nea the surface When the
drople reaché an equilibrium sha predictal values once
agan agrea well with measuremestFig. 9(a), t* >15].

A comparisa betwea measurd ard predictel values of
¢ for droples containirg 100 ppm surfactatis shown in Fig.
9(b). In this ca® the equilibrium conta¢ angk (57°) was
much lower than the advancirg conta¢ angk (~110° see
Fig. 7). Resuls from the modé assumig a constan contact
angle therefore overestimated during droplet spreading.
Using dynamc contad angk values gave much more accu-
rate results but both modek predictel larger values of con-
tad diamete than sea in experiments Similar measure-
mens ard calculatiors for droples with 1000 ppm surfactant
are sea in Fig. 9(c). The dynamt conta¢ angke modd pre-
dicted drople diamete evolution reasonalyl accuratef dur-
ing the entire impad processAssumirg a constamh contact
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FIG. 9. Evolution of calculate (lines) and measurd (symbolg spreal fac-
tors during impada of (a) pure wate droplet (b) 100 ppm surfactan solution,
ard (c) 1000 ppm surfactan solution.

angle howeve, made the mode overpredicté by up to 30%.

Using values of equilibrium, rathe than dynamic con-
tad angk was found to produe significar errors when mod-
eling drople impad in our experimentswhere impad veloc-
ity was low (1 m/s). Howeve, as impad velocity increases
droplé kinetic enegy will becone mudh larger than surface
enagy (i.e., Webe numbe will becone large), ard surface
tension and conta¢ angk effects will eventualy become
negligible A criteriato establi& conditiors unde which cap-
illary effects are negligible can be obtainal from a simple
enggy conservatio modé of drople spread Severa such
modek are availabk in the literature and have been reviewed
in detal by Bennet ard Poulikakos® The equatia derived
here is an extensim of tha develope by Chanda and
Avedisian®

Before impact the kinetic enagy (KE,) and surfa® en-
ergy (SE)) of a sphericadrople are given by

a

1
KE1=(§pVg)<6 Dg),ﬂ (6)
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FIG. 10. Predictel drople shap ard velocity distribution at (a) t=0.9 ms,
(b) t=15ms ard (¢c) t=2.4 ms.

SE,=7D3y.- (7)

After impact when the dropld is at its maximum extension
diamete D, the kinetic enegy is zeo ard the surface
enegy (SE,) is?®

aa
SEzzzDzmaxy(l—cos 6,) .~ (8)

The work dore in deformirg the droplg agains viscosiy is
approximately

W= fot fﬂd) dQ dt~¢Ot, - (9)

where ) is the volume of viscots fluid, t. is the time taken
for the drople to spread and ¢ is the viscous dissipation
function The magnitue of ¢ is estimated by
Ak
¢~M<T) .
where w is the liquid viscosity andL is a characteristic
lengh in the y direction Chanda and Avedisiarf assumd L
equasbthe spla thicknes h. Their result overestimate D,

values by up to 40% suggestig tha L is, in fact, smaller
than h. Therefore a more appropria¢ lengh scak to esti-

(10
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mate the magnituek of viscous dissipation may be the bound-
ary layer thicknes () at the solid—liquid interface. Figures
10(a)—10(c) shows calculatel dropleé shaps and velocity
profiles at three differert locatiors in an impactirg water
drop at three differert instans during drople spread Th-
ecalculatd value of §is approximately 0.1 mm, and does not i Vo‘
chang significantly with position or time while the dropld is

spreading.

We obtainel an analyticd expressia for the boundary
layer thicknes by assumiig that liquid motion in the droplet
can be representg by axisymmetre stagnatia point flow.
The streamfunctia (i) for potential flow outside the bound-
ary layer in such aflow is?°

l//: - Brzy!_'

where B is aconstantThe liquid velocity componebhnormal
to thewall V,=—2By; assumig V,=—V, a y=D,/2 gives
B=V,/Dy. With the free-strean velocity distribution de-
scribed by the streamfunctia of Eq. (11), a similarity solu-
tion for bounday layer flow can be obtained?® The boundary
layer thicknes is given by

(11)

=

W F=vq

D i

FIG. 11. Modd of dropld spreading.

whete the Reynold numbe Re=V,Dy/v. Substituting val-
ues of v, Dy, and V, from our experimers in Eq. (12) gives
6=0.09 mm, in goad agreemenwith predictiors from the
numerica modé [see Figs 10(a)—10(c)].

The time (t.) requira for a liquid dropld to read the
maximum spla diamete can be estimatel by assumig the
drop spread into acylindricd disk of diamete D ard thick-
nes h (Fig. 11). Liquid flows from the drop, shape like a
truncate spherginto the film throudh an area of diamete d
with velocity V. The velocity at the edge of the spla during
spreadig (Vg) is given by conservatia of mas to be

D 2
=220 a2 Ve T (13
JRe Vo 4Dh
TABLE |. Comparisa of measurd values of &, with predictiors from Eq. (18).
DO VO gmax gmax
Droplet/Surface (mm) (m/9 We- Re 6,° measured calculateeh Reference
Wate (SDS 0 ppm)/steeh 2.05 1.00- 27 2112+ 110~ 2.15 2.47 b
Wate (SDS 100 ppm)/steeh 2.0 1.00- 27~ 2112~ 110~ 2.16- 2.47 b
Wate (SDS 1000 ppm)/steeh 2.07~ 1.00-~ 28~ 2112~ 110~ 2.6 2.49 b
Water/beeswax 0.616~ 2.61~ 5% 2084 111~ 2.65- 2.7TF 1
Water/beeswax 0.776~ 3.2% 118~ 3298~ 111~ 3.18 3.25+ 1
Water/beeswax 0.888- 3.7 171- 4258~ 111~ 3.45- 3.55- 1
Water/beeswax 0.97% 4.00~ 219 5057 111~ 3.7% 3.75 1
Water/beeswax 1.053~ 4.28- 271 5833+ 111~ 3.91~ 3.94~ 1
Water/cellulog acetate 0.616~ 2.61~ 5% 2084 62~ 3.15+ 3.24~ 1
Water/cellulog acetate 0.776- 3.2%- 118~ 3298~ 62— 3.56~ 3.64 1
Water/cellulos acetate 0.888+ 3.7~ 171~ 4258~ 62- 3.8 3.8%~ 1
Water/cellulos acetate 0.97% 4.00~ 21% 5057 62— 410~ 4.08~ 1
Water/cellulos acetate: 1.053~ 4.28- 271~ 5833~ 62— 4.24 4.23 1
Water/glass 0.616~ 2.61~ 5% 2084 27~ 3.4F 3.5~ 1
Water/glass 0.776- 3.29~ 118~ 3298+ 27~ 4.07~ 3.90~ 1
Water/glass 0.888+ 3.7~ 171~ 4258~ 27~ 4.20-~ 4.1 1
Water/glass 0.97% 4.00- 219 5057 27~ 4.30- 4.27 1
Water/glass 1.053- 4.28~ 271~ 5833+ 27~ 4.40-~ 4.42- 1
Heptane/stainlessteeh 1.50~ 0.93- 43~ 2300~ 20~ 4.00- 3.8 3
Paraffin wax/aluminum 2.9% 0.50~ 26~ 213~ 140 2.20- 1.75~ 30
Paraffin wax/aluminumn 2.9% 1.00~ 102 427~ 140~ 2.50~ 2.13 30
Paraffin wax/aluminum 2.99 1.50- 230~ 641~ 140 2.60- 2.41- 30
Paraffin wax/aluminum 2.99%- 2.00~ 410~ 854~ 140~ 2.70~ 2.6 30
Paraffn wax/aluminunn 2.9%- 2.50- 641 1067 140~ 3.00- 2.80- 30
Tin/Al,04 2.70~ 3.70~ 447 35339+ 1402 5.43 5.56- 5
Tin/Al ,O4 2.40~ 3.70~ 398~ 31412 140 4.96~ 5.36~ 5
Tin/Al,0, 2.10~ 3.70~ 348~ 27 486~ 1402 4.50~ 5.10~ 5
Tin/stainles steeh 2.40~ 243 170~ 20 565~ 140 3.8 4.26~ 5
Zinc/stainles steeh 3.70- 3.13 305~ 23687~ 140 5.34 4.90- 5
@Assumel value.
bPresenhwork.
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The spla thicknes (h) after impad can be calculatel by
equatimg the volume of a spherica dropld with diamete D,
to tha of a cylinder with height h and diamete D, giving

A 2D3
~3D2,

max

(14)

d varies betwe@ 0 ard D during dropldé impact Assuming
an averag value d~D /2 and combinirg Eqgs (13) ard (14),
gives
dD 3 D21
9t 2V""16Y0 D, b a3

Integratirg Eq. (15) gives an expansia for the evolution of
spla diamete (D):

D _ B
—‘/g -

D max

(16)

From Eq. (16), the dimensionlestime requirad for the drop-
let to read its maximum extert (D=D,,,,) ist¥= & ard is
independenof impad velocity. Inspectim of Figs 9(a)—9(c)
confirms that this estimae agrees reasonalyl well with ex-
periments.

The enegy lost to viscous dissipatian can be estimated
by substitutig Egs (10) ard (12) in Eq. (9), assumig that
L=6,t.=(8Dy)/(38V,), ad Q==D2 .84, giving

W= = pV2D,D? L 1
= 3P oYo max\/R—e'_' (17)
Usingm thes enegy- conservation condition,

KE;+SE=SE,+W, ard combinirg Egs (6), (7), (8), and
(17), we obtain asimple expressia for the maximum spread
factor:

D max \/ We+ 12 8
fma™"p 3(1—cos 6,) + 4(We/ JRe) (18
The accurag of predictiors from Eq. (18) was testel by
comparisa with experimenthmeasuremestfor a variety of
dropleg—surfae combinations over a wide range of Weber
numbe (26<We<641) armd Reynold numbe (213<Re
<35 339 values Theresuls are given in Table |. Agreement
betwea predictel ard measurd values was good the error
being less than 15% in mog casesDiscrepancie were larg-
ed at low Re, when the assumptia of a thin bounday layer
was nho longe valid.

The magnitue of the temm (1—cos#é,) in Eqg. (18) can
be at most 2. If We/\/R—e islarge in comparisonthe value of
the conta¢ angk will haw little effect on &, We may
therefoe negled capillaly effects when modelirg dropld im-
pad if

Wes>Re A (19)
If also We>12, Eq. (18) reducs to
Emax—=05 R~ (20

Previows analyse$®® of drople impad with We—o have
shown ¢, to be proportiond to Re?, where a is aconstant,
with values rangirg from 0.167 to 0.2.
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V. CONCLUSIONS

We studied the influence of surfae tension and contact
angk on the impad dynamic of a wate droplé falling onto
aflat stainles steé surface using both experimerd and nu-
mericd modeling The principd findings were the following.

Compariso of compute generatd images with photo-
grapls showa tha the numericd analyss accuratel pre-
dicts droplda shape during deformation.

Adding surfactam did not affect drople spreadig sig-
nificantly; howeve, it changd dropld shag during recoil.
This phenomenonobserve both in numericd simulations
ard experimentswas attributed to inertia dominatirg droplet
sprea and capillaly forces dominatirg drople recoil.

Equilibrium conta¢ angles were reduce by surfactant
addition Howeve, measurd advanciig contat¢ angles did
nat vary significantly with surfactaih concentration.

The surfactaih did not appea to redu@ dynamt surface
tension Using a constah value of surfa@ tensio in the
mode| equa to tha of pure wate, gawe resuls tha best
agree with experimenthobservations.

When dynamt conta¢ angk values were usel in the
numerich mode| accura¢ predictiors were obtainal for
drople diamete during spreadig and at equilibrium The
modéd overpredictd drople diametes during recoil.

When the conta¢ angke was assumd constantequa to
the measurd equilibrium valug modd predictiors were less
accurate The discrepang betwe@ resuls obtainal using
constaband dynamt contad angles was leag for pure water
drops whete the equilibrium and advancig conta¢ angle
had values close to ead othe.

A simple analyticd expressia was developé to esti-
mate the maximum sprea of a dropld on asurface Predic-
tions from this modéd were shown to be in goad agreement
with the experimenth measuremest for a variety of
dropldg—surfa@ combinationsover a large range of We and
Re.

Capillawy effects can be neglectd during drople impact
if We>\Re.
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