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Imaging the high-speed impact of microdrop on solid surface
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An experimental setup that images the high-speed impact of a microdrop onto solid surfaces is
described. The drop generation system provides a stream of monosized microdrops having diameter
near 100um and the velocity around 10 m/s. The drop train is manipulated to deliver a single drop
onto a solid target by selective charging and deflection. The images of drop spreading at different
times are obtained by the double-flash photography technique. Representative experimental results
are given with the estimation error of time elapsed after impact belps. 3n addition, it is shown

that drop impact kinematics can be adopted to estimate the time in the very early stages of drop
spreading. Such drop delivery and optical imaging system can be used to study the fuel spray
behavior in internal combustion engines and molten microdrop deposition process in droplet-based
manufacturing. ©2003 American Institute of Physic§DOI: 10.1063/1.1614860

I. INTRODUCTION too rapid to be seen by either naked eyes or ordinary CCD
cameras operated at the speed of 30 frames per second. The
Impact of a liquid drop on a solid surface has been theime scale of inertia-controlled drop spreadingcan be es-
subject of intensive study for more than a cenﬁJTyle fluid timated by 7=D/U. Supposing that a syringe generates a
dynamic behavior associated with drop impact, e.g., dropjrop of 2 mm diameter, 30 cm above a solid target, the
base diameter eVOlUtion, is determined by the impaCt VelOCi'rnpact Ve|ocity iS approximately 2.4 m/s neg|ecting air re-
ity, the original drop diameter, the surface tension, the vissistance. Then the impact process takes place within about 1
cosity, and interfacial parameters such as contact angle angs. To obtain the temporal evolution of physical parameters,
slip length? When the effects of the interfacial parametersgch as the base diameter or height, during spreading, the
are neglected in the inertia-dominating spreading stage, th%mporal resolution of the imaging technique should be
fluid dynamic behavior is determined by the Weber numbety, ,ch |ess than. In the aforementioned case, the imaging
and ghe Reynolds number, defined, respectively, as Wgystem should be able to capture the process with the reso-
=pU"D/o and Re=pUD/u. Herep, o, and u denote the | sion of 100 us or so. Such a high temporal resolution can
drop density, the surface tension, and the viscosity, respegjg achieved by commercial high speed cameras which can be

tively, D is the drop diameter and is the impact velocity. If operated as fast as over 40 000 frames per setbntithey

heat transfgr is |nvolved in addition to fluid dynamics, rel- usually suffer from poor image quality as well as short re-
evant nondimensional parameters such as the Prandtl numb&grding period

and solid-liquid property ratios are added. Furthermore,

thr:jthti phsaés? chang(le) of a grgp accompﬁni?s, one Sthoqmlestigate the impact process with a greatdmy using a
include the Stetan number and drop superneat parameter 'Qrger drop or reducing the drop velocity. Then the drop im-

the group of relevant parameters. When multiple dimension- . : . .
. : ..pact process can be imaged with a high speed video camera
less parameters affect the drop impact behavior, a specific .
: o ) -~ funning at the speed of the order of 1000 frames per setond.
experimental condition can hardly be generalized by virtu

of the similarity argument. Therefore, in order to understanin addition to high speed video system, the stroboscope or an

- o . .arc lamp with an ultrashort flash duration enables one to

the thermal or fluid-dynamic impact behavior of a certain . . . . .

" N . capture sharp images of rapidly moving objects at prespeci-
condition, it is inevitable to perform experiments corre-

sponding to the specific impact conditions, fied instances.l In drop impfa\ct studies using this technique,
The understanding of liquid drop impact comes rnainlyusually an optical sensor, sm_Jated between a o_lrop generf':ltor

from observing drop morphology evolution during its inter- apd a targgt, detects a traveling drop and provides glectrlcal

action with a solid target. Unless a highly viscous drop isSlgnal to trigger the flast? or camera shuttératter a given

; ; lay time. One can reconstruct the drop impact process by
ently placed on a solid, drop impact phenomena are usuall els ) ) : ! )
genty p pimpactp aking multiple pictures of different drops while varying the

time delay based on the assumption that the drop impact

aAuthor to whom correspondence should be addressed; electronic maif?onditions are reproduced exactly. When using a |a|_'ge drop
kdmin@snu.ac.kr in experiments, however, the reproducibility of experimental

The difficulty can be circumvented in two ways. One can
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TABLE I. Typical impact conditions experimentally investigated to date.

Reference Liquid D (mm) U (m/s)
. e . Delay generator | [Delay generator N Wuler Stoply
4 water, ink, silicone oil 2.8-3.5 0.77-3.47 | A H B || Transformer |
5 n-heptane 15 0.93 e
6 water 5.5 2.4-4.0
7 water 2.7 1.58-4.53 et
8 water, glycerin, silicone oil 1.2-4.9 0.78-4.1 o
12 molten solder 0.08 15
24 water 0.45 2.7
26 water 23 0.63-2.20
Accumulator High
Pressure Air
] ™=
CCD Camera

conditions is in serious doubt especially because the drop it
not spherical at impact due to its oscillatidiOn the other
hand, when the drop size is in submillimeter scales, the drog °
rapidly recovers the spherical shape after a few oscillation °
periods upon exiting the drop generator nozzle. The refine- °
o
(]

ment to the flash photography can be devised by executing

multiple exposure for a CCD caméralthough the images of ! E 3

the spreading drop are overlapped in one image. Using the ®)

'maging tgchnlgues surveyed above.’ the impact dynamics qifIG. 1. (a) Schematic of experimental apparat(ts;drop images at regions
drops having diameters from approximately 300 t0 4 mm | and 111 as designated ife).

and velocities on the order of 1 m/s have been imaged so far.
This experimental range covers natural processes such as
raindrops hitting a windowpane and industrial processes suci¢ferred to as drop-on-demand. However, the drop-on-
as solder jet bumpingSome typical experimental conditions deémand method typically produces a drop having a low ve-
employed so far are listed in Table I. locity (around 1 m/s*? To produce a microdrop with a large
In this work, we aim to provide an experimental appara_traveling speed, a c.on_tinl_JOl_Js liquid jet should be ejected
tus and technique for a microdr¢@(D) = 10— 100xm] im- from a nozzle. A liquid jet is inherently unstable under cap-
pacting on a solid surface with a high velocifd(U) illary action and this phenomenon is commonly called the
—10m/g. This experimental condition is of great practical Rayleigh instability® If a periodic disturbance is given to
importance since it can simulate a fuel spray impacting orthe jet, it is broken up into a train of drops of identical size
diesel or spark-ignited engine waflsor a rapid prototyping and velocity. This method of drop generation is referred to as
process using molten metal microdrdpsAs mentioned the continuous-jet mode and has been exploited for various
above, the rigorous experimental understanding of such @pplications such as inkjet printird, solder ball
process involving both fluid dynamics and heat transfer calﬁ’rOdUCt'O”%S_ and free-form fabricatior’ o o
only be obtained by realizing the exact impact conditions. Ve fabricate a microdrop generator consisting of a liquid
However, no experimental studies have been reported of tHehamber, piezoelectric vibration unit, and an orifice. A sche-
high-speed impact of microdrops thus far, and here wdnatic of the setup is shown in Fig. 1. The liquid chamber is
present the imaging results of such impact conditions. Théupplied with distilled water pressurized by air. The liquid is
experimental setup constructed in this work consists of &/ected through a ruby orifice whose diameter can vary be-
device to provide a single microdrop having a high impacttween about 1qum and 2 mm(Bird Precision, and is given
speed and an imaging system with the temporal resolution ¢t periodic forcing by the piezoelectric vibrator. The vibrator
less than 1Qus. In the following we describe the develop- 1S dri.ven by an alternate current amplifier connected to a
ment of those experimental systems consisting of microdrofnction generator(Stanford Research Systems DS-B45
generator/manipulator and high-speed photography setu Vhen the jet radius ia and.the undulation on thg liquid jet
Then we present representative experimental results obtaind@s the wavelength, the diameter of the resulting drdp

by using the described system. becomeD = (6a°\)*3 by volume conservation is related

to the jet velocity,v;, and vibration frequencyf, as A
1. GENERATION AND MANIPULATION OF =v;/f. Figure 1 includes the image of microdrops emerging
MICRODROPS from a continuous water jet.

For the microdrop generator to serve the purpose of the
single drop impact study, the drop stream should be manipu-

We develop a microdrop-generation system which delivdated to deliver only a single drop onto a target. We isolate a
ers a single microdrop with a high velocity onto a solid tar-single drop by electrically deflecting the drop stream except
get. A single drop with a diameter of approximately 1@  only one drop. This is similar to a scheme of flow cytometry
can be produced by ejecting a small liquid mass through @& which an optical system detects a specific biological sub-
micronozzle. The ejection can be realized by pressurizing atance contained in drops generated by continuous-jet mode
liquid chamber instantaneously with a thermal bubble or pi-and those drops are selectively deflected to be separated from
ezoelectric membrane, and this mode of drop generation ithe other drops® In our experiments, we deflect all the drops

A. Apparatus
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into a gutter except a single drop which is allowed to fall 20
straight onto a target. To this end, the charging and deflecting 18l A
apparatus are situated beneath the orifice as shown in Fig. 1.
The charging ring connected to the high-voltage power sup- 16} 1
ply induces electrical charge on drops and those drops are __ jal |
veered off the straight path by the deflection plates. Unlike E
the deflection plates where the constant electric field is main- = 12¢ 8
tained throughout the experiment, the charging ring is con- &
nected to a circuit that grounds the ring for a short time on i or )
demand. A microdrop which forms from the liquid jet during j Bf -
the shutoff period is not charged and thus travels straight §
unaffected by the deflecting field downstream. This micro- © 8 il
drop collides with the target and we image its collision al _
behavior. —— Weber’s theory
2r O  Experment .
a . ; . .
o 5 10 15 20 25
B. Analysis Jet velocity (m/s)

To effectively induce electrical charge on drops, it is
important to place the charging ring at the jet breakup loca-
tion. The jet breakup lengtH,, is the distance from the
orifice where the initial disturbance sets in, to the breakupnodeled the liquid column and the surrounding charging ring
location. It corresponds to the traveling distance of the liquidas concentric cylindrical capacitors, and obtained the electri-
jet for the timet* until the magnitude of the disturbance cal chargeQ per unit mass:
grows to equal the jet radius Therefore,a andt* are re-
lated as, under the linear stability assumptién: Q_ 27&Ve

m  palin(r./a)’

a= noexpqt*), D o
. . o wherem denotes the drop mass, the permittivity of free
wherez; is the magnitude of the initial disturbance apthe  space),, the charging voltage, ang the inner radius of the
growth rate of the disturbance of the waveleng.. Using  charging ring. Charged drops are veered off the original

FIG. 2. Variation of jet breakup length with jet velocity.

4

lj=v;t*, we get straight path due to the electric field in the deflection region.
v The drop trajectory is obtained by considering forces acting
Ij=—’In(a/ Mo)- (2 on the drop, i.e., gravity, air drag, and the electrostatic force.
q The equation of motion thus becomes
It is practically impossible to know the value @t a priori, d _
which is supposed to be infinitesimal. Hence, we experimen- ma =mg+Fp+QE, 5)

tally determine its value, or la(7) for vj=5.35m/s anch - -
=50um. The growth rateq is predicted from the linear wherev is the drop velocity vectot, the time,g the gravi-

stability theory. Weber’s theot§ givesq as: tational accelerationfp the drag force, andE the electric
5 3 field whose magnitude is given liy=V,/s, V4 ands being

92+ 3ué q= e (1- &%) 82+ Upaé®Ko(£) 3 the deflection voltage and the spacing between the deflection
pa’ 2pa® 2a%pK (&) ' plates, respectively. The drag fordg, is written asFp

i . . . i =Cppav?Al2, whereCyp, is the drag coefficient and the
where is the drop viscosityi=2ma/\, p, the air density,  ¢rgss-sectional area of the drop. Oreteal 2° used the drag
andK, the modified Bessel function of the second kind, of - fficient for a single sphere to solve E8), but in reality,

ordern. The value ofA is given byv; andf, thus§¢andgare  {he grops move in an aligned train thus experience less drag
determined in sequence. Then measuiingields the value  han an isolated drop. Therefore, we use the drag coefficient
of In(a/7,)=8300 for the condition tested. To test the gener-given by Mulhollandet al! for the monodisperse droplet

ality of this value, we measure for different experimental  gtream. Their model proposes the drag coeffic@gtfor a
conditions and compare them with theoretical predictions irbrop traveling in a drop stream with the uniform spaciag
Fig. 2. We find that regardless of the jet velocity variation, 54

the constant value of Ia(7) can be employed to estimate
. [Co(Rep,Is/D)] P=[Cp(Rey ,I5/D)] P

The degree of drop stream deflection determines the lo- w _
cation of the gutter. It is dependent on the electrical charge *[Co(Rep)] ™", ©)
induced on each drop and the strength of electrical field iwhere Rg is defined as Re=UD/v, with v, being the air’s
the deflection region. The net electrical charge on a drop ikinematic viscosity, the empirical constapt=0.678,CJ is
assumed to be identical to the electrical charge induced othe asymptotic value o asls/D— 1, andCy is the drag
the surface of a liquid column of length Schneideet all®  coefficient for an isolated drom:g is written as
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sharply frozen images of moving drops, a flash with a short
duration should be triggered at a specified moment. As the
drop size reduces to the order of 1@ and the drop ve-
locity reaches over 10 m/s, optical means to detect the drop
for triggering often fails. Therefore, we synchronize the
charging circuit with two stroboscopes, so that the strobes
are triggered with a given delay by a signal grounding the
charging ring for a short period. Two lamps are used to ac-
quire the drop spreading image and also to measure the time
elapsed after impact.

Hatta et al?® and Fujimotoet al?* used such double
flashes to capture drop spreading images. Hetttl. used a
rotating disk with a slit to separate a drop from a stream of
drops but no actual images are shown in their wdrk.
Fujimotoet al. utilized essentially the same apparatus as Ref.
23 but they separated three successive drops from a drop
stream to image the successive drop collision. Those studies
suffered from the poor reproducibility of drop impact condi-
tions due to air flow caused by the rotating disk. On the other
hand, our drop delivery system exhibits an excellent repro-
ducibility of impact conditions as discussed below.

A schematic of the imaging setup used in our study is
included in Fig. 1. The imaging system consists of a CCD
camera(PCO Pixelfly; 1281024 pixels, two delay gen-
erators(Stanford Research Systems DG-h3&nd two stro-
boscopegSeolim DX-525. As shown in Fig. 1, delay gen-
erator A sends a signal to a power circuit upon manual
command to shut off the charging for a short period. Delay
generator A opens the shutter of the CCD camera after a
delay time,;, during which the drop approaches the target.

|24

FIG. 3. Drag coefficient and deflection distance of traveling drop stream. InVhile the camera shutter is kept open, delay generator B
the experimentsD =300um, U=5.35m/s, and,/D=2.3.(a) Drag coef-  sparks the first strobe before the drop hits the target. After a
ficient for iSP'?tgdddgf‘Ichzgg gfot‘;ﬁéfa@r)hg(ﬁ?faﬂff;g S;m“:::;i ?gd Itdelay time,r,, the second strobe is sparked by delay gen-
I?:-:‘esal?:trv(\e/ce(g::ir?e predicted deﬂiction Sél-istances f?)rsisolatej drgp and Witsrl:otﬁra_tor B. Then the camera ShUt_ter I_S Closed_by a software in
air drag, and agrees well with the experimental results. which the CCD exposure duration is prescribed. By repeat-
ing the above procedure while changing, which is set to
capture the drop image after impact, a sequence of drop im-
ages can be reconstructed. Each photograph of the CCD
camera, digitally acquired by a personal computer equipped
with a frame grabber, contains two images of the same drop
at different moments, each corresponding to the moment be-
fore and after impact. With the drop velocity known, the
distance between the preimpact drop and the target surface,

CY(Rep,ls/D)=CY (Rey) +eRe; (/D —1), (7)

where the empirical constamt=43.0 andcg is the drag
coefficient when I¢/D=1 expressed by[C‘E),/(Reb)]‘p
=[Ciod(Rep)] P—[C5(Rep)]P. C,oq is the drag coefficient
for an infinitely long cylinder andCy; is given by?

6 21 L, allows one to calculate the time taken for the drop to
Cp=0.28+ —5+ Re." (8  travel until impact,73=_L/U. Then 7,=7,— 73 is the time
RE% ® elapsed after impact when the second drop image is taken.

The location of the charged drop is obtained by numericallyHeére we emphasize that the elapsed time after impact is ob-
integrating Eq.(5) and the result is compared with the ex- tained only by using each image that contains two drop im-
perimental measurements in Fig. 3. The figure also includedges before and after impact, without resorting to informa-

the results using the isolated drop model which overestition of the drop delivery process.
mates the drag force. Since the high-speed impact of small drops occurs

within a very short time, a high degree of reproducibility is
required to capture the images with sufficiently high tempo-
ral accuracy and resolution. Therefore, we measure the drop
Since the microdrops delivered through the abovediameter and impact velocity to test the reproducibility of

scheme spreads very rapidly upon impacting on a solid sudrop impact conditions provided by our drop generator. The
face with high speed, we reconstruct a sequence of dropnpact velocity is measured by taking two images of the
spreading by taking photographs of drops having identicakame drop both before impact in one frame as shown in Fig.
impact conditions at different times after impact. To obtain4. The impact velocity is calculated based on the prespecified

IIl. DOUBLE-FLASH DIGITAL PHOTOGRAPHY
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Q R

4

1.50 mm

FIG. 4. Microdrop images used for measurement of impact veldcige

I). The images are of the same drop taken at different moments and the drop
travels downward. The bottom-most drop image is the reflection from theFIG. 5. Drop images to enable the estimation of drop impact moment. The
solid surface. drop impact conditions correspond to case |I.

delay time and the measured distance between the drop infaus its effect on the velocity measurement error is below

ages. Table Il shows the measurement results in typical runk 6%. Therefore, the error associated with estimating the mo-

using the orifice of 10gm diameter. Both the drop diameter MeNt of impact is evaluated tgsbe less than @sbconsider-
the error propagatiof? us)“> and flash duratioribelow

and impact velocity are reproduced within a few per cents of"9

standard deviation when at least 15 images are analyzed fgr2 #)- Therefore, the maximum error associated with de-
each condition. termining the time at which the second drop image is taken is

The temporal error of the current imaging system is de_pelow 5us. The magnitude of error is not negligible for the

termined by such factors as the precision of time delays ged_mpact condition considered especially in the initial spread-

erated by the delay generators, the strobe flash durations afff Stages. The error can be significantly reduced by using

the prediction accuracy of drop impact moment. The preCi_lamps with shorter flash duration and by increasing number

sion of delay is within 50 ps according to the manufacturerOf Pixels corresponding to the drop travel distance. The cur-

We measure the strobe flash duration by sparking the flagifnt State-of-the-art of xenon flash lamp achieved the flash

and subsequently opening the camera shutter with a set iluration of 0.15us; and its use can reduce the error to less

terval using the delay generator. When the interval reache®an 2-3us. In addition to the methods described so far, the

1.5 us, the image taken by the camera is completely dargime (_alapsed e_xfter im_pact can be es_timateq by resqrting to the
while the image is brightly saturated when the interval is 1Qrop impact kinematics. A further discussion of this method

us. Therefore, we find that the maximum flash duration ofS 9iven below.

each strobe is less than 1u6. The accuracy of the hitting

moment estimation is dependent on the measurement errofé. EXPERIMENTAL RESULTS

T 0 . 7S SECion, e resen th represeative experimen
.' : . Sal results obtained by the microdrop generation and imaging

fore impact and the target surface is 480 pixels, or 1.50 mmSystem discussed above. Figure 6 shows the images of a

for the image shown in Fig. 5 and the measurement error '§vater drop of 26Qum diameter impinging on a polycarbon-
estimated to ber1 pixel (=0.21%. The distance a drop P pinging poly

. : . ate surface with the impact velocity of 15.0 m/s. The time
travels during a single strobe flash is less than 0.024 mm A . S
Scale of inertial spreading period, is about 17us for the
current impact condition. The drop is shown to rapidly col-
TABLE Il. Drop impact conditions. Std. denotes the standard deviation. |apse into a thin disk of approximately 4ém thickness for
b std. of D U std. ofU about _30,us after impact. Upon_ reaching the_ maximum
Case (um) inpm (%) (M inmis(%)  We Re spreading degree, the drop recoils due to capillarity while
increasing the disk thickness. After about 40§, the center
I'I 213 3.41.7 8.0 0.131.6 190 1700 of the recoiling drop rises resembling a dome. The dome
60 451.7) 15.0 0.312.) 810 3900 . . . ; . . .
M 234 8.33.5 16.2 0.211.3 860 3800 rises with the increase of its volume while the fringe layer is
drawn inward. Beyond 60@s, the contact area is kept con-
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3ps FIG. 8. Comparison of dimensionless drop base diameter evolutions for

760 ps different impact conditions.

= 29ps

851 ps can be resorted to for confirming the time estimation. Ac-
. cording to Riobocet al.® the drop impact process consists of
19 Hs 1134 ps the kinematic phase and the subsequent spreading phase. The
kinematic phase, corresponding to the very early stage of
FG.6. S i ¢ microdron imbacting on bolvearbonate surf impact, is characterized by the absence of peripheral lamella.
with high speed. n the image before impact, the botiom drop image is thi2UINJ this phase, the information of drop bottom contacting
reflection of the upper. The drop impact conditions correspond to case II. @ SOlid surface yet propagates to the top and the liquid near
the contact area is compressed. Hence the drop collapse

stant although the oscillation of the top surface continue§peed is the same as the impact velocity. The second image

even after 1 ms. The overall morphology evolution exhibits a'" Fig. 6 shows such drop configuration in which the drop

similar trend to that of macrosized drops except that the curdPpears as a truncated sphere without lamella ejection. The

rent process takes place within a very short period of timeMmeasurement of the drop height reveals the time elapsed af-

Figure 7 shows the spreading diameter evolution with time le7 Impact to be 1.Jus based on kinematics. A close look at

The relative accuracy of time estimation improves as théhe Same image furéher showgl thatr? Vzgue Lmage of_l]ﬁmglla
time increases since the magnitude of error is constant. How?€Ction IS captured surrounding the drop bottom. This s
ever, in the very early stage of impingement, the error is noFupposed to be the event occurring while the lamp flashes for

negligible compared with the estimated time. In this time ess Fhan 1'_5“5' Combining these observat_lons, we find that
the kinematic phase lasts at least Lslupon impact and that

the lamella starts to be ejected, i.e., the spreading phase en-
sues, in less than 2.&s upon impact.

The third and fourth images exhibit the typical lamella
ejection in the spreading phase. Reference 6 found that the
drop collapse speed is almost the same as the original impact
speed even after the kinematic phase until the time reaches
72, and it corresponds to 8% in our case. Then measuring
5. the drop height reduction again gives the time elapsed after
N B ] impact. Thus obtained times for the third and the fourth im-

’ (%«f@ ages are 3.9 and 7,3s, respectively. We find these values
400 @%{ ] are very close t<_) the tlmes inferred from measuring the drop
X & @op e ® s location before |mpapt imaged by.<IjuaI flash. _
The effects of impact conditions on the microdrop

m‘ range, another method based on the physics of drop impact

1200
1000 -

800 ¢

600

Drop base diameter (um)

2001 ! spreading behavior are investigated by measuring the images
obtained using the conditions listed in Table Il. The evolu-
0, w0 a0 e E 1000 1200 j[ion.of the_ spreading dia_metgh(t) is p.Iotted with the timet
Time (u5) in dimensionless forms in Fig. 8. It is found that the drops

with high impact speed&ases Il and Il spread more than
FIG. 7. Evolution of dimensional drop base diameter with time for case 1l.one with low impact speedsase ), which is consistent with
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¥
by experiments. M

the results of previous studies. In addition, the spreading ® & i

phase is prolonged as the Weber number increases, thus tB@. 10. sequential images of microdrop hitting a hot aluminum surface.
dimensionless time at which the maximum spreading degreeriginal drop diameter is 23&m and the impact velocity is 10 m/s. The

is reached increases as the drop spreads more. We Compgp@erical drop image above the surface gnd the spreading film are of the
the maximum spreading degrees measured in the current eS&™e drop- The solid surface temperatur@)s 50, (b) 200, andcc) 300 °C.
periments with the model of Ref. 7. The model is based on
the assumption that the initial kinetic and surface energy of 00
drop is converted into viscous dissipation and the surfac%ro
energy of the drop at the maximum spread state. The maxin
mum spread facto=D,,/D, whereD,, is the maximum
diameter of the drop base, is the solution of the following

°C. Figure 10 shows those images. It is noticed that the
p behavior is different for varying target temperature.
en the target temperature is 150 °C, localized boiling oc-
curs before 30Qus to form a growing thermal bubble out of
the spread film. The formation and bursting of bubbles con-

equation: tinue until the surface is completely dried out. Such forma-
1 WeP-83 We 2 tion of bubbles out of the liquid film has not been reported in
Z(l—cosﬁ)+0.2m £ 13 T1/é+3=0. (9  milimeter-sized drops impacting on hot surfacé8-28 As

the target temperature is raised to 200 °C, boiling gets so

Figure 9 compares the experimental results with the modelvigorous that the entire film is affected. Vigorous boiling

ing. The predictions are in fairly good agreement with theresults in the emission of tiny droplets vertically upward and

measurements, which confirms that E§) provides ad- the emitted droplets evaporate in the air without touching the

equate estimation of the maximum spread factor for highhot surface. When the target temperature reaches 300 °C,

speed impact of microdrops. However, it is noteworthy thatwhich is above the Leidenfrost temperat@2g7 °Q of wa-

our experimental results indicate that the maximum spreater, the spread film is lifted above the surface due to rapid

factor for case Il having a higher Weber number is greatevapor film formation underneath the drop. Then the lifted

than that of case Il although the modeling predicts almosfilm disintegrates into small droplets, which are larger than

identical values. It implies that the Weber number plays moréghe droplets emitted at 200 °C. The droplet ejection is in

important roles than the modeling assumes in this regime dfadial direction rather than upward as seen in the case of

drop impact. Further theoretical elaboration is called for t0200 °C. The droplets have longer lifetime than those from

explain this observation. impact at 200 °C due to their greater size. Although the va-
In addition to the experiments using a solid target atporization process is different depending on target tempera-

room temperature, we image the microdrop impact behavioture, the high-speed images reveal that the initial spreading

onto a heated target. As discussed above, when heat transiipges are identical to those from impact on room-

is involved in the impact process, the number of similaritytemperature surface.

variables increases thus extending the macroscale experi-

mental results to microscale phenomena is impractical. In the

experiments, a heated aluminum plate, whose root mean

square(rms) surface roughness is below Quin, is used as a ACKNOWLEDGMENT

target. Images of water drops with the diameter of 236
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