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Abstract

This study is concerned with the deformation behaviors of two droplets impinging successively onto a solid. Photographic means is used to
understand the physics of the interaction phenomena between the two droplets. Water droplets of diameters between 0.39 and 0.65 mm with
impact velocities ranging from 2.0 to 5.0 m/s are examined. The temperature of the solid surface is set at 25, 300 and 500 °C. The effects of
solid surface temperature, droplet impact velocity and time interval between successive discharges on the collision behavior of the two successive

impinging droplets are studied.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Spray jet impingement on solid substrates occurs in various
industrial and environmental applications. The collision of a
single droplet with a solid has been studied both empirically
and theoretically as fundamental research in such applications
[1-7]. A comprehensive review of related studies has recently
been given by Yarin [8]. It has been reported that the deforma-
tion behavior of a single droplet impinging on a solid is influ-
enced by many factors, such as impact velocity and pre-impact
diameter of droplet, liquid viscosity, surface tension, wettability
between liquid and solid surface, liquid and solid temperatures,
roughness of solid surface, impact angle, etc. Among them, the
Weber number associated with the impact energy of droplet and
the solid substrate temperature play a key role.

The results obtained in the prior studies are very interesting
from the aspects of fluid dynamics. The collision of a single
droplet with a solid is, however, too ideal. In actual spray jets,
there are numerous droplets randomly impinging onto a solid
surface. Since the number density of droplets is relatively large
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in the vicinity of the solid surface, interactions (collisions) be-
tween droplets occur frequently. The physics of the phenomena
is certainly more complicated in nature than the collision of a
single droplet.

There are several studies published in the literature on the
collision of multiple droplets with a solid. Yarin and Weiss [9]
examined the successive impact of liquid drops onto a solid sur-
face by using a CCD camera. Fujimoto et al. [10] studied the
collision of a droplet with a static hemispherical droplet on a
solid theoretically as well as experimentally. They also inves-
tigated the collision of two successive droplets with a solid at
room temperature by means of numerical simulations [11] and
photographic observations [12]. In [12], the effects of the dis-
tance between the two droplets on the collision behavior were
examined with the droplet Weber number at around 50. After-
ward, the collision of two successive droplets with a hot solid
was investigated experimentally [13] under the conditions that
the droplet Weber number was close to 100 and the temper-
ature of the solid surface at 120, 300 and 500 °C. Karl and
Frohn [14] studied the collision of a stream of droplets with
a hot solid. Their experiments were carried out under the con-
ditions of relatively low Weber numbers. Despite these prior
studies, the interaction phenomena of droplets remain unclear.
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Nomenclature
dp pre-impact diameter of droplet ............... m
[ distance traveled by a droplet during a small time
interval ........ .. . m
v impact velocity of droplet................ ms~!

We ‘Weber number

Greek letters

AL spacing between two droplets............... mm
At timeinterval ........... ... ... ol L. S

P density ......ooviiiiiii kgm™3
o surfacetension ......................... Nm~!
T dimensionless time

Subscripts

1 leading droplet

2 trailing droplet

All other symbols are defined where they appear

This study is concerned with the impingement of two suc-
cessive droplets onto a solid. Photographic observations were
performed where two water droplets impact coaxially onto a
solid substrate at various temperatures. The pre-impact droplet
diameter varies between 0.39 and 0.65 mm, and the droplet
impact velocity ranges from 2.0 to 5.0 m/s. The surface tem-
perature is set at 25, 300, and 500 °C. The effects of the Weber
number, the temperature of the solid surface and the spacing
between the two droplets on the collision dynamics were inves-
tigated in detail.

2. Experimental procedure

Fig. 1 depicts a schematic of the experimental apparatus used
in the present study. The setup is similar to the one used in a
previous study on the collision of successive droplets with a
surface. A brief description of the experiment setup is given
here; details can be obtained from [13].

Distilled water at room temperature is issued from a round
nozzle with a vibrator in the form of a stream of droplets with
uniform diameter and velocity. A rotating disk with a slit is used
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Fig. 1. Schematic of experimental setup.

to control the number of droplets impinging onto the substrate
underneath.

A circular optical glass disk, 5 mm thick, 30 mm in diameter,
is used as the test surface for the experiments at room tem-
perature. Since the disk is produced for the purpose of optical
experiments, it has an extremely smooth surface. The irreg-
ularity of the surface profile is within 100 nm (specified by
manufacturer). For experiments at higher temperatures, Inconel
625 is used instead since the optical glass is fragile to ther-
mal stresses. The test piece is a 6 mm thick disk, 28 mm in
diameter. It is composed of a 1 mm thick Inconel 625 layer
bonded to a 5 mm thick nickel-based alloy layer. The test piece
is firmly mounted to the metal base. The 5 mm thick nickel-
alloy layer enables the Inconel layer to remain rigid during
the experiments. The mean surface roughness of the Inconel
alloy is confirmed to be within 0.3 um with its surface tem-
perature maintained at a preset value by thermocouples and a
temperature controller that regulates the voltage of the elec-
tric heater. The variation of the surface temperature is, however,
observed to be within 10 °C of the preset value during the ex-
periments.

The deformation process of droplets impacting successively
on the solid is investigated by using a digital video camera
equipped with a macro lens which has an effective resolution
of 720 x 480 pixels. Since the time scale of the droplet col-
lision process is very small (less than 1 ms) compared to the
frame rate of the video camera (=1/30 s), the video camera is
too slow to capture the droplet collision process. Photographs
taken in sequence under the same experimental conditions are
used instead. A backlighting method is used where two strobe
lights are operated consecutively at a preset time interval such
that double-exposure photographs of the droplets can be taken
in sequence.

Samples of the double-exposure photographs showing the
collision of two droplets impinging successively onto a hot
solid are shown in Fig. 2. The images of droplets exposed at
the first and second flash are indicated by the symbols <i> and
<ii>, respectively. In (a), neither droplet has reached the solid
surface even at the second flash. The pre-impact droplet diame-
ters, (dp1, dp2), and the spacing in-between, AL, are measured
directly from the photograph. The droplet impact velocities,
(v1, v2), are determined simply by dividing the distance trav-
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Fig. 2. Double exposure photographs of two successive droplets impacting on a
hot Inconel alloy surface at 500 °C. (<i> first exposure; <ii> second exposure.)
Pre-impact diameters of droplets are d pls d p2 = 0.56 mm, 0.56 mm; time in-
terval At is 0.2 ms in (a) and 0.8 ms in (b).

eled by each droplet, (I1,1>) by At, the time interval between
flashes, i.e.

vi=li/At (i=1,2) (1)

Note that the time period, Af, between the two consecutive
flashes is longer in (b). The first flash occurs before the impact
of droplets and the second flash is triggered after the impact.

In the present study, time ¢ starts from the instant when the
leading droplet first touches the solid. The distance, /,,,, between
the solid surface and the bottom of the first droplet taken at the
first flash is measured to determine the time at which the first
droplet impacts the solid. The time is calculated as /,,/v; after
the first flash. It is estimated by using the time period between
the two flashes, impact velocity of the first droplet and the dis-
tance, [,,, as follows

t=At—1ly/v 2)

Since the photographs were taken parallel to the solid surface,
the sunken concaved shape of the liquid is not reviewed in the
photographs. This should be kept in mind when the physics of
the phenomena is discussed.

In the present setup, the diameter and velocity of the droplets
as well as the inter-droplet spacing are controlled by the water
flow rate, the nozzle diameter and the frequency of nozzle vi-
brator. But individual control of the variables cannot be made
independently. Since the trailing droplet travels faster in the
wake flow region behind the leading droplet [12], the inter-
droplet spacing right before the impact can be adjusted, to some
extent, by varying the elevation of the nozzle relative to the
solid surface. However, wider spacing is difficult to attain ex-
perimentally.

It should be mentioned that it is technically difficult to have
precise control of the impact conditions of droplets (pre-impact
diameter of droplets, impact velocity of droplets, the spacing
between two droplets) for the experiments. For any given exper-
iment, the pre-impact diameter of droplets does not remain con-
stant throughout the experiment, although the variation is slight.

Table 1
List of impact conditions examined in the present study

Temperature Fig. dp ordp,y,dpp, vorvy/vy, Weor Uncertainty of We

mm m/s We1 /| Wey

Room 3(a) 0.56 2.55 49 47-53
temperature  3(b) 0.59 4.55 165 156-174

4 0.58/0.58 4.2/4.3 138/145 130-146/137-153

5 0.57/0.39 2.3/2.4 41/30 38-44/28-33
300°C 6(a) 0.59 3.95 124 117-132

6(b) 0.59 3 72 67-77

7 0.60/0.60 3.95/4.0 127/130  119-134/122-137

8  0.54/0.54 3.0/3.1 66/70 61-70/65-75

9  0.64/0.64 2.45/2.55  52/57 48-56/52-60
500°C 10 0.64/0.64 2.35/2.45  48/52 44-51/48-56

This also applies to the impact velocity and the inter-droplet
spacing which contribute additional uncertainties to the exper-
imental data. To minimize the uncertainties, the pre-impact di-
ameters of the droplets and the spacing between two droplets in
every photograph are prescreened and irregular data are filtered
out. In addition, irregular impact velocity of droplets can be
identified from the droplet image at the first flash. If the impact
velocity is too slow, the droplets will be located far above the
solid surface at the first flash. On the other hand, if the impact
velocity is too fast, the droplets would have already impacted
on the solid at the first flash.

Dimensionless variables are employed in the present study.
The pre-impact diameter and velocity of first droplet are used
as the reference length and velocity. The dimensionless time, t,
is defined as

T=t/(dp1/v1) 3)
and the Weber number is defined as:

2
vidy,
“rei — p i Pi

i=12) 4
where o and p denote surface tension and liquid density, re-
spectively.

The experimental conditions shown in the present paper
are listed in Table 1. Pre-impact diameters between 0.39 and
0.65 mm with impact velocities ranging from 2.0 to 5.0 m/s are
examined. The temperature of solid surface is set to room tem-
perature, 300 and 500 °C. Note that the accuracy of the length
measurement is within 0.02 mm but is dependent on the magni-
fication of the lens system. The accuracy of the impact velocity
is within 0.05 m/s. The uncertainty range for the Weber number
is listed in Table 1 and is wider for larger impact velocity.

This research is part of a continuous effort on the study of
droplet collisions onto a surface. The physics of the phenomena
with droplet impinging on a cold surface with Weber number
at about 50 was first investigated [12]. It was followed by a
subsequent study on the collision with a hot surface with Weber
number at about 100 [13]. The emphasis of the present study
is placed on the effects of the Weber number at various solid
surface temperatures.
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3. Results and discussion

3.1. Collision of water droplets with a solid at room
temperature

The deformation behavior of a single droplet impacting on
a solid surface at 25°C is examined prior to the successive
collision of droplets. Fig. 3 depicts a sequence of photographs
showing the collision of droplets with a solid at room temper-
ature for (a) dp = 0.56 mm, v =2.55 m/s (We = 49) and (b)
dp =0.59 mm, v =4.55m/s (We = 165). In case (a), a circular
liquid film is formed around the bottom of the droplet imme-
diately after the impact at v = 0.2. It spreads radially along
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Fig. 3. Deformation behavior of a single droplet impacting onto a solid surface
at room temperature (a) dp = 0.56 mm, v = 2.55 m/s, (b) dp = 0.59 mm,
v=4.55m/s.

the solid surface from 7 = 0.2 to 1.0, while the height of the
droplet decreases monotonically with time. The droplet is de-
formed into a thin circular disk at T = 1.6. The edge of the
thin liquid disk becomes rounded due to the effect of surface
tension. Afterward, the liquid disk begins to recoil. A reverse
flow originating from the edge towards the center is shown at
T = 2.7. It finally reaches the center axis at T = 3.1 when an up-
ward swelling at the center begins. The height at the center axis
increases as the upward swelling caused by the reversed flow
continues. Eventually, at T = 4.5, the upward swelling ceases
and an outward radial flow from the center begins. Similar re-
coiling and spreading motions occur repeatedly. Eventually, the
liquid reaches a stationary state due to viscous dissipations.

The deformation behavior of the droplet in case (b) shows a
similar trend as in case (a). Since the Weber number of case (b)
is approximately three times larger than that of case (a), it has a
larger maximum spreading diameter [8]. It should be noted that
disintegration of droplet would occur if the Weber number ex-
ceeds a certain value [3]. The condition at which disintegration
of droplet would occur is also dependent on surface temperature
and surface roughness [8]. However, the condition for droplet
disintegration cannot be realized by the experimental setup of
the present study.

The results of two droplets impinging successively onto a
solid are examined. Fig. 4 presents the collision of two suc-
cessive droplets on a solid at room temperature with d,| =
0.58 mm, dpz = 0.58 mm, vi =4.2 m/s, and v2 =4.3 m/s
(We = 138, Wep = 145). Note that AL, the spacing between
the two droplets, is 0.8 and 1.6 mm in (a) and (b), respectively.
Note that only the images after the impact of the second droplet
are shown since information on the collision prior to that can be
obtained from the results of the single droplet collisions. In (a),
a circular liquid swelling appears around the bottom of the sec-
ond droplet after the impact of the second droplet. It develops
radially and axially as the height of the liquid at the center axis
decreases. Eventually the liquid swelling reaches the outer edge
and the coalesced liquid deforms into the shape of a crown.

The formation of a liquid crown is a characteristic feature
of successive collisions of droplets. A brief explanation of the
process is included here. A more detailed discussion on the
mechanism is given in [15]. When the second droplet impacts
on the top of the first droplet, a high-pressure region appears
near the impact point due to the difference of local velocities
between the two droplets. A large pressure gradient normal to
the free liquid surface gives rise to the circular liquid swelling.
The velocity difference between the two droplets near the im-
pact point is slight if the spacing between inter-droplet spacing
is small. A higher circular liquid swelling can also be seen
in (b).

It should be noted that experiments for the successive col-
lision of droplets are very difficult to perform. It is not easy
to ensure axi-symmetric flows in the experiments, particularly
at large Weber numbers and at the later time stages. With in-
creasing Weber numbers, appreciable asymmetry will develop
sooner in the process. Therefore, the results at the later time
stages are not shown in Fig. 4.
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(b)

Fig. 4. Deformation behavior of two droplets impacting successively onto a solid surface at room temperature for dp; = 0.58 mm, d3 = 0.58 mm, v} =4.2 m/s,

vy =43 m/s. AL is 0.8 mm in (a) and 1.6 mm in (b).

| I |
1 mm

1 mm
(a) (b) (c)

Fig. 5. Deformation behavior of two droplets impacting successively onto a
solid surface at room temperature with dj| = 0.57 mm, d;> = 0.39 mm,
vy =2.3 m/s, vy =2.4 m/s. AL is 0.8, 1.25 and 1.55 mm for (a), (b) and
(c), respectively.

Fig. 5 represents the collision of two successive droplets
with a solid at room temperature with dp; = 0.57 mm, d; =
0.39 mm, v =2.3 m/s and vy = 2.4 m/s (We; =41, Wey =
30). The spacing, AL, is 0.8, 1.25 and 1.55 mm for (a), (b)
and (c), respectively. The inertia of the droplets, particularly
the second(trailing) one, is small compared to the previous case
shown in Fig. 4 which suggests that there is less driving force
for the formation of the liquid swelling. The coalesced liquid
deforms into the shape of a crown at t = 2.7, 3.1 and 3.6 for
cases (a), (b) and (c), respectively, with heights lower than those
in Fig. 4. The liquid crown then falls radially outward, fol-
lowed by a reverse flow from the edge to the center due to the
effects of surface tension. The liquid in the edge part moves
inward which leads to liquid swelling (zr = 4.7 (a), 5.0 (b),
5.4 (c)). Eventually, the coalesced liquid settles into a convex-
lens shape.

3.2. Collision of water droplets with a hot solid at 300°C

Fig. 6 depicts a sequence of photographs showing the col-
lision of a single droplet with a hot solid at 300°C with
dp = 0.59 mm, v =3.95 m/s (We = 124) for case (a) and
d, = 0.54 mm, v = 3.0 m/s (We = 72) for case (b). In case
(a), the droplet impacts on the solid and then deforms into a
circular thin disk (z = 1.2). Many small secondary droplets ap-
pear above the body of the liquid. The liquid first breaks up
into many small parts and then disintegrates into small droplets
moving radially outward. At T = 6.5, the liquid pieces are no
longer attached to the solid.

The deformation mechanism of droplet is explained as fol-
lows: Before the impact, the droplet is heated by thermal ra-
diation from the hot solid as it approaches the solid substrate.
However, the radiation heat transfer is negligibly small and the
amount of vaporization on the wall-facing side of the droplet
is not enough to prevent direct contact between the droplet and
the hot solid. Upon contact, the temperature difference between
the liquid and the solid leads to a high degree of convective
heat transfer. The temperature of the solid surface in contact
with the liquid decreases temporarily as well as locally while
the liquid near the solid surface is being heated. The formation
of vapor bubbles arises at the liquid/solid interface due to boil-
ing. The vapor bubbles detach from the solid surface, ascend in
the liquid owing to the buoyancy force, and finally release to
the atmosphere. Such bubble motion results in the formation of
numerous secondary droplets above the body of liquid and pro-
motes the disintegration of droplet. Since the disintegration of
droplets occurs during the spreading process, the small droplets
move radially outward. The solid surface is reheated owing to
heat conduction from the inner material and additional vapor is
generated in the solid/liquid region. Eventually, all small liquid
mass will detach from the solid and convective heat transfer due
to contact of the liquid with the solid surface will cease.

In case (b) with We = 72, the collision behavior displays a
similar trend. The droplet impact inertia is reduced which re-
sults in a smaller droplet spread. Secondary droplets above the
body of liquid due to boiling can still be seen as in case (a) with
We = 124, but to a lesser extent.
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Fig. 7 shows the results of the collision of two successive
droplets onto a hot solid with dj1 = 0.60 mm, d; = 0.60 mm,
v1 =3.95m/s and vy =4.0 m/s (Wey = 127, Wep = 130). The
spacing, AL, is 0.7 and 1.1 mm for (a) and (b), respectively.
In both cases, numerous secondary droplets have already been
jetted from the body of the first droplet (see also Fig. 6(a))
when the second droplet arrives at the top of the first droplet.
The free surface of first droplet is believed to be greatly dis-
torted or might even be partially disintegrated by the presence
of vapor bubbles. Thus, the pressure distribution near the im-
pact point becomes essentially three-dimensional. The inertia
of the second droplet dissipates randomly in all directions. As a
consequence, the formation of crown does not occur. The dura-
tion for which the liquid appear to be in contact with the solid
surface is longer than that in the case of a single droplet. Even-
tually, the liquid breaks up into many smaller droplets which
move radially outward.

Fig. 8 depicts the deformation behavior of two droplets with
dp1 =0.54 mm, dpr =0.54 mm, v; =3.0m/s, v =3.1 m/s
(Wey = 66, Wep =70), and AL = 0.7 mm. The impact condi-
tion for the first droplet is the same as that in Fig. 6(b). Liquid
film observed from the side-view photos is thicker than that of
the single droplet case because the volume of liquid is double.
At the instant when the second droplet arrives (t = 0.9), the
first droplet is in the process of spreading on the solid surface.
The coalesced liquid continues to spread. Incidentally, since
heat transfer from the solid to the liquid increases with lig-

(b)

Fig. 6. Deformation behavior of a single droplet impacting onto a hot solid surface at 300 °C (a) ) = 0.59 mm, v =3.95 m/s, (b) dp = 0.54 mm, v =3.0 m/s.

uid/solid contact area, the heat transfer rate is larger than that
for a single droplet collision.

Fig. 9 demonstrates the successive collision of two droplets
on a hot solid with dy; = 0.64 mm, d,; = 0.64 mm, v| =
2.45 m/s and vy = 2.55 m/s (We; =52, Wey = 56). The spac-
ing between the two droplets, AL, is 1.15 and 1.55 mm for (a)
and (b) respectively. At the instant when the second droplet ar-
rives, the first droplet has deformed into a thin disk on the solid
with some isolated liquid masses detached from the main body.
The height of the coalesced liquid at the center axis decreases
with time, while the diameter of liquid remains almost constant.
Thereafter, a large portion of the liquid moves to the edge re-
gion. The coalesced liquid appears as a distorted crown with a
thin liquid film around the center axis and several thick liquid
masses in the edge regions in addition to several isolated small
droplets away from the main body of liquid. No appreciable ef-
fects of AL on the collision behavior can be seen.

3.3. Collision of water droplets with a hot solid at 500°C

Fig. 10 depicts the deformation behavior of (a) a single
droplet and (b) two successive droplets impinging onto a hot
solid at 500 °C. The impact conditions are (a) d, = 0.64 mm,
v=2.35m/s (We; =48), (b) dp1 =0.64 mm, d}» = 0.64 mm,
vy =2.35m/s, vy =2.45 m/s (We; =48 and We, = 52), and
AL = 1.35 mm. In case (a), the droplet impinges on the solid,
spreads radially, deforms into a thin disk. The leading edge of
thin liquid film is rounded. The pressure in the leading edge



H. Fujimoto et al. / International Journal of Thermal Sciences 47 (2008) 229-236 235

.
1mm
| I

1mm

(a) (b)

Fig. 7. Deformation behavior of two droplets impacting successively onto a hot solid surface at 300 °C with d,; = 0.60 mm, dj» = 0.60 mm, v; = 3.95 m/s,

v) =4.0m/s. AL =0.7 and 1.1 mm for (a) and (b), respectively.
| S
1 mm
| A |
1 mm

(a) (b)

Fig. 9. Deformation behavior of two droplets impacting successively onto a hot
solid surface at 300 °C for dp1 =0.64 mm, d, = 0.64 mm, v; =2.45 m/s,
vy =2.55m/s. AL =1.15 and 1.55 mm for (a) and (b), respectively.

l I must be relatively high due to surface tension. This results in

a reverse flow from the edge to the center. As a consequence,
the droplet recoils. The disintegration of droplets does not oc-
Fig. 8. Deformation behavior of two droplets impacting successively onto a hot cur because of small Weber number [4]. The formation of small
solid surface at 300 °C with d,; = 0.54 mm, d; = 0.54 mm, v =3.0 m/s,  secondary droplets previously observed above the body of lig-
vz =3.1m/sand AL =0.7 mm. uid due to vapor bubbles is not noticeable in the figure. This

1mm
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(a) (b)

Fig. 10. Deformation behavior of (a) a single droplet and (b) two successive
droplets impacting onto a hot solid surface at 500 °C. (a) dp = 0.64 mm,
v =235 m/s, (b) dp; = 0.64 mm, djp = 0.64 mm, v; = 2.35 m/s,
vp =2.45m/s,and AL =1.35 mm.

suggests that a thin vapor film might be formed between the
liquid and the solid surface and the liquid is isolated from the
solid surface because of higher surface temperature.

In the case of successive collision, the second droplet im-
pacts onto the first droplet at T ~ 1.8 when the first droplet is on
the verge of reaching the maximum diameter and about to be-
gin the recoiling process. The spreading edge of the first droplet
reduces with time (tr = 1.8, 2.2) because of the surface tension
effect as previously mentioned. More specifically, the radially
inward flow arises in the edge part of the liquid. On the other
hand, the height of the coalesced liquid at the center decreases
monotonically with time due to the inertia of the second droplet,
resulting in a radially outward flow from the center. After T =
2.9, the coalesced liquid is in the shape of a distorted crown.

4. Conclusions

The deformation behavior of two water droplets impinging
successively onto a cold or hot solid surface was studied by
means of photography. The effect of surface temperature, im-
pact inertia and the spacing between the two droplets on the
deformation behavior of liquid was investigated. The findings
obtained in the present study are summarized as follows:

(1) The formation of a liquid crown is clearly observed at room
temperature. The height of the crown is larger with wider
spacing between two droplets and higher droplet impact in-
ertia (Weber number).

(2) For the case of 300°C, the boiling of liquid occurs at
the solid-liquid interface, resulting in numerous secondary
droplets appearing above the deformed droplet. For a rela-
tively large We number, the droplet splits into pieces and a
liquid crown cannot be seen.

(3) A crown is also seen at high surface temperatures for small
We numbers, although it is considerably distorted.
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