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Crown evolution kinematics of a camellia oil droplet
impacting on a liquid layer
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The phenomenon of droplet impact on an immiscible liquid is encountered in a variety of scenarios in nature and
industrial production. Despite exhaustive research, it is not fully clear how the immiscibility of the liquid on which a
droplet impacts affects the crown evolution. The present work experimentally investigates the evolution kinematics of a
crown formed by the normal impact of a camellia oil droplet on an immiscible water layer. Based on discussion of dynamic
impact behaviors for three critical Weber numbers (We), the radius of the crown and its average spreading velocity are
compared with those of previous theoretical models to discuss their applicability to the immiscible liquid. The evolution
kinematics (morphology and velocity) are analyzed by considering the effects of the We and layer thickness. Furthermore,
the ability of crown expansion in radial and vertical directions is characterized by a velocity ratio. The results show that
our experimental crown radius still follows a square-root function of evolution time, which agrees with the theoretical
predictions. The dimensionless average spreading velocity decreases with We and follows a multivariate power law, while
the dimensionless average rising velocity remains constant. The velocity ratio is shown to linearly increase with We,
demonstrating that the rising movement in crown evolution gradually enhances with We. These results are helpful for

further investigation on the droplet impact on an immiscible liquid layer.

Keywords: biomass oil, droplet impact, crown, kinematics

PACS: 47.55.db, 47.55.Ca, 47.54.De

1. Introduction

The phenomenon of droplet impact can be found in a va-
riety of scenarios in nature and industrial applications, such
as distillation/rectification, coating, inkjet printing, and lig-
uid spray processes.!!™! During the scenarios, a liquid film is
formed on a solid substrate after the droplets impact it succes-
sively. Thus, subsequent droplets actually impact on the liquid
film.5] The droplet interacts strongly with the liquid film when
it impacts on it, and the interaction usually leads to a crown
formation.!®8 The crown evolution has a significant effect on
the impact behavior of the droplet on the liquid film, and plays
an important role in obtaining insight into the principle of heat
and mass transfer between the droplet and liquid film.[*-!?]
Understanding the characteristics of the crown is helpful to ex-
plain the physical process of its formation, growth, recession,
and fingers pinch-off.

Many researchers have investigated the dynamic behav-
ior of droplet impact on liquid film in industrial applications,
and most have concentrated on the crown.[!3-16] They have
focused not only on the dynamic behavior of the crown ex-
pansion but also on its morphology and splashing outcome
by considering the influence of key parameters, such as the

Weber number (We = pdv.2 dp/ o), Reynolds number (Re =
2

imp

Pdvimpdo/ 1), Froude number (Fr = v
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and/or liquid film properties.!!’~1%2122] Here dy, pq, Vimp» O
g, and u are respectively the droplet diameter, density, im-
pact velocity, surface tension coefficient, acceleration of grav-
ity, and dynamic viscosity. A comprehensive review on crown
evolution was given by Liang.[>]

From the aspect of liquid properties, most of the studies
reported in the literature on the crown are mainly based on the
droplet impact on the same or a miscible liquid. They inves-
tigated the characterization of crown morphology in terms of

U7 used an

the crown length (radius and height). Terzis et al.
exhaust fluid droplet with miscible urea aqueous solution, and
conducted an experimental investigation on the prompt splash
behaviors in terms of the crown formation. They reported that
the main splashing characteristic is the prompt splash (early
ejection of secondary droplets) and typical crown-type splash
deriving from the rim of the developed crown. Using several
polar miscible liquids (i.e., R113, deionized water, ethanol,
and acetone), Tian and Chen®*! investigated the influence of
the physical properties of these liquids on the impact behav-
iors. They found that the initial droplet diameter has little ef-
fect on the crown morphology and dynamic spreading factor,
whereas large viscosity or surface tension hinders its spread-
ing. Peng et al.”>! investigated the crown evolution during the
impact process with various surface tension coefficients by the
volume of fluid method. They found that the higher the surface
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tension coefficient, the larger the crown diameter. Lu ef al. [26]

investigated the crown morphology of a single ethanol droplet
impact on a miscible glycerin solution for various concentra-
tions, and found that both the maximum height and diameter
of the crown are functions of We and Oh. Geppert et al.*"]
conducted a benchmark study on crown morphology. They re-
ported that a V-shaped crown was formed by the impacts of
binary droplets on a wall-film system with relatively lower
film thickness and high liquid viscosity.

In addition to experimental investigations, researchers de-
veloped theoretical models to predict the crown evolution,
looking for an accurate length scale of crown expansion and its
dependence on the impact parameters (i.e., We, Fr, and/or §*).
Bernard et al.!* concentrated on the crown radius and found
an accurate length scale for the crown rim expansion. Yarin
and Weiss?”! investigated crown morphology for different op-
erating parameters, and obtained an empirical correlation of
the crown radius

7\ 025
R:=Cx(1—1)"7, C:(36*> )

vimpt 5 )
= = — l
= 5= T M

where 0 is the film thickness, while T and 6* are the dimen-
sionless time and thickness, respectively. Further study on
crown radius was carried out by Roisman et al.,B3% who con-
sidered the effects of We and the Froude number Fr (without
considering the viscous effect) and reported the model equa-

tion
20*
Re(7) = {Bo(t—1) — |
¢ { 0 0 Rcr,th,maxwe
1/2
4 ()| (-5)’

where ) and 1) are empirical fitting parameters which are
assumed to depend on &* and are approximated as f3; =
0.62(6*)7%3 and 7}, = 0.80(6*)!70. The theoretical maxi-
mum dimensionless radius R¢ , 1,

maximum radius of crown RY .. as follows:

can be approximated by a
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Furthermore, crown velocity and acceleration are crucial to
determining the dominant instability mechanism at its rim
(related to the number of fingers and their growth rate).
For example, the Kelvin—Helmholtz instability depends on
the relative velocity between the ambient medium and the

crown rim.B!1 Similarly, the Rayleigh—Plateau instability
depends on the crown rim thickness, which is governed
by its acceleration.>33] The Richtmyer—-Meshkov** and
Rayleigh—Taylor!33-3%! instabilities depend directly on the ac-
celeration of the crown rim. However, the velocity and accel-
eration of the crown have not been extensively reported in the
experimental literature. Bernard et al.!®”! experimentally stud-
ied the crown kinematics in terms of relevant length, velocity,
and acceleration scales by analyzing the effects of key parame-
ters (i.e., droplet and wall-film properties, impact velocity, and
film thickness). They systematically compared their experi-
mental results with theoretical predictions from relevant mod-
els to determine their range of applicability. Nevertheless, they
still focused on the impact of a droplet on the same liquid (sil-
icone oil). Few studies have reported on the droplet impact on
an immiscible liquid film,*®! especially for a droplet with high
viscosity and low surface tension. On the other hand, the the-
oretical predictions of the crown expansion given by Egs. (1)
and (2) rely strongly on experimental conditions (e.g., droplet
miscible with liquid film). It is thus necessary to validate these
predictions by the impact of a droplet on an immiscible liquid
film. In the present work, we quantify the deviation of theoret-
ical models in Egs. (1)—(3) from the oil droplet impact on an
immiscible water layer and discuss their range of applicability.

The impact of an oil droplet on water occurs in many
technical applications. In distillation or rectification, for ex-
ample, there is a condensed water film formed on the surface
of the tray at the top part of the tower. Thus, condensed oil
droplets carried in the oil and gas fractions usually impact the
condensed water layers, which has a significant effect on the
distillation.3*?1 So far, few studies have reported on the im-
pact behavior between a condensed oil droplet and a water
layer on the tray surface. Furthermore, achieving clean uti-
lization of biomass oil and its replacement of the traditional
petroleum product remain a significant challenge.

The present work experimentally investigates the impact
of a single camellia oil droplet with high viscosity and low
surface tension on an immiscible water layer by using a high-
speed video photography technique. To get a clear insight into
its physical processes, the dynamic behavior of the droplet im-
pact of a single camellia oil droplet on a water layer is dis-
cussed. In our experiments, the radius expansion of the crown
and the average spreading velocity can be described by the the-
oretical models developed in the previous research. The evolu-
tion kinematics including morphology and evolution velocity
are analyzed by considering the effects of We and layer thick-
ness on the expanding mechanism. The expanding ability of
the crown in the radial and vertical directions is characterized
by a velocity ratio of rising to spreading for different values
of We. These results are useful for understanding the physical
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mechanism of the droplet with high viscosity and low surface
tension impacting on an immiscible layer.

2. Experimental devices and method
2.1. Experimental devices and setup

Figure 1 shows a schematic of the experimental setup
used in the present study. The main parts of the setup include
a droplet generator, an impact platform, a dynamic process
monitoring module, and an image data processing system. The
droplet generator was composed of a syringe and a micro-flow
controller. The micro-flow controller was a syringe-driven
pump (Longer TJP-3A) fixed on a platform moving up and
down. The droplet was produced by a 10 mL standard medical
syringe with a needle, and its outer diameter was 1.0 mm. The
liquid layer was formed by filling the liquid (water) into a petri
dish with a diameter of 90 mm. A monochromatic high-power
LED light was used as the main background light source (with
a continuous output light intensity able to reach 12700 Im). An
AOS high-speed camera with 1250 fps (up to 15680 fps) and
600 x 768 pixels was placed horizontally to record the droplet
impact on the water layer.

Micro flow controller

Adjustable frame

High light source

adjustable platform

Fig. 1. Experimental setup of droplet impact on a liquid layer.

2.2. Experimental methods

The water layer was formed by pouring water into the
dish on a platform adjusted in three dimensions to ensure a
normal impact at the center. The layer thickness was calcu-
lated by its volume divided by the bottom area of the dish.
The droplet formed at the needle tip of the syringe, and fell
onto the water layer under the action of gravity. The impact
was illuminated by an LED light source, and recorded by an
AOS high-speed camera. When the recording was finished for
each experiment, the water in the dish was replaced with fresh
water before the following experiment. To reduce the errors,
each experiment was conducted three times, and their average
was taken as the final data. All dynamic images and experi-
mental data were processed using MATLAB.

The properties of camellia oil are shown in Table 1 un-
der normal conditions (25 °C, 0.1 MPa). Its density p was
calculated by measuring the mass of a certain volume with
an electronic balance (YP602N). The liquid viscosity y was
measured with a Brookfield viscometer, and its surface tension
coefficient ¢ was measured with a BZY-2 interfacial tension
meter. Table 2 shows the experimental operating conditions in
the present study.

Table 1. Physical properties of the camellia oil.

Density p  Viscosity 4 Surface tension coefficient

Liquid 3
(kg/m”) (Pa-s) o (N/m)

Camellia oil 720 0.0715 0.0342

Table 2. Key parameters of experimental operating conditions.

Experimental Droplet diameter Layer thickness Drop height
parameters dp (mm) & (mm) H (mm)
100, 2 4
Camellia oil 2.84 2,3,4,5,10 00, 200, 300, 400,

500, 700, 1000

The falling droplet influenced by the surrounding air is
not generally spherical. Its initial diameter dy before the im-
pact is defined as™’!

do = (d}d,)'?, 4)

where d;, and d, represent the horizontal and vertical diame-
ters of the droplet, respectively, as shown in Fig. 2(a). Based
on the top and bottom intersections A and B, the droplet falling
velocity is calculated by the displacements between the two
adjacent frames,

. 1 A)CA AXB
= 1 —_ _ —_— .
" AS02 ( At * At ) ©)

Here Ax4 and Axp represent the vertical displacements of in-
tersections A* and B*, respectively, as shown in Fig. 2(b).

(a) (b)

Fig. 2. Characteristic parameters of the droplet: (a) its horizontal and vertical
diameters, (b) vertical displacement between two frames.

(a) 4 (b)

© o © o o © o 1

—2

W ,

1. Crown secondary droplet
2. Crown jet

3. Crown
4. Free rim

Fig. 3. Characteristic parameters of the crown morphology: (a) its morpho-
logical features, (b) its sizes and velocities (spreading and rising).
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When the droplet impacts on a liquid layer, it usually in-
teracts strongly with the layer leading to a crown formation.
Figure 3 shows its morphological features. Its spreading ve-
locity is defined as v¢s = A1ti_>m0ARC /At, where AR; is the ra-
dius variation at the time interval Az. Its dimensionless form
is Vg = (Ves/Vimp)- Similarly, the rising velocity is defined as
Ver = Al}gno Ahc /At, where Ah, is the crown height variation at
the time interval Az (see Fig. 3(b)). Its dimensionless form is

given by vi. = (Ver /Vimp)-

2.3. Validation of the droplet impacting velocity

The impact velocities of camellia oil droplets are cal-
culated by using Eq. (5) for different initial heights. They
are compared with the results of Range and Feuillebois’

Egq. (6), [44] which considers the effect of air resistance;

o= () -,

A= 3pairCf
8pdy

, Cr=0.796, 6)

where H is the initial height of the droplet, p,i; represents the
air density, and Cy is the drag coefficient. As shown in Fig. 4,
it is found that the impact velocities in our experiments agree
well with those of Range and Feuillebois. Overall, the average
error between them is only 3.06%, and the maximum error
is no more than 10.79%. This demonstrates that the impact
velocities of camellia oil in our experiments agree well with

those of Range and Feuillebois.

5
B Our experimental data (three times for each height)
—V¥— Calculations of Range and Feuillebois
]
< 4r
=
o
°
>
+ 3F
TE
2 e
[
S
> [ ]
) 2r
£ d = 2.84
= 'a 0,camellia oil — < mim
Q
3 8
Qg 1+
g
—
O 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120

Initial height of the droplet H (cm)

Fig. 4. Impacting velocity of the liquid droplet for different initial heights.

3. Results and discussion

3.1. Impacting behavior of a camellia oil droplet on a wa-
ter layer

Figure 5 shows the impact of a camellia oil droplet on a
water layer for three typical values of We at dy = 2.84 mm

and 6* = 0.70. It is obvious that the behaviors of camellia

oil droplet impact on a water layer are quite different for dif-
ferent values of We. With increasing We, the dynamic time
gradually increases, and typical behaviors such as coalescence
(Fig. 5(a)), spreading (Fig. 5(b)), splashing (Fig. 5(c)), and a
Worthington jet (Figs. 5(b) and 5(c)) emerge from the water
layer in sequence.

When We is small, e.g., We = 113.86, (Fig. 5(a)), the
camellia oil droplet directly coalesces into the water layer af-
ter the impact, accompanied by the emergence of a small ring
around the impact center. The ring then gradually expands out-
ward at a decreasing velocity, causing tiny ripples on the sur-
face. After expanding to its maximum extent at t = 22.4 ms,
the ring begins to oscillate, and gradually retracts radially to-
ward the impact center.

'E EE L L

t=0 ms t=48ms ¢t=88ms t=144ms t=22.4ms
N § g g
t=0 ms t=96ms t=144ms t=20ms t=40 ms
s ‘;
t=0 ms t=32m t=12ms ¢t=21.6 ms t=>55.2 ms
Fig. 5. Impact behaviors of a camellia oil droplet on a water layer for

three typical values of We for dy = 2.84 mm and 6* = 0.70: (a) direct co-
alescence (We = 113.86, vimp = 1.38 m/s), (b) spread, finger, and rebound
(We = 732.42, vimp = 3.50 m/s), (c) splash, spread and Worthington jet
(We = 928.15, vimp = 3.94 m/s).

As We increases to a moderate value, the impact mor-
phology of the layer surface changes significantly (e.g., We =
732.42, Fig. 5(b)). At the moment of impact, the camellia
oil droplet under the action of inertial velocity begins to push
the water layer away, resulting in the emergence of an ejecta
sheet around the impact point. Subsequently, the ejecta sheet
immediately grows upward and outward, and promptly devel-
ops into a clear crown. The crown continues to expand, and
quickly reaches its maximum height at = 9.6 ms. At this mo-
ment, the upper rim of the crown becomes uneven, and finger-
like structures begin to appear on it. Recessions then begin to
emerge between the fingers. The concave parts of the crown
matrix gradually increase until the fingers seem to be less af-
fected and recede slowly (r = 14.4 ms). Recessions continue
with increasing time, which leads to the crown matrix coa-
lescing into the water layer and leaves only the top parts of the
fingers above the layer surface at t = 20 ms. After the fingers
completely coalesce into the layer surface, a Worthington jet
emerges from the impact point due to the inertial retraction of
the surface liquid. The jet gradually grows upward and reaches
its maximum extent at # = 40 ms. It emerges small as most of
the impact energy of the droplet is dissipated by the liquid vis-
cous resistance, with only a small remaining part converted
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into potential energy and liquid surface energy. As the evo-
lution time increases further, the jet begins to recede into the
water layer, the surface of which finally returns to calm.

When We increases further to a high value, e.g., We =
928.15, (Fig. 5(c)), the behaviors are different from those in
Fig. 5(b). The growth velocity of the crown is clearly faster
due to the higher initial kinetic energy. Firstly, the ejecta
sheet, a prototype of the crown, emerges at the impact mo-
ment. Many tiny secondary droplets escape from the finger-
tips of the crown rim during its evolution, which is defined
as a prompt splash (t = 3.2 ms or Fig. 6(a)). After this, the
crown matrix continues to grow upward and outward. As the
crown matrix reaches its maximum height at r = 12 ms, its up-
per rim becomes thicker. A relatively smooth outer edge on
the rim is formed. Secondly, the base diameter of the crown
matrix continues to increase slightly as the crown falls back
(t =21.6 ms). The crown then recedes and oscillates to co-
alesce into the water layer. Thirdly, the maximum extent of
the Worthington jet is much larger than that for moderate We
(t = 55.2 ms). The evolution time increases notably, and ends
att = 76.8 ms after the impact.

If We (or the layer thickness) further increases, some sec-
ondary droplets will escape from the Worthington jet and re-
bound upward one after another (Fig. 6(b)). The phenomenon
can be understood in terms of the kinetic energy. With in-
creasing We, the initial kinetic energy of the droplet gradu-
ally increases and more energy is transferred from the impact
droplet to support a larger jet formation in addition to over-
coming the liquid viscous resistance. Therefore, the top part
of the jet driven by more kinetic energy is distorted and pulled
upward under the action of air disturbance and liquid surface
tension. This leads to a jet pinch-off of the secondary droplet

by stretching separation. [*!

~ secondar N ]

B i droplets

Fig. 6. Typical behavior of a camellia oil droplet impact on a water layer
at high We (dy = 2.84 mm, We = 971.03, 6* = 1.76, vjpp = 4.03 m/s): (a)
prompt splash of the crown, (b) central secondary rebound droplet escaping
from the Worthington jet.

3.2. Morphology analysis of the crown diameter

3.2.1. Crown evolution

The crown radius is a characteristic length of the crown
morphology. Its evolution is plotted as a function of time in
Fig. 7 for the impact of a camellia oil droplet on water layer
at dy = 2.84 mm and 6* = 1.41. It is evident that the crown

radius increases quickly with the evolution time after the im-
pact. The increasing crown radii are positively correlated with
the evolution time for different values of We. It can be in-
ferred that the crown radius still follows a square-root depen-
dence of the evolution time, which corresponds to Egs. (1) and
(2).12939 Comparisons between them are further discussed in
Subsection 3.2 (see Figs. 8 and 9). As the crown radius ex-
pands to its maximum (i.e., We = 753.50, T = 26), it cannot
be measured anymore due to the complete coalescence into
the water layer at the following moment (7 = 27). The water
layer surface returns to calm. After a period of calm, a Wor-
thington jet begins to rebound along the vertical direction at
the impact center of the water layer (7 = 44). In contrast to
the time of the crown reaching its maximum height (7 = 10),
the time of the crown reaching its maximum diameter is much
larger (T = 26). The reason is as follows. After reaching its
maximum height, the crown begins to recede into the water
layer, leading to a continuous expansion in the radial direction.
Thus, an increase in the crown diameter is caused not only by
its rising stage but also by its recession stage. The radius of
the crown then reaches its maximum value immediately before
coalescing into the water layer completely. Subsequently, the
crown disappears from the water surface until the Worthington
jet emerges from the impact center.

6

maximum crown
height appears at:
5 7=10 or t =8 ms

4r ‘%ﬁ

—a— 1. We =258.67
—+— 2. We =445.60
—x— 3. We =1753.50

*
c

Camellia oil

Y
wn
2
el
®
-
g | dy=2.84 mm
2 3l : 5% =1.41
3]
2 L
i; 2—% T7=26 or t =20.8 ms
o L
g . g( jet =44 or t =35.2 ms
3}
E !
a L . L '
0 20 40 60 80

T

Fig. 7. Evolution of the crown radius for different values of We.

3.2.2. Comparison of crown radius with theoretical cal-
culation

In Fig. 8, the crown radius expansion of our experi-
ments is compared with the theoretical calculation of Yarin
and Weiss,!*°! Eq. (1) (with 7o = 0) in Fig. 8 under the cor-
responding conditions. In spite of dealing with the camellia
oil with immiscible water, our experimental crown radius is
consistent with Eq. (1) initially, but deviates slightly at later

stages. The radius errors between them are calculated by
defining e = ‘R;exp—R: |/Rem < 100%, where R{ ., and

R? ,, represent the crown radius from our experiment and the
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theoretical calculation, respectively. As shown in Fig. 8(b), the
errors are mostly within 10% for different values of We, and
the error is never more than 25%. In general, the crown ra-
dius of our experiments based on camellia oil with immiscible
water agrees with Eq. (1) fairly well.

(a) 8
—8— We =258.67, our experiment
& —o— We = 258.67, result of Eq. (1)
g 6 —v— We =753.50, our experiment
5 —v— We =753.50, result of Eq. (1)
g
=
g 4r- _v_v-z: vV
v
w gy 3 vvvY
im’ l.;ﬁ:‘..;‘;.w.v‘V v
g = Camellia oil
S 2+ %99
g L =141
: 1;'} dy=2.84 mm
5 0 . I L I L I L I L
0 6 12 18 24 30
T
(b) 60
L —®— We=258.67
50 F 4 We=445.60
§ L —v— We="753.50
o 40 e~ We=956.63
= - Camellia oil
o 0* =141
E dy=2.84 mm
° o-®-0
36 0-0-9-0-0-%0 ~o-0.o
o} v
€2}
. 10 L 1 L 1 L 1 L
0 10 20 30 40

Fig. 8. Comparison of the experimental crown radius expansion with the pre-
dictions of Eq. (1): (a) experimental and theoretical results, (b) error between
Eq. (1) and experiment for different values of We.

As Eq. (1) does not consider the influence of We, our ex-
perimental crown radii are compared with the predictions of
Eq. (2) in Fig. 9 under similar conditions. For We = 445.60,
our experimental crown radius is much larger than that calcu-
lated according to Eq. (2) throughout the expansion (Fig. 9(a)),
while the difference is considerably smaller for We = 956.63.
This indicates that Eq. (2) depends strongly on We. The er-
rors of Eq. (2) for different values of We are elucidated by
Fig. 9(b). It is found that they are relatively large at the ini-
tial stage of crown expansion, and clearly reduce with increas-
ing time. For We = 445.60, the errors decrease quickly from
345.4% to 47.9% when the dimensionless expansion time in-
creases to 3.08. It then becomes relatively stable at the later
stage of the crown expansion (after 5.38). The errors de-
crease with increasing We, especially for lower We. The aver-
age errors are 78.47% for We = 258.67, but reduce to 9.45%
for We = 956.63. This indicates that Eq. (1) is preferable to
Eq. (2) for low We, while the latter is more suitable for pre-
dicting the later expansion stage, especially for high We.

(a) 8
—4A— We =445.60, our experiment
E:U r —b&— We =445.60, result of Eq. (2)
2 —o— We =956.63, our experiment
e 6 —o— We =956.63, result of Eq. (2)
g i
g .
°
8 4+ o ®® LA .,.f.
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o 2+ A QRN
k7 “‘&@m dy=2.84 mm
g Pl 5 =1.41
£ ?
A 3 = | A | A | A
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T
(b) 350 =
L —m— We=258.67
. 300F \‘ —A— We = 445.60
X B —v— We =1753.50
o 250F —e— We =956.63
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o \ S*=1.41
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’ A
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L | L | L | L
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Fig. 9. Comparison of the experimental crown radius with the predictions
of Eq. (2): (a) experimental and theoretical radii, (b) error between them for
different values of We.

3.2.3. Characteristic diameter of crown at its maxi-
mum height

To clearly understand the morphology of the crown, it
is necessary to analyze its characteristic diameter d; ymax Of
reaching its maximum height. As d¢ pmax is directly produced
by the impact of the droplet without the crown recession, it is
an important indicator for measuring the impact of the droplet
to push the liquid layer away. Figure 10 shows d¢ hmax formed
by the camellia oil droplet impact on the different water layer
thicknesses for different values of We at dy = 2.84 mm. The
dchmax increases with increasing We, while it changes for
different layer thicknesses for We lower than 715.78. For
layer thicknesses ranging from 0.70 to 1.41, d hmax increases
rapidly with We reaching a critical value (inflection point) and
further increasing more slowly. The inflection points are dif-
ferent for different layer thicknesses. For smaller thicknesses
of 0.70 and 1.06, the inflection points are located in the range
of We from 429.43 to 495.92. For a layer thickness of 1.41,
the inflection point is located at We = 715.78. For 6* = 1.76,
dc hmax gradually increases with We, and shows a clear linear
distribution. There is no inflection point for 6* = 1.76 in our
experimental range. It may be beyond the maximum value of
We in our experiments, and needs further study. Interestingly,
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the dependence of d¢ pmax on the layer thicknesses becomes
small as We increases to 700 or higher. This further indicates
that the layer thickness has little influence on d¢ hmax for high
We, but not for low We (less than 700).

8
—a— 5% =0.70
o §*=1.06
g r 5% =1.41
g —A— §*=1.76
ko § 6 Camellia oil Diameter of the crown
g *E dy=2.84 mm at its maximum height
o
n S 5+ =, ®
@ ., __—=a
= 8  4r . .
g 8 Inflection points
[olee]
E 3l
@)
2 L 1 L i 1 i 1 L 1 L 1
0 200 400 600 800 1000 1200
We

Fig. 10. Influence of We on the characteristic diameter of the crown reaching
maximum height for different layer thicknesses.

3.3. Morphology analysis of the crown height

3.3.1. Crown height evolution

Figure 11 shows the evolution of crown height, for differ-
ent values of We at 8* = 1.41, after the impact of a camellia
oil droplet with an initial diameter dy = 2.84 mm. The crown
height first increases and then gradually decreases after rising
to its maximum. The crown height for high We is much larger
than that of low We over the whole evolution. This is mainly
caused by the increase in the kinetic energy of the crown up-
rising. As We increases, the ability of the crown to reach its
maximum height increases under the combined action of the
inertial force and Rayleigh-Taylor instability. On the other
hand, the curve of the crown height in the rising stage is much
steeper than that in the recession stage. This indicates that the
rising velocity of the crown is much larger than its recession
velocity. The crown then takes a longer time to recede into
the water layer with an increase in We. Note that the maxi-
mum crown height for different We can be expressed as a sim-
ple function of T, max (time of reaching the maximum height):

* _ 2
hcmax =0.1308 X T max — 0.1408, R* = 0.963.
2.5 ,
%o | P = 0.1308X7;, 10 —0.1408,
b= 9.0k R*=0.963 —s— We = 145.50
g , —o— We =258.67
’E / |— o —
p 15k - —— We = 445.60
2 AN vv e —>— We =593.26
2 Lol 22 T, Ty T We=936.63
' v/’ "y Vyv.
@a L g v,
8 'fﬁm«« apy MVvy
g 0.5 4 b v
‘B r - * Camellia oil
=) -
I} 0 [] dy=2.84 mm
E 0
= g §*=1.41
Q 1 1 1 1 1
—0.5 : : : : :
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T

Fig. 11. Crown height changes during its evolution (camellia oil, * = 1.41).

3.3.2. Influence of We on maximum height of crown

The maximum crown height is further investigated in
Fig. 12 by considering the influence of We for different layer
thicknesses at dyp = 2.84 mm. The maximum height of the
crown increases with increasing We for different layer thick-
nesses. It is positively correlated with We, and follows a linear
function. A simple correlation between the maximum height
and We can be approximated as /¢ max = 0.0016 x We +0.071
(R*> = 0.974) by the least-squares method. Meanwhile, the
layer thickness has little effect on the maximum height, espe-
cially for lower We. As We increases over 500, its influence
on the maximum height increases. For the same We, the max-
imum heights gradually decrease with increasing layer thick-
nesses. In short, the smaller the layer thickness, the greater the
rebound maximum crown height. This is primarily due to the
following reasons. For low We, due to the small initial impact
energy of the droplet, the sinking depth downward is smaller
on the water layer, and may be less than the layer thickness
(e.g., 0* =0.70). Then, the remaining energy available for the
crown evolution differs slightly, so the maximum height varies
insignificantly with layer thickness for the same We. When
We increases beyond a critical value, the downward sinking
formed by the impact of the camellia oil droplet can be fully
developed if the water layer is thick enough. In this case,
more energy must be dissipated to overcome the viscous re-
sistance, and less energy is accessible to the crown evolution.
The crown height then decreases. Similarly, when the droplet
(We > 500) impacts a liquid layer with a smaller thickness, the
droplet reaches the bottom wall easily, limiting its further sink-
ing. It can be directly rebounded by the bottom wall. Thus,
more energy is transferred to support the crown development.
The crown height increases correspondingly. Certainly, the
water layer cannot be infinitely thin. In our experiment, as the
layer thickness 8* is less than 0.53, the water layer becomes
unstable due to the wettability and surface tension. Therefore,

4
—a— §*=0.70
—e— §*=1.06
g 3l —A— 5% =1.41
g . 5% =1.76 B e = 0.1308XWe+0.071,
5 EE Camellia oil R?=0.974
= dy=2.84 mm
n o 2 -
-3 /. ot "
g =] -/
w g /l§
£ 1r o
£38 i
A | . A%é Cirtical value
0 - ,. 1 . 1 1 . 1 . 1 .
0 200 400 600 800 1000 1200

We

Fig. 12. Influence of We on the maximum height of the crown for different
water layer thicknesses.
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when We exceeds this critical value (We = 500), the following
correlation is observed: the lower the thickness of the liquid
layer is (6* > 0.53), the higher the maximum crown height.

3.4. Crown evolution rate

3.4.1. Instantaneous velocity of crown growth

The velocity of crown evolution significantly influences
its morphology. To obtain a deeper insight into its kinematic
characteristics, it is necessary to analyze its velocity during
the evolution process. Figure 13 shows v of the crown in the
radical direction with the evolution time for different values
of We at dy = 2.84 mm, 6* = 1.41. v}, of our experiments
are compared with the predictions of the theoretical calcula-
tions by Eqs. (1) and (2).12%3%1 The experimental v}, basically
coincide with those of the theoretical counterparts. v}, grad-
ually decreases with increasing evolution time due to the vis-
cous resistance of the liquid, and finally reduces to zero. It is
negatively correlated with the evolution time, and follows an
inverse square root function. v, are very similar for differ-
ent We, indicating that We has little effect on its deceleration,
but increasing We does extend the expansion time. It is well
known that the expansion is a process of reducing velocity in
which the droplet pushes the water layer outward by overcom-
ing the effects of viscous resistance. The expansion is affected
by liquid properties and the disturbance of surrounding air in
addition to the inertial driving velocity. Hence, the process of
reducing velocity is unstable. That is, the oscillatory decrease
of v is caused by the combined effect of the Rayleigh—Taylor
and Kelvin—-Helmholtz instabilities (crown action with the sur-
rounding air). On the other hand, as We increases, more kinetic
energy transferred from the impact droplet pushes the crown
to expand outward. Its expansion time then increases corre-

spondingly.

1.2
—a— We = 258.67, our experiment

10k We = 258.67, derivative of Eq. (1)
—o— We = 445.60, our experiment

We =593.26, our experiment
| —&— We =1593.26, derivative of Eq. (2)
06F 7 We =956.63, our experiment

0.8

Camellia oil
dy=2.84 mm

0*=1.41

0.4 1A

0.2 [*¢ .
| o0/ %0y

R A v-v.
p A.A.\A.A. Ak’&z"'"v{ vy

Dimensionless instantaneous
crown spreading velocity v

0_ ......

0.2 P E T T H E R B
0 5 10 15 20 25 30 35 40

Fig. 13. Dynamic instantaneous spreading velocity of the crown for different
values of We.

Figure 14 shows the dimensionless instantaneous rising
velocity of the crown under the conditions of Fig. 13. The

maximum rising velocity occurs in the initial state due to the

action of the droplet impact. Under the action of gravity and
the viscous resistance of the water layer, ¥, first decreases
rapidly to zero with increasing time, then reaches negative
values, and finally oscillates near zero. The behavior of v},
coincides with the physical process of crown evolution. As v},
first reaches zero, the crown increases to its maximum height
(75, = 0). The crown then recedes into the water layer under
the action of gravity and surface tension (v}, < 0). Overall, v},
gradually increases with We, particularly at the initial stage.
Similarly, V7, also follows an inverse square root function of

the evolutionary time. 2%-30]

*
cr

1.0
—u— We =258.67
—A— We =445.60

0.8r —+— We =593.26
—x— We =956.63

0.6,

L \ Camellia oil
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0.4 _K\X Zone of rising velocity §*—1.41
"\ drecreasing to zero -
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0.2 (\ &
AR,

Zone of crown fallback

[

Aﬁﬁz"*‘fﬁ%ﬁ%x{%&wtxx '>\<_X,>3<

20 30 40

Dimensionless crown rising velocity v

Fig. 14. Dynamic rising velocity of the crown for different values of We.

3.4.2. Influence of We on crown evolution rate

To further get insight into the proportion of spreading ki-
netic energy in the total (or initial) impact energy, two dimen-

sionless average spreading velocities V7. and V% ;- are
evaluated,
Tes,hmax | x Tcs,hmax
_x B fo Vesdr _Jo Vesdy
Ves,hmax = - . ’
Tes,hmax Tcs,hmaxvlmp
~Tes,dmax | x ~Tes,dmax
% N jo vcsd‘t N f() Vesde 7
Vcs,dmax - - . ( )
Tes,dmax Tes,dmax Vimp
Similarly, the dimensionless average rising velocity vV, . 1
calculated as
Tes,hmax _ % Tes,hmax
% . f() Vcrdf B f() Verdr 8
vcr,hmax - - - ) ( )
Tcs,hmax Tcs,hmaxvlrnp
. . . . .
where V(.. 18 the dimensionless average velocity of crown

expansion to the diameter (d¢ hmax) Of reaching its maximum

K
cs,dmax

the crown reaching its maximum diameter in the radical direc-

height, and v is the dimensionless average velocity of

=%

tion. Vcr,hmax
the crown rising to its maximum height in the vertical direc-

represents the dimensionless average velocity of

tion. Tes hmax and Tes gmax are, respectively, the dimensionless
times of the crown reaching its maximum height and maxi-
mum diameter.
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3.4.2.1. Analysis on average spreading velocity

Figure 15 shows dimensionless average spreading veloci-
ties with different We for the different thicknesses at the corre-
sponding conditions. As shown in Fig. 15(a), Vg jy,x grad-
ually decreases with We, and its decrease gradually slows
For small We (We = 153.06),
reaches a high ratio of 0.8, while it decreases to 0.2

down as We exceeds 425.
ﬁ:s,hmax
for We = 990.41. This indicates that the ratio of Ve hmax t0
Vimp gradually decreases as We increases. After the impact,
the droplet needs to push the water layer away to make space
for itself. Hence, the initial momentum of the droplet needs
not only to be converted to static pressure to push the crown
deformation, but also to overcome the viscous dissipation of
the liquid and the action of gravity. Thus, the transfer of the
momentum from the droplet to the liquid layer reduces signif-
icantly during the deformation. With increasing We, a larger
deformation of the crown occurs, more momentum is dissi-
pated, and the remaining momentum is reduced. Therefore,

K
vcs,hmax
creases with increasing We. That is, the proportion of spread-

is negatively correlated with We, and gradually de-

ing kinetic energy in the initial kinetic energy gradually de-

=3
cs,hmax

of the expansion ability of the crown in the radial direction,

creases with increasing We. Furthermore, v is indicative
demonstrating that the movement ability decreases in the ra-
dial direction as We increases. Thus, the spreading velocity
plays a leading role in the crown formation for low We, but its
role reduces with increasing We. In other words, the expan-
sion of the crown in the radial direction is the main motion for
lower We, but not higher We.

Similarly, as shown in Fig. 15(b), the distribution of

% is akin to that of v* It still decreases with in-

cs,hmax -
creasing We, but is much smaller than st,hmax

conditions. This further demonstrates that the crown expan-

23
cs,dmax
under the same

sion in the radial direction is not uniform. In addition, the

k
vcs,dmax
recession stage). During its recession, the crown expansion is

decrease is caused by the crown recession (see Fig. 11,

mainly driven under the action of gravity in the vertical direc-
tion in addition to the surface tension. The spreading velocity
in the radial direction reduces significantly as it falls. There-
=%

fore, vcs,dmax

reduces, too. The decreasing v

(including the crown rising and recession stages)

K
cs,dmax

ther demonstrates that the crown expansion ability in the radial

with increasing We fur-

direction gradually reduces.

In Fig. 15(b), we compare the experimental Vg 4.

with the results of the theoretical calculations by Eq. (3)

(Rz,th,max/ Tmax)-
practically coincide, especially for We > 425. However, as We

The experimental and theoretical st,dmax

decreases below the critical value of 425 in our database, the

3
cs,dmax

sults. The lower the We, the larger the difference. This agrees

theoretical v becomes smaller than our experimental re-

with the applicability conditions of Eq. (3), which works better
for high We, but deviates for low We.B3l
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Fig. 15. Influence of We on average spreading velocity: (a) based on the
crown reaching its maximum height, (b) based on the crown reaching its
maximum diameter.

Since &” is inversely proportional to Rf .. in Eq. (3),

decreases slightly with increasing 6*

=k

the theoretical Vi 4,0
for the same We. However, the influence of the layer thickness
on our experimental velocities is much smaller than that on
the theoretical calculations (Figs. 15(a) and 15(b)). This may
be due to the different physical properties of the droplet and
liquid layer. The theoretical model of Eq. (3) is based on the
impact of a droplet on a miscible liquid layer (distilled water
and 1-propanol), while the camellia oil droplet is immiscible
to the water layer in our experiment. Thus, the camellia oil
droplet is usually suspended on the surface of the water layer
during its expansion, reducing the influence of the liquid layer
thickness. Therefore, the layer thickness has little effect on

vzs,dmax
In addition, Eq. (3) (without considering the viscous ef-

for the same We in our experimental data.

fect) is rather complicated and inconvenient for engineering
calculations. Therefore, a multiple linear regression is per-
formed on our experimental results, and a more concise corre-
lation of Eq. (9) is obtained by considering the effects of the
key parameters (We, Re, thickness, and viscosity). The cor-

=%

relation indicates that V7, - decreases with increasing We
.
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or Re, while it increases with increasing viscosity ratio of the
droplet to the liquid layer. As shown by other different expo-
nents, the influence of 6* is weak compared to that of other
parameters, while the effect of the viscosity ratio is strong.
The correlation of V7 ;.
We and Re. Similar results were also obtained by Bernard!

is fitted by a power-law function of
37]

and Gao!*®! with different experimental conditions.

v:s,dmax _ 0'567W670.202R870.757 6*0.087 (,ud//.tl)l'm,

113.96 < We < 990.41, 39.49 < Re < 116.46,

R?=0.95. ©
3.4.2.2. Analysis on average rising velocity

Figure 16 shows v7,., . with different We under the same

conditions as in Fig. 15. Interestingly, v remains almost

zr,hmax
constant with increasing We. It is distributed around a value of
0.1267 for different values of We in our experimental range.
On the other hand, it is less affected by the layer thickness
in addition to the isolated points, caused by the experimental

uncertainties. This indicates that both We and layer thickness

£3
cr,hmax*

increase is mainly caused by the increase in the droplet impact

have little effect on v It is worth mentioning that the We

velocity. Thus, the increase in We inevitably results in a grad-
ual increase in Verhmax, While its dimensionless form v, p ..
remains constant. This demonstrates that the momentum ra-
tio of the crown expansion in the vertical direction remains
unchanged with increasing We. That is, the proportion of the
rising kinetic energy of the crown in the initial kinetic energy

remains constant, and is independent of the We and layer thick-

ness.
0.8
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Fig. 16. Influence of We on average rising velocity.

=k

From the perspective of energy loss, both V7, - and

=%
Vcr,hmax
expansion in the radical and vertical direction. As We in-

can be also indicative of the apparent energy of crown

creases, the initial energy of the droplet impact increases cor-
respondingly. Hence, the proportion of the spreading kinetic
energy of the crown in the initial kinetic energy gradually de-
creases (Fig. 15(b)), while that of the rising kinetic energy re-
mains constant (Fig. 16). This indicates that the transfer of

the kinetic energy from the droplet impact to the liquid layer
gradually reduces with increasing We. More energy will be
dissipated to overcome the viscous dissipation and the action
of the surface tension of the crown. In other words, the energy
loss of the droplet impact gradually increases with increasing
We, in agreement with Ref. [37].

3.4.2.3. Movement of crown in radial and vertical direc-
tions

To get a deeper insight into the movement of the crown
in the radial and vertical directions on its evolution, the ratio
B = V% hmax/ Ves hmax 18 used in terms of reaching the maximum
height of the crbwn. Then, B can be considered as a ratio of
the crown kinetic energy in two directions. Figure 17 shows
B as a function of We under the same conditions as in Fig. 16.
It is interesting that 3 is strongly positive and linear with We:
B = 0.00039 x We +0.15 (R* = 0.96).

1.0
—a— 5% =0.70

° L
- —A—6*=1.06 Critical value
o 08F ——sr=1.41 P
o P —x— 6% =1.76 i
o 9 >
> % 0.6 - Camellia oil ~
éo > I dyp=2.84 mm /
£ w0
a ._g 0.4
i 8=0.00039We+0.15
Py = R?=0.96
£5  o02p % =
~ L

0 L 1 L 1 L 1 L 1 L 1 L

0 200 400 600 800 1000 1200
We

Fig. 17. Influence of We on the ratio of rising velocity to spreading velocity.

The reason can be easily understood from the analysis of
Subsections 3.2.4.1 and 3.2.4.3. With increasing We, v’

cs,hmax
=k

gradually decreases, while v, -
Thus, B increases with increasing We. This further demon-

remains almost constant.

strates that the movement ability of the crown in the vertical
direction increases with increasing We. Its maximum height
then increases accordingly (Fig. 12). For lower We, the ini-
tial kinetic energy of the impact droplet is less, and it is more
difficult for the crown to move upward against the gravita-
tional potential energy. Thus, the rising velocity of the crown
is smaller, and its movement mainly emerges in the radial di-
rection. For higher We, there is more energy for supporting the
crown to move upward in addition to overcoming the actions
of the viscous resistance and gravity. Therefore, its rising ve-
locity increases with increasing We, and its movement in the
vertical direction is significantly enhanced. Interestingly, f is
still less than 1 although We increases to the maximum of our
experimental data. This demonstrates that the spreading ki-
netic energy of the crown is still larger than its rising kinetic
energy, though the latter increases linearly with We.
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4. Conclusion

The evolution kinematics of a crown formed by the nor-
mal impact of a camellia oil droplet on an immiscible water
layer was studied experimentally. The crown morphology and
velocity were analyzed for different We and layer thicknesses.
The obtained results agree well with the predictions of the the-

oretical models. Our main findings are listed as follows:

(i) The increase in the diameter of the crown is caused not
only by the rising stage but also by the recession stage.
Its radius follows a square-root function of evolution
time until reaching its maximum diameter, which gradu-
ally increases with We.
(ii) The rising velocity of the crown is much larger than its
recession velocity. Its maximum height increases with
We, being slightly influenced by the layer thickness for
low We. When We exceeds 500, it gradually decreases
with increasing layer thickness.
(iii) Dimensionless average spreading velocity, which indi-
cates the proportion of the spreading kinetic energy in
the total energy of impact, is negatively correlated with
We and exhibits a multivariate power law. Dimensionless
average rising velocity, which indicates the proportion of
the rising kinetic energy in the total energy of impact, is
independent of We and layer thickness.
(iv) The ratio 8 increases linearly with We. The radial move-
ment plays a leading role in the crown evolution at lower
We. Its role gradually reduces with We, while the rising
movement gradually enhances. Nevertheless, the rising
kinetic energy is still smaller than that of spreading in the
radial direction.

The obtained results give insight into the physical mecha-
nism of droplet impact on an immiscible liquid layer, particu-
larly for a droplet with high viscosity and low surface tension.
Our findings can be used for improving distillation or rectifi-
cation processes in the petroleum industry.
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