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ARTICLE INFO ABSTRACT
Keywords: Ice accretion on aircraft wings due to Supercooled Large Droplet (SLD) has a significant impact on flight safety.
Large droplets The dynamic behaviours of large droplet, such as deformation, breakup and splashing, have significant effects on
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icing accretion. The corresponding studies have been carried out experimentally and numerically, and empirical
models to predict the dynamic behaviours of large droplets have been proposed. However, few empirical models
involve surface roughness effects, especially its effects on the secondary droplets during icing accretion. In this
paper, an experimental investigation on the impact of droplets onto surfaces with different roughness was
conducted by using the high-speed Digital Inline Holography (DIH). The rapid splashing processes of droplets
with Weber number around 570 and Mundo impact parameter K around 240 were captured and reconstructed
based on a wavelet-based algorithm. Results show that DIH is suitable to diagnose the secondary droplets with a
wide size range and record their velocities and locations. The roughness of the impact surface has a positive effect
on the dynamics of splashing droplets, and the parameters including diameter, velocity, splash angle, splash
height and mass-loss rate of splashing droplets rise with the increase of roughness. The new empirical correla-
tions of the splashing characteristics of secondary droplets were fitted and developed, which could be used to
update the current icing simulation models to take into account the effect of impact surface roughness on large
droplets dynamics. This fundamental study may also be applied to the industrial applications including wind
turbine icing, inkjets, sprays, as well as the erosion and formation of ice layers.

tail, increasing the water collection. This ice accretion problem also
exists in wind turbine fields in cold regions when freezing rain drops
impact on the blade of a wind turbine. Consequently, it may result in
problems such as power losses, mechanical failures, and safety hazard.
Dynamics of droplet have been studied and applied in many other in-
dustries such as structures icing, inkjets, sprays, combustion and soil
erosion. Therefore, it is indispensable to investigate the dynamics
characteristics of large droplets impacting on a solid surface, as well as
their effects on the icing of structures in cold regions.

The study on droplet dynamics started more than 140 years ago
(Worthington, 1877) but only becomes active and feasible due to the
development of high-speed photograph. It enables time-resolved
observation and analysis of droplet morphology, thus deepens the un-
derstanding on droplets dynamics. Past research has concluded that
water droplet’s impact and splashing process is mainly controlled by the
following dimensionless groups, as summarized in ref. (Luxford, 2005):

1. Introduction

Understanding the mechanisms of water droplet dynamics is of
importance in the simulation of ice accretion. When impacting on a solid
surface, large droplets possess significant dynamics characteristics,
which are mainly manifested as deformation, breakup, spreading and
splashing. These dynamics would affect droplet size, trajectory and
water catch of an icing event. One of the applications is in aircraft icing.
Aircraft could sometimes encounter special icing clouds containing the
so-called Supercooled Large Droplets (SLDs) (maximum diameter > 100
pm), which is described in the appendix O (EASA, 2015). In general,
icing characteristics of SLD are significantly different from that of small
droplets (Van Zante, 2007). The impingement limits are significantly aft
than for the smaller droplets. The secondary droplets may re-impinge at
the aerofoil trailing edge, or more seriously, impinge at the horizontal
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List of symbols Re Reynolds number
We Weber number
do Diameter of incident water droplet, yum a The maximum spreading factor
d, Diameter of springe needle, ym B Average dimensionless diameter of secondary droplets
dg Diameter of secondary droplet, um y Average dimensionless splashing velocity of secondary
ds Average diameter of secondary droplets, ym droplets
f Mass loss rate during splashing Yn Normal component of y
h Splashing height, ym 7t Tangential component of y
q The arithmetic mean of individual observations n Average dimensionless height of secondary droplets
K Mundo impact parameter 6o Incident angle of water droplet, °
K. Critical impact parameter 05 Splashing angle of secondary droplet, °
Ra Surface roughness amplitude, um A Wavelength of the instability, m
St Dimensionless surface roughness Hd Viscosity of water droplet, kg/ms
Vo Incident velocity of water droplet, m/s Pd Density of incident water droplet, kg/m>
A Average velocity of secondary droplets, m/s 04 Coefficient of surface tension of water, kg/s*
Vs, n Average normal velocity of secondary droplets, m/s v Dimensionless time
Vs, ¢ Average tangential velocity of secondary droplets, m/s ? Average dimensionless splashing angle of secondary
Vo Air flow velocity, m/s droplets
Oh Ohnesorge number

Reynolds number:

Re =PV )
H
Weber number:
2
We = L0%o )
o
Ohnesorge number:
Wel/?
Oh = Ll/z _re 3)
(pody) Re
Mundo impact parameter:
K = OheRe'® %))

where p, 4 and ¢ are the density, viscosity, and surface tension of the
water droplet. dyp and Vj are the diameter and impact velocity of the
water droplet, respectively.

For the experimental studies of droplet impingement dynamics, the
maximum spreading factor o (the diameter ratio between the largest
spreading circle and the initial water droplet), the splashing threshold
and the characteristics of secondary droplets (diameter, velocity, mass
ratio, and etc.) are the main characteristics of droplet impact and
splashing to be studied. One of the earliest studies was performed by
Stow and Hadfield (1981), who presented an investigation on water
droplet impact upon a dry surface. They found that the maximum
spreading is independent of roughness, and the critical value K. of
droplets splash depends on the surface roughness. Mundo et al. (1995)
proposed critical impact parameter K, > 57.7 as splashing threshold and
found that for rough surfaces the splashing occurs under the influence of
the local surface angle, leading to a transfer of tangential momentum
into normal momentum. Cossali et al. (1997) developed an empirical
correlation between impact parameter K. and roughness Ra based on the
data from Mundo et al. (1995) and Yarin and Weiss (1995). Range and
Feuillebois (1998). Roisman et al. (2015) found the splashing threshold
is related to a critical Weber number which depends on the character-
istic slope of the roughness. Mehdizadeh et al. (2004) found that both
the number of fingers and the maximum extent of spreading were
decreased with the increase of surface roughness. Xu et al. (2007) and
Latka et al. (2012) studied the interplay of surface roughness and air
pressure on the mechanisms of splashing and found that splashing can be
completely suppressed by decreasing the pressure of the surrounding

gas. Recently, Castrejon-Pita et al. (2016) and Quetzeri-Santiago et al.
(2019a, 2019b) carried out many experiments to investigate the
behaviour of a droplet impacting on moving liquids and the effect of
surface roughness on dynamic contact angle and splashing. Li et al.
(2019) investigated the effect of Weber number and the dimensionless
film thickness on the features of the secondary droplets by a high-speed
camera. Various splashing thresholds were reviewed by Moreira et al.
(2010) and Josserand and Thoroddsen (2016), and they concluded that
the discrepancies between the proposed splashing thresholds were due
to the fuzzy definition of the splashing boundary and the surface
roughness.

For the numerical studies of droplet impingement dynamics, finite
volume method and volume-of-fluid approach are the main numerical
methods. One of the typical codes is the open-source package Gerris
(Popinet, 2003, 2009), which can accurately solve the incompressible
Navier-Stokes equations and account for fluid-fluid and fluid-solid in-
terfaces. Cimpeanu and Papageorgiou (2018) conducted a numerical
study on droplet impact by direct numerical simulations (DNS) using the
volume-of-fluid method in three dimensions. New morphological fea-
tures were identified. Pegg et al. (2018) presented a mathematical study
on droplet impacting onto an elastic plate and demonstrated the effect of
substrate oscillation on splashing. As Cimpeanu and Papageorgiou
(2018) mentioned, however, many of the assumptions in droplet dy-
namics simulation become inaccurate in the context of the large
supercooled droplets (larger than several tens of microns) found in the
atmosphere. Thus, for aircraft icing application, a series of experiments
to derive semi- empirical relations of large droplet impact and splashing
have been carried out (Papadakis et al., 2007a, 2007b, 2013; Papadakis
and Wong, 2006; W. Wright and Potapczuk, 2004).

For the characteristics of secondary droplets, the development of
relations or models for droplet impact onto dry surfaces mainly depends
on the measurement technologies, which has been reviewed by Yarin
(2006), Thoroddsen et al. (2008) and Moreira et al. (2010). Phase-
Doppler Anemometer (PDA) (Mundo et al., 1995; Weiss, 2005) is
mainly for droplet impact and splashing process. High-speed camera
(Cossali et al., 1997; Pan et al., 2010; Range and Feuillebois, 1998) is
mainly for both fuel sprays and single droplet impact fields. The infor-
mation of secondary droplets sizes and velocities are obtained from post-
process based on different algorithms. However, very limited data on
secondary droplet sizes and velocities are available in open literatures.
This may be due to that PDA and high-speed camera are both based on a
two-dimensional (2D) method, making many secondary droplets out of
focus and difficult to calculate their exact positions and velocities.
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Additionally, the mass loss are usually measured by setting a white
paper to collect secondary droplets, but some secondary droplets could
fall at the same point which could make big errors (Stow and Hadfield,
1981; Xu et al., 2007). Based on the measurement technologies reviewed
above, the models of secondary droplets were derived by Mundo et al.
(1995) and Trujillo et al. (2000) and are presented in Table 1,
respectively.

In recent years, 3D imaging, such as digital inline holography (DIH),
has been employed to investigate droplet dynamics. Both amplitude and
phase of the scattered object waves can be recorded in hologram.
Through holographic reconstruction, the diameter, position, velocity
and other related variables of splashing droplets can be measured
accurately. Guildenbecher et al. (2014) applied DIH technology and
adopted a new-developed hybrid method of particle detection to quan-
tify secondary droplets upon impact of a single droplet on a thin film.
Wu et al. (2014) proposed a wavelet-based algorithm to extend the
depth-of-field and to locate the 3D position in digital inline particle
holography, which makes it possible to obtain the 3D vector field and 3D
position of the particle accurately in the high-frequency sub-images.
Additionally, DIH has been used widely in the studies of fuel sprays and
particles in combustion (Wu et al., 2017; Yao et al., 2015, 2018), which
has confirmed that DIH method is suitable to detect the secondary
droplets within a wide range of size accurately. Despite the significant
advantages, few studies have been done on droplet splashing dynamics
upon the rough surface with DIH.

In short, due to the limitations of technical methods, few experi-
mental data on secondary droplet characteristics upon rough surface are
obtained from high-speed three-dimensional fields. Therefore, it is
imperative to obtain those data and develop a more accurate splashing
model accounting for the surface roughness effect on splashing droplet
dynamics.

In present study, influences of impact surface roughness on the dy-
namics of splashing droplets in three-dimension is investigated by con-
ducting high-fidelity experiments with DIH. In Section 2, the
methodology used in the present experimental study is detailed. The
experimental data is presented and analysed qualitatively. Corre-
sponding correlations are thus developed from experiments to present
the effect of surface roughness on various splashing characteristics, as
presented and discussed in Section 3. These correlations could be used in
developing droplet impingement models under roughness effects.

2. Methodology
2.1. Experimental set-up

Fig. 1 shows the layout of the experimental apparatus, which consists
of two main parts - water droplet generation system and digital holo-
graphic measurement system.

Droplets are produced at the tip of a needle and driven by a syringe
pump. The size of droplets and the time interval releasing a droplet are
controlled by the diameter of the syringe needle’s end and water volu-
metric flow rate. Due to the surface tension effect, the syringe needle

Table 1
Test conditions and related parameters
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Fig. 1. Schematic of the experimental system.
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would collect a large amount of water before the droplet drips under the
effect of gravity. The diameter of the droplet can be defined according to
the balance of its gravity and surface tension, zrdospdg/ 6 = nd,o4, where
pq and dj are the water droplet density and diameter, respectively. d, is
the diameter of the needle and o4 is the surface tension coefficient.
According to the existing studies (Josserand and Thoroddsen, 2016;
Wierzba, 1990; Yarin, 2006), the droplet generator was designed to
produce droplets with a diameter at millimetres level, between 2600 pm
and 2700 pm for the present work. This diameter range is at the same
level as the upper limit of freezing rain’s diameter defined in the SLD
icing envelop. The time interval of releasing each droplet At can be
given by gAt = ndy>/6 based on mass conservation, where q is the water
volumetric flow rate and was set to 3 ml/h for the current study. At is
primarily used to trigger each recording to guarantee all the measure-
ments can be in a temporal phase and can be directly compared.

Fig. 1 also illustrates the schematic of the measurement system of
DIH. A laser beam with a wavelength of A = 532 nm is emitted by the
continuous laser generator (OXXIUS LCX-532S-300). The laser beam is
then filtered with spatial filtering and collimated with a spherical lens
into a plane wave, with the beam diameter expanded to approximately
50 mm. A high-speed camera (LaVision High-Speed Star 500 K-M3) is
operated at 3500 frames per second (FPS) to record the time-resolved
hologram of the impact event. The exposure time is set as 3 ps to sup-
press the motion blur, and the hologram has a resolution of 1024 x 1024
pixels and a pixel size of 20 pm. Thus, the size of field-of-view is
approximately 20 mm x 20 mm x 65 mm. In addition, two temperature
sensors are set at the test section and the nozzle port, in order to measure
the temperatures of the airflow and water droplet in real time, respec-
tively. A PC is connected for data acquisition and analysis
simultaneously.

Mundo et al. (1995)

Trujillo et al. (2000)

Splashing threshold K. = Oh~%*We Ki, n>17
Number of secondary droplets ns = 1.676 * 107°k%5%°, n; < 1000 /
Size of secondary droplets ds 0.0281K ds ds —0.0281K ds
— =872 ,005< <1 — =8.72e ,005< <1
do . do %o do
Mass loss mo_ ds — =0.2[1-exp(0.85* (K0 —17) ) |
. my *\do , T‘T;o
Velocities of secondary droplets Ve 1337 _ 1.318$ +2330 ds V;t ~1.075 — 0.00256,
Vo dy do 0.t
Vin Vin _ 03 0.0026o

Von

dy di\?
= —0.249 — 2.959% +7.794( = Von

do
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2.2. Hologram recording and reconstruction

Digital inline holography (DIH) approach consists of two steps:
digital recording and numerical reconstruction, as shown in Fig. 2.
When a particle is illuminated by a collimated laser beam, the scattered
light, as the object wave, interferes with the undisturbed reference wave
and the interference pattern is recorded by the camera to form a digital
particle hologram. The hologram is reconstructed slice by slice along the
depth direction with a wavelet reconstruction method, which is based on
scalar diffraction theory, to revive the 3D optical particle field. A slice
image can be reconstructed by the convolution of the hologram and the
wavelet function is as follows:

I(x7 Vs Z) =1 _Ihulv(xvy)®l[jz(xvy) (5)

where, I(x,y, z) is the intensity of the reconstructed 3D particle field, @
is the convolution. Iy,(x,y) and ¥,(x,y) denotes the particle hologram
and the wavelet function, respectively. To eliminate the influence of
large particles on small particles, a two-step detection method is adop-
ted. Large drops are first characterized and simulated by a diffraction-
based model (Yao et al., 2015). The method of locating the axial posi-
tions of both opaque and transparent objects to extend the wavelet-
based depth-of-field are applied here, as proposed by Wu et al. (2014).
The methods were validated by simulated holograms and experimental
results. The absolute diameter error is no more than 20 pym, and the
average value of z position error is approximately 0.18 mm. It is
confirmed that DIH was suitable to diagnose the secondary droplets with
a wide size range from an acoustically levitated drop (Yao et al., 2015).

The reconstructed 3D optical particle field is processed to retrieve
the particle 3D position, diameter and 2D shape and velocity. Firstly, a
depth-of-field extended image is synthesized by using a wavelet fusion
algorithm (Wu et al., 2014), in which all the particles in the recon-
structed 3D optical field are focalized. The synthesis image is then
binarized by applying a proper threshold to separate the particles from
the background. The transverse location and pixels occupied by particles
can be obtained by edge extraction with subpixel accuracy. To minimize
the effects of particle noise and abnormal deformation, only the particles
with solid degree more than 0.8 and length-width ratio between 1 and 3
are accepted. Through this treatment, the actual size of particles can be
obtained according to the actual size represented by the calibrated
pixels. Next, the particle’s depth position is evaluated from its focus
metric curve, which is the variance of the intensity gradient within its
local window. In order to measure the particle velocity, digital holo-
graphic particle tracking velocimetry is employed. As described above,
the particle field is exposed several times when the droplet is moving in
the field of view of the digital inline holography. Series holograms are
reconstructed, yielding the spatial position of droplets at different times.
The droplets at the consecutive holograms are paired, and the droplet
velocities are determined by dividing the 3D displacements at the cor-
responding time interval.

Droplet

Cold Regions Science and Technology 191 (2021) 103373
2.3. Experimental conditions

All the test cases in present study are listed in Table 2. Case 1 presents
droplets impact upon a smooth substrate, and case 2 to 6 are for the
rough substrate with reducing roughness. From case 2a to case 2e, all the
conditions including roughness keep the same for repeated tests. The
experimental roughness Ra is represented using standard sandpapers,
ranging from 2.6 pm to 250 pm as shown in Fig. 3. Roughness Ra refers
to the arithmetic mean of the absolute values of vertical deviation from
the mean line through the surface profile and is characterized in unit of
pm (Bhushan, 2000). The diameters and velocities of the water droplets
are determined from measurement data. Note that based on Luxford’s
study (Luxford, 2005), water temperature affects its surface tension but
much less than viscosity. Value of surface tension at —20 °C is approx-
imately 8% higher than that at +20 °C, so the water temperature may
not have a significant effect on the strong impact process in the current
problem. Therefore, the experiments are conducted under ambient
temperature, which is approximately 15 °C. It is noted that, for each test
condition, five repeated impact events are carried out and analysed in
order to guarantee the convergence of the statistical values. The sub-
strate surface is treated to be always dry before each test to guarantee
there is no residual water.

2.4. Measurement of secondary droplets characteristics

This section presents how the main secondary droplets characteris-
tics, such as diameter, velocity and total mass, are derived from DIH
results. The reconstructed 3D optical particle field is processed to
retrieve the particles’ 3D positions and diameters. Firstly, a depth-of-
field extended image is synthesized by adopting a wavelet fusion algo-
rithm (Yao et al., 2015), in which all the particles in the reconstructed
3D optical field are focalized. The synthesis image is binarized by
applying a proper threshold to separate the particles from the back-
ground. The transverse location and pixels occupied by particles can be
obtained by edge extraction with subpixel accuracy. Through this pro-
cess, the actual size of particles can be obtained according to the actual
size represented by the calibrated pixels. The measurement error for the
secondary droplet’s diameter d; was estimated less than 20 pm (Yao
et al., 2015).

In order to obtain the particle velocity, the particle field inside the
field-of-view of DIH are exposed several times, and the series of holo-
grams are reconstructed, yielding the spatial position of droplets at
different times. Then, the droplets at the consecutive holograms are
paired, and their velocity vectors are then determined by V = Ax/At
where Ax is the drops’ 3D displacement. Consequently, velocity error
depends on position error. Since the transverse position (x-y position) is
easy to determine with high precision (Guildenbecher et al., 2014; Yao
etal., 2015), the error of droplet’s position mainly comes from the depth
direction (z-direction). The average measurement error of particle’s
depth position was estimated approximately 0.18 mm by Yao et al.

X

Zmin | &l [ Zmax
>

Recording

Reconstruction

Fig. 2. Schematic of Digital In-line Holographic Recording and Reconstruction.
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Table 2
Test conditions and dimensionless parameters.
Cases do (pm) Vo (m/s) Sandpaper grit Ra (pm) St We* Re* K
1 2690 + 20 3.82+0.1 None smooth None 534 9013 225+ 5
2 2a 2660 + 20 4.06 + 0.1 60 250 0.0940 596 9472 241 +£ 3
2b 2630 + 20 4.06 = 0.1 60 250 0.0951 589 9365 239+ 3
2c 2690 + 20 4.03 £0.1 60 250 0.0929 594 9508 241 +£3
2d 2670 + 20 4.06 + 0.1 60 250 0.0936 598 9508 242+ 3
2e 2680 + 20 4.05+0.1 60 250 0.0933 597 9520 241 + 3
3 2650 + 20 4.02+0.1 80 178 0.0672 582 9344 237 + 4
4 2660 + 20 4.05 £ 0.1 120 124 0.0466 593 9449 240+ 3
5 2670 + 20 3.96 £ 0.1 500 25 0.0094 569 9274 234+ 4
6 2670 + 20 4.05+0.1 5000 2.6 0.0010 595 9484 241 +3

* At 15 °C, p and ¢ of water are 999 kg/m> and 0.0735 N/m, respectively (Crittenden et al., 2012).

Fig. 3. Average diameter changes of secondary droplets during splashing.

(2015), and it thus can be converted to the velocity error of the sec-
ondary droplet in z-direction by dividing At = 1/3500s, which is
approximately 0.63 m/s.

The ratio of total mass of secondary drops to the mass of primary
drop is defined as the mass loss rate and given by

1 N
f-hSa ©
0 p=1

where d; and N denotes the diameter and number of all the visible
secondary droplets, respectively. Undoubtedly, it is very difficult to
include all the splashing droplets, so the earliest stable time will be
selected to count the splashing drops number, which allows as many
droplets as possible to be captured. Also, at the early stage of splashing,

250

200

50

(a)

Fig. 4. Average diameter changes and probability density of secondary droplets during splashing.

only very small drops, approximate 5% with diameters below 50 pm,
have a relative high speed to get out of the field-of-view which would
have a minimal impact on mass loss rate.

3. Results and discussion
3.1. Analysis of experimental repeatability and uncertainty

Five repeated tests, from case 2a to 2e in Table 2, were conducted to
verify the repeatability of the experiment, and all repeated cases have
the same surface roughness of Ra = 250pm. Then, the reliability of the
repeated results was verified through the following two aspects: com-
parison of the secondary droplet size distributions and evaluation of
splashing parameters’ relative standard deviation (RSD), also known as

= 45%
.g 40% - Case 2e
_g —o—1=0
E 35% —o—1=1.3
2 o7 ——1=4.3
g 3% x—1=6.5
£ 25% —+—1=8.7
w
5 20%-
=
2z 15%d
= 10%4]
< x
£ 5%y
z ,
m 0% O : Ui e s o s s
0.00 0.05 0.10 0.15 020 025 030 035 0.40

dJdy
(b)
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the coefficient of variation (Skrondal and Everitt, 2010).

Fig. 4(a), with five serial holographic images of case 2d presented,
shows the average diameter d; of the secondary droplets at five different
time 7= 0.0, 1.3, 4, 3, 6.5, 8.7 for case 2a to 2e. The dimensionless time 7
is defined as = = tV/dy, where t is the impact time and t = 0 + 0.286ms
refers to the first frame that splashing occurs. It can be seen that all five
cases show almost the same trend in terms of the relationship between d;
and 7. The average diameter d, initially rises with time and becomes
stable as well as the probability density of d; after approximately 7 = 4.3,
as shown in Fig.4(b). Thus, the earliest stable time 7 = 4.3 was selected
to analysis distributions of the secondary droplet size. Fig. 5 shows the
probability density distribution and its lognormal fit of the secondary
droplet sizes ds/dy for case 2e at © = 4.3. By using the same approach,
five lognormal fit curves of the relative frequency corresponding to the
five repeated test cases are plotted together and compared in Fig. 6. It
shows a good agreement between five cases with a maximum of 25%
possibility for the secondary droplets’ sizes ranging between 0.024 and
0.025. From Fig. 5 and Fig. 6 we can also see that, the measured prob-
ability density tends toward zero at the limit of large and small di-
ameters. This means that almost all of the secondary drops size are
captured and the results are statistically converged.

Another measure of the repeatability is the RSD of the splashing
parameters including diameter, velocity and angle of the secondary
droplet. RSD is calculated based on Type A standard uncertainty (JCGM
and others, 2008) and given by:

RSD = % *100% @

where q is the arithmetic mean of the individual observations, gy is the
splashing parameter, s(qgx) is the experimental standard deviation ac-
cording to:

1 - _\2
nfljzzl("f"’) ®

5 (@) =

Figs. 7 and 8 show all the statistical results of the secondary droplets’
diameters, velocities, and splashing angles for the five repeated tests
during the timescale T = 1.3~8.6. The dimensionless diameter f, ¢ and
St are defined as = d/dy, v = V;/Vo, ¢ = 6;/6,and St = Ra/dy
respectively, where d;, V; and &; are the average diameter, velocity and
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N [ 4 M q n
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o -
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;s 20% - xp(-(In(x/x¢))*2/(2¥w"2))
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g ¥0 0.00594 = 0.00492
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Fig. 5. Probability density distribution of the secondary droplets sizes for Case
2e (t = 4.3).
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Fig. 6. Distributions of the secondary droplets sizes for five repeated cases
(t =4.3).
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Fig. 7. Statistical results of the average secondary droplets’ diameter
and velocity.
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Fig. 8. Statistical results of the average secondary droplets’ splashing angle.
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splashing angle of the secondary droplets, respectively. Since the water
droplet falls and impacts upon the test substrate vertically, the incident
angle 6y = 90°. It is seen that the RSDs for dimensionless diameter, ve-
locity and splashing angle are all less than 10%. Also, the statistical
results shows that, the standard deviation of the uncertainty of average
secondary droplets’ diameter S, velocity y and splashing angle ¢ are
0.005, 0.029 and 0.047, respectively. Thus, the results of repeated ex-
periments are generally consistent and repeatable for the present study,
which indicates that the experimental system is stable and the experi-
mental data are reliable.

3.2. Effect of surface roughness on 3D splashing characteristics

Figs. 9 and 10 give the hologram (top row) and their reconstructed
images (bottom row) of case 1 and case 2d, respectively. Both cases have
the same test conditions, but different surface roughness (St ~ 0 for case
1 and St = 0.0936 for case 2d). The dimensionless time 7 used for
recording is labelled on the upper-right corner of the image, and as
defined above. The colours of secondary droplets in the reconstructed
images in Fig. 10 represent their distances from the focal plane in the
depth direction of z, which range from 230 mm (cold colour) to 300 mm
(warm colour).

From Fig. 9, it can be seen that on the smooth aluminium substrate
(case 1, St ~ 0), droplet only spreads with slight fluctuations after
impacting and there are no splashing droplets, which is also known as
deposition. A thin water film is eventually formed on the substrate later.
Fig. 10 (case 2d, St = 0.0936), however, shows a typical prompt
splashing process upon a rough and dry substrate and a large number of
secondary droplets are produced and splash in different directions,
which indicates the significant effect of surface roughness on droplet’s
splashing behaviours. Furthermore, Fig. 11 shows a zoom-in picture
recorded at time t = 8.6 in case 2e (St = 0.0933) and its 3D represen-
tation, which clearly illustrates the whole picture and distribution of the
measured secondary droplets.

Based on the hologram and holographic reconstruction maps for
each case, the splashing diameters, velocities, angles and heights of
secondary droplets could be derived and their variations with surface
roughness are then analysed and presented in the following sub-sections.
Following the same modelling method in ref. (Tang et al., 2017; Yarin,
2006), empirical models regarding roughness effect on droplets
splashing characteristics will be proposed in the form:

y ~ St%(InSt)° (0.001 < St < 0.1) 9

where a and b are constants, and y corresponds splashing droplets
characteristics.
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3.2.1. Splashing diameters of secondary droplets

Fig. 12 shows the dimensionless diameter f of secondary droplets at
different roughness St conditions, corresponding to case 2 to 6. Here, the
value of case 2 is the mean value of case 2a to 2e, and the symbols show
the mean of each roughness condition, while the error bars show the
minimum and maximum, and this is also applied to the following sec-
tions. Note that for Case 1, St = 0 seems like a singularity point and thus
not following the curve trend. The variation of secondary droplet size
with roughness is validated by comparing with the results in Stow and
Hadfield (1981). It is found that $ increases with roughness St in the
range of St = [0.001,0.1], which is consistent with the conclusion of
Stow and Hadfield (1981). It is also found that the splashing threshold
model is improved compared to that in Stow and Hadfield (1981), as
shown in Fig.13 (Wu, 1992).

We then compare our results with Mundo model (Moreira et al.,
2010; Mundo et al., 1995; Wright, 2005), in which the effect of surface
roughness is not considered, as shown in Fig. 14. The blue and red solid
line present Mundo model and our experimental results, respectively.

—0.0281K
§— { 8.72¢ 77 < K < 183.68 10)

B 0.05K > 183.68

Eq. (10) gives the prediction model of LEWICE, where the diameter
does not change with K anymore when K > 183.68 and keeps at a
constant 0.05. However, as surface roughness being taken into account
in the present study, the results show that  does not keep as a constant
for different impact parameter K. Instead, it changes with a combined
effect of impact parameter K and surface roughness St. The larger
roughness and higher impact parameter generally cause bigger sec-
ondary droplets. With the same impact parameter, the secondary droplet
diameter increases significantly with surface roughness.

Here, our understanding on the physical mechanisms behind these
phenomena is given. It is evident that secondary droplets are mainly
produced by the jets on the rim of the crown and their number and size
are determined by the initial perturbations (Yarin and Weiss, 1995). For
the smoother surface with St<0.01, the incident droplet can rapidly
spread and form a thinner lamella due to less frictional force. According
to Levin (1970) and Stow and Stainer (1977), the criteria for jet pro-
ducing a secondary droplet is A > zd;, where 1 is the wavelength of the
instability. Thus, smaller secondary droplets are produced from the
thinner lamella. With the less frictional force on smoother surface, the
rim can reach higher velocity due to less energy dissipation. Thus
smaller secondary droplets with higher inertial force could overcome the
surface tension and consequently formed. For the rougher surfaces with
St > 0.01, as roughness promotes contact line instability, the size of the
perturbations appearing on the rim increases under the combined effects
of frictional force, surface tension and surrounding air. This could
contribute to bigger secondary droplets and our conclusion is consistent

3 = Baos. =

Fig. 9. The hologram (top row) and reconstructed binary grayscale images (bottom row) of Case 1 (St ~ 0).
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Fig. 10. The hologram (top row) and reconstructed contour images (bottom row) of Case 2d (t = 0.0936).
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Fig. 11. (a) A zoom-in picture of Case 2e at 7 = 8.6 (b) 2D representation of the splashing droplets plotted in x-y plane (c) 3D representation of the splash-
ing droplets.
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Fig. 14. Secondary droplet diameter B at different roughness St and impact
parameter K
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with the results of Range and Feuillebois (1998) and Stow and Stainer
(1977). Other researchers have discussed the roughness effect on
splashing through wettability and dynamic contact angle (De Goede
et al., 2020; Quetzeri-Santiago et al., 2019a). However, the wettability,
as mentioned by Wenzel or Cassie-Baxter (Belaud et al., 2015), cannot
be determined within the present experiments, analysis on the wetta-
bility effect on diameters of secondary droplets will not be given here.

In short, surface roughness should be taken into account in droplet
splashing process to improve the accuracy and reliability of dynamics
simulation. A modified empirical correlation is given for K > 183.68, as
below:

B =0.05(0.91 —28.09S£InSt) 0.001 < St < 0.1 an

3.2.2. Splashing velocities and angles of secondary droplets

For the present experiments, only velocities in the transversal (x-y)
directions were determined and compared to the existing model LEWICE
3.2 (Wright, 2008). The dimensionless velocity components of second-
ary droplets in the x and y directions are defined as tangential and
normal components, respectively:

}/n = V:.n/VO,n
{ Ve = Vx.r/VO.t (12)

where V; , and V, . are the average normal and tangential velocity
components of the secondary droplet. Since the incident droplet impacts
upon the surface perpendicularly, the tangential component of primary
droplet velocity Vo, ; = 0 and Vo, , = Vj. In order to prevent division by
zero, Vg ,and V; ;are both normalized by Vj in the present analysis, thus
Vo, n = Vo, + = V. In addition, the estimated uncertainty of the two
dimensionless velocity components is 0.1.

Fig. 15 presents the variance of two splashing velocity components y,
and y; with the roughness St increases. Note that since the velocities of
secondary droplets keep changing due to gravity and air drag, only re-
sults at the time © = 4.3 are analysed and presented. From Fig. 15, it is
seen that the dimensionless splashing velocity in the normal and
tangential direction shows a different trend as St increases in the range
0.001 < St < 0.01. Specifically, when 0.001 < St < 0.01, the normal
velocity of secondary droplet rises dramatically. This indicates that the
dynamic lamella-substrate contact line is sensitive to roughness varia-
tion in this dimensionless roughness scale. The deeper ‘valleys’ of the
surface roughness cause much more motion obstruction in the tangential
direction, thus secondary droplets splash mainly toward the normal
direction due to the reaction force during the impact. Also, the splashing
velocity depends on the transfer of kinetic and surface energy of the
incident droplet, and energy dissipation may have a significant change
in this dimensionless roughness scale and influence the splashing.

For 0.01 < St < 0.1, both the normal and tangential velocity of
secondary droplets show an increasing trend with roughness rises, and
the increasing degree of the tangential velocity is slightly smaller than
that of the normal velocity. It is hypothesized that as St increases
approximately from 0.01, the splashing regime may have changed from
corona to prompt splashing, which could promote the kinetic energy
transfer. In addition, “entrapped air pocket” or surrounding air may be
another factor influencing the kinetic energy transfer behind the result
(Latka et al., 2012; Tsai et al., 2010; Xu et al., 2007). This is a complex
process and can be a topic for further analysis. The splashing velocity
data on different surface roughness is fitted as following correlations
within the present experimental conditions of §p = 90° and 235 < K <
245.

7, = 0.448 + 0.0506InSt ~ 0.3(1.49 + 0.169nSt) (0.001 < St < 0.1)
7, = 0.25 — 0.2268tInSt ~ 1.075(0.233 — 0.21SInSt) (0.01 < St < 0.1)
13)

The splashing phenomenon is relatively minor on a smoother sur-
face, as shown in Fig. 16, where the splashing holograms for case 6 (St =
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Fig. 15. (a) Relationship between normal splashing velocity y, and roughness St (b) Relationship between tangential splashing velocity y, and roughness St.

Fig. 16. Experimental hologram images of Case 6 (St = 0.001).

0.001) are presented. When surface roughness is reduced further to
smooth sufficiently, the particle size becomes quite smaller than the
water droplet size; thus, the tangential obstruction on secondary droplet
disappears completely. In this case, the surface tension of the water
droplet is large enough to keep the droplet sticking to the surface and no

1.2
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Fig. 17. Normal splashing velocity y, at different surface roughness.

secondary droplets are produced, as shown in Fig. 9.

We compare the correlation of normal velocity y, with the existing
models in open literatures (Honsek, 2005; Mundo et al., 1997; Trujillo
et al., 2000; Wright, 2005), as shown in Fig. 17. It is noted that there is
no roughness effect in all the existing models. It can be seen that the
results of y, for the existing models remain almost unchanged as St in-
creases, while the present experimental data show a dramatic and
gradual increase when St < 0.01 and St > 0.01, respectively. The present
study indicates that surface roughness has effect on the characteristics of
droplet splashing indeed and more accurate model should be developed
by considering surface roughness.

Splashing angle is mainly influenced by the initial ejection angle of
secondary droplets at the lamella-substrate contact line, which is also a
macro-representation of the ratio between the normal and tangential
velocity components of secondary droplets, and can be determined by 0
= tan‘l(Vs, n/Vs, o). Fig. 18 shows the variation of the dimensionless
splashing angles ¢ with St. The trend is quite similar to that of the
normal splashing velocities with St. According to the findings of Quet-
zeri-Santiago et al. (2019a), the maximum dynamic contact angle
generally increases with roughness. On the rougher surface, the sec-
ondary droplets are expected to splash with larger splashing angle ¢.
Moreover, when St decreases and is less than 0.01, the splashing angle
drops sharply, which is another evidence that splashing is more sensitive
in this dimensionless roughness scale.

3.2.3. Mass loss rates of secondary droplets
The mass loss rate directly reflects the severity of splashing and the

10
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Fig. 18. Splashing angle ¢ corresponding to different surface roughness St.

mass of the residual water on the impact surface; the latter refers to the
local water collection coefficient, an important factor that affects ice
accretion on a body surface. In Fig. 19, the holograms of case 2d, 5 and 6
at 7 = 1.3 are shown to present the splashing droplet numbers N on
different roughness surfaces. It is seen clearly that the number of
splashing secondary droplets rises with St. The number of secondary
droplets is validated against the model of Range and Feuillebois (1998)
and Mehdizadeh et al. (2004) as shown in Fig. 20. Both models have the
similar condition to present study. The number of secondary droplets is
believed to be related closely to the estimation of mass loss. It is seen
that for millimetre droplet, the number of perturbations decreases with
roughness Ra when Ra < 10pm but shows an opposite trend when Ra >
1pm. This indicates that, for lpm < Ra < 10pm, there may be a tran-
sition area from corona splashing to prompt splashing.

In most of the existing icing simulation codes, such as LEWICE and
FENSAP, the mass loss rate f is only predicted as a function of impact
parameter K under the same liquid water contents (LWC) and incident
angle, while surface roughness is not accounted for. It is found that,
however, there is no direct correlation between f and K when the
roughness effect is considered according to the current experimental
study, as shown in Fig. 18, where the mass loss rate was calculated at the
earliest stable time t = 4.3. For example, at K = 240.5 + 2.0, mass loss
rate could be as big as nearly 0.15 due to the effect of surface roughness
for point A and B. Moreover, for point B and Cin Fig. 21 having different
values of K, they have a similar mass loss rate because of the similar

t=1.3 §Ra=25um

(a) Case 6 (St=0.001)

(b) Case 5 (St=0.0094)
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surface roughness. Therefore, it can be concluded that, under the current
experimental conditions, surface roughness has significant effect on
mass loss rate of secondary droplets.

Fig. 22 shows the measured mass loss rate f corresponding to
different surface roughness St, compared to the results calculated by

_ 3
Mundo model (Wright, 2005), that is m;/my = n; (ds /do) . Note that

Mundo developed this model at impact angle 6y < 90°, which is different
from the present work. Mass loss is found generally decreasing with
impact angle (Bodoc and Berthoumieu, 2019). The comparison here is
conservative, and as shown in Fig.22, the average uncertainty relative to
the mass loss rate is approximately +0.0065. It is seen that f exhibits an
approximately exponential growth with dimensionless roughness St. On
arougher surface, the coarser sand particles have greater obstruction on
the spreading of the droplet film on the surface, thus the interaction
between the coarser particles and the incident water droplet becomes
stronger and dominant. It causes much more secondary droplets
splashing in the normal direction, resulting in a greater loss of the
incident droplet mass and thus a higher mass loss rate. A fitted corre-
lation is obtained as below and the curve is plotted in Fig. 22:

f =0.0037 — 6.016SIn(St) 0.001 < St < 0.1 and 235 < K < 245 14

80 10° 10
- e Range and Feuillebois (19981
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Fig. 20. Mass loss rate f on different surface roughness against impact
parameter K.

t=1.3 g Ra=250um

(c) Case 2d (St=0.0936)

Fig. 19. Comparison of splashing droplet numbers on different roughness surface.
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fis less than 0.2 under the current experimental conditions.

3.2.4. Spatial distribution of secondary droplets

The spatial distribution very close to the surface at a certain instant is
important for icing simulation because it would significantly affect the
secondary droplets collection efficiency upon impact on the wings. In
addition, the flow velocity increases rapidly within the boundary layer
near the impact surface, so the interaction between secondary water
droplets and airflow in each dimensionless-height layer is very different,
particularly for the SLD icing prediction.

In the present study, a statistical analysis on splashing droplets mass
distribution at selected splashing heights is carried out for four test
cases, case 2a, 3, 5 and 6, at the selected time t = 4.3, as shown in
Fig. 23. Here, the dimensionless height 7 is defined as = h/dy, where h
is the y-direction coordinates of the secondary droplets. The diameters
of all the secondary droplets in each dimensionless height are averaged
and the mass ratio of secondary droplets in each layer to the total mass of
all splashing droplets is evaluated.

In general, the average diameter and mass ratio of secondary drop-
lets decrease as splashing height grows. For example, in the first height

12
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layer (7 = 1) of case 2a as shown in Fig. 23 (a), the secondary droplets’
mass ratio reaches the highest value of 0.72, which means up to T = 4.3
upon impact, more than 70% (mass) of the secondary droplets exists at
the height equal to the incident droplet diameter doy, with an average
diameter of 250 pm. In the second layer (7 = 2), only about 20% (mass)
of the secondary droplets are distributed at the height equal to 2dy, but
with the same average diameter of 250 pm. For the rest of the height
layer units, both the splashing droplets diameter and the mass ratio drop
dramatically. The similar distributions are found in case 3, 5 and 6 as
well, as shown in Fig. 23 (b)-(d). This finding is attributed to a fact that
greater gravity forces would exert on the bigger splashing droplet,
resulting in a lower splashing height and larger mass ratio. In contrast, it
would be easier for the smaller and lighter secondary droplets to over-
come the gravity force and splash higher. It is noted that the results may
be different when applied in aircraft icing because of the presence of a
high velocity airflow. The smaller droplets with less inertia will be
carried away by the high speed flow more easily than the larger droplets,
and thus cause the different distribution.

From Fig. 23, it is found that with reduced roughness (from case 2a to
6), the mass ratio in the first height layer is increasing from approxi-
mately 0.72 to 0.98, which indicates that on the smoother surface, much
more secondary droplets splash at a lower splashing height. In case 2a
and 3, 95% (mass) of the secondary droplets splash in the first and
second height layer units, whereas in case 5 and 6, 97% (mass) of the
secondary droplets are distributed in the first layer only. In case 6 where
the surface is least rough, the maximum splashing height is only twice of
the incident droplet diameter, while in other cases the maximum
splashing height is five times of the incident diameter. In short, on the
smoother surface, the diameter, normal velocity component, angle and
height of the splashed droplets decrease, resulting in a decrease in the
average diameter and an increase in the mass ratio in the first height
layer unit.

4. Conclusions

An experimental study on the effects of surface roughness on large
droplet splashing behaviours is performed by using DIH aiming to
collect the 3D information of the secondary droplets. The following
conclusions are obtained:

(1) Results show DIH is suitable for diagnosing micro-sized trans-
parent droplets in splashing. The three-dimensional splashing
fields of the secondary droplets are reconstructed by a wavelet-
based algorithm. Compared to high-speed camera, DIH can cap-
ture more 3D information and features of secondary droplets. It
has a higher accuracy in recording the secondary droplets
splashing characteristics.

(2) The splashing characteristics of the secondary droplets’ di-
ameters at different dimensionless roughness ranging between
[0.001, 0.1] and the empirical correlations are obtained and
developed. To be specific, splashing characteristics are sensitive
to the roughness with St ~ 0.01, and St around 0.01 is proposed to
be a critical roughness for further splashing analysis.

(3) The mass ratio and average diameters of secondary droplets in

each dimensionless splashing height at certain time (t = 4.3) are

analysed statistically and presented in histogram. In the present

experimental conditions with 0.001 < St < 0.1, more than 90%

(mass) of the secondary droplets stay within the first two

dimensionless heights at time © = 4.3. This finding could support

the motion simulation of secondary droplets in the boundary
layer.

It is noted that the similarity of droplet impact and splashing

process have not been known very well yet. The effect of

roughness on secondary droplets found in our experiments has its
limitation if applied to smaller droplets (less than 1 mm diameter)
and higher impact velocity or Weber number. It is recommended
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Fig. 23. Splashing height distributions of secondary droplets (t = 4.3).

to use the present results at similar condition, especially the same
We number and Oh number. Also, experimental validation should
be performed if the experimental conditions is out of the present
work. It is noted that different definition on surface roughness
may cause different results.

Our study is supposed to have contribution to further development of
SLD icing simulation and may potentially be applied in the industrial
applications, such as inkjet printing, spray, erosion and formation of ice
layers. Further studies are necessary to investigate the effect of surface
roughness on splashing characteristics with smaller droplet and higher
impact speed. Also, low temperature effect is recommended to be
studied experimentally.
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