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Abstract—  
Current empirical models for droplet impact rely on data 

collected from free fall droplet impacts, which is 
fundamentally different from droplet impacts where the 
droplet is suspended and the impact surface moves toward it. 
Data on the spreading radius of liquid water droplets was 
collected for suspended droplets impacted by a moving 
surface. The measured spreading radius differed from 
estimatimations predicted by free fall models by 
approximately 10%. The discrepancy is explained in terms of 
energy conservation, including the work done by drag on the 
droplet, which is not present for free fall droplet impacts. It 
was found that work done by drag on the droplet as it is 
spreading accounts for the difference in spreading radius 
within experimental uncertainty.  

Keywords— Water droplet, impingement, moving surface, stage 
accelerator 

I. INTRODUCTION 
Icing is ubiquitous in a number of different fields, ranging 

from power generation, to roadways, to other forms of 
infrastructure, and aircraft [1]. In order to predict and mitigate 
icing phenomena on various structures, computational codes 
to estimate ice accretion have been created. Many of these 
codes rely on empirical models to determine the behavior of 
supercooled droplets upon impact. However, a large number 
of these empirical models are based on experimental 
conditions where a droplet in free fall impacts a stationary 
surface [2, 3]. While this may be exemplary of certain types 
of icing, these experiments are not representative of all types 
of icing. This is especially true in the case of aircraft icing, 
where supercooled droplets suspended in the atmosphere are 
impacted at high speeds.   

Aircraft icing caused by supercooled water droplets can 
introduce a number of adverse effects on aircraft performance 
and impede safe flight [4]. Ice accretion on the wing has long 
been investigated as, in the worst case, it can directly lead to 
fatal accidents due to increased drag and reduced lift [5]. 
Experimental investigations into ice accretion on aircraft 
wings have been conducted since the 1920s [6]. A number of 
aircraft icing simulation tools to study aircraft icing have also 
been developed [7]. 

Nowadays, several types of software are available, but 
almost all simulations follow identical calculation procedures 
[8]-[10]. The air flow around the body is first calculated, then 
the area and amount of supercooled water droplets impinging 
on the body are computed for a given time step. It is assumed 
that the impinged droplets form a film. Finally, the amount of 
ice accreting on the wing surface is obtained from the energy 

balance between the water film and the wing surface. Since 
the shape of the wing changes with accreted ice, the simulation 
must recalculate the air and droplet flow around the iced wing. 
By continuously iterating over this process, the ice accretion 
on the wing during a given time is obtained. More details are 
available in [11]. 

The meteorological conditions required for aircraft icing 
simulation are provided in Part 25 of Title 14 in the U.S. Code 
of Federal Regulations [12]. Appendix C of [12] provides the 
icing conditions where the water droplet diameter is up to 40 
µm. Since an accident caused by supercooled water droplets 
larger than 40 µm was reported in 1990s [13], Appendix O 
was established which included the icing condition where the 
range of water droplet diameter was extended to 2000 µm. The 
icing under the conditions in Appendix O is called 
supercooled large droplet (SLD) icing and underlying icing 
physics differs from the icing condition defined in Appendix 
C [14].  

The water droplet starts spreading on the surface of the 
body when it impinges. In SLD icing, a portion of the 
impinged droplet can break into small droplets [15]. This is 
called splashing, and those small droplets are often called 
secondary droplets. The secondary droplets may be 
accelerated downstream by the air flow and re-impinge on the 
surface [16]. In aircraft icing simulations, the effect of 
splashing is implemented using a semi-empirical model called 
a splashing model. The splashing model provides the 
conditions for the splashing to occur and properties of the 
secondary droplets such as size, number, and velocity based 
on properties of the impinging water droplets [17]. Most 
splashing models have been developed from experiments 
where a single water droplet was released from a certain 
height and impinged on a flat surface. In this case, the forces 
acting on the falling water droplet include the gravitational 
force and the drag induced by the surrounding air. Therefore, 
the impingement velocity of the droplet is limited to its 
terminal velocity. 

The impingement velocity of the supercooled water droplet 
onto the surface of an aircraft wing is much faster than its 
terminal velocity. Current splashing models need to be 
calibrated for implementation into aircraft icing simulations 
by comparing the collection efficiency, which indicates the 
mass of the water droplet impinging on the unit area of the 
wing per unit time, with experimental data. Since many 
calibrated splashing models are extrapolations of low-speed 
impingement experiments, splashing models based on higher 
speed impingement are required. 

Here we propose a spring-driven stage accelerator aiming 
to fill in the gap between conventional splashing models and 
actual aircraft icing conditions (Fig.1). The impingement 
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surface is attached to one end of the aluminum rod. At the 
other end of the aluminum rod, a string is attached which is 
also connected to a spring. The spring is extended by a 
pneumatic piston using high-pressure air. The rod is held in 
place when the spring is being extended. Once the rod is 
released, the impingement surface begins moving toward the 
stationary water droplet which is held by the acoustic levitator. 

 
Fig. 1 Schematic of the spring-driven stage accelerator\ 

The water droplet deformation after the impingement using 
the spring-driven stage accelerator may be different from the 
experiments referred to in conventional splashing models. In 
the experiments used to develop conventional splashing 
models, water droplets fell on the impingement surface while 
the surrounding air and the impingement surface were 
stationary. In contrast, for droplet impingement using the 
stage accelerator, the impingement surface moves toward the 
stationary water droplet (Fig. 2 left). Suppose that the 
impingement surface moves at velocity v. If we set the 
reference frame on the impingement surface (Fig. 2 right), not 
only the water droplet but the surrounding air move toward the 
impingement surface at v. This airflow with respect to the 
impingement surface may cause differences in the behaviour 
of the water droplet as it deforms compared to the 
conventional freefall experiment. However, in the case of 
actual aircraft icing, an aircraft flies into a cloud where the 
supercooled droplets can be considered as stationary since the 
velocity of the aircraft is orders of magnitude faster than the 
motion of the water droplets. Therefore, the water droplet 
impingement in the stage accelerator is more similar to actual 
aircraft icing than the conventional experimental setup. 

 
Fig. 2 Water droplet impingement in the spring-driven stage 
accelerator; schematic (left) and schematic when the reference frame 
is set on the impingement surface (right) 

In this manuscript, the influence of the airflow toward the 
impingement surface on the water droplet deformation 
behaviour was investigated. With the spring-driven stage 
accelerator, the spreading of the impinging water droplet was 
measured. When the water droplet spreads on the surface, the 
maximum spreading diameter can be estimated based on the 

balance between the energy of the water droplet before the 
impingement and consumed energy during the spreading. 
Details about the energy balance during the spreading are 
addressed in the next section. If the maximum spreading 
diameter in the spring-driven stage accelerator is different 
from that in the freefall, those differences can be explained as 
due the influence of the air flow toward the impingement 
surface in the surface reference frame. By taking into account 
the effect of that air flow, the spring-driven stage accelerator 
can provide more physics-based splashing model than the 
extrapolated and calibrated model. 

II. BACKGROUND 
The deformation of the water droplet has long been studied. 

For spreading on a solid, the maximum spreading diameter 
can be derived based on the energy balance before the 
impingement and when the water droplet spreads out at the 
maximum [18]-[20]. The water droplet has kinetic energy, 𝐸!, 
and surface energy, 𝐸" , before the impingement. When the 
spreading of the water droplet is at the maximum, there is 
surface energy, 𝐸′", and the energy loss due to viscous effects 
during spreading, 𝑊 . The kinetic energy is zero since the 
water droplet is not in motion when it reaches a maximum 
spreading diameter. Each of the energy terms are expressed as 
follows. 
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where 𝜌 and 𝛾 are the density and surface tension of the water,  
𝑉# and 𝐷# are the velocity and diameter of the water droplet 
before the impingement, 𝐷'()  is the maximum spreading 
diameter of the water droplet, and 𝜃 is the contact angle. For 
the energy loss due to the viscosity, Pasandideh-Fard et. al. 
gave the estimation as follows in [20]. 

𝑊 =
𝜋
3 𝜌𝑉#

$𝐷#𝐷'()$
1
√𝑅𝑒

(4) 

where 𝑅𝑒 = *!+!
,

 is Reynolds number with the dynamic 
viscosity of the water, 𝜈. Based on energy conservation, 
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The derivation of the maximum spread factor here is for the 
freefall water droplet impingement. In the Results and 
Discussion section, the comparison between the spreading in 
the freefall and the spring-driven stage accelerator was 
addressed based on the maximum spread factor. 

III. MEASUREMENT SETUP 
Fig.3 shows the top view of the measurement setup. As in 

Fig.1, a water droplet is held in the air using an acoustic 
levitator. The spring-driven stage accelerator moves the 
impingement surface toward the water droplet. Since the 
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shape of the droplet was an oblong spheroid due to the 
acoustic field, the levitator was turned off just before the 
impingement so that the droplet impinged on the surface when 
it was spherical in shape. When the droplet collided with the 
surface, the droplet started deforming and spread on the 
surface. The high-speed camera was placed normal to the 
impingement surface and recorded the diameter of the 
spreading droplet. The impingement velocity of the surface 
was measured from the motion of the impingement stage 
reflected on the mirror.   

 
Fig. 3 Top view of the measurement setup 

IV. RESULTS AND DISCUSSION 
Fig. 4 shows the consecutive images of one impingement 

example. Those images were taken at a frame rate of 2000Hz. 
In order to increase the visibility of the water droplet 
deformation, a luminescent particle, pyranine, was dissolved 
into water and the water droplet was excited by 405 nm LED 
light. In each image, there are two targets indicated by red and 
blue dotted lines in Fig. 4. The red dotted lines outline the 
image on the mirror which gives the side view of the 
impingement surface motion. The impingement velocity was 
calculated from this part of the image. The blue dotted lines 
outline the view normal to the impingement surface. The 
diameter of the water droplet before the impingement and the 
maximum spreading diameter were calculated from that part. 
Since the impingement surface moves toward the high-speed 
camera, the spatial resolution changes over the frames. To 
avoid this, four markers were made on the impingement 
surface, and obtained images were registered to the image at 
the impingement. 

Fig. 5 shows the change of the position of the impingement 
surface with time obtained in the case of Fig. 4. The position 
was detected as the centroid of the side of the impingement 
surface. The position was defined as 0 mm when the water 
droplet impinges on the surface, and positive direction was 
when the impingement surface moved to the left in Fig. 4. The 
position of the impingement surface linearly changed with 
time before and after the impingement, this confirmed that the 
impingement surface was moving at a constant velocity during 
spreading. 

Fig. 6 shows the comparison of the maximum spread factor 
between the freefall and the spring-driven stage accelerator. If 
the maximum spread factor in the stage accelerator was 
exactly the same as in freefall, data points should collapse to 
the line. All data points shown in Fig. 6 are from tests when 
the shape of the water droplet was spherical immediately 
before the impingement. As shown in Fig. 6, the maximum 
spread factor in stage accelerator tests was larger than that 
predicted by freefall models. 

 
 

 
Fig. 4 An example of obtained images. The red box indicates 
images on the mirror, and the blue box is the images of spreading 
droplet 

 
Fig. 5 Change of the position of the impingement surface with time 

in the case of Fig. 4 
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Fig. 6 Comparison of non-dimensional spreading diameter between 

freefall and stage accelerator 

 
Since the maximum spread factor in the spring-driven stage 
accelerator was larger than in the free fall, an additional term, 
𝑊(//, should be considered in the left-hand-side of Eq. (6). 

𝐸! + 𝐸" +𝑊(// = 𝐸′" +𝑊 (7) 
As a source for 𝑊(//, the work done by the drag induced on 
the spreading water droplet on the impingement surface was 
considered. 
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where 𝐷 is the drag acting on the spreading water droplet, ∆𝑡 
is the time from the impingement to when the water droplet 
spread at the maximum, and 𝜌(01 is the density of the air. For 
the calculation of 𝑊(//, the spreading droplet was assumed to 
be a disk shape and the drag coefficient 𝐶/ = 1.17 was used. 
For the area of the spreading droplet, 𝐴 = 2+"#$

%

3
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employed. Fig. 7 shows the comparison between the energy 
difference of the left- and right-hand-sides of Eq. (5) and the 
estimated work done by the drag acting on the water droplet 
during the spreading. Although several assumptions were 
made to estimate the work of the drag, the order of magnitude 
of the work of the drag and 𝑊(// defined in Eq.7 were found 
to be the same.  

 
Fig. 7 Estimated work done by the drag acting on the spreading 

water droplet 

 

V. CONCLUSIONS 
Current droplet impact models used in icing simulation 

codes rely on experimental data from droplet impacts 
conducted in freefall. While freefall experiments are useful for 
gaining a basic understanding of droplet impact dynamics, 
they are fundamentally different from icing that occurs on 
aircraft. Differences between these two arise from the change 
in reference frame between freefall experiments, where the 
droplet is moving, and aircraft icing, where a moving surface 
impacts a stationary suspended droplet. Experiments using a 
moving impact surface were conducted to study the dynamics 
of a spreading droplet during impact. Images of the droplet 
were recorded at 2000 Hz and the information was used to 
extract the maximum spreading radius of the droplet as a 
function of droplet parameters. The results from these 
experiments were compared with models generated from 
freefall experimental data. It was found that there is an 
approximately 10% discrepancy between the measured 
maximum spread factor and that predicted by model. An 
energy conservation analysis was performed on the 
experimental setup, including contributions from drag on the 
spreading radius of the droplet. It was determined that the 
discrepancy between experiment and freefall models was 
equivalent, within experimental uncertainty, to the work done 
by the drag force on the droplet. Models for droplet impacts 
used in icing simulations must rely on experiments that 
include the impact of the drag force on the droplet. Further 
study must be conducted to create and validate such models.  
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