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ABSTRACT 
 

Fine Jetting from Drops Impacting on a Superhydrophobic Surface  

Mohammad Alhazmi 

 

      In this study, the associated dynamic of water droplets at low impact velocity on the 

Superhydrophobic surface have been investigated. The experiment is conducted on 

superhydrophobic surface (SH), (Contact Angel > 1500) while varying the impact velocity 

(V0). When the drop hits the surface, large oscillation starts, and the capillary waves 

travel up to the upper of the drop where a cylindrical cavity can be formed inside the 

drop. The cavity closes up in a self-similar way until collapse, followed by a violent 

singular jet which can reach up to 35 m/s.  

      The study showed that during drop receding, the cavity can collapse in different 

scenarios based on the impact velocity and the surface wettability. More importantly, 

the collapse is observed for the first time at very high-speed video, up to 5 million fps.  

Furthermore, we correct the optical distortion of the cavity due to the curvature of the 

drop surface. This study classifies all of the 5 encountered behaviors of the cavity 

collapse. The jet formation and speed are strongly dependent on the specific cavity 

configuration. Very fast jetting behavior is observed when the collapse is pinch-off 

singularity which reaches zero value in the middle of the drop. Other behaviors of the 

collapse such the unsymmetrical closing of the cavity or bubble entrapment is discussed.  
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The optical distortion factor is calculated through 3 different approaches. The first one is 

an experimental calibration technique where a small cylinder is inserted into the drop. 

While the other two approaches are indirect implantations of theoretical models 

presented in the literature to fit the instantaneous geometrical shape of the cavity 

inside the drop. The distortion factor (DF) gives in all cases a similar value. Therefore, 

the averaged distortion value is calculated, and it is a magnification of 33% increase of 

the actual size. The experiment results of the cavity radius are compared with power-

laws and the modified Rayleigh-Plesset equation for free cylindrical flow and good 

agreement is shown.  
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Chapter 1. Introduction 
 

1.1 History and Background 
 

   In 1876, Worthington’s sketches of mercury droplets impacting on a superhydrophobic 

surface (SH) have ignited the first interest in fluid droplets on solid surfaces (3). Ever 

since that many researchers and scientists have tried to explain the associated dynamics 

of the impact phenomena due to its rich application in industry and its existence in 

nature. 

 

 

Figure 1--1 This is Worthington’s drop-release setup and his sketches of an impacting mercury drop. (3, 4) 
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      A first common application is spray cooling (5) which helps in increasing the amount 

of heat transfer. Another application is internal combustion engine (6) which influences 

significantly automobile sector. Impact of fuel droplets on the boundaries of champers 

can affect the performance efficiency of engines. Droplets of fluid such as water can 

easily roll off surfaces when Superhydrophobic (SH) coatings are used as a top layer of 

solid surfaces. Therefore, surfaces such as helicopter blades, insulators, and turbines 

blades are coated to help increasing anti-icing and anti-corrosions properties. (7) 

 

Figure 1--2 “Properties and applications of superhydrophobicity: (a) self-cleaning property of lotus leaves, (b) SH car 
windshields: raindrops fall away leaving windscreen dry to increase safety , (c) anti-wetting electrical equipment by 

SH coating that prevents failing due to moisture, (d) anti-glaze coated aluminum substrates (right) compared to a bare 
aluminum substrate (left) after freezing rain, (e) anti-corrosion surfaces offer to strengthen corrosion protection, (f) 

anti-dirt and contamination feature”. (8) 



14 
 

      While the development of High-Speed Imaging over the last 30 years is largely 

impacted fluid mechanics techniques of fluid droplets on a solid surface (9). Now 

present camera sensors are more capable to reach sub-microsecond interframe rate 

which allows observing more accurate details of impact phenomena than before.  

      Furthermore, improvements in visual simulations and numerical integration 

solutions of 2D and 3D configurations are assisting experiment results. 

1.2 Phenomena and Factors 
 

      Various phenomena ascend during drop impact on solid surfaces such as deposition, 

receding, splashing and rebounding (10). while other cases are mentioned by (4, 11). All 

these conditions are controlled by different factors including fluid properties such as 

(surface tension γ, density ρ, viscosity μ, etc.), kinematic parameters like impact velocity 

and lastly surface wettability or texture (12-16). 

 

Figure 1--3 “Various phenomena after a droplet hits a solid surface: (a) deposition, (b) prompt splash, (c) corona 
splash, (d) receding break-up, (e) partial rebound, (f) complete rebound.” (17)  
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1.3 Dimensionless Parameters 
 

      To understand the underlying dynamics of the associated impact dimensionless 

parameters have been considered, among which Reynolds number, Re, Weber number, 

We, Capillary number, Ca and Ohnesorge number, Oh. These four numbers are often 

discussed and considered in the literature and it’s explained as follow: 

𝑅𝑒 =
𝜌𝐷𝑉

µ
 

Which balances between the inertial forces and viscous forces. 

𝑊𝑒 =
𝜌𝐷𝑉2

𝛾
 

Which is the balance between inertial forces and capillary forces. 

𝑂ℎ =
µ

√𝜌𝛾𝐷
=

√𝑊𝑒

𝑅𝑒
 

This is a ratio of We and Re which can show a relation between viscous and capillary 

forces. 

𝐶𝑎 =
µ𝑉

𝛾
 

Capillary number. Hence, here D relate to the initial drop diameter and V is the impact 

velocity.  

      Additionally, one dimensionless parameter is sometimes considered which is the 

Froud number, Fr. Which can show the balance between the gravity and inertia. When 

for example, Fr >> 1 (this case is often in the literature) this means that gravity effects 

can be neglected compared to inertial forces. 
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1.4 Surface Wettability 
 

      One of the most essential factors is the wettability and roughness of the surface. It 

can influence surface energy which virally changes the behavior of the impact on solid 

substrates. Wettability is dependent on surface roughness and the microstructure of the 

surface which can be controlled and made by various techniques such as coating 

approaches (18, 19).  

      To measure the variation in repellency of fluid such as water on solid surface (CA) 

contact angle is used. Based on what value (CA) holds, it categories surfaces into 

Hydrophobic (H), (CA = 90-1500) or Superhydrophobic surfaces (SH), (greater than 1500) 

(20). However, two common states of water on the solid surface are introduced to 

describe the micro-structure contact of the interface between the fluid and solid 

surface. The first state is Wenzel when a water droplet is reaching inside the micro-

structured interface and the shape of the droplet is holding parts of the surface. The 

other state is Cassie–Baxter (CB) which the droplet is keeping a spherical shape due to 

air entrapment spaces (Air pockets) between the fluid and the target surface. This 

increases surface repellency and droplets can easily roll off the surface due to the high 

(CA) in Cassie–Baxter (CB)(21-23). See the below figure (1-4) for illustration.  
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Figure1--4 (a) is Cassie–Baxter (CB) and (b) Wenzel (8) 

1.5 Optical Distortion (Snell’s Law) 
 

Distortion is caused by light rays’ refraction while transmitted through different media. This is 

described by Snell’s Law of refraction  

𝑛𝑑 sin 𝜓𝑑 = 𝑛𝑎 sin 𝜓𝑎  

Where 𝑛𝑑 and 𝑛𝑎 are the refractive indices of air and the fluid of drop, respectively, and 

𝜓𝑑 and 𝜓𝑎 are the angles of incidence and transmitting rays. In case of stationary drop a 

on a solid surface, the rays are refracted on the surface of drop as figure (1-5) showed.  

 

Figure1--5 Tracing of rays reflected on the drop surface (24) 
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      Where (P) is a particle inside a drop that will be traced on the image plane. The 

complete method is discussed in Kang’s work (24).  More importantly, his correction 

procedure is applicable when the drop maintains a hemispherical shape on the 

hydrophobic surface (H) (24). Additionally, the base of drop (b) should be less than the 

radius of the drop (R), (b >> R) (25) which is applicable to use for this study. 

 

Figure 1--6 Distortion effect in different materials (24) 

      In the figure above, η0 and ηi represent the distance between the origin of the drop 

(located in the central bottom, see figure (1-5) to the points in the object plane and the 

image plane, respectively. Different materials are used to test the refraction effect and 

the linear relation of the magnification is shown when the point (P) is located far from 

the drop external surface.  
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      Another method to calculate distortion is a 2D model of a quarter drop section as shown in 

figure (1-7) below 

 

Figure 1--7 2D model of drop section (26) 

      Where (r) is a particle inside a drop located on the object plane (True Position) and 

(r*) is on the image plane (Apparent Position). Similarly, to the first model, a graph of 

distortion effect is showed below  

 

Figure 1--8 Distortion effect in the water drop  
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1.6 Objective 
 

Two main objectives are considered in my thesis in which have not been considered in 

the literature before. 

First objective: Observing with high-speed framerate the Cavity Collapse. 

 

      When First, Bartolo (1) studied the impact of water droplets on superhydrophobic 

surfaces and scaled the cavity collapse relative to time his video camera had  a 

maximum frame-rate of 100K fps. This speed is the maximum speed that is present in 

the literature for this cavity collapse case, up until now (1, 2).The spatial and temporal 

resolution can therefore be increased with latest camera technology. Therefore, I am 

considering a higher framerate (up to 5 million fps) to clearly observe the finer details of 

the final collapsing cavity to better understand the collapse behaviors. 

      Specifically, looking at the earlier studies, the last reading of the cavity radius (RC) 

which is reported herein is 50 μm, as figures (1-9 and 1-10) showed above. After that, 

the cavity collapses immediately with no clear vision of what may be the speed or 

shape. 
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Figure 1--9 Bartolo’s Radius of cylindrical cavity R vs. collapse 
time (1) 

Figure 1--10 Longquan’s Radius of cylindrical cavity R vs. collapse time (2) 
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Second objective: Quantifying the optical distortion effect inside the liquid droplet. 

 

      Since the main focus is on the cavity inside the drop, we must estimate how the 

actual size of the cavity is changed by optical distortion. All previous measurements of 

the cavity radius (RC) did not consider the optical distortion by the curved surface of the 

drop or simply estimated to be insignificant (1, 2). More importantly, there is an optical 

distortion inside the drop due light reflected at the surface of the drop and an 

experimental calibration technique is performed and compared with theoretical models 

to see how much the cavity size is changed.  

      The hypothesis of this study that the real size is magnified by a calculated factor. 

Based on this, we can correct collapse speed of the cavity. 

 

Figure1--11 Optical Distortion Effect (Snell's law)  
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Chapter 2. Methodology  
 

      This chapter showed more details the different apparatus used, software and 

experimental analysis. See Figure 2--1 for the experiment setup below: 

 

Figure 2--1 Experimental Set up 

2.1 Experimental Apparatus 
 

        The working fluid in this study is water which has density ρ = 1000 kg m-3, surface 

tension γ = 72 mN/m, viscosity μ = 0.001002 kg/(m. s). Two different radii of the droplet 

are used (R01 = 1.05, R02 = 0.93) mm which are both less than the capillary length of 

water √
𝛾

𝜌𝑔
≈ 2.7 mm. Therefore, gravity forces can be neglected during the rapid 

motions on the impact, and the main important forces are inertial, viscous and capillary. 

These parameters correspond to the dimensionless number (Re and We) where (Re) 
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balances between the inertial and viscous forces. On the other hand, (We) balances 

between the inertial and gravity forces as discussed in chapter 1.  

To control the size of the drop a capillary tube is heated and pulled in a micropipette 

puller.Then the diameter is obtained by using the glass to glass technique. See 

Figure2---2 

 

Figure2---2 Flaming/Brown Micropipette Puller 

      More importantly, the radius of the nozzle RN needed to pinch off a drop of a 

particular size is calculated through a balance between surface tension and gravity 

forces as shown below: 

𝐹𝜎 =  𝛾 2𝝅 𝑹𝑵   ,  𝐹𝑔 = 𝜌 𝑔 
4

3
𝝅 𝑹𝒅

𝟑 

𝐹𝜎 =  𝐹𝑔   →  𝛾 2𝜋 𝑹𝑵 =  𝜌 𝑔 
4

3
𝜋 𝑹𝒅

𝟑      → 𝑹𝒅 = (
𝟑

𝟐

𝛾𝑹𝑵

𝜌 𝑔
)

𝟏
𝟑⁄
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Silicon tube is used to connect the automated syringe (60 mL Plastic) and the nozzle. 

The nozzle is fixed at the slider as Figure 2--1 shows. To keep the syringe pumping at a 

constant rate, a syringe controller is used with a volume of 5000 uL and flow rate of 10 

uL (see Figure 2--3), this would allow the drop to pinch-off from the nozzle without 

external force that would change the impact velocity of the droplet. 

 

Figure 2--3 Fusion 200 Classic Syringe controller  

      Impact velocity is controlled by simply changing the height of the released needle. 

The range of velocity is (0.25 ~ 0.7) m/s corresponded to We (0.911 ~ 7.15) and Re (260 

~ 730). A theoretical model for impact velocity is derived from the free fall object can be 

also considered.  

𝑉0 = √(2 𝑔 (𝐻 − 𝐷𝑑))  
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2.2 Imaging Equipment and Data Processing Tools 
 

      In this section, only considered a simple introduction of the equipment or software. 

Additionally, emphasizing why or what they have been used for. Further details of the 

complete features are attached as references in each subsection. 

Imaging Hardware  

 

      Three cameras were used in all the experiments. (Kirana) and (Phantom V2511) were 

used in drop impact experiment which required high-speed imagining to capture the 

ultra-fast dynamics of the fluid motion. The third camera is (Sony Alpha a7) which was 

used in the light distortion effect experiment since water drops were stationary fixed at 

the surface, therefore, no need for a higher frame rate to capture kinematic 

movements.  
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Phantom v2511 high-speed imaging camera  
 

 

Figure 2--4  v2511 high-speed imaging camera 

      This camera is a highly featured piece of equipment made by Vision Research. It’s 

capable of recording up to 25 Gigapixels per second of data and has a capturing speed 

range from (25.600 to 760,000) fps. However, resolution of the frame is reduced as 

approaching higher frame rate as Table 1 shows.  

      Furthermore, it has a high light sensitivity which reaches up to 4,096 gray levels with 

a bit depth of 12 to help indicates colors of pixels. The camera sensor has a pixel size of 

28 microns (μm /pixel) which is important for dimensions measurement which will be 

discussed in the experimental analysis section.  
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      The camera equipped with an electronic shutter that can have an exposure speed of 

1 us and it can be boost by the export option fast controller to reach up to 500 ns (this is 

not available in Saudi Arabia). One more feature is triggering options that specifically set 

to “Last” in the study which let the camera record until the triggering bouton is clicked. 

This choice is more suitable for the water impact and helps to capture the whole event. 

(27) 

Table 1 Resolution and Framerate of v2511 Camera 

RESOLUTION Max FPS 

1280 x 800 25,600 

1280 x 720 28,500 

1024 x 800 30,500 

1024 x 512 47,300 

896 x 800 33,600 

768 x 768 39,100 

640 x 480 69,900 

512 x 512 75,400 

512 x 384 99,500 

384 x 256 170,600 

256 x 256 205,000 

256 x 128 375,700 

128 x 64 764,700 
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Kirana Camera   

 

Figure 2--5 Kirana Camera 

      Kirana Camera is an ultimate high-speed camera that produces images and videos at 

full resolution. It has the capability of capturing 180 frames at its full 924x768 resolution 

in any capturing speed which ranges from 1000 to 5 million fps. This feature is not 

present in (phantom v2511) as Table 1 showed that, resolution decreases for higher 

framerate. Kirana has shuttering speed which reaches up to 100 ns and dynamic range 

of 10 bits. Other equipment such as triggering flashes, lasers can be synchronized 

through four outputs of the camera.  

      The laser is used as the main source of lighting in the study and the camera armed by 

triggering a movement indicator as showing in Figure 2--1. Once the drop crosses the 

green light then the indicator sends a signal to the camera and start shooting. Types of 

signals or trigger modes which activate the input are varied, in this setup rising edge 

mode is set which is a positive-going signal that means at the rising edge of the electrical 

voltage signal, starts trigging. (28) 
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Sony Alpha a7  

      This is a digital camera that has a CMOS 

image sensor with physical dimensions of (35.6 

mm x and 23.8 mm) that provides an effective 

pixel number of 24,200,000 pixels. The features 

of the camera are perfect for use in the light 

distortion experiment due to the large pixels 

number and color sensitivity.  

      However, due to the missing information of what exactly the pixel size is, a 

calibration gage is used for correcting the dimensions. The camera is attached to a 

composite of Leica lenses to control aperture and magnification conditions (29). See 

Figure 2--7 

 
Figure 2--7 Composite of Leica lenses  

Figure 2--6 Sony Alpha a7 III Camera 
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Imaging Analysis Tools: 

 

Phantom Camera Control (PCC) Software  

      This software helps in interacting with the phantom camera and PC. The interface is 

equipped with tools and functions to help increase the qualitative features of videos and 

pieces such as (brightness, Gamma, etc.). Additionally, mode of triggering, exposure 

control and pixel resolutions can be controlled. Obviously, a further explanation of the 

complete features of PCC software is mentioned in the manual (30).  

      In this study, the software specifically used for visual observation of videos and 

pieces such as smooth rebounding of water droplets, type of cavity collapse, bubble 

entrapment, etc. Hence, these observations will be disused in the next section. 

Furthermore, the software used to save all videos and pieces generated for the suitable 

format to use in other analysis tools. 

Kirana Control Software  

      This software for connecting the Kirana and PC only. It has features to control 

shooting conditions such as (framerate, exposure time, delay capturing time and 

triggering mode). The main use was for visual observation and saving videos for the 

suitable format to use in other analysis tools such as ImageJ and PFV. More details of 

the complete feature are discussed in the manual (28).  
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Photron FASTCAM Viewer (PFV)  

      This software is the official software used for Photron speed cameras (31). The 

interface of this software is more suitable to use for large videos that were saved as AVI 

extension file from PCC and Kirana software. The fast and easy interaction of data helps 

to get initial measurements faster than PCC and Kirana software. It was mainly used for 

initial measurements such as (drop diameter, nozzle diameter, and sometimes 

calculating velocity of drops).  The procedure of these measures will be discussed in the 

next section.  

ImageJ   

       ImageJ is one of the best free professional image processing software. It has the 

capability to read many formats such as TIFF, GIF, JPEG AVI. Etc. It provides tools to 

measure geometric dimensions such as area, distance, and angle by analyzing pixel 

statics. It can also edit qualitative features of pictures including brightness, sharpness, 

gamma level and most importantly pixel size scaling (32). Therefore, it was used for the 

main measurements of this study including the impact velocity of the drop and cavity 

collapsing. the measured data can be extracted from ImageJ and import in excel to 

complete the full analysis. 
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2.3 Experimental Analysis  

 
      This section considers the calculation techniques for experiment parameters 

including drop diameter, impact velocity, jet velocity, etc. Analysis steps are conducted 

from the imaging software described above. 

Drop and Jet Diameter Measurement 

 

      Firstly, in order to get the measurement of the recorded footage, pixel size must be 

converted to metric units by Conversion Factor (CF). Each camera has a specific pixel 

size based on its sensor which described in the previous section. Magnification plays a 

role in changing the pixel size and it's considered in (CF) as fellow: 

𝐶𝐹 =
𝑃𝑖𝑥𝑒𝑙 𝑆𝑖𝑧𝑒 

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
 

Then to get the diameter of the drop, it’s simply as fellow: 

𝐷𝑟𝑜𝑝 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚) = 𝐶𝐹 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑜𝑝 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

Number of pixels of drop diameter = difference of X (pixels) 

For example, consider the drop in the figure below: 

 

Figure2---8 dimension of drop diameter by using PFV 
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      Two diameters of droplets are calculated in all experiments (1.9 mm and 2.1 mm). 

The drop diameter is less than the capillary length of water (~ 2.7 mm). For the jet 

diameter, the same procedure is done, and the results are showed in the next chapter 

 

Figure 2---9 Jet of Water Droplet on a superhydrophobic surface 

 

Impact Velocity and Jet Velocity Measurement  

 

      Velocity can be calculated if displacement and time are knowns. These are extracted 

by taking 5 to 10 snapshots (readings) for each experiment of the drop just before it hits 

the surface (2~3 mm above the surface) for the impact case. However, 4 measurements 

are taking of the micro jet in its initial existence. Then plotting the displacement-time 

graph to get a first-order equation with time. Lastly by differentiation of the equation 

with respect to time to get the impact and jet velocity.  

Dj 
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Figure 2--10 Data extraction by using ImageJ 

      After the coordinates of the bottom of the drop at 5 or 10 different time are 

extracted, its inserted into excel to generate a displacement-time graph. The first row of 

Table 2 is taking as reference points to reset the measurements of displacement and 

time as shown in the last two columns of Table 2 

Table 2 Raw Data of the impact velocity of a water droplet 

Readings No. frame x (pix) y (pix) x (difference) y (difference) 

1 384 149 3 0 0 

2 2233 149 33 0 30 

3 3827 149 62 0 59 

4 4822 149 83 0 80 

5 5268 149 95 0 92 
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      Then, Conversion Factor (CF) and the inverse of camera shooting speed (1/fps) are 

used to get metric units and time respectively, as shown in Table 3. Hence, Y-direction 

refers to the displacement of the drop.  

Table 3 Displacement and Time of The Impact Velocity 

X (mm) Y (mm) NO. frame Time (ms) 

0 0 0 0 

0 0.99 1849 4.86 

0 1.96 3443 9.06 

0 2.66 4438 11.67 

0 3.06 4884 12.85 

Now a displacement–time plot is produced to get a model equation of a first order. 
 

 

Figure 2---11 Displacement - Time Graph of a water droplet 

      For example, take the linear equation above and differentiate it with respect to X 

(time). It’s equal to the impact velocity of 0.24 m/s. This procedure was done for all 

velocity measurements and complete results are shown in the next chapter. 
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Cavity Collapse Measurements 

 

      Cylindrical cavity starts to form after the drop hits the superhydrophobic surface. 

Both high-speed cameras (Kirana with (2M to 5M) fps and (Phantom v2511 with 99000 

fps) are used. Readings of the cavity are taking first by (Phantom v2511) because it 

allows capturing the hole receding of the drop which helps to get an accurate 

measurement of the collapse time (tc). Additionally, its important step to know when 

(Kirana) starts shooting for synchronizing the two data together. See Figure 2--12 for 

illustration.  

 

Figure 2--12 Cavity Collapse measurement procedure 

Phantom Camera Images 

Kirana Camera Images 
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      Kirana is used when the cavity approaches a critical collapse stage to help acquiring 

more readings of the collapse since the speed of the Phantom cannot provide a clear 

visual reading at the end of collapse. However, the limitation of recording period of 

Kirana (180 Frames only) and missing first 15~20 frames due to black images 

(production default) represents a challenge in inserting the data of Kirana properly. All 

data are extracted visually by using ImageJ as shown above. Lastly, implanting the data 

together to plot a smooth (Cavity radius – Collapse time) graph is done in Figure 2--13  

 

Figure 2--13 Cavity Collapse within a Water Droplet impaction on SH surface 
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Optical Distortion Measurements  

 

1. Experiment 

      In order to experimentally measure the distortion effect due to the curvature, two 

capillary glass tubes with well-known outer diameters Dt 700 and 400 μm are visually 

inserted in the middle of a water drop that sits on a Hydrophobic surface.  

      Distortion is calculated by measuring the ratio between the distorted tube diameter 

(Dd) inside the drop and the actual size (Dt). This process is tested while changing 

different conditions, i.e. Drop volume, Microscope Magnification (M) and its Aperture 

(A), to mimic most of the camera recording settings in the literature and in our 

experiments.  

 

Figure 2--14 Optical distortions with drop volume increasing. Microscope Magnification and aperture are fixed. 
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      The distorted diameter (Dd) is normalized by the actual tube diameter (Dt) to see 

what the rate of change is. Experiment results are compared with the two models 

mentioned in the first chapter (24, 26). 

2. Applying Theoretical Models on the Cavity Inside the Drop. 

      The models were applied to fit the dynamic cavity inside the drop. In this study, the 

drop diameter shape and cavity walls are changing as the drop retracts during receding 

phase of the impact. In order to use the models (24, 26) properly, 6 readings of drop 

diameter and cavity diameter are applied to the models, one for each time as described 

in the figure below. 
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Figure 2--15 Top View of Cavity Retracting at Instant Time 

       Where P and P* are the edge points of the cavity for the object plane and the image 

plane, respectively.  N is normal to the drop surface. The angles of the light rays are 

determined by Snell’s law and the index of refraction of water. 

2.4 Superhydrophobic Surface Coating  
 

      The method to achieve superhydrophobic coating is done by using the same method 

of Vakarelski et al.  (33). The coating agent is a commercial liquid substance called (Glaco 
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Mirror Coat “Zero”, Soft 99 Co.), which is an alcohol-based mix with nanoparticles of 

silica.  

      The procedure of coating is done as follow. First by using microscope glass slides as 

the desired surfaces for coating. Then the surfaces are cleaned from contamination by 

ethanol. A small volume of the coating is poured on the glass to make a smooth thin 

layer and it is left for 3 minutes to dry. Once the layer dried, it’s inserted in the oven at 

150 degrees Celsius for 30 minutes. This cycle is repeated for 3 to 5 times to help solidify 

the coating on the solid substance and create sufficient roughness to sustain a plastron 

air layer when in contact with water (33).  

      The superhydrophobic surfaces were made within 24 hr before the experiment to 

avoid any contamination or corruption by dust. Furthermore, each surface is replaced 

with a fresh new one after performing a fair number of drops impacts due to drop 

hammering and dust contamination. These contaminations can change the contact 

angle and thereby influence the cavity behavior.   

      The high super hydrophobicity makes it hard to deposit a stationary drop which 

presents some difficulty in measuring the contact angle precisely.  

      Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are done on 

the surface to see microstructure features of the top layer. The roughness of the coated 

layer is built by pillar-type (0.1-2 micron spacing and 50-300 nm depth) (33). 
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a 

 

Figure 2-16 A) AFM images of the superhydrophobic coatings on a silicon wafer 
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Figure 2---16 B) SEM images of the superhydrophobic coatings on a silicon wafer 

  

b 
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Chapter 3. Results and Discussion 
  

3.1 Optical Distortion  
 

      The optical Distortion Factor (DF) of the glass tubes inserted into the drops (Fig. 2-

14) is observed to be mostly constant despite changing the microscope magnification 

(M), aperture (A) and volume of the drop as shown in the figure below. This means that 

a constant correction factor can be used to correct the pixel size inside the drop. 

 

Figure 3-1 Distortion Effect Inside Water Droplets 

      The aim was to find this constant value of the Distortion Factor (DF), so we average 

the values measured from all the scatter data in the figure above. See the table below.  

Table 4 Analysis of Distortion Factor (DF) 

Dd\Dt 
Min. Max. AVG. STD 
1.223 1.465 1.339 0.046 
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      The average value of Dd/Dt = 1.34 > 1 which means the real size of the cavity inside 

the drop is magnified by a factor (DF) =34%. This increment of size is applicable for small 

to large droplets as shown in the figure 3-1.  The corresponding results of the two 

theoretical geometric optics models are shown below. 

Table 5 Optical Distortion of Cavity by Using Two Models 

Optical Distortion of Cavity by Using Model 1  

Readings R_drop (μm) D_cavity (μm) D*_cavity (μm) D*_cavity/D_cavity 

1 1573.465 680.454 905.702 1.331 

2 1489.035 576.656 767.544 1.331 

3 1458.333 472.858 629.386 1.331 

4 1442.982 311.394 414.474 1.331 

5 1427.632 115.331 153.509 1.331 

6 1427.632 46.132 61.404 1.331 

Optical Distortion of Cavity by Using Model 2 

1 1573.465 683.352 905.702 1.325 

2 1489.035 579.112 767.544 1.325 

3 1458.333 474.872 629.386 1.325 

4 1442.982 312.720 414.474 1.325 

5 1427.632 115.822 153.509 1.325 

6 1427.632 46.329 61.404 1.325 

 

      It’s very clear that the experiment results of (Dd/Dt) in Table 4 agree quite with the 

model's results (D*_cavity/D_cavity) in Table 5. Therefore, the average value of the 

distortion effect is calculated and the expected Distortion Factor (DF) = 33.2 % of the 

actual size. Note that the distortion value is close to the refractive index of water.  

Table 6 Averaged Distortion Factor 

Average 
Experiment Model 1 Model 2 

1.339 1.331 1.325 

Total Average  1.332 
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3.2 Dynamic Behavior of the Water Drop Impacting on SH Surface  

 

Overall, the drop impact is characterized by the following sequence of events. 

 

Figure 3-2 Overall Sequence of a water drop impacting on a SH surface. 

      First, when the drop approaches the solid surface, it builds up a high pressure in the 

air under the bottom of the drop forming a dimple. Once the drop bottom hits the 

surface, a film of air is entrapped which forms a small bubble cup inside the bottom of 

the drop. The drop is flattened expanding in the radial direction and capillary waves 

travel up its sides. This initial bottom bubble merges with secondary bubble created by 

the capillary waves which make the top cylindrical cavity inside the drop, see figure 3-3 

(3.91 ms, 4.02 ms, 4.13 ms). Then the cavity starts retracting until rapidly collapsing 

followed by a violent singular thin jet emitted from the top of the drop.  
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Figure 3---3 Emerging of two bubbles at V0=0.407 m/s. 

      The first picture at 3.91 ms shows the two bubbles approaching each other. At 4.02 

ms the two bubbles connected as showed inside the red circle. However, the black 

shadow indicates that the bubbles are still separated. Once the merging is complete, a 

vertical white line appears along the center of cylindrical cavity, which indicates that 

there is continuous air inside the cavity and the cavity starts radially collapsing in a self-

similar manner while holding its cylindrical shape.  

      The impact velocity (V0) plays a dominant role along with the solid surface treatment 

to determine the behavior of collapsing cavity. Furthermore, the speed and radius of the 

jet are dependent on the type of collapse. However, the collapse behavior changes 

rapidly for a small difference in impact velocity and surface wettability which makes it 

nonmonotonic and nontrivial to study, as mentioned in the literature (1, 2). Finally, the 

different types of collapse which are encountered are listed and discussed below: 
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1- Incomplete Formation of a Cavity. 

      The drop hits the surface and flattens radially until it reaches the maximum 

spreading diameter at (Figure 3-4, 2.8 ms). At the same time capillary waves 

propagate up the sides of the drop until they reach its apex and wave is push 

down to form a dip inside the drop. When the impact velocity is small, this would 

reduce the strength of the capillary waves which disturb the merging of the two 

bubbles. At 3.72 ms the two bubbles are not fully merged as discussed above, 

therefore, it collapses between 3.85 ms and 3.87 pictures respectively. However, 

at the video speed of 99K fps is not very clear if the cavity pinches-off (cavity 

radius reaches 0) or breaks up at a specific radius. Therefore, by filming at 2M 

fps, a clear visual observation showed in this case the two cavities did not merge 

and they detached immediately. The top cavity rises with a small speed and 

pressure which results in a low jet velocity (Vj) and large jet radius (Rj). 

 

Figure 3--4 Sequence of a water drop impacting on a SH surface V0= 0.359 m/s.  Scale Bars =1 mm, Phantom at 99K 
fps. 
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      Additionally, the same scenario is observed by Phantom at 380K fps. Even with this 

video speed the misconception regarding if the cavity pinch-off or break up in figure 3-5 

(4.71 ms) remains. However, when filming at 2M fps the cavity appears to break up. 

Hence, the attached videos are recommended for clear understanding and observation 

of the cavity break up. 

 

Figure 3--5 Sequence of a water drop impacting on a SH surface V0= 0.354 m/s. Phantom at 380K fps. 
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2- Complete Formation of Cavity and Pinch-Off 

      When the impact velocity increases slightly to 0.407 m/s, the capillary waves 

propagate faster which holds enough force for the merging stage. Once the 

cylindrical cavity has formed, it collapses in a self-similar way until it pinch-off 

followed by formation of the fine jet, in the last shown frame. In Fig. 3-6  

 

Figure 3---6 Sequence of a water drop impacting on a SH surface V0= 0.407 m/s. Phantom at 380K fps. 

      This particular scenario was not clearly observed in the literature, especially, 

when approaching the critical radius (Rcri), therefore, high framing speed of 5M fps is 

used and a clear pinch-off is observed where the cavity radius reaches a zero in the 

middle of the cavity, as shown in figure 3-7 and figure 3-9. Furthermore, bubble 

entrapment is observed when the cavity pinches-off. This case is not very repeatable 

and sometimes the cavity pinches-off without such a bubble entrapment, due to air 

escaping from the bottom of the drop. This supports the above statement that the 

nonmonotonic and nontrivial behavior of the cavity collapse occurs in this impact 

velocity range.  
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Fig. 3-7 shows a realization for bubble entrapment at pinch-off, while Fig. 3-9 shows 

a realization without bubble entrapment at pinch-off.  

 

Figure 3--7 Sequence of a water drop impacting on a SH surface V0= 0.408 m/s. Phantom at 99K fps. 

 

Figure 3---8 Sequence of a water drop impacting on a SH surface V0= 0.4 m/s. Phantom at 380K fps. 

 

Figure 3---9 Sequence of a water drop impacting on a SH surface V0= 0.406 m/s. Phantom at 99K fps. 

 

Figure 3--10 Sequence of a water drop impacting on a SH surface V0= 0.405 m/s, Bar =1 mm. Phantom at 380K fps. 
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3- Cavity Detached from the Bottom of Drop 

 

Figure 3---11 Sequence of a water drop impacting on a SH surface V0= 0.382 m/s. Phantom at 99K fps. 

       Figure 3-11 shows that in this case, the theory of collapse is that the inertial 

forces make the cavity detaches from the bottom and the high pressure of the water 

pushes the cavity up which results in jetting. As far as I know, this is here observed 

for the first time. 

 

Figure 3---12 inertial motion at the bottom of the cavity 
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4- Top of the Cavity Closes Faster than Bottom 

 

Figure 3---13 Sequence of a water drop impacting on a SH surface V0= 0.48 m/s. Phantom at 380K fps. 

      Here, the bottom of the cavity is pinned to the solid surface which slows the 

bottom collapse of the cavity while the top collapses radially faster than the 

bottom. This traps the cavity inside the drop which results in a large bubble 

entrapment. However, prior to the closing of the top cavity, air is pushed out, 

see a red arrow in Fig. 3-14 at 4.69 ms. Then a very fast thin jet is emitted 

upwards as shown below: 

 

Figure 3--14 Top closes faster than the bottom 

5- Cavity Diminished in the Middle with Low Jet Velocity and Large Jet Radius 

 

Figure 3---15 Sequence of water drop on SH surface V0= 0.52 m/s, Bar =1 mm, Phantom (380K fps) 
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3.3 Cavity Collapse Dynamics  
 

      The collapse of an air cavity inside an infinite liquid can be described by the Rayleigh-

Plesset equation for cylindrical coordinates (34). The equation is derived under the 

following assumptions: 

1- Constant pressure inside cavity 

2- Inviscid Flow. 

3- Potential Flow, which means vorticity is neglected. 

4- Air Viscosity is neglected. 

𝑃(𝑟) − 𝑃0

𝜌
= (𝑅𝑅 + �̇�2) ln

𝑅

𝑟
+

1

2
�̇�2 −

𝛾

𝜌𝑅

̈
 

      Where P(r) is the pressures at distance r from the centerline on the order of the drop 

radius (R0). While P0 is the pressure inside the cavity, respectively. A Power law solution 

is considered as  

𝑅(𝑡) = 𝐴(𝑡𝑐 − 𝑡)𝛼 

Where tc is the critical time where the cavity radius goes to zero. 𝐴 = (
𝛾𝑅0

𝜌
)

1/4

 which is 

a prefactor. 

      By neglecting the pressure inside the cavity, the value of the power law exponent α 

is dependent on what forces dominate the dynamics of the cavity. When α is 1, that 

means the viscous forces are the main resisting force on the collapse, which leads to 

describe the cavity as (2, 35) 

𝑅(𝑡) = (
𝛾

2𝜇
) (𝑡𝑐 − 𝑡) 
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On the other hand, when the working fluid has a low viscosity such as water, the viscous 

forces can be neglected, and inertial forces are the only source to resist the collapse 

which is the case in this study. The cavity radius can be scaled then as (1, 2, 35) 

𝑅(𝑡) = (
𝛾𝑅0

𝜌
)

1/4

(𝑡𝑐 − 𝑡)1/2 

Here, the prefactor 𝐴 = (
𝛾𝑅0

𝜌
)

1/4

 without any adjustable parameter. However, the fit to 

the results from the dimensional analysis is done without considering the optical 

distortion factor. Therefore, another prefactor (C) is needed to fit the corrected radius.  

𝑅(𝑡) = 𝐶 ∗ (
𝛾𝑅0

𝜌
)

1/4
(𝑡𝑐 − 𝑡)1/2 

The best fit gives a value of C= 1/1.33 ≈ 0.75. Then the theoretical model is plotted. See 

figure 3-15 
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Figure 3---16 Log-log plot of the cavity radius as a function of time (tc-t), velocity in m/s 

       

      As shown in the graph, good agreement between experiments and theory are found, 

which proofs that the self-similar collapse of the cavity can follow a power-law 

assumption. More importantly, the first objective of this study was achieved. The pinch-

off is clearly observed with time scale up to 0.4 μs where the minimum cavity radius R is 

around 10 μm which is very close to zero at V0=0.406 m/s and V0=0.408 m/s. 

Additionally, R = 30 μm when the cavity detaches from the bottom at V0=0.382 m/s.   
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3.4 Microjet Velocity Vs Drop Impact Velocity 
 

For certain impact conditions a “Singular jet” is emitted after the collapse of the 

cavity. This jet velocity is strongly dependent on the behavior of the collapsing 

cavity. While increasing the impact velocity and approaching Regime II at 0.4 m/s, 

highest jet velocities are observed, see figure 3-17. In this regime, the cavity pinch-

off then bubbles formed or sometimes not if air escaped from the bottom of the 

drop. Furthermore, As the impact velocity increases and approaches Regime III, the 

top of the cavity closes faster than the bottom which formed a bubble entrapment. 

Therefore, air pressure reduced which decreases the velocity of jetting. Lastly, in 

Regime III the cavity breaks up in the middle which produces smaller jet velocities 

as shown in the figure below. 

 

Figure 3--17 Jet Velocity vs. Drop Impact Velocity   
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3.5  Microjet Velocity Vs Jet Radius 

 
Overall the jet Radius (Rj) reduces with increasing drop impact velocity (V0) as 

shown in figure 3-17. In Regime I, drop impact velocity is not enough to form a top 

cylindrical cavity. Therefore, a large fluid volume is carried up by the capillary waves 

which reduces the jet velocity. in Regime II, the cavity is fully formed where its 

collapse is driven by inertial forces until the final stage. The resulting inertial forcing 

produces large pressure which ejects a small fluid volume thus forming a thin jet 

radius. In Regime III, jetting is behaving in a constant manner but producing thicker 

jets.  

 

 
Figure 3-18 Jet radius vs Drop impact velocity 
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On the other hand, there is a clear inverse relationship between microjet radius and 

jetting speed. Fig. 3-19 shows that.  

 

Figure 3-19 Jet Velocity vs Microjet Radius 
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Conclusions and Future Work 
 

      Our Investigation of the dynamics of drops impacting on superhydrophobic surfaces 

led observations of new phenomena during the collapse of the internal cavity. The two 

main objectives of this study were achieved as follows. 

      The first objective was to measure and correct for the optical distortion cavity inside 

an impacting drop. Experiments with a small solid tube were conducted on different 

drop diameters, optical magnification and apertures to imitate most of the camera 

setups used in the previous literature. The results when compared with two theoretical 

models showed good agreements. The average distortion factor showed a (DF) = 33 % 

increase of the image size compared to the true tube size. The magnification effect on 

the real cavity size can affect the prefactor obtained for the power-law describing the 

ultra-fast collapsing of the cavity radius. Therefore, when the cavity seems to disappear 

suddenly when it reaches a radius of 50 μm in the literature (1, 2), it is in reality 50/1.33 

= 37 μm. 

 

Figure 2---1 Top View of Cavity Retracting at Instant Time 
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      The second objective is to further investigate the effect of impact velocity and 

surface wettability on the various collapsing scenarios of the cavity. This investigation 

was conducted by using a framerate of up to 5 million fps. This very high speed allows us 

to clearly observe finer details of the cavity collapsing, especially the final pinch-off 

singularity. 

 

Figure 3---2 Sequence of a water drop impacting on a SH surface V0= 0.408 m/s, Bar =1 mm 

      We have found a new behavior where the cavity detaches itself from the bottom 

without a pinch-off. We speculate here that pure inertial forcing is at play at the cavity 

bottom, which changes the bottom edges of the cavity. Therefore, the cavity detaches 

and starts rising while shooting also a violent jet. 

 

Figure 3--3 inertial motion on the bottom of the cavity 
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      The self- similar collapse is predicted by a modified Rayleigh-Plesset equation and 

good agreement is showed in figure 3-16 with the inviscid power-law collapse, with an 

exponent of 1/2. The minimum cavity radius recorded is approximately 10 μm prior to 

pinch-off (0.4 us before collapse) and around 30 μm in the configuration where the 

cavity detaches from the bottom of the drop.  

      Finally, we showed that by deposit a drop with low impact velocity, a very fast 

singular jet is emitted. The jet velocity reaches up to 35 m/s in this study, as shown in 

figure 3-17. Furthermore, bubble entrapment happened when the top of the cavity 

closes faster than the bottom with large radius as earlier stated in the work of (1, 2). 

However, bubble entrapment is also observed during pinch-off but with a smaller 

radius. 
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Future Work  

• Investigation of the impact dynamic for different liquids (role of viscosity, density 

and surface tension) to see if similar behaviors such as jetting and bubble 

entrapment can be observed. Furthermore, modeling simple scaling analysis to 

represents the experimental results. 

• Studying the role of surface curvature of the superhydrophobic surface and how 

it can change the associated dynamics including jet velocity and behavior of the 

cavity collapse. 

• Using two high speed video cameras, one for bottom viewing and the second 

from side.  

• Changing the illumination to improve the optics inside the drop. We can also add 

fluorescent dye to change the optics.  
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