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ABSTRACT 

High-Speed Imaging of a Water Droplet Impacting a Super Cold Surface  

Narimane Khaled 

Frost formation is of a major research interest as it can affect many industrial 

processes. Frost appears as a thin deposit of ice crystals when the temperature of the 

surface is below the freezing point of the liquid. The objective of this research is to study 

icing with hope to propose new anti-icing and deicing methods.  

In the beginning of the research, cracking of the ice layer was observed when a 

deionized water droplet impacts a −50 
o
C cooled sphere surface that is in contact with dry 

ice. To further investigate the cracks occurrence, multiple experiments were conducted. It 

was observed that the sphere surface temperature and droplet temperature (ranges from 

10-80 
o
C) have no effect on the crack formation. On the other hand, it was observed that 

formation of a thin layer of frost on the sphere before the drop impact leads the lateral 

cracking of the ice. Thus, attempts to reproduce the cracks on clean super cold sphere 

surfaces were made using scratched and sandblasted spheres as well as 

superhydrophobized and polymer particle coated spheres. Furthermore, innovative 

methods were tried to initiate the cracks by placing epoxy glue bumps and ice-islands 

coatings on the surface of the spheres. All of these attempts to reproduce the crack 

formation without the presence of frost, failed. Nonetheless, the adding of isolated frost 

on the sphere surfaces always leads to the crack formation.  
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Generally, frost forms on the small spheres faster than it does on the bigger ones. 

Additionally, the cold water droplet produces thicker water and ice layer compared to a 

hot water droplet; and the smaller the sphere the larger its water and ice layer thicknesses. 
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CHAPTER 1. INTRODUCTION  

1.1 Motivation  

Aircrafts are designed to run clean, which means free of any adhering frozen 

contaminations such as frost, ice, snow, or slush. These contaminations cause a potential 

hazard that could lead to major accidents including longer takeoff roll to liftoff, failure to 

liftoff, no climb capacity, uncontrollable roll or pitch, and engine power loss or failure. 

The degree of danger depends on the amount of contamination the aircraft, especially its 

wing, is exposed to. 

According to the Civil Aviation Authority of New Zealand (2000), during takeoff 

and climb-out, the aircraft is at low altitude, near maximum thrust, and at high angle of 

attack and drag with flaps out. The AOPA Air Safety Foundation (2002) states that even 

small amount of contaminations can change the smoothness of airflow; thus, increasing 

drag and decreasing the ability to create lift. Figure 1 shows the various elements of a jet 

aircraft and Table 1 (adapted from NASA GRC Icing Branch, 2004) displays the effects 

of contamination on each specific aircraft surface.               

  

Figure 1: Various elements of a jet aircraft (© NASA GRC Icing Branch 2004) 
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Table 1: Effects of contamination on each specific aircraft surface  

Jet Aircraft Element Effects of contamination 

1 - Wing Reduces performance by increasing drag and stall speed.  

2 - Wing Alters flight characteristics, which can lead to roll upset.   

3 - Aileron Gap Restricts aileron movement. 

4 – Jet Engine Effects engine performance and can lead to engine failure. 

5 – Horizontal 

Stabilizer, upper 

surface 

Increases drag slightly.  

5 – Elevator Gap Restricts elevator movement. 

6 – Horizontal 

Stabilizer, Lower 

Surface 

Causes pitch upset. 

7 – Instruments and 

Sensors 

Interferes with airspeed, altitude, angle of attack or engine power 

indications.  

8 - Fuselage Increases drag and can break the fuselage. 

 

As stated by the Civil Aviation Authority of New Zealand (2000), contamination 

situations are never the same; how thick, how rough, how and where is it distributed play 

a major role in the effect contamination may have. In previous years, multiple aircraft 

incidents/accidents have happened due to contamination. Table 2 (adapted from NASA 

GRC Icing Branch, 2004) displays the location of contamination in the aircraft and 

relevant facts about the incidents/accidents it contributed to. 
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Table 2: Contamination location in the aircraft and facts about the accidents/incidents it 

caused  

Contamination Location Aircraft Accidents/Incidents Facts 

 

1 – Wing 

B-737, Washington DC, USA, 13 January, 1982 

F-28, Dryden, Ontario, Canada, 10 March, 1989 

C-208, Plattsburg, NY, USA, 29 January, 1990 

 

2 – Wing 

Canadair CL-600, Montrose, CO, USA, November 28, 2004 

DC-9, Cleveland, OH, USA, 17 February, 1991 

F-28, LaGuardia, NY, USA, 22 March, 1992 

C-185, Alberta, Canada, 18 October, 1983  

3 - Aileron Gap BAE-146, UK, 4 April, 2004 

 

4 – Jet Engine 

DC-9, Detroit, MI, USA, 14 March, 1997 

MD-80, Stockholm, Sweden, 27 December, 1991 

F-70, Torino, Italy, 16 February, 2002 

 MD-82, Anchorage, AK, USA, 26 September, 2004 

 

5 – Horizontal Stabilizer, 

Elevator Gap 

DHC-8, Ottawa, ON, Canada, 4 November, 2003 

DHC-8, Edinburgh, Scotland, 21 December, 2004    

Jetstream 4100, Climbing from Aberdeen, Scotland, 23 

February, 2005 

YS-11, Honshu, Japan, 10 January, 1988 

7 – Instruments and 

Sensors 

C-421, Reno, V, USA, 15 January, 1993 
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According to the AOPA Air Safety Foundation (2002), there are many anti-icing 

and deicing methods. Anti-icing techniques are designed to prevent ice from forming 

whereas deicing techniques remove ice after it begins to accumulate on the airframe. 

Although these methods clear surfaces from contaminations, they are prone to failure.    

Within the different types of adhering frozen contaminations, Xia et al. (2006), 

Tahavvor and Yaghoubi (2009), and Fossa and Tanda (2010) stated that frost formation is 

of a major interest as it does not only effect aerospace industries but also crops, cooling 

systems, and cryogenics. Frost appears as a thin, uniform deposit of ice with a fine, white, 

crystalline texture. It is formed when the temperature of the surface is below freezing and 

there is sufficient moisture in the atmosphere. Figure 2 shows frost formation on the 

leading edge of an aircraft wing.  

 

Figure 2: Frost formation on the leading edge of an aircraft wing (© AOPA Air Safety 

Foundation 2002) 
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1.2 Background  

 Since airframe icing plays a major role in the safe and efficient operation of 

aircrafts, researches have been conducting experiments over the past few decades to 

investigate and better understand this phenomena. Madejski (1976) was the first to 

investigate the solidification of droplets on a cold surface. He analyzed the droplets 

theoretically and experimentally. In 1977, Hayashi et al. studied the formation of frost 

and categorized it into three periods: crystal growth, frost layer growth, and fully 

developed frost layer growth. The cold surface temperature and the vapor concentration 

were both found to affect the time duration of each frost formation stage as well as the 

frost crystals shape. Tokura et al. (1983) simplified the categorization of frost crystal into 

two types for free convection conditions and analyzed their shapes.  

Feuillebois et al. (1995) were the first to theoretically study the freezing process 

of free subcooled liquid droplets. They considered three different models for the droplets 

that quickly return to the solid-liquid equilibrium before partially freezing. The three 

models considered are: the outer shell of the drop freezes first, the center freezes first, 

and ice germs are uniformly distributed at random in the drop. These models were solved 

using both numerical and perturbation methods, which produced the same results. In 

1998, Range and Feuillebois investigated the impact of liquid droplets on rough solid 

surfaces. Depending on the physical parameters, the drops either splashed or spread. It 

was concluded that for their conditions the Weber number for splashing is independent of 

viscosity.  
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Rioboo et al. (2001) provided a qualitative analysis of outcomes from drop 

impacts on solid surfaces. The solid surfaces had different wettability and roughness. The 

different outcomes were categorized into prompt splash, corona splash, rebound, partial 

rebound, deposition, and receding breakup. Following this work, Rioboo et al. (2002) 

presented a time evolution study of normal impact of liquid drop onto solid, and dry 

surfaces. It was suggested that the spreading of a liquid drop could be broken down into 

four phases: kinetic phase, spreading phase, relaxation phase, and wetting phase. At the 

very early stage of impact, the dimensional similarity of the spreading was achieved 

while at the later stages, the number of influencing factors increased.  

Wu et al. (2007) visually and theoretically analyzed the early stage of frost 

formation on cold surfaces. They noticed that the transition from water vapor to frost 

occurs over five steps: droplet condensation, droplet growth accompanied by coalescence 

of supercooled droplets, droplet freezing, formation of frost crystals in the frozen 

droplets, and frost crystals growth with simultaneous collapsing.      

Hindmarsh et al. (2003) developed a simple experimental and numerical method 

to measure the temperature transition of freezing droplet. This droplet was suspended 

from a thermocouple junction in a cold air stream, and to predict the freezing time of the 

droplets, they developed a simple heat balance model. In 2003, Strub et al. 

experimentally and numerically studied the crystallization of a water droplet in a cold 

humid airflow. This study analyzed droplets as they transformed from supercooled liquid 

phase to liquid-solid phase and then to solid phase.  
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Lee et al. (2004), Liu at al. (2007), Gou et al. (2008), and Huang et al. (2011) 

analyzed the effect of energy on frost formation under free convection. They concluded 

that surface hydrophilicity is an effective method to reduce frost formation on cold 

surfaces. Some researches attempted to delay frost formation through additional forces 

such as ultrasonic forcing (Adachi et al.,1998), mechanical oscillation (Cheng and Shiu, 

2003), electric field (Zhang et al., 2006), and magnetic field  (Gou et al., 2009). These 

experiments resulted in no major influence on the frost layer full growth period while 

increasing frost layer thickness and density. 

Zheng et al. (2011) demonstrated that supercooled droplets impacting inclined 

and dry superhydrophobic surfaces can bounce-off without freezing. In 2012, Jung et al. 

showed that the icephobicity of superhydrophobic surfaces could be rendered by changes 

in the environmental conditions. They also indicated that humidity as well as the flow of 

a surrounding gas can shift the ice crystallization mechanism; thus, effecting surface 

icephobicity.  

Moreover, Li et al. (2015) presented an experimental investigation of the 

influence of a supercooled water drop onto cold hydrophilic and superhydrophobic 

surfaces. The maximum spreading diameter and the transient spreading diameter 

remained uninfluenced by temperature. Also, the speed of ice accretion and the minimum 

receding diameter increased almost linearly as the temperature of the wall decreased.      

Furthermore, Huang et al. (2012) experimentally analyzed the effect of contact 

angle on water droplet freezing process on cold flat surface under natural convection 

conditions. The water droplet freezing on superhydrophobic and copper surfaces with 
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different contact angles were observed and compared. The results showed that the contact 

angle influences the freezing time of the water droplets; as the contact angle increases, 

the freezing time increases.  

In 2014, Chaudhary and Li experimentally and numerically investigated the 

freezing of static water droplets on solid superhydrophobic and hydrophilic surfaces 

under rapid cooling. It was found that the feezing of a water droplet happens over four 

different processes: liquid cooling, recalescence, freezing, and solid coolig. The authors 

concluded that the surface wettability and the droplet temperature at the pre-recalescence 

instant effect the time it takes for the droplet to freeze. Comparing the experimental and 

numerical results, it was apparent that the droplet freezing time is relatively close in both 

analysis.             

Later, Jin et al. (2015) experimentally studied the effects drop size and surface 

temperature have on the impact, freezing, and melting processes of water droplet on 

inclined cold surface. They concluded that the increase of droplet size resulted in an 

increase in spreading maximum diameter, gliding maximum diameter, maximum 

displacement of foremost point, and spreading time. Using a high-speed camera, Suzuki 

et al. (2007) examined the freezing of water droplets on silicon coated surfaces with 

various silanes. The dependence of the freezing temperature on the surface characteristics 

was analyzed using differential scanning calorimetry.        

Tabakova and Feuillebois (2004) presented a theoretical study on the 

solidification of a supercooled liquid droplet lying on a solid surface. Solving one-phase 

Stefan problem, the authors suggested an analytical functions to estimate the time 
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duration for the water droplet to freeze. Elliott and Smith (2015) presented a theoretically 

study on the ice formation due to the impact of supercooled water droplet on smooth or 

rough cold surfaces. The authors found that a single droplet freezing under certain 

conditions, results in a parabolic shape. Moreover, they found that icing on smooth 

surfaces could cause the droplet spreading to either increase or decrease, while rough 

surfaces decelerate the spreading.   

Josserand and Thoroddsen (2016) have reviewed the latest studies on drop 

impacts on solid surfaces. They discussed the stages that a drop goes through as it 

impacts a solid surface. The authors first reviewed the studies on the early contact phase, 

which is the stage where the droplet entraps small air bubble under its center as it is 

impacting perpendicularly to a wall. Then, they presented work on the contact with the 

solid substrate stage as well as the spreading and rebounding stages. The authors 

reviewed research on prompt splashing and corona splashing as well as the effects the 

substrate properties have on drop impacts.        

1.3 Objective  

 In light of the undesirable effects of adhering frozen contaminations on most 

technical applications, the objective of this research was to study the freezing of 

impacting drops on super cold surfaces in the hope of proposing new anti-icing and 

deicing methods. anti-icing and deicing methods by better understanding what causes the 

breakup of frozen contaminations. This was done by first investigating the deionized 

water (DI) droplet impacting on a cooled sphere. During these experiments cracking of 

the ice layer was observed, and further research was concentrated towards understanding 
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its cause. The effects of the spheres surface and water droplet temperatures as well as the 

spheres surface textures have on cracks occurrence were studied. Then, attempts to 

reproduce the cracks occurrence on clean super cold spheres surfaces were made using 

scratched and sandblasted spheres as well as superhydrophobized and polymer particle 

coated spheres. Furthermore, innovative methods were used to initiate the cracks 

involved using epoxy glue bumps and ice-islands on the surface of the spheres. Lastly, 

the formation of frost on the super cold sphere surface was analyzed in a controlled 

manner by inducing isolated frost on the clean surface.  
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CHAPTER 2. METHODOLOGY 

Essentially, this research focused on the study of a DI water droplet impacting on 

a super cold sphere as shown in Figure 3. This chapter highlights the experimental 

apparatus, sphere coatings, and experimental procedure.  

 

Figure 3: Schematic of a water droplet impacting a super cold sphere surface    

2.1 Experimental Apparatus  

The experimental setup used in this research consists of three major components: 

a perspex chamber, a drop release nozzle, and a sphere holder mechanism. A schematic 

of these components is shown in Figure 4. Each component is discussed in details in the 

upcoming subsections. 
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Figure 4: Schematic of the experimental setup, including the perspex chamber, the drop 

release nozzle, and the sphere holder mechanism 

2.1.1 Perspex Chamber 

  A perspex chamber with dimensions of 600 × 400 × 400 mm
3
 was fabricated by 

KAUST Central Workshop. It has a 200 × 200 × 5 mm
3
 perspex sliding door, a glove 

compartment, and a 200 mm tall perspex flange tube (diameter of 152 mm) with a 

perspex cover. The perspex cover has a 6 mm diameter hole for the drop release nozzle, 

which will be discussed in the following subsection. There are two 10 mm hoses on the 

perspex chamber, one on the top to supply dry nitrogen while the other acts as a venting 
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system on the right side; both of these will be discussed in section 2.2. A total of six 

perspex flange tubes were fabricated to inculcate the dropping of liquid from different 

heights, which in return change velocity.   

2.1.2 Drop Release Nozzle 

 The perspex cover has a 6 mm diameter hole, where a 30 mm glass tube and a 

plastic nozzle were glued by epoxy glue. The plastic nozzle was attached to a tube 

leading to 60 ml B-D plastic syringe, which was connected to a syringe pump. The 

syringe pump was set at a rate of 250 μL/min for all the experiments.  

2.1.3 Sphere Holder Mechanism   

 A schematic representation of the sphere holder mechanism is shown in Figure 5. 

It consists of a 150 × 150 × 30 mm
3
 wooden base, which sits directly inside the perspex 

chamber, a lab jack for height adjustment, two micrometers for x and y direction 

adjustment, and a stainless steel container. In order to prevent heat transfer, a foam piece 

is placed between the micrometer and the stainless steel container where dry ice pellets 

are placed to cool the sphere. The stainless steel container with inner dimensions of 100 × 

100 × 50 mm
3
 has a 60 mm tall solid stainless steel cylinder (diameter of 21 mm) welded 

in the center. The solid cylinder has a hole of height 2 mm and diameter 9 mm to place 

the sphere.  
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Figure 5: Schematic of the sphere holder mechanism, including a wooden base, an 

adjustable platform, and a stainless steel container with a stainless steel solid cylinder 

2.2 Cooling Mechanism and Venting System  

2.2.1 Cooling Mechanism    

 In the series of experiments conducted in this research, dry ice was used as a 

cooling mechanism for the spheres. According to Rezende (2006), the history of dry ice 

dates back to 1834 when the French chemist Charles Saint-Ange Thilorier observed that 

liquid carbon dioxide quickly evaporates and leaves solid carbon dioxide behind. This 

solid carbon dioxide was later known as dry ice.  

 At room temperature, carbon dioxide is in a gaseous form; however, when frozen 

to -78 
o
C it becomes solid and forms dry ice. According to the Flinn Scientific, Inc. 

(2009), at standard air pressure, dry ice changes directly from a solid to a gas phase 
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without melting; this process is known as sublimation. Ahrens (2015) states that the 

sublimation of dry ice makes it attractive for cooling, as it does not leave any residue 

behind besides accidental frost formation when moisture is present in the atmosphere. 

Another advantage of dry ice is its much lower temperatures than that of water ice. 

However, this makes it dangerous to handle without safety as it may cause frostbite when 

in direct contact with skin.      

The properties of dry ice are studied using the carbon dioxide phase diagram 

shown in Figure 6. A sample of dry ice left at standard pressure (1 atm) and room 

temperature, will spontaneously sublime while maintaining its temperature of -78 
o
C 

(region 1) until the solid disappears. Point 2 in the phase diagram, represents the triple 

point where the solid-gas and liquid-gas phases are in equilibrium. This is also the point 

that causes the solid to melt. If the solid becomes covered with liquid, and the 

equilibrium between the three phases no longer exists, then the temperature and the 

pressure will increase leading into region 3 of the phase diagram.  
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Figure 6: Carbon dioxide phase diagram (© Flinn Scientific, Inc. 2009) 

According to Gehm & Sons Limited, commercialized dry ice is easily 

manufactured and it follows a set of common steps. First, carbon dioxide-rich gas is 

pressurized and refrigerated until it changes form to liquid. Then, the pressure is lowered. 

Once this occurs, some liquid carbon dioxide vaporizes causing the temperature of the 

remaining liquid carbon dioxide to drop. This extreme cold temperature solidifies the 

liquid into a snow-like consistency, which is then compressed into large blocks, slabs, or 

pellets of dry ice with sizes ranging from 6 mm to 19 mm in diameter. In the experiments 

performed in this research, dry ice pellets shown in Figure 7 were used. 
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Figure 7: Dry ice pellets, each pellet is about 15 mm in diameter (© Gehm & Sons 

Limited 2006) 

2.2.2 Venting System 

 In order to prevent moisture formation inside the perspex chamber, a venting 

system was developed. The venting system consisted of running dry nitrogen from a 10 

mm hose located on the top of the perspex chamber to chase away the air and water vapor 

from the chamber’s atmosphere via a 10 mm hose on the right side of the chamber. 

Removing water vapor from the perspex chamber prevented frost formation on the cooled 

spheres. 
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2.3 Imaging Equipment  

2.3.1 Imagining Hardware  

 In the series of experiments conducted in this research, Phantom v2511 high-

speed camera was used. Phantom
 
v2511 is a new addition to the Phantom v-Series family 

of 1 megapixel (1280 × 800 pixels) digital high-speed cameras and it is shown in Figure 

8. 

 

Figure 8: Phantom v2511 high-speed camera (© Vision Research Inc. 2016)  

At 1280 × 800 resolution, v2511 provides frame rates over 25,000 frames-per-

second (fps). At much lower pixel resolutions, it can achieve up to 677,600 fps. Hence, 

the larger the resolution of the recorded image, the lower is the maximum rate at which it 

can be captured. Table 3 lists v2511 maximum imaging frame rates and their respective 

image resolution in pixels.  
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Table 3: Phantom v2511 maximum imaging frame rates and their respective 

image resolution (© Vision Research Inc. 2016) 

Frame Rates (fps) Resolution (Pixels) 

25,600 1280 × 800 

28,500 1280 × 720 

47,300 1024 × 512 

69,900 640 × 480 

99,500 512 × 384 

205,000 256 × 256 

374,700 256 × 128 

764,700 128 × 64 

 

The v2511 camera can be set to shoot at a minimum shutter speed of 1 μs, and it 

has an internal data storage capacity of 96 gigabytes high-speed internal RAM. At a 

maximum frame rate, 12 bits, 128 × 64 resolution, and into maximum internal memory, 

2.6 seconds of recording time can be achieved. The v2511 camera has a Nikon F-mount 

standard, which support F & G style lenses. In this research, the v2511 camera was 

placed on a linos rail, which was placed on an optical table as shown in Figure 9.  
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Figure 9: The Phantom v2511 high-speed camera setup, including a linos rail and an 

adjustable platform  

2.3.2 Imaging Software 

 The Phantom v-Series high-speed cameras operate through Phantom Camera 

Control software (PCC). PCC allows the user to control camera’s parameters and image 

processing features as well as enables file saving and converting options to a variety of 

formats. For data transfer, an Ethernet cable is used to connect the camera to a computer 

that has PCC installed. The software on the computer runs a few minutes after the camera 

is switched on, allowing time for the camera to sync with the computer for data transfer. 

Once PCC starts, the user gets a live view of the captured object and can adjust camera’s 

imaging settings based on the lighting and the distance to the object. The most common 

settings that require adjusting are the frame rate, shutter speed, resolution, and the 
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triggering method, which can be automatic or manual. After recording, the user can view 

the recorded series of images and have access to the saving modes under the play tab. 

The user can use the playback options to select the most suitable images and the saving 

format. Figure 10 shows a screenshot of the PCC software on live mode with the saving 

pop-out window.             

 

Figure 10: Screenshot of Phantom Camera Control software (PCC) (© Vision Research 

Inc. 2016) 

2.3.3 Lighting Setup  

 Lighting is an important aspect of image recording as it enhances the quality and 

provides clear and sharp images if done correctly. When recording a fast moving object, 
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it is essential to increase the shutter speed in order to clearly capture the object in each 

frame without smearing. Nevertheless, increasing the shutter speed allows less light to 

enter each frame, resulting in darker images. Therefore, a strong light source must be 

used to light up the recorded object. Figure 11 shows images from two experimental runs 

of a 30 mm diameter sphere with a Sumita metal-halide light source, one with a high 

shutter speed of 20 μs and another with a low shutter speed of 150 μs. It is obvious that 

the high shutter speed produces a sharper image of the formed ice and cracks than that of 

a short shutter speed.   

 

Figure 11: Images of a 30 mm diameter sphere recorded at a shutter speed of 20 μs (left) 

and 150 μs (right)  
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 In this research, a Sumita 350W metal halide-light source guided by a flexible 

fiber-optic guide was used to light up the impact of the water droplet on a super cold 

surface. To disperse this light and create a uniform intensity across the field-of-view, a 

diffuser screen was used. Figure 12 shows the lighting setup used in the series of 

experiments performed in this research. The light source was set to an optimum power 

level in order to provide sufficient lighting to capture clear and sharp images at high 

shutter speeds.         

 

Figure 12: Lighting setup, the Sumita light box in the bottom left, and the fiber-optic 

cable extends to light from the top   

2.4 Pixel Calibration  

 The accuracy of the series of images recorded in this research is very crucial as it 

is the main source of experimental data. Thus, the pixel calibration, which translates pixel 

measurements into physical lengths by scaling, must be precise. The pixel calibration can 
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be determined for any given image as long as it has an object of known dimensions that 

can be related to its recorded resolution in pixels. In the images captured from the 

experiments conducted in this research, the object of known dimensions is the sphere.  

The pixel calibration for the spheres was done using the Photron FASTCAM 

Viewer software (PFV). For an image of a sphere, PFV’s cross cursor mode was used to 

select the ends of the known sphere diameter while maintaining the y-coordinates 

constant as shown in Figures 13. The attained data is then used to extrapolate the pixel 

calibration by taking the absolute value of the difference between the two x-coordinates. 

When using an 85 mm Nikon lens, the 15 mm diameter sphere is 254 pixels. 

Furthermore, the pixel calibrations are translated into physical lengths by obtaining the 

value in mm that corresponds to 1 pixel; thus, 1 pixel is 0.059 mm. 
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Figure 13: The vertical lines mark the distance between the ends of the 15 mm diameter  

2.5 Spheres Coating 

 The experiments conducted in this research involved using three different 

diameter size stainless steel spheres: 15, 20, and 30 mm. It also involved the 

implementation of multiple sphere coating techniques, which will be discussed in the 

upcoming subsection.  
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2.5.1 Superhydrophobic Coating 

 Following the method that Vakarelski et al. (2012) used to make surfaces 

superhydrophobic, the spheres were superhydrophobized using Glaco Mirror Coat Zero, 

which is a commercialized water repellant coating that prevents water from remaining on 

the surface. This solution consists of nanoparticles in a solvent. This makes the surface 

superhydrophobic, which means that the contact angle less than 150
o
. Before applying the 

coating, the spheres must be smooth (unscratched) and free of any contaminations. Thus, 

using gloves, the spheres need to be rinsed with ethanol and dried immediately. Once the 

spheres are dried, they are then dipped into a glaco solution and placed in the furnace at 

temperature increments of 50 
o
C, 80 

o
C, and 150 

o
C for five to ten minutes at each 

temperature increment. This process is done to ensure the uniformity of the plastron air 

layer forming on the spheres as Vakarelski et al. (2012) stated that the nanoscale and 

microscale roughness helps to achieve this.   

2.5.2 Particle Coatings  

Two types of polymer particle coatings were also used in the experiments 

performed in this research. The first type used particles of Poly(methyl methacrylate) 

(PMMA) with a grain size of 8 μm. PMMA is a transparent thermoplastic also known as 

acrylic glass. Initially, PMMA was diluted with DI water and isopropanol. Then, using a 

pipet, the solution was dispersed on the clean spheres. Finally, the spheres were left to 

air-dry for a couple of minutes.  

The second polymer coating particles used are polystyrene (PS) with a gain size 

of 98.7 μm. PS is a synthetic aromatic polymer, and it is transparent, hard, and brittle. PS 
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was also diluted with DI water and isopropanol before dispersing the solution on the 

clean spheres with a pipet.  

2.5.2 Induced Epoxy Glue Bumps and Injected Ice-Islands  

Additionally, epoxy glue bumps and ice-islands were used in this research. Using 

a toothpick, epoxy glue bumps with the size range of a few microns were placed on a 

clean sphere and left to air-dry. Whereas the ice-islands were placed on the surface of a 

super cold clean sphere by injecting room temperature DI water on its surface via a 

syringe release tube of 0.79 mm diameter. Figures 14 and 15 show epoxy glue bumps and 

ice-islands on the surface of the sphere.      

 

Figure 14: Epoxy glue bumps on the surface of a 30 mm diameter sphere 
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Figure 15: Ice-islands on the surface of a 30 mm diameter sphere 

2.5.3 Sandblasting 

According to the Enviro-Management & Research, Inc (1976), abrasive 

sandblasting is a technique invented in 1904, and it is the process of cleaning and 

finishing a surface by forcibly propelling a stream of abrasive solid granular material on 

it under high pressure. It is used today to change the metallurgical properties as well as 

clean rust from surfaces and remove paint in preparation for processes that require clean 

surfaces.  

Abrasive blasting is considered a fast and economical process compared to other 

competitive processes. The application of the abrasive material is done by two methods: 

dry-blasting and wet-blasting. Dry-blast cleaning includes mechanical blasting and air 
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pressure blasting, while wet blasting involves the use of high-velocity, compressed air 

propulsion of particulate slurry.       

Some of the spheres used in this research were sandblasted inside a specialized 

sandblasting cabinet at KAUST’s Central Workshop. This cabinet has a wide side door, 

two glove compartments, and a large viewing window as shown in Figure 16. A 

sandblasting gun with a ceramic nozzle was used to blast the spheres with two different 

types of sand. The first type is a fine sand with a grain size of 0.46 mm, and the other is a 

coarse type of sand with a grain size of 1.79 mm. Figure 17 shows a comparison between 

a standard sphere, a fine, and a coarse sandblasted sphere.       

 

Figure 16: Sandblasting cabinet supplied by Central Pneumati, model number: 68893  

(© Harbor Freight Tools 2016) 
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Figure 17: Comparison between a standard 30 mm diameter sphere (left) and a fine 

(middle) and a coarse (right) sandblasted 30 mm diameter spheres.  

2.6 Experimental Procedure  

 In the series of experiments performed in this research, a set of imaging hardware 

and camera parameters were used. The high-speed video camera used was Phantom 

v2511 (Vision Research Inc.) equipped with a Nikon lens of an 85 mm focal length and 

an aperture of 1 or 1.8. One and a half ring extensions were used on the lens in order to 

have a larger magnification.  

The camera’s parameters were set on the PCC software to use a full pixel 

resolution of 1280 × 800 at sample rate (frame rate) of 10,000 fps. The Frame exposure 

time (shutter speed) was set to 99 μs. The clip duration and internal sensor memory is 

large enough to allow for manual trigger use in order to catch the water drop impacting 

the sphere. Also, an infrared thermometer was used to measure the temperature of the 

spheres. 

 The experiments carried out in this research followed the following steps:  
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1. Prepare the experimental setup and switch on the camera, light, syringe pump, 

and the computer.   

2. Wait a few minutes as the camera syncs for data transfer, and then start the PCC 

software. 

3. Place a sphere temporarily in the sphere holder to calibrate the camera’s 

parameters accordingly along with focus. 

4.  Run dry nitrogen to chase away the water vapor from the perspex chamber’s 

atmosphere. 

5. Fill the stainless steel container with dry ice. 

6. Place the sphere to be tested in the sphere holder; making sure it is in contact with 

dry ice in order to cool down properly and rapidly. 

7. Make sure the perspex chamber’s sliding door is properly shut. 

8. Allow time for the sphere to cool, and measure the temperature of the sphere 

using the infrared thermometer. 

9. Once the desired temperature is reached, press the recording tab on the PCC 

software, to start the camera in continuous recording mode.  

10. Start the impact of the DI water droplet via the syringe pump. 

11.  Once the droplet impacts on the sphere press the trigger tab on PCC software. 

12.  View the recorded series of images, and select the sub-clip of most interest for 

saving. 

13.  Save the file to the computer using the avi format.   

14. After all finishing all of the experiments, make backups of the video data via 

external portable hard drives.                
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CHAPTER 3. EXPERIMENTAL RESULTS AND DISCUSSION  

3.1 Impact of DI Water Droplet on a Cooled Sphere 

In the first stage of this research, the impact of a room temperature DI water 

droplet on a cooled 30 mm diameter sphere was studied. Following the detailed 

procedure in section 2.6, Figures 18 and 19 show the two extremes experimental results. 

Figure 18 shows a continuous ice layer formed on a cooled sphere surface, while Figure 

19 shows the other extreme result where cracks were observed all over the ice layer.  

 

Figure 18: Formation of an ice layer on a 30 mm diameter sphere with a surface 

temperature of −5
 o
C  
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Figure 19: Formation of an ice layer with cracks on a 30 mm diameter sphere with a 

surface temperature of −5
 o
C, the cracks initiated at 17.5 ms and fully propagated at 21.7 

ms  

3.2 The Effect of the Sphere Surface Temperature on Cracks 

Occurrence  

The formation of cracks in the ice layer will depend on the cooling-rate of the 

water. This rate will in turn depend on the water layer thickness, surface hear resistance 

and primarily on the temperatures of the water and sphere. The main control parameter in 

this research is sphere surface temperature. Therefore, the sphere surface temperature was 

varied in the range of −46
 o

C to −60
 o
C. Figures 20 and 21 show the dependence of cracks 

occurrence on the sphere surface temperature of −47
 o
C and −52

 o
C, respectively. 
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Figure 20: Formation of an ice layer on a 20 mm diameter sphere with a surface 

temperature of −47
 o
C  
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Figure 21: Occurrence of cracks on the 20 mm diameter sphere with a surface 

temperature of −52
 o
C, the cracks initiated at 184 ms and fully propagated at 473 ms  

A graphical representation of the occurrence of cracking depending on the sphere 

temperature is displayed in Figure 22. An initial interpretation of the experimental results 

showed that the cracks occur at temperatures of −48
 o

C and cooler, whereas the ice layer 

forms at temperatures above −48
 o

C. Nonetheless, some anomalous results occurred at 

−53
 o
C where the cracking was not always observed in different experimental runs.     
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Figure 22: Dependence of cracks occurrence on the sphere surface temperature; as it can 

be seen, the sphere temperature is not the determining factor as at −53
 o
C the cracks were 

not always observed in different experimental runs.       

3.3 The Effect of the Water Droplet Temperature on the Cracks 

Occurrence 

Due to the exhibited anomalous results at surface temperature of −53
 o

C, a further 

investigation of the cracks occurrence was vital. Hence, the effect of different water 

droplet temperatures on the surface of a super cold sphere was analyzed. This was done 

by maintaining the super cold sphere at a constant temperature of −50
 o

C, and varying the 

water droplet temperature from hot (80 
o
C) to cold (10 

o
C). Figures 23 and 24 show the 

experimental results of a cold and a hot water droplet impacting the surface of a super 
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cold sphere, respectively. These results revealed that different water droplet temperatures 

have no effect on the occurrence of the cracks.            

 

Figure 23: Water droplet of temperature 10 
o
C impacting the surface of a super cold 30 

mm diameter Sphere 
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Figure 24: Water droplet of temperature 80 
o
C impacting the surface of a super cold 30 

mm diameter Sphere 

Since both the water droplet and the sphere surface temperatures play no role on 

the occurrence of the cracks, a thorough examination of the recorded images was 

conducted. It was observed that the cracks occurred on rough sphere surfaces, and this 

roughness is in the form of frost as shown in Figure 25. 
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Figure 25: Frost Formation on the surface of a super cold 20 mm diameter sphere  

3.3.1 The Spreading Dynamic of a Hot and Cold Water Droplet on a 

Super Cold Sphere 

The spreading dynamic of the hot and cold water droplets on the surface of a 

super cold 30 mm diameter sphere were analyzed assuming that the spread is uniform. 

The arc length, s, was calculated from the instant of impact until full spread using the 

following formula: 

𝑠 = 𝜃 𝑅     (1) 

where R is the radius and Θ is the central angle in radians, defined as: 

𝜃 = arctan (
𝑥

𝑦
)    (2) 
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where the x and y distances are shown in Figure 26. These values were obtained from 

analyzing the recorded images in PFV software.   

 

Figure 26: The parameters used to calculate the arc length  

Figure 27 compares arc length versus time for the cold and hot droplets as they 

spread over a super cold 30 mm diameter sphere. As it can be seen, the cold and hot 

water droplets have no effect on the spreading dynamic as both droplets follow a 

relatively similar pattern.  
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Figure 27: The spreading dynamic of the cold and hot water droplets on a super cold 30 

mm diameter sphere; the cold water droplet temperature is at (10 
o
C), and the hot at (80 

o
C). 

3.4 The Effect of the Spheres Surface Textures on Cracks Occurrence   

Since frost is observed to be the main reason for the occurrence of cracks, 

experiments with two different sphere surface textures were conducted. This was done 

for spheres with diameters of 15, 20, and 30 mm. The experiments were performed 

following the same steps detailed in section 2.6 while maintaining the super cold spheres 

and the DI water droplet at constant temperatures of −50
 o
C and 21

 o
C, respectively.  

For the first set of experiments, before impacting the spheres surface with DI 

water, the super cold spheres were wiped with Kimwipes to remove any visible 

contamination that could be in the form of frost. This resulted in a formation of an ice 
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layer without the occurrence of cracks as shown in Figures 28-30 for the 15, 20, and 

30mm diameter spheres, respectively.     

 

Figure 28: Formation of an ice layer without cracks on a clean 15 mm diameter super 

cold sphere 
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Figure 29: Formation of an ice layer without cracks on a clean 20 mm diameter super 

cold sphere 
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Figure 30: Formation of an ice layer without cracks on a clean 30mm diameter super 

cold spheres 

For the second set of experiments, the frost formed on the super cold spheres was 

not wiped away resulting in a rough surface. The experiments conducted in this manner 

resulted in cracks as shown in Figures 31-33 for the 15, 20, and 30mm diameter spheres, 

respectively. This proves that the occurrence of the cracks is due to the difference in the 

surface texture of the spheres.   
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Figure 31: Occurrence of cracks on a 15 mm diameter super cold sphere with frost on its 

surface, the cracks initiated at 74 ms and fully propagated at 188 ms 
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Figure 32: Occurrence of cracks on a 20 mm diameter super cold sphere with frost on its 

surface, the cracks initiated at 133 ms and fully propagated at 394 ms 
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Figure 33: Occurrence of cracks on a 30 mm diameter super cold sphere with frost on its 

surface, the cracks initiated at 131 ms and fully propagated at 251 ms  

3.4.1 Water Drop Impact Velocity 

From the results shown in the Figures 31-33, the DI water droplet impact velocity 

for the 15, 20, and 30 mm diameter spheres was calculated using the PFV software. First, 

for an image of each sphere diameter, PFV’s cross cursor mode was used to select the 

ends of the DI water droplet at 1 frame before impact and 10 frames before that while 

maintaining the x-coordinates constant as shown in Figures 34-36. Then the distance 
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between the ends of the DI water droplet at the two instances was found by taking the 

absolute value of the difference between the two y-coordinates. For the 15 mm diameter, 

the distance is 43 pixels while for 20 and 30 mm diameter spheres the distances are 41 

and 25 pixels, respectively.        

 

Figure 34:  The horizontal lines mark the location of the water droplet at the two instants 

as it impacts a 15 mm diameter sphere 
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Figure 35: The horizontal lines mark the location of the water droplet at the two instants 

as it impacts a 20 mm diameter sphere 

 

Figure 36: The horizontal lines mark the location of the water droplet at the two instants 

as it impacts a 30 mm diameter sphere 
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Since the obtained images were recorded at 10,000 fps, then 1 frame corresponds 

to 100 microseconds (μs), which means 10 frames in 1 millisecond (ms). Furthermore, 

the physical lengths of the calibration values obtained in section 2.4 were multiplied by 

the distances between the ends of the DI water droplet at the two instants, 10 frames 

apart, and converted from millimeter to meter. These values are divided by 1 ms to obtain 

the DI water droplet impact velocity displayed in Table 4. As expected the velocity is 

quite similar for the 15, 20, and 30 mm diameter spheres as the experimental setup used 

approximately the same impact height.   

Table 4: The water drop impact velocity measured for the experiments using 15, 20, and 

30 mm diameter spheres    

Sphere Diameter (mm) Velocity (m/s) 

15 2.54 

20 2.50 

30 1.48 

 

3.4.2 The Water and Ice-Layer Thicknesses  

 The water layer thicknesses for results shown in Figures 23-24 and 31-33 were 

found using some geometric relationships. The layers were assumed to be uniform 

throughout the spherical cap; thus, the lateral surface area they cover was calculated by: 

𝐴 = 𝜋 (
𝑐2

4
+ ℎ2)     (3) 
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where the h is the height and c is the circumference of the spherical cap, defined as: 

𝑐 = 2√ℎ (2𝑟 + ℎ)     (4) 

where r is the radius as shown in Figure 37. The values for h and r were obtained from 

analyzing the recorded images in PFV software.  

 

Figure 37: A spherical cap with its parameters to calculate the lateral surface area (© 

EasyCalculation.com) 

Furthermore, the droplets were considered as ellipsoids, with two semi-axes, c 

and a. The values of c and a were obtained from analyzing the recorded images in PFV 

software. An ellipsoid is oblate if c is less than a and prolate if c is greater than a as 

shown in Figure 38. The volume of an oblate ellipsoid is: 
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𝑉𝑜𝑏𝑙𝑎𝑡𝑒 =
4

3
𝜋𝑎2𝑏     (5) 

while the volume of an prolate ellipsoid is: 

𝑉𝑝𝑟𝑜𝑙𝑎𝑡𝑒 =
4

3
𝜋𝑎𝑏2     (6) 

 

Figure 38: Assignment of semi-axes on an ellipsoid. It is oblate if c<a (left) and prolate 

if c>a (right) (© Wikipedia 2016) 

 The lateral surface area of the spherical cap, A, and the volume of an ellipsoid 

droplet, V, were used to calculate the water layer thickness, δw, using the following 

relation: 

𝑉 = 𝐴 ∗ 𝛿𝑤     (7) 

The ice layer thickness, δi, was taken 10% more than δw. Table 5 displays the resulted 

water and ice layer thicknesses. As it can be seen, the cold water droplet forms a thicker 
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water layer thickness than a hot water droplet. Also, compared with the 20 and 30 mm 

diameter spheres, the 15 mm diameter sphere has the largest thickness as the droplet 

covers a larger area of the sphere.  

Table 5: Water and ice layer thicknesses  

Figure Number Experiment δw (mm) δi (mm) 

23 Cold water droplet on a 

super cold 30 mm 

diameter sphere 

0.0288 0.032 

24 Hot water droplet on a 

super cold 30 mm 

diameter sphere 

0.0154 0.017 

31 15 mm diameter super 

cold sphere with frost 

on its surface 

0.265 0.292 

32 20 diameter super cold 

sphere with frost on its 

surface 

0.252 0.277 

33 30 diameter super cold 

sphere with frost on its 

surface 

0.188 0.207 

 

3.4.3 Time Duration for Cool Down of Spheres and Frost Formation  

From the experiments shown in Figures 31-33, useful data for the 15, 20, and 30 

mm diameter spheres were obtained. First, the time it takes for each sphere to cool down 

to a temperature of −50
 o

C, tc, was measured and calculated. Moreover, the time it takes 

for the frost layer to form on each sphere surface, tF, was recorded. 
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Calculated Time Duration for Cool Down of Sphere    

The calculation of the time it takes for each sphere to cool down to a temperature 

of −50 
o
C after it is in contact with dry ice is a transient cooling problem since the 

temperature changes with time and reaches a steady state. Furthermore, we treat this as a 

zero-dimensional problem, temperature only depends on time T(t). Then, all of the 

material can be “lumped” together and placed at the same temperature using the lumped 

capacitance method. 

The essence of the lumped capacitance method is the assumption that a solid is at 

a uniform temperature that may be different from the temperature of the surroundings. 

The method can be used with reasonable accuracy as long as the Biot number, Bi, is 

much less than unity. The Biot number is a dimensionless parameter that provides the 

ratio between the resistance to internal conduction and the resistance from surface to 

surroundings. When Bi is much greater than unity then all of the temperature change is 

due to internal conduction; however, when Bi is much less than unity, then all of the 

temperature change is due to convection through the surface. 

To solve this zero-dimensional transient cooling problem, the following 

assumptions were made:  

 The radiation effects are negligible. 

 The temperature gradients within the spheres are negligible.   

 The properties are constant.  

 The resistance to conduction within the sphere is negligible since it is small 

relative to the resistance between the surface of the object and its surroundings.    
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Before detailing the calculations of the Biot number and the lumped capacitance 

method, it is essential to define the following nomenclature: 

Rinternal conduction, resistance due to conduction, K/W  

Rsurface-to-surroundings, resistance from the surface to surrounding, K/W   

Lc, conduction length, m    

k, thermal conductivity, W/m.K  

As, surface area, m
2
  

ℎ̅, average heat transfer coefficient, W/m
2
  

V, volume, m
3
   

r, radius, m 

h, heat transfer coefficient, W/m
2
.K  

, density, kg/m
3
   

cp, specific heat, J/kg.K   

T, temperature, K  

D, Diameter, m 

t, time, seconds or minutes  

The equation to calculate the Biot number is: 

𝐵𝑖 =
𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑡𝑜−𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑠
     (8) 
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where the resistance to internal conduction and the resistance from the surface to 

surroundings are defined as: 

𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐿𝑐

𝑘 𝐴𝑠
     (9) 

𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑡𝑜−𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑠 =
1

ℎ 𝐴𝑠
   (10) 

Also, the conduction length is estimated according to: 

𝐿𝑐 =
𝑉

𝐴𝑠
      (11) 

where the sphere volume is 
4

3
 𝜋 𝑟3 and its surface area is 4 𝜋 𝑟2. This results in the 

following simplified conduction length: 

𝐿𝑐 =
𝑟

3
      (12) 

In return, the Biot number becomes as follow: 

𝐵𝑖 =
ℎ (

𝑟

3
)

𝑘
      (13) 

The time dependence of the temperature distribution within a solid during a transient 

process can be determined by the following derived equation: 

𝑡𝑐 =
𝜌 𝑉 𝑐𝑝

ℎ 𝐴𝑠
𝑙𝑛

𝑇𝑖−𝑇∞

𝑇−𝑇∞
     (14) 

where the sphere volume is 
𝜋 𝐷3 

6
 and its surface area is 𝜋 𝐷2. This results in the following 

simplified form of tc equation:  
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𝑡𝑐 =
𝜌 𝐷𝑐𝑝

6 ℎ 
𝑙𝑛

𝑇𝑖−𝑇∞

𝑇−𝑇∞
      (15) 

A schematic representation for this zero-dimensional transient cooling problem is 

shown in Figure 39. The variables for stainless steel spheres were obtained from the 6
th

 

edition ‘Fundamentals of Heat and Mass Transfer’ book by Incropera et al. (2007), while 

the dry ice properties were attained from the Dhir et al. (1977). 

 

Figure 39: Schematic representation for the spheres zero-dimensional transient cooling 

problem 

Using the Biot number formula defined above (13), the Bi number for each sphere 

diameter is as follow: 
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𝐵𝑖1 =
ℎ (

𝑟

3
)

𝑘
=

110 W/m2.K  (
0.008𝑚

3
)

14 𝑊/𝑚 .𝐾
= 0.020   (16) 

𝐵𝑖2 =
ℎ (

𝑟

3
)

𝑘
=

110 W/m2.K  (
0.010𝑚

3
)

14 𝑊/𝑚.𝐾
= 0.026   (17) 

𝐵𝑖3 =
ℎ (

𝑟

3
)

𝑘
=

110 W/m2.K  (
0.015𝑚

3
)

14 𝑊/𝑚.𝐾 
= 0.039   (18) 

where Bi1 calculates the Biot number for a 15 mm diameter sphere, and Bi2, and Bi3 

calculate the Biot numbers for spheres with diameters of 20, and 30mm, respectively. 

Since for all of the sphere diameters, the Biot number is much less than unity, then the 

temperature of the stainless steel sphere remains approximately uniform during the 

cooling process, and the lumped capacitance method can be used.     

The time it takes for each sphere to cool down to a temperature of −50
 o

C, tc, is 

determined using the equation stated above (15). For each sphere diameter, tc is 

calculated as follow:   

𝑡𝑐1 =
𝜌 𝐷𝑐𝑝

6 ℎ 
𝑙𝑛

𝑇𝑖−𝑇∞

𝑇−𝑇∞
=

780 kg/m3K ∗0.015𝑚∗490 𝐽/𝑘𝑔.𝐾

6∗110 W/m2.K 
𝑙𝑛

298 𝐾−195 𝐾

223 𝐾− 195 𝐾
=  

113 sec = 1.9 𝑚𝑖𝑛𝑠      (19) 

𝑡𝑐2 =
𝜌 𝐷𝑐𝑝

6 ℎ 
𝑙𝑛

𝑇𝑖−𝑇∞

𝑇−𝑇∞
=

780 kg/m3K ∗0.020𝑚∗490 𝐽/𝑘𝑔.𝐾

6∗110 W/m2.K 
𝑙𝑛

298 𝐾−195 𝐾

223 𝐾− 195 𝐾
=  

151 sec = 2.5 𝑚𝑖𝑛𝑠      (20) 
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𝑡𝑐3 =
𝜌 𝐷𝑐𝑝

6 ℎ 
𝑙𝑛

𝑇𝑖−𝑇∞

𝑇−𝑇∞
=

780 kg/m3K ∗0.030𝑚∗490 𝐽/𝑘𝑔.𝐾

6∗110 W/m2.K 
𝑙𝑛

298 𝐾−195 𝐾

223 𝐾− 195 𝐾
=  

226 sec = 3.8 𝑚𝑖𝑛𝑠      (21) 

where tc1 calculates the time it takes for a 15 mm diameter sphere to cool down to a 

temperature of −50
 o

C, and tc2, and tc3 calculate tc for spheres with diameters of 20, and 

30mm, respectively. As expected, the bigger the sphere, the longer it takes to cool down 

because heat is transferring into a bigger volume.    

Measured Time Duration for Cool Down of Sphere and Frost 

Formation    

Furthermore, the time it takes for each sphere diameter to cool down to a 

temperature of −50
 o

C, tc
*
, and the time it takes for the frost to form each surface, tF, were 

measured during the experiment. The time it takes for the frost to form each surface, tF, is 

measured from the time the sphere is placed on the solid cylinder and is in contact with 

dry ice until frost is formed on the surface of the sphere. Table 6 summarizes tc
*

 and tF for 

the 15, 20, and 30 mm diameter spheres. From the results, it is clear that the frost forms 

on small the sphere faster than it does on the big one. This is due to the fact that the 

contact area between the sphere and dry ice is larger for small spheres compared to 

bigger spheres.    
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Table 6: Time required for cool down of spheres to −50
 o
C and frost formation   

Sphere Diameter (mm) tC
*

 (minutes) tF (minutes) 

15  2  4 

20 4 6 

30 5 10 

 

The calculated and measured time duration for each sphere to cool down to a 

temperature of −50
 o

C, tC and tc
*
, respectively, are plotted in Figure 40. Similar to the 

calculated tC, the measured tc
*
 is larger for bigger spheres. The difference between tC and 

tc
*
 is due to measuring errors by the infrared thermometer. 

 

Figure 40: Calculated and measured time duration for each sphere to cool down to a 

temperature of −50
 o
C 
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3.5 Reproducing Cracks on the Sphere Surface  

Given the fact that cracks occur due to the difference in the surface texture of the 

spheres due to the presence of frost, attempts to reproduce the cracks were made by many 

different methods. The experiments were preformed while maintaining the super cold 

spheres and the DI water droplet at constant temperatures of −50
 o

C and 21
 o

C, 

respectively. Also, before running the experiments, the super cold spheres were wiped 

with Kimwipes to remove any visible contamination that could be in the form of frost.  

Scratched and sandblasted spheres as well as superhydrophobized and polymer 

particle coated spheres were used to initiate the cracks. The spheres were coated 

according to the detailed methods described in section 2.5. In this experiment, spheres 

with visible scratches on their surfaces were considered as scratched spheres. The 

experiments for all these different methods resulted in a smooth ice layer formation, but 

no cracks as shown in Figures 41-46; therefore, other innovative methods were used. 

 

Figure 41: The ice layer on a 30 mm diameter sphere with superhydrophobic coating 
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Figure 42: The ice layer on a 30 mm diameter sphere with dispersed 8 μm grain size 

Poly(methyl acrylate) (PMMA)  

 

Figure 43: The ice layer on a 20 mm diameter sphere with dispersed 98.7 μm grain size 

Polystyrene (PS) 
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Figure 44: The ice layer on a 30 mm diameter scratched sphere 

 

Figure 45: The ice layer on a 30 mm diameter sphere with fine (grain size of 0.46 mm) 

sandblasting 
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Figure 46: The ice layer on a 30 mm diameter sphere with coarse (grain size of 1.79 mm) 

sandblasting 

The other innovative methods used to initiate the cracks involved using epoxy 

glue bumps and ice-islands coatings on the surface of the spheres. This was done as 

described in section 2.5, and the experiments also resulted in a smooth ice layer 

formation without cracks as shown in Figures 47 and 48. 
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Figure 47: The ice layer on a 30 mm diameter sphere with epoxy glue bumps  

 

Figure 48: The ice layer on a 30 mm diameter sphere with ice-islands 
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3.5.1 Cracks Pattern on a Sphere with Epoxy Glue Bumps 

An interesting observation is made when frost was allowed to form on a sphere 

with epoxy glue bumps. It was observed that the cracks do not only occur, but also follow 

a pattern that passes through the epoxy glue bumps as shown in Figures 49-51.            

 

Figure 49: Cracks passing through the epoxy glue bumps on the surface of 30 mm 

diameter sphere  



80 
 

 

Figure 50: Cracks passing through the epoxy glue bumps on the surface of 30 mm 

diameter sphere 

 

Figure 51: Cracks passing through the epoxy glue bumps on the surface of 30 mm 

diameter sphere  
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3.7 Induced Isolated Frost on a Super Cold Sphere   

Lastly, since all of the trials to reproduce the cracks without the presence of frost 

failed, a closer look was taken at how formation of frost took place on the super cold 

sphere surface. This was done in a controlled manner by inducing isolated frost on a 

clean sphere surface. Once the sphere is super cold (−50
 o

C), it is cleaned and frost 

formed on the dry ice, which is inside the stainless steel container, is added to the sphere 

surface using tweezers. This controlled manner of adding isolated frost to the sphere 

surface did result in cracks as shown in Figure 52.       

 

Figure 52: Occurrence of cracks on a 30 mm diameter sphere with induced isolated frost 

3.8 Thermal Boundary Layer Thickness  

Another important parameter that can be calculated from the conducted 

experiments is the thermal boundary layer thickness, δt, between the sphere and dry ice 

for the 15, 20, and 30 mm diameter spheres. Incropera et al. (2007) defined boundary 
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layers as the thin layers of fluid adjacent to a surface that is affected by its presence, and 

the thermal boundary layer thickness is also referred to as the temperature boundary layer 

thickness. 

The boundary layer thickness can be calculated with the aid of the dimensionless 

parameter, Nusselt number (Nu), which has the following form: 

𝑁𝑢 =
ℎ 𝐿𝑐ℎ𝑎𝑟

𝑘
      (22) 

where the h is the heat transfer coefficient, Lchar is the characteristic length, and k is the 

thermal conductivity.     

 For this particular case, the characteristic length, Lchar, can be considered as the 

conduction length, Lc, from subsection 3.4.3. Thus, the Lchar for the 15, 20, and 30 mm 

diameter spheres, respectively, were obtained as follow:  

𝐿𝑐ℎ𝑎𝑟1 = 0.0025 𝑚    (23) 

𝐿𝑐ℎ𝑎𝑟2 = 0.0033 𝑚    (24) 

𝐿𝑐ℎ𝑎𝑟3 = 0.0050 𝑚    (25) 

Also, the heat transfer coefficient, h, and the thermal conductivity, k, are taken from 

subsection from 3.4.3 as: ℎ = 110 W/m2. K  and 𝑘 = 14 𝑊/𝑚 . 𝐾. 

 Using the defined values above, the Nusselt number for the 15, 20, and 30 mm 

diameter spheres, respectively, were calculated as follow:  

𝑁𝑢1 =
110 W/m2.K (0.0025 𝑚)

14 𝑊/𝑚 .𝐾
= 0.0196    (26) 
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𝑁𝑢2 =
110 W/m2.K (0.0033 𝑚)

14 𝑊/𝑚 .𝐾
=  0.0262   (27) 

𝑁𝑢3 =
110 W/m2.K (0.0050 𝑚)

14 𝑊/𝑚 .𝐾
=  0.0393   (28) 

When the approximation model for the heat transfer coefficient, ℎ =
𝑘

𝛿𝑡,
, is 

subtitled into to the Nusselt number formula, the Nusselt number can then be thought of 

as the following length ratio: 

𝑁𝑢 =
𝐿𝑐ℎ𝑎𝑟

𝛿𝑡
      (29) 

Rearranging this formula results in the following thermal boundary layer thickness, δt, 

equation: 

𝛿𝑡 =
𝐿𝑐ℎ𝑎𝑟

𝑁𝑢
      (30) 

The δt between the 15, 20, and 30 mm diameter spheres and dry ice is as follow:  

𝛿𝑡1 =
𝐿𝑐ℎ𝑎𝑟

𝑁𝑢
=  0.0127 𝑚     (31) 

𝛿𝑡2 =
𝐿𝑐ℎ𝑎𝑟

𝑁𝑢
=  0.0127 𝑚     (32) 

𝛿𝑡3 =
𝐿𝑐ℎ𝑎𝑟

𝑁𝑢
=  0.0127 𝑚     (33) 

As it can be seen the δt for 15, 20, and 30 mm diameter spheres is the same, 0.1273m, 

which means that the sphere diameter size has no effect on ice formation process.  
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CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

In the first stage of this research, the impact of a room temperature DI water 

droplet on a cooled sphere was analyzed and two extremes were observed. These two 

extreme results included an ice layer formation, one with and another without an 

accompanied cracks. To further investigate the occurrence of the cracks, the effects of the 

spheres surface and water droplet temperatures were studied. It was concluded that they 

both have no effect on the occurrence of the cracks; however, the observed formed 

roughness in the form of frost might. Therefore, a set of experiments on cleaned and frost 

formed super cold spheres surfaces were conducted. An ice layer formation without any 

cracks occurrence was observed for the clean super cold surfaces, while for the surfaces 

with frost formation, the formed ice layer was accompanied by a cracks.   

To validate that the occurrence of the cracks is due to the difference in the surface 

textures of the spheres, a thorough study on super cold spheres surfaces with and without 

frost layer was conducted. It was proven that the cracks occur only on the surfaces with 

frost. Thus, attempts to reproduce the cracks occurrence on clean super cold spheres 

surfaces were made using scratched and sandblasted spheres as well as 

superhydrophobized and polymer particle coated spheres. Furthermore, innovative 

methods were used to initiate the cracks involved using epoxy glue bumps and ice-islands 

on the surface of the spheres. All of the trials to reproduce the cracks without the 

presence of frost failed and only an ice layer formation took place. Consequently, the 

formation of frost on the sphere super cold surface was analyzed in a controlled manner 
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by inducing isolated frost on the clean surface. This controlled manner of adding isolated 

frost to the sphere surface did result in the occurrence of the cracks.  

From the conducted experiments, useful data for the 15, 20, and 30 mm diameter 

spheres was obtained. First, the water droplet impact velocity was calculated to be quite 

similar for all of the spheres since the setup used approximately the same impact height. 

Furthermore, an analysis of the spreading dynamic of a cold and hot water droplets on a 

super cold sphere indicated that droplet temperature has no effect on the spreading 

dynamic as both droplets followed a relatively similar spread pattern.  

Another important parameter that was calculated from the conducted experiments 

is the thermal boundary layer thickness between the 15, 20, and 30 mm diameter spheres 

and dry ice, which found to be the same. This means that the sphere diameter size has no 

effect on the ice formation process.  
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4.2 Recommendations for Future Work  

As an extension to this research, multiple studies could be conducted in the future 

to further understand droplet impact on super cold surfaces. First, it will be interesting to 

investigate the effect of drop velocity on the ice layer formation and cracks, which can be 

done by utilizing the additional fabricated perspex flange tubes.  

Furthermore, study of ice layer formation and cracks occurrence on other sphere 

diameters could be conducted. The conducted experiments in this research utilized 

spheres with diameters of 15, 20, and 30 mm, and additional data could help develop 

useful relationships and trends between different sphere diameters and the time it takes 

for them to cool down, the time it takes for frost to form, the time for cracks to occur, and 

the duration of cracks propagation. 

Finally, impact of other liquids besides DI water and other solid surfaces could be 

conducted. This might lead to new findings. 
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