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ABSTRACT
Hydrodynamic Drag on Streamlined Projectiles and Cavities
Aditya Jetly

The air cavity formation resulting from the water-entry of solid objects has been
the subject of extensive research due to its application in various fields such as biology,
marine vehicles, sports and oil and gas industries. Recently we demonstrated that at certain
conditions following the closing of the air cavity formed by the initial impact of a
superhydrophobic sphere on a free water surface a stable streamlined shape air cavity can
remain attached to the sphere. The formation of superhydrophobic sphere and attached air
cavity reaches a steady state during the free fall. In this thesis we further explore this novel
phenomenon to quantify the drag on streamlined shape cavities. The drag on the spherecavity formation is then compared with the drag on solid projectile which were designed
to have self-similar shape to that of the cavity.
The solid projectiles of adjustable weight were produced using 3D printing
technique. In a set of experiments on the free fall of projectile we determined the variation
of projectiles drag coefficient as a function of the projectiles length to diameter ratio and
the projectiles specific weight, covering a range of intermediate Reynolds number, Re ~
104 – 105 which are characteristic for our streamlined cavity experiments. Parallel free fall
experiment with sphere attached streamlined air cavity and projectile of the same shape
and effective weight clearly demonstrated the drag reduction effect due to the stress-free
boundary condition at cavity liquid interface. The streamlined cavity experiments can be
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used as the upper bound estimate of the drag reduction by air layers naturally sustained on
superhydrophobic surfaces in contact with water. In the final part of the thesis we design
an experiment to test the drag reduction capacity of robust superhydrophobic coatings
deposited on the surface of various model vessels.
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Chapter 1: Introduction
1.1 Motivation
Cavitation is a phenomenon which is best described as the formation of vapor cavities
in a liquid. These are mainly formed due to the drag, buoyancy and gravity forces which
act on the liquid. This usually occurs when a liquid is subjected to rapid change in pressure
that causes the formation of vapor cavities where the pressure is relatively low. When
subjected to higher pressure, the voids implode and can generate intense shock waves. As
a body moves through a medium it experiences resistance, which tries to impede its motion,
this resisting force is known as drag force. The drag can be of various types which are form
drag, skin friction drag, interference drag, lift-induced drag and wave drag. The form drag,
skin friction drag, and the interference drag are usually termed together as parasitic drag.
Form drag or pressure drag mainly arises from the shape of the object. It is well known that
objects which have a higher exposed cross-sectional area will have higher drag compared
to thinner bodies. This is the basic consideration taken into account during the design of
streamlined bodies. The drag coefficients are calculated using the following formula:
FD= ½ ρν2CDA

(1.1)

Here, FD is the drag force
ρ is the density of the fluid
ν is the speed of the object relative to the fluid
A is the cross-sectional area.
CD is the drag coefficient; CD = Skin friction + Form friction
12

Skin friction, on the other hand, is defined as the friction that arises when a liquid
rubs along the surface of a body. This is usually caused due to viscous drag in boundary
layer around the object. To design a body with the least skin friction drag the fineness
ratio is taken into account. The fineness ratio is defined as the ratio of total length of the
body to its maximum width. It is known for shapes that are "short and fat” tend to have a
low fineness ratio, and those which are "long and skinny" have higher fineness ratios.
Thus for Aircrafts such as Concord, which travel at supersonic speeds the fineness ratio is
designed to be high.
The skin friction coefficient is represented as Cf
𝐶𝑓 = 1
2

𝜏𝑤

(1.2)

𝜌 𝑈∞2

Here τw is the local wall shear stress;
ρ is the density of the fluid;
U∞ is the free stream velocity.
Figure 1 shows the drag contribution of form drag and skin friction on common shapes and
flow.
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Figure 1 Drag contribution based on shapes and flows (© NASA Quest, 2016)
The technology of super-cavitation & super-hydrophobicity has always interested
both scientist and researchers. The motivation for this thesis arose from the fact that the
reduction in drag could help to reduce the fuel consumption which in turn would increase
the profits. The application of this very phenomenon was used for developing underwater
torpedoes by Russia (The VA-111 Shkval). These torpedoes could accelerate to a speed
in excess of 200 knots. In recent times, researchers at Harbin Institute of Science and
Technology are trying to make use of this phenomenon to develop a supercavitating
submarine.
I always wondered if the concept of superhydrophobicity could be applied to
underwater bodies, like boats, torpedoes, and submarines. This urge and curiosity made
me work on the topic of my research. A hydrophobic surface is that which naturally
repels water, causing droplets to form. The difference between hydrophilic, hydrophobic
and superhydrophobic surface lies in the contact angle that the water droplet makes with
the surface. The variation of surfaces based on the contact angles is depicted in Figure 2.
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In the case of super hydrophilic surfaces the contact angle is approximately of less than
5˚.These surfaces have the roll off angle to be low and the role of the receding critical
angle is crucial in the definition of superhydrophobicity. Hydrophilic surfaces are those
surfaces which attract water and these surfaces pose a contact angle less than 90 ˚. On the
other hand, hydrophobic surfaces are those surfaces where the contact angle ranges
between 90 ˚ to 150 ˚. The superhydrophobic surfaces are those which hate water and the
contact angle for the superhydrophobic surface is approximately in the range of 150 ˚ to
180 ˚. This thesis mainly lays focus on hydrodynamic drag on streamlined projectiles and
cavities.

Figure 2 Contact angle variation for Hydrophilic, Hydrophobic and Super-hydrophobic
surface. Image taken from (© Nurxat Nuraje, Superhydrophobic electro spun nanofibers
Royal Society of Chemistry, 2012)
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1.2 Background
Advancement in technology has led researchers in the past century to investigate
and broaden the research to problems related to water entry in almost all the vast fields, be
it an advancement in the military , naval, sports, industrial or biological applications. The
matter of studying the drag on the streamlined bodies and also the sphere attached
streamlined air cavity formation by water entry of spheres can be related to water entry of
torpedoes, circular disk, designing of wetsuits for swimmers, skipping of boats and stones,
increasing the efficiency of oars or the walking of insects on water surfaces. Thus, it can
be seen the vastness of the already known or existing applications of water entry of bodies.
The beginning of investigations on the impact of solid spheres on water surface was
performed by researchers (A.M Worthington, 1896) using the rudimentary photographic
method of single spark photography to study the splash and jet formation when a vertically
falling sphere impacts on a liquid surface. Next to investigate into cavity characteristics
and the trajectory of the sphere were (Mallock,1918), (Bell,1924) and (Ramsauer,1927)
who provided qualitative explanation for the same phenomenon. (Von Karman,1929) was
one of the first who dealt with the hydrodynamics of a seaplane just after its impact on the
surface of the water. With the advancement in technology the focus then shifted to topics
such as skipping stones on water (Rosellini, Hersen, Clanet, & Bocquet, 2005) and the
problem of slamming of ships which was explained (Faltinsen , 1993). The numerical
solution of slamming forces on rigid and elastic systems impacting on water surfaces were
proposed and studied (A. Carcaterra, 1997 and E. Ciappiet al, 1998)
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The research on this topic gained importance and became a major source for the
design of military projectiles which entered the water at high speeds. This study was done
on high speed impacts in water (Gilbarg & Anderson, 1948); (Richardson, 1948); (May,
1951), (May, 1952); (May & Woodhull , 1948). Most of these experiments were done at
high Froude's number to neglect the effect of gravity. The studies to determine the drag
coefficients for a sphere impacting a liquid surface vertically within the speed range of 13ms-1 were performed (Moghisi & Squire, 1980) .The impact force of a sphere on a liquid
surface was studied (Aoki , 1928) and then later (Watanabe , 1934). Watanabe used a
quartz transducer to directly measure and display on an oscilloscope the force time curves
at the time of impact of a sphere on a liquid surface. (Brennen, 1970) performed a complete
study on formation of cavity and presented the analysis by the use various spheres. The
various spheres used by Brennen included solid spheres, cut-away spheres and also various
ogive shaped bodies. (Lee and Low, 1990) provided further data by performing
experiments on water entry of ogival bodies at various inclined angles.
The applications of water entry problem in terms of cavity evolution and movement
of water animals on the water surfaces were studied (Laerm,1974), (Rand and Marx,1967)
and then finally (Glasheen & Mcmahon, 1996). Rand and Marx realized that for larger
ballistic lizards the running usually degenerates into swimming. Glasheen and Mcmahon
further explained studied the impact of disk on water surfaces. These disks were
approximated to be of the same shape and impact at similar velocities as that of the feet of
a ballistic lizard’s. (Hughes & Hughes, 1972) provided a numerical solution to the wedge
entry problem using conformal mapping. In the sports industry, the research was started
(Toussaint et al., 1989) who studied the contribution of skin friction drag experienced by
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swimmers following (Vennell et al. 2006) who investigated the contribution of wave drag
on the total drag experienced by a swimmer. Studies by researchers (Ishikura et al., 2014)
show the reduction in drag by around 1.1 to 5.3 % was experienced by a swimmer while
wearing a special NMS (New model triathlon suit). (Coppel, Gardner, Caplan, &
Hargreaves, 2009) investigated the water entry problem with drag acting on the oars.
The recent studies on impact between solid and liquid surfaces were performed and
studied (Korobkin, 1988) , (Miloh, 1990) and then ( Thoroddsen et al. (2004)). The impact
of a controlled disk on water was performed (Bergmann, Van Der Meer, Gekle, Van Der
Bos, & Lohse, 2009) in which it was found that the surface seal had a great impact on the
shape of the cavity when the fluid had high Froude’s number. The cavity characteristics
were studied (Birkhoff & Issacs, 1951) , (Duclaux et al., 2007) who studied the transient
cavity formation at the high Reynolds and high Weber numbers. The cavity tends to reach
a terminal velocity as it travels a certain distance. Once a cavity is formed it tends to come
closer and keeps thinning until it reaches a point of ‘pinch off’. The point of pinch off is
where the cavity splits mainly into two parts one, which sticks on the upper part of the
sphere and the other which sticks on the water surface. As the sphere passes through with
the part of cavity it is seen that some liquid jets are originated from the point of pinch off.
In recent times the phenomenon of cavitation has been explained by researchers
(Duclaux et al., 2007), (Aristoff & Bush, 2009) and (Marston, Vakarelski, & Thoroddsen,
2011), who studied the formation of both cavities and the dynamics associated with them.
(Truscott & Techet, 2007) realized that the hydrodynamic results changed when the
impacting sphere was spinning and finally in 2008 they explained the dynamics related
with the impact of spinning spheres in water. The study of the collapse of an air cavity
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created upon impact of a sphere in water was explained by Duez at al, 2007. They studied
the cavity from the time of creation (t=0) to the time of collapse (t=τ).
In terms of cavity formation and studies related to the dynamics involved with
cavity formation (Duclaux et al., 2007) studied and analyzed the cavity produced by
spheres and cylinders at high Reynolds and Webber number. They further explained the
dynamics behind the same and the evolution of cavity formation from the time of its
creation to pinch-off. In the results described by Duclaux et al., 2007 it was concluded that
a cavity existed only above a threshold value, which would depend on the state of the
surface. It was also determined in this study that above this threshold value the shape of
the cavity remained the same.
The bouncing bomb was one such application of supercavitation which had great
significance during World War 2. The creator of the bouncing bomb, Barnes Wallis, made
use of the phenomenon of super cavitation to make the bomb skip on the surface of the
water, thereby surpassing any underwater nets before the bomb hit the target. The study of
water entry for projectiles is best shown, (Truscott, Epps, & Belden, 2014) wherein they
measured the cavity formed when projectiles (flat, cusp, ogive, and cone) entered the water.
(Aristoff & Bush, 2009) expanded the experimental and theoretically study by
investigating into the impact of small hydrophobic spheres onto the surface of the water at
low bond numbers. The quasi-static, deep seal, shallow seal, and surface seal were
observed when the weber number was gradually increased. In the case of water entry of
super hydrophobic spheres (No & Ueda, 2011)explained that the pinch off of a cavity took
place at lower depths. (Y.Ueda et al) Use of low density spheres for the experiments. (Shi,
Itoh, & Takami, 2000) explained the hydrodynamic behavior related to bodies moving
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underwater. It was found that the surface seal of the cavity depended on the entry velocity
and the surface seal tends to occur later when the projectile enters the surface of water at a
high speeds.
In the later year’s experiments(Vakarelski, Marston, Chan, & Thoroddsen, 2011)
opened the dynamics of stabilization of Leidenfrost layer by textured Superhydrophobic
surfaces. The experiments conducted were done using fluorinated liquid wherein spheres
heated to high temperatures were impacted on the surface of the liquid. This allowed the
researchers to use the inverted Leidenfrost effect. It was interesting to note that the hot
spheres produced very smooth cavities as compared to the cold spheres even at low impact
velocities. This could be attributed to the absence of a contact line on the hot spheres. When
the impact speeds were increased then no significant difference was found between the
cavities formed by the cold and hot spheres.
(Tan, Vlaskamp, Denissenko, & Thomas, 2016) furthered the studies of impact of spheres
when the single system of liquid was changed to a two-layer system. A layer of oil was
added above the surface of water after which the cavity formation was studied for the
spheres impacting on this two layer system. It was found that the enclosing cavity
developed a ripple like instability on the sphere in the case of two layer system as compared
to a single layer system wherein the cavity formed was smooth. On the other hand (Truscott
& Techet, 2009a) investigated the impact of spinning spheres in water. They impacted the
spheres with spin on the surface of water which produced certain fluid wedges along the
line of the asymmetrical cavity. When the sphere spin rate was increased gradually keeping
the impact velocity constant it was found that the pinch off depth slightly increased. This
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phenomenon was explained by the fact that when the spin on a sphere tends to increase the
lift tends to increase thereby reducing the drag.
In the later papers by Truscott & Techet, 2009b they examined the effect of a half
hydrophilic and half hydrophobic sphere when it impacted a liquid surface. It was found
that the cavity formed by a half hydrophilic–half hydrophobic sphere replicated the cavity
observed when spinning spheres impacted the surface of liquid. Numerical solution of the
impact of cylinders to find the closure depth of cavity was performed (Getkle et al, 2009)
and the relation to the closure depth with function of Froude’s number was developed. The
formation of the famous Worthington jet was also studied by Getkle et al, 2009 which was
generated when a disk impacted water surface. They also highlighted the importance of
radial energy concentration on the cavity walls. The radial energy collides and this collision
drives the flow at the base of the jet. (Marston & Thoroddsen, 2008) in certain specific
conditions depicted the creation of jets when a drop impacts a liquid surface. Each jet
created was considered to have mainly 3 regions which were: - The region of acceleration,
the ballistic region and the region for the tip. The ballistic region is where the velocity tends
to remain constant, whereas the region for tip is where the jet breaks into smaller droplets.
(Li, Zhang, Luo, & Dang, 2009) showed and investigated the motion of an
underwater super-cavitating projectile. They investigated that the hydrodynamic drag
reduced substantially for a fully wetted underwater projectile. It was found that the drag
was localized at the nose and the addition of a cavitator would help to generate a cavity
around the body which would in turn help to reduce the drag; due to the super cavitation
effect. (Shereena, Vengadesan, Idicliandy, & Bhattachaiyya, 2013) presented a CFD
analysis technique to study the drag experienced by axis-symmetric underwater bodies
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wherein the air injection method takes place at the boundary layer. They mainly studied
the pressure and the friction drag. A similar study (Wu et al., 2007) helped to provide a
numerical simulation for the flow of microbubbles around an axisymmetric body. The flow
in this study was considered to be a mixture flow. (Ali Dogrul et al., 2010) presented a
numerical solution to the drag reduction on a ship due to the method of air lubrication. The
study was conducted on a model of a chemical tanker wherein the comparison in resistance
was measured with and without the use of an air lubrication system.
The study on modelling of flow around rowing oar blades was presented (Coppel
et al., 2009). Studies (Jiankang, Lee, & Shu, 2001) helped to examine the effect of wave
interaction when two ships moved in parallel to each other in shallow water. Galerkin used
the first finite element method wherein moving grids where made after which second order
nonlinear wave equations were solved to determine the dynamic pressure at the bottom of
the ship along with the free surface elevation. It was found that the effect of stern waves
was much stronger as compared to the bow waves. T.Lee presented predictions based on
the wave amplitude function which could be used to calculate the wave interference
resistance on the demi hulls of an asymmetric catamaran. The results were used to obtain
minimum resistance on the demi-hull of catamarans or other ships.
The projectile dynamics and the formation of the resulting air cavity when a vertical
projectile (bullet shaped) impacted the surface of water were studied both experimentally
and theoretically (Yao, Wang, Pan, Wang, & Woding, 2014) The famous Rayleigh
Besant’s equation was used to develop the model and also study the time for evolution,
development and break up at the pinch off of a cavity formed by a sphere. The effect of
gravity is ignored at the initial impact of the projectile onto the surface of water. In the
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cavity shape evolution, it was thought that the surface tension and closure may play an
important role. (Shimamura & Ootsuka, 2013) used Canonical shaped charge (CSC) to
study the impact of high speed projectiles in a polyvinyl chloride pipe filled with water.
They studied the formation of jets and the shape of the cavity formed by this impact. (Lee,
Longoria, & Wilson, 1996) studied the cavity dynamics of the high-speed entry objects by
using the velocity dependent drag coefficients. They concluded that the time for deep
closure of a cavity for a sphere of the same diameter is independent of the impact velocity
and that the location of deep seal varies weakly as the change in impact velocity occurs.
(Nesteruk, 2009) effectively presented the drag reduction for certain high-speed
underwater vehicles investigating these vehicles both analytically and experimentally. The
volumetric drag coefficient was studied along with the drag associated with the maximum
cross section of the body along with the area covered by quarter of a hull length. It was
found that the values of length could be reduced, to further reduce the cavitation number
to less than 0.1. In a research done at University of Michigan (2012) it was found that the
frictional drag could be reduced on the hull without making any major changes in the hull.
The main method highlighted to reduced drag in this case was by making use of an air
lubrication system. The general air lubrication that was considered was subdivided into
three main parts; BDR (Bubble Drag Reduction), wherein a layer of air bubbles is
introduced into the bottom of the hull which helps to reduce the drag experienced by the
hull. The second subdivision of the air-lubrication is the presence of an air layer between
the hull and the surface of water thereby not allowing the hull to directly come into contact
with the surface of water. This is often termed as Air Layer Drag Reduction (ALDR). In
the third subdivision also known as PCDR (Partial Cavity Drag Reduction) is one in which
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a thick recess filled with gas is inserted below the hull which tends to separate the hull and
the surface of water. In this study it was found that the use of air- lubrication system helped
to reduce drag by around 5 to 20 %.
A new method to superhydrophobize objects has been gaining importance over the
past decade. One of the new technique’s to create a super-hydrophobic coating that has
interested researchers has been the use of sand-blasting. A study (Ahmad, Patel, Mastoi, &
Saddiqa, 2016) shows that sandblasting together with hydrophobic coating could help to
improve the mechanical properties of 316L stainless steel by making it more wear and
corrosion resistant. In the particular study the steel spheres were sandblasted using silica
particulates which helped to increase the hardness of steel by up to 10%. A relatively new
method used is Soda blasting wherein sodium bi-carbonate is blasted on the surface which
helps to remove rust from the metallic parts of the ship. Not only does it remove rust, it
also helps to reduce drag formed by multiple layers of paint on the surface of the hull. The
objective of this thesis is to compare the drag on the streamlined stable cavity formed by
superhydrophobic sphere free falling in water with the drag on similar streamlined shape
solid projectiles free falling in water.
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1.2.1 Recent Work on Study of Cavity formation
In the previous studies performed in the study of cavity formation, the major
determining aspects and conditions included high-speed impacts of spheres and projectiles
at high Reynolds numbers. The main aspect studied were the formation of an air layer at
the surface of the sphere and a thick layer plastron on the surface of the sphere. Most of
the studies performed on formation of cavities were done only for the part where the sphere
or projectile impacts on the surface of the liquid. These studies never focused on the
formation of stable cavities. Previous studies (Vakarelski, Chan, & Thoroddsen, 2014 )
showed 85 % hydrodynamic drag reduction on spheres due to the formation of Leidenfrost
layers.
A novel phenomenon to visualize the formation of stable cavities in water [Figure
3] were performed (Mansoor, Vakarelski, & Marston, 2016 et al.) , which focused on the
formation of streamlined stable and helical cavities by the impact of Liendensfrost spheres.
This particular study allowed us to investigate the formation of stable cavities in water. It
was also found that the shape of the cavity remained the same and the only parameter that
changed was the length of the cavity formed. This novel work gave us a self-similar
solution for our experiments.
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T= 0.05 sec

T= 0.15 sec

T= 0.2 sec

T= 0.25 sec

Figure 3 Snapshots showing the sphere attached stable streamlined cavity in the case of
tungsten carbide sphere having diameter =20 mm falling in water
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1.3 Thesis Objective:
Recent experiments conducted in our laboratory (Mansoor et al. 2016)
demonstrated a novel phenomenon of streamlined stable cavity wake formation by the
impact of Leidenfrost spheres. Initial experiments were conducted using heated steel and
tungsten carbide sphere impacting a perfluorocarbon liquid PP1. Current experiments
(Vakarelski et al. 2016) demonstrate that the same phenomena of streamlined stable cavity
wake occurs when a superhydrophobic sphere impacts onto room temperature water. The
objective of this thesis is to compare the drag on the streamlined stable cavity formed by
superhydrophobic sphere free falling in water with the drag on similar streamlined shape
solid projectiles free falling in water.
To achieve the thesis objective 3D printing technique was used to produce a range
of different shaped streamlined projectiles with adjustable weight. Experiments were
conducted for the free fall of projectiles in water from which we estimated the drag on
projectile of various lengths to diameter ratios, L/D at intermediate Reynolds numbers, Re
~ 104 – 105. Comparison of the drag on the solid projectiles with the drag on the attached
air cavities demonstrated the drag reduction effect of the stress free or no-slip boundary
condition in the case of streamlined bodies moving in a liquid. The sphere attached
streamlined air cavity experiments provided the upper limit for the drag reduction produced
by vapor layer naturally sustained on superhydrophobic surfaces. In the final part of the
thesis we design experiments to examine the drag reduction by the use of robust
superhydrophobic surface coatings on spheres, projectiles, boats and hydrofoils.
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Chapter 2: Experimental Details
2.1 Experimental overview
A series of experiments were conducted in this research using spheres coated with
a layer of hydrophobic coating (Glaco Mirror Coat “Zero”, Soft 99 Co. (Soft99, n.d.)) and
these were dropped from different heights making sure that they fell straight into the tank
filled with water. The sphere attached streamlined air cavity formed by these spheres was
studied and then projectiles were designed using 3D printing to replicate the sphere
attached streamlined air cavity shape. The terminal velocity and drag coefficients of these
projectiles were studied. Fins or stabilizers were designed of appropriate size to ensure that
the motion of the projectile was straight. Different weights and different sizes of projectiles
were dropped into the tank filled with water. This helped to give us a broader outlook and
a wide range of data to derive our results. Once this was done, the projectiles were
sandblasted and then were dropped to see if there was any difference in the drag
coefficients with and without sandblasting.
In the course of this experiment it was decided to examine the impact of super
hydrophobicity on the hull of RC controlled boats and mini-hydrofoils. This was done to
examine if the application of a layer of super hydrophobic coating would practically help
to reduce drag experienced by the hull. The following section discusses the procedure and
technique used to perform the experiments.
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2.2 Experimental setup
A customized steel tank having the inner dimensions as 20 × 20 × 200 cm3 is used
and it is initially filled with de-ionized water up to a level of 150 cm. The spheres initially
are aligned right above the water so that when dropped they fall vertically at the center of
the tank thereby making the spin or turn negligible. The use of vacuum makes it certain
that no user induced spin or acceleration exist. In case of heated spheres a electro-magnetic
release mechanism is used. A basket made of steel with a hook is lowered into the tank to
assist in the retrieving of spheres once an experiment is over. The spheres are first coated
with a layer of Glaco after which they are held by the vacuum holder which is located right
above center of the tank. Once the vacuum pump is switched off the sphere tends to fall
with a free velocity thereby forming a sphere attached streamlined air cavity. The sphere
attached streamlined air cavity formation occurred due to the entrapment of air at the instant
when the sphere impacted the surface of a liquid. The lighting is adjusted using a Halogen
floodlights 500W and another Saco Halogen light 500W which are adjusted to ensure that
a perfect blend of light is possible. The proper positioning of the light ensures the best
possible diffusion of light. A set of light diffusing sheets are attached behind the tank to
ensure diffusion of light is smooth. The videos are recorded by using the ‘Photron Fastcam
SA-5’ at 2000 frames per second (FPS) and with a shutter speed of 1/15000.The screen
resolution was set to a custom setting of 256×1024 which gives us enough recording time.
The trigger mode for the recording is set to end trigger. The specific setting helps to give
enough time to use the manual trigger. The various lenses used during the recording of
videos included the Nikon 20 mm, Nikon 55 mm depending on the field of view needed.
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The water in the tank was kept to be at room temperature which was 22 ˚ C. To ensure that
the lab remains clean and that no water hazard takes place the area around the tank is
covered with sheets of paper to absorb any splash or water spill from the tank as shown in
Figure 4.
For the second set of experiments wherein the projectiles were designed based on
the shape of the sphere attached streamlined air cavity formed by the spheres the
experimental setup was almost kept identical. The absence of the vacuum or
electromagnetic release mechanism was the only difference that existed in the setup for the
dropping of projectiles. The projectiles were dropped manually inside the tank ensuring
that no spin or velocity was induced. Each length of projectile was examined and analyzed
at different weights and then the terminal velocity and drag coefficients were studied.

Figure 4 Schematic of the experimental set-up
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2.3 Imaging equipment, capturing and processing
The camera used in the experiments performed was the Photron SA-5 [Figure 5]
which is a high speed camera which can record up-to a maximum of 1 million frames per
second at a resolution of (64 x 16) pixels. The capabilities of the camera at large are well
known by the fact that the camera can record at full resolution of (1024x1024) pixels at a
rate of 7500 frames per second.

Figure 5 SA 5 High Speed- Photron SA-5 Camera
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The various resolutions for the camera are shown below:
Frame rate

Maximum resolution

Recorded duration

(fps)

Horizontal

Vertical

Time(sec)

Frames

1000

1024

1024

21.84

21,841

7000

1024

1024

3.12

21,841

7500

1024

1000

2.98

22,365

9300

1024

800

3.01

27,956

10,000

1024

744

3.01

30,061

15,000

960

528

3.01

45,182

20,000

832

448

3.07

61,443

30,000

768

320

3.11

93,189

50,000

512

272

3.29

164,452

75,000

320

264

3.61

271,097

100,000

320

192

3.73

372,758

150,000

256

144

4.14

621,264

300,000

256

64

4.66

1,397,845

420,000

128

64

6.66

2,795,690

525,000

128

48

7.10

3,727,587

Table 1 Resolutions Vs time SA5
The table depicts the variation of frame rate to the recording time availability. The
maximum resolution at which this time is achieved is also shown. The minimum shutter
speed that is achievable by the camera is 1μs. The space availability in the internal memory
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makes this camera a more feasible and better choice than its counterpart. The internal space
availability in the SA5 is 16GB compared to its counterparts 8GB. In the experiments
performed we used the end trigger mode which gave us more time for recording. The end
trigger mode helps to capture more footage of the video. The video continues to record all
the events that take place in a loop. Once the stop recording is pressed the video stops
recording and the last seconds are stored. In our case the last 21 seconds are recorded.
In the set up wherein spheres are dropped to study the sphere attached streamlined
air cavity, the user keeps one hand on the vacuum switch and the other hand on the camera
recording button. Once the vacuum pump is turned off the sphere drops in about 1 to 2
seconds. The reason to be active is because in the drop of the spheres at magnified ranges,
we only have 4 seconds of footage to take and hence the impromptu reaction is needed by
the user. Thus, the end trigger mode helps us get a lead time to record. This is the main
advantage of the end trigger mode compared to the others.
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2.3.1 Imaging Software
The Photron SA5 camera comes with its own software package which helps in
assisting in image and video processing. The software Photron FASTCAM viewer is used
to record, process, trim and playback all the videos and images taken. The camera is set up
on a tripod to achieve a suitable field of view. To achieve high speed data transfer from the
camera to the computer an Ethernet cable is used. Once the camera has turned on a buffer
time of about 1 minute is given before the software is run. This buffer time ensures that the
camera syncs with the laptop before any data is recorded or transferred. Once the software
is opened the user gets a live feed from the camera. After this the other settings such as the
shutter speed, field of view, magnification, trigger mode etc. can be adjusted to get the
suitable readings.
Once all the desired settings are selected, the end trigger mode is selected to make
sure that within the recording loop the drop of projectile and the formation of sphere
attached streamlined air cavity is captured. The playback options enable the user to scroll
through the entire recorded video. This provides the user the flexibility to select only the
section of interest, which thereby helps to reduce the space utilized by each video. The
videos once recorded can be stored in an external hard disk. Once enough data is recorded
the software is closed following which the camera is turned off. The various options like
the shutter speed, resolution, and frame rate are shown in Figure 6.
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Figure 6 Free fall of a projectile (33.98 grams) in Water

35

2.3.2 Camera back shading calibration
A lot of times when multiple experiments are performed in a single day the user
needs to change the settings like the shutter speed, frame rate etc. for different sets of
experiments. The user may find that there exist various different shading for the black
pixels. This difference in shading arises because of the change that occurred due to the
changes made in the settings from the previous settings. The pixels which were present in
the previous settings tend to appear brighter than the ones in the present settings. This is a
critical error which may occur in the recording and this could lead to recording different
image qualities. This problem is usually termed as a shading calibration error. This problem
or error can be fixed by re-clicking on the shading option which is present in the PFV
software. Figure 7 depicts the effect of camera back shading on the calibration .During the
experiments performed it was made sure that the procedure was performed so that the
shading remains constant during the entire sets of experiments. It was also made sure that
the after each 7 runs the shading was checked and restored to the previous settings.
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Figure 7 Sphere attached streamlined air cavity formation by a 15mm Tungsten Carbide
sphere in water at room temperature.

The image above shows the sphere attached streamlined air cavity formation for a
hydrophobized sphere. This image is shot at 2000 frames per second and with a shutter
speed of 1/20000 with the end trigger mode using a Nikon 110 mm lens.

37

2.3.3 Lighting setup
An important aspect of any recorded video or image is that the image quality should
be as clear and perfect as possible. Lighting is one important aspect that plays a great role
in the image quality. If a body moving in a fluid needs to be captured using a high speed
camera, the camera shutter needs to be opened to such an extent that the blurriness is
reduced to capture the sharp image. Making sure that the shutter speed is increased to a
level wherein the blurriness is reduced makes the lens get exposed to lesser light. This
would make the image or video captured appear darker. Thus, it is necessary to use external
lighting to make sure each frame has enough exposure to light and thus result in a bright
and high resolution picture. The following images in Figure 8 depict how the change in the
external lighting can result in difference in the images.

Figure 8 Effect of lighting on the image quality for 20 mm sphere attached streamlined
air cavity falling in water
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In our experiments, 4 lights with a power output of 500 W were used. The lights
were positioned strategically to make sure that lighting was uniform and that no area was
overexposed. An over exposed lighting setup would also lead to unclear images. The back
end of the tank was covered with light dispersing sheets which made the light scatter
uniformly thereby making the images of perfect resolution. For experiments wherein we
were required to get close up shots i.e. to study the sphere attached streamlined air cavity
we made use of only 1 lamp as it was sufficient to provide the desired lighting. The lighting
used in the experiments performed is depicted in Figure 9.

Figure 9 Lighting setup used for the experiments
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2.3.4 Imaging View
The experiments performed with the projectiles required us to have a wider focus
area, and hence the Nikon 55mm lens was used to ensure that the whole tank came into the
focus area. The videos were recorded at 2000 fps with a shutter speed of 1/15000. In regard
to the super hydrophobic coated spheres the Nikon 110mm lens was used. The two
magnifications are shown in Figure 10. For the Nikon 110 mm lens the camera and tripod
were set closer to the tank, which allowed us to get a magnified image. The lighting was
changed to one single halogen bulb instead of 4. The videos were again recorded at 2000
frames per second but this time with a shutter speed of 1/20000.

Figure 10 Comparison of two fields of view for tungsten carbide spheres attached
streamlined air cavities falling in water
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2.4 Control of Variables
In performing the experiments certain experimental variables needed to be given
particular attention at all times. The variables of the lighting was one which had to be kept
constant. Secondly the aspect of drying the projectile each and every time after the
experiment was a must to ensure no change of weights occurred. It was also made sure that
while dropping the projectile no external force or spin was induced. The camera distance
from the tank and magnification were noted. The changing of light dispersing sheets
ensured that the lighting was kept uniform and constant during the experiments. The
volume of the projectile was measured three times to make sure that the volume
measurement was accurate as any discrepancy in this would impact the results.
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Chapter 3: Sphere attached streamlined air cavity study and development
In this chapter, we present the procedure for formation of a sphere attached
streamlined air cavity and then the method to analyze the sphere attached streamlined air
cavity formed. The experimental set-up has already been explained in chapter 2 and the
same is used, in these experiments. The method of hydrophobizing each sphere is also
explained below. Finally, the sphere attached streamlined air cavity formed is analyzed to
accurately design the projectiles.

3.1 Coating of Spheres
The formation of a perfect sphere attached streamlined air cavity depends on the
uniformity of the hydrophobic coating on the sphere. If due to any reason the coating is not
uniformly smooth, the sphere attached streamlined air cavity formation would not take
place. Thus uniformly, coating of spheres was a crucial step in the experiments performed
to study the formation of cavities. To make sure a uniform coating was formed it was
necessary to remove any impurities from the surface of the spheres. In this respect it was
necessary to make sure that the spheres were clean, free from any sorts of holes and that
no rust formation was present. Before each experiment the spheres were cleaned using
ethanol to ensure no dirt or rust remained. The Figure 11 depicts the kind of spheres usable
and non-usable for experiments.
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Figure 11 Depicts the types of sphere surfaces usable and non-useable for the
experiments.
The steel spheres used in the experiments had the following properties.
ρ=7800kg/m3 Roughness, R=0.06 and Diameter =15 mm, 20 mm, 25 mm. As mentioned
in the experimental setup and procedure; the spheres were dipped into Glaco to induce a
uniform layer of super hydrophobic coating. During the complete set of experiments being
performed the spheres and chemicals were handled using gloves, and all the necessary
precautions were taken.
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The following sequence of steps illustrate the procedure for the experiments performed
using the spheres:1. The spheres are cleaned, to remove any dust, particles, rust that may have
accumulated during the time.
2. The sphere is then held using gloves to ensure no additional contamination occurs
after which they are dipped into a small beaker containing Glaco. Once dipped the
excess Glaco is allowed to drip off and the sphere is then air dried.
3. Once dried the sphere is now attached to either the vacuum or electromagnetic
release mechanism.
4. To make sure the whole sphere gets uniformly coated with Glaco the sphere is again
dipped into the beaker containing Glaco, this ensures that the coating is uniform.
5. The excess Glaco is soaked using the kimlex absorbing tissues .After this, the
sphere is air dried to let the coating dry.
6. The second air drying process makes the coating uniform and stable. This is a
crucial step as the formation of a stable sphere attached streamlined air cavity
depends on the uniformity of the coating on the sphere
7. The Sphere is allowed to dry for about 3 mins to ensure no liquid Glaco is present
on the sphere after which the vacuum pump is turned off.
8. The sphere attached streamlined air cavity formed is recorded using the Photron
Fastcam SA5 camera after which the cavity formation is studied.
9. The same procedure is repeated for the diameters 10, 15 and 20 mm spheres.
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The following steps are depicted in Figure 12.

Figure 12 Procedure to hydrophobize a steel sphere of diameter 10mm
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3.2 Release height adjustment

Figure 13 Release height adjustment mechanism for the vacuum system
The height of the release mechanism was adjusted in a manner in which the
movable clamp could be slided up and down on the sides of an optical rail as shown in
figure 13. The optical rail was clamped to the top of the tank using G-clamps which helped
to make the setup rigid and strong. To achieve the desired dropping height a ladder was
used and this ladder was placed on one side of the tank.
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3.3 Release Mechanism
The basic electromagnetic release mechanism is shown in Figure 14 is used for
releasing the spheres. The release mechanism consists of two parts, first the coils which
are wrapped around the electromagnet which is further enclosed in a hollow spherical iron
disk. The second part is the 240 V AC to 12 V DC adapter. The part is shown in the picture
below:-

Figure 14 Release mechanism
The Electromagnet was mounted on a movable arm which could be adjusted to the
required height for the free fall of spheres. In this apparatus long and flexible connecting
wires were used for both the electromagnet and the vacuum system. The max height used
for the free fall of the sphere was 2.2m and this was achieved by switching off the vacuum
system manually. Once the vacuum system was switched off, the spheres free fell on the
surface of the liquid. The fall of the sphere was recorded using the Photron SA5 camera at
2000 fps and at a shutter speed of 1/15000 using the end trigger mode.
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3.4 Calibration
In experiments we need to always deal with actual distances and numbers rather
than pixels and this is where the need for calibrations comes in. The method of calibration
is mainly done to find out the actual distance travelled by a body in the real time. Having
a perfect calibration helps the experimenter to have the most accurate readings. In our
experiments calibrating each pixel to actual distance moved by the body is considered to
be of great importance , thus any small variation in calibration would lead to a change in
the calculated terminal velocity and the drag coefficient. We kept the procedure for
performing the calibration simple; a sphere of known diameter is inserted into the tank after
which a picture of the same is taken. The number of pixels corresponding to the known
sphere diameter are taken and then the calibration or scaling value is calculated. The sphere
used in our experiment was a 60 mm steel sphere. The number of pixels corresponding to
this 60mm diameter sphere was found to be 73. Thus the calibration for our experiment
was 1pixel= 60/73 mm. It should be made sure that once the calibration is completed the
setup should not be altered i.e. the camera should not be moved nor should the
magnification be changed. Any changes in the setup may require the experimenter to
perform another calibration. Figure 15 shows the method of calibration using a steel sphere
of diameter 60 mm.
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Figure 15 Calibration procedure using a 60mm steel sphere in water
In our experiment, while doing the calibration we kept the y-coordinate same ie.
(726) and the X coordinate changes from 103 to 176. This shows that for our experiments
60

73 pixels = 60mm. Thus, it can be found that 1 pixel = 73 mm = 0.8219 mm
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3.5 Sphere attached streamlined air cavity results
In the experiments performed we used spheres with diameters 10 mm, 15 mm and
20 mm. These spheres were coated by using the procedure explained in chapter 3
following which the formation of cavities was studied. The height could be adjusted
using the release height adjustment mechanism described in section 3.2. The lens used to
capture the formation of cavities included the Nikon 55 mm and Nikon 110 mm. The
following section explains the method for calculation of the terminal velocity and drag
coefficients.

3.5.1 Terminal Velocity
The terminal velocity & drag coefficient of a sphere falling in water can be
calculated by using the basic fundamentals to balance the upward and downward forces
acting on the sphere as depicted in Figure 16.

Figure 16 Forces acting on a body falling in water.
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Here it is clearly visible that the buoyancy force and drag force act in the direction
opposite to the motion of the sphere. The gravity forces act in the downward direction on
the sphere. The forces are represented by the following formulas:𝐵𝑜𝑢𝑦𝑎𝑛𝑐𝑦 𝐹𝑜𝑟𝑐𝑒, 𝐹𝑏 = 𝑚𝑓 𝑔
𝐷𝑟𝑎𝑔 𝐹𝑜𝑟𝑐𝑒 ,

(3.5.1)

1

𝐹𝑑 = 2 𝜌𝑈𝑡2 𝐶𝑑 𝐴

(3.5.2)

𝐺𝑟𝑎𝑣𝑖𝑡𝑦 𝑓𝑜𝑟𝑐𝑒 , 𝐹𝑚 = 𝑚𝑝 𝑔

(3.5.3)

Here 𝑚𝑓 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑓𝑙𝑢𝑖𝑑 𝑖𝑛 𝑚3
𝑚𝑝

= 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒 𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑖𝑛 𝑘𝑔

𝑈𝑡

= 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑑𝑦 𝑖𝑛

𝐶𝐷

= 𝐷𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑒𝑐𝑖𝑒𝑛𝑡 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒

𝐴

= 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒 𝑖𝑛 𝑚2

𝑔

= 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑖𝑛

𝜌

= 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛

µ

= 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 𝑖𝑛

𝑚
𝑠

𝑚
𝑠2

𝑘𝑔
𝑚3
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𝑁𝑠
𝑚2

The drag coefficient for a sphere forming a sphere attached streamlined air cavity
was found using the following method. In figure 17, the basic terminology used in this
research related to s formation of a sphere attached streamlined air cavity is explained.
𝐻𝑒𝑟𝑒, 𝐷𝐶 = 𝑠𝑝ℎ𝑒𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑖𝑛 𝑐𝑎𝑣𝑖𝑡𝑦
𝐿𝐸 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒
𝐿𝑅

= 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑒𝑛𝑑 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒 𝑡𝑜 𝑒𝑛𝑑 𝑜𝑓 𝑐𝑎𝑣𝑖𝑡𝑦

𝐴𝑙𝑠𝑜 , 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑎𝑣𝑖𝑡𝑦 = 𝐿𝐸 + 𝐿𝑅

(3.5.4)

LR

LE
DC
Figure 17 Cavity formation by Steel Sphere 20mm in PP1 liquid. (Mansoor, Vakarelski,
& Marston, 2016)
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3.5.2 Drag Coefficient Calculations
When characterizing the drag on streamlined bodies of revolution, different
researchers use different lengths and areas in the non-dimensional Re and CD. In this work
we will use the sphere attached air cavity diameter (DC) to calculate the Reynolds number
(Re)
Re = (ρDCUt)/µ

(3.5.5)

and the and the cavity front cross-section area is calculate by
2𝐹

D
CD = 𝜋𝑅C𝜌𝑈
2

(3.5.6)
this helps to compare the present results with our prior results on

Leidenfrost spheres drag. Others studies use volume2/3 or wetted-area1/2 for Re and
volume1/2 or wetted-area for CD respectively.
The drag coefficient CD of the cavity forming a streamlined shape in our
experiments are calculated using the following expression:𝐶𝐷 =

2(𝐹𝑔 −𝐹𝑏 )

(3.5.7)

2 𝑈2
𝜌𝜋𝑅𝐶
𝑡

The drag coefficient formula has been derived from the balance of drag, gravity
and buoyancy forces acting on the sphere forming a cavity at the terminal velocity Ut. into
a liquid with density ρ. The volume of the sphere attached streamlined air cavity 𝑉𝑐 can be
calculated using the formula presented below:𝐿

𝑉𝐶 = 𝜋𝐷𝐶2 ( 6𝐸 +

2𝐿𝑅
15

)

(3.5.8)

53

To facilitate the quantification of the sphere shape and drag we approximate the
shape of the sphere attached streamlined air cavity with a model body of revolution
composed of an inflow ellipse section and an outflow parabola section as given by Chen et
al 2010.
The inflow section ellipse is given by
𝐷

𝑦 = ± 2𝐿𝐶 √𝐿2𝐸 − 𝑥 2

(3.5.9)

𝐸

and
The outflow section parabola is
𝑦=±

𝐷𝐶
2

𝑥2

(1 − 𝐿2 )

(3.5.10)

𝑅

Throughout this research the terminal velocity and drag coefficient are calculated
using the formulas (3.5.1 – 3.5.10). The same procedure was repeated for steel sphere with
diameter, 10 mm, 15 mm and 20 mm followed by tungsten carbide spheres with the
diameters 10 mm, 15 mm and 20 mm. using the formulas we find that the average drag
coefficient for a sphere varies around 0.45 to 0.50.
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Figure 18 Stable sphere attached streamlined air cavity formation in water (Vakarelski et
al. 2016)

In the figure 18, the stable sphere attached streamlined air cavity formation in water
is clearly visible. This novel research was performed within our lab by Vakarelski et al.
2016. The images of cavity formed by the steel and tungsten carbide spheres was taken and
studied in order to proceed to the next step of 3-D printing the projectiles.
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3.6 Studying of the sphere attached streamlined air Cavity formation &
Variation in Parameters
To create a design of a projectile, the sphere attached streamlined air cavity is
studied. Once the sphere attached streamlined air cavity is formed an image is taken
following which it is evaluated along a scale to get the exact dimensions. The Figure 19
demonstrates the methodology of calculating the shape and sizes of the projectiles by
studying the sphere attached streamlined air cavity formed.

Figure 19 Sphere attached streamlined air cavity study for the shape and size (Mansoor,
Vakarelski, & Marston, 2016)
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To have the most accurate readings it was necessary to have the shape of the projectile as
close as possible to the shape of the sphere attached streamlined air cavity. Another reason
why the sphere attached streamlined air cavity study needed to be accurate was to ensure
that the projectile was made to have the same volume and also that the shape as that of the
sphere attached streamlined air cavity. It was decided to have stabilizers or tails to ensure
that the projectile fell straight into the tank containing the liquid. Using this particular
process various sizes of the projectiles were designed.
The values for the LE, LR and D were changed to find out the best fit curve for appropriate
values for the projectile. The Figure 20 depict how a slight variation in each value can
change the best fit curve for the sphere attached streamlined air cavity.

B

A

𝑎)

b)

Figure 20 Variation of LE for spheres of steel sphere with diameter 10mm falling in
water a) Value of LE is less than the actual value b) Actual value of LE based on shape of
sphere attached streamlined air cavity
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The variation in the measurement of LR also plays an important role in the design of the
projectile hence the measurement should be as precise as possible. The variation of LR is
in Figure 21:-

A

B

Figure 21 Variation of LR for spheres of steel sphere with diameter 10mm falling in
water a) Value of LR is greater than the actual value b) Actual value of LR based on shape
of sphere attached streamlined air cavity
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Figure 22 shows how the variation in D can affect the fitting of the projectile.

A

B

Figure 22 Variation of D for spheres of steel sphere with diameter 10mm falling in water
a) Value of D is greater than the actual value b) Actual value of D based on shape of
sphere attached streamlined air cavity
Thus, it can be seen that the study of the sphere attached streamlined air cavity
played a great role for the design of the projectiles and even a slight variation in any of
these parameters could lead to a major difference in the results. To verify the obtained
results a solid works model was created replicating the shape of the sphere attached
streamlined air cavity formed. The model and the calculations revel the volume to be of
the same order of magnitude thereby confirming the calculations.

Figure 23 Solid Works model of sphere attached streamlined air Cavity for a 10 mm
diameter tungsten carbide sphere falling into water
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Chapter 4: Projectile Study
4.1 General Background
Once the sphere attached streamlined air cavity study is completed, the appropriate
values of LE, LR, and D are defined in order to 3D print the projectiles. The projectiles are
produced using the in-house Leapfrog 3D printer. Mostly in all the previous studies
experiments were performed with Reynolds numbers in the range of 104 – 105. In addition
to this, the data from these previous research is not readily available for the ranges and
sizes of the projectiles used in this research.

4.2 Projectile Development
To ensure that dimensional similarity exist between the spheres attached streamlined
air cavity and the projectile the lengths of the projectiles are made to be similar as those
observed by the lengths of the cavities. The projectile is designed using Solid works
software, after which they are 3D printed. The technology of 3D printed parts a lot of
advantages over the conventional method as it is cheap and also that intricate designs can
be made at a much quicker rate.
Each projectile is printed in-house using the Leapfrog and maker-bot 3D printer. For
printing of the projectile the material used was ABS, which is flexible and strong. The
following steps describe the method of manufacturing the projectiles.

1. The shape and size of the sphere attached streamlined air sphere attached
streamlined air cavity is first studied to decide on the exact length of the projectile.
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2. The projectiles are first created using the Solid-works software, replicating with the
dimensions of the sphere attached streamlined air cavity formed.
3. The part file of the projectile designed is then converted and saved to the STL
(Standard Triangulation Language) format. This step is to ensure rigidity & strength
to the designed part.
4. The file is now opened using the 3D printing software to define various settings.
5. Once the file is opened the various parameters such as, extruder temperature, rafts,
supports, bed temperature, position, etc. are set using the software. For our
experiments the extruder was heated at 240 ℃ and the bed was heated to 96 ℃.
6. The settings are set and the file is stored as a G-Code and then exported to a flashdrive or memory stick which is inserted into the 3D printer.
7. A layer of ABS mixed with acetone is applied to the platform to ensure that the part
printed sticks to the platform. This imparts rigidity to the projectile.
8. Once the platform and the extruder are heated to the desired temperature the
printing process begins.
9. Once the printing is complete the unwanted parts such as the rafts, shafts, supports
are removed using forceps.
10. The 3D printed parts contain certain amount of roughness and thus, each part is
smoothened using the sandpapering technique.
11. To ensure the sandpapering happens uniformly, the part is first fixed onto a rotating
part such as the universal chuck of a mini lathe or the tip of a dremel and then
rotated at a fixed speed of 500 RPM (rotations per minute). While the part rotates
the sanding is done using different grades of sandpaper.
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12. The sanding is done starting with a gradient of 300 followed by 450 and finally to
get a smooth finish gradient is increased to 1100. This ensures the surface has a
comparative smooth finish.
13. For parts which cannot be sand-papered, a layer of acetone is applied to impart
strength to the parts.
The figure 24 illustrates the complete process of 3D printing of projectiles.
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Figure 24 Flowchart for 3D printing projectiles
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4.3 Projectiles Release height
The release height for each projectile was determined so that the terminal velocity
for the projectiles could be captured within the frame of the camera. The water in the tank
was filled up-to a height of 1.5 m. Each projectile was first held by the tail and then dipped
into water after which it was dropped without inducing any spin. This helped to ensure that
the projectile fell straight into the tank.

4.4 Weight measurement for projectiles
The volume of the projectile was measured using the well-known Archimedes
principle wherein we dipped the complete projectile with the tail into a measuring beaker.
The projectile tail was tied to a thread after which it is lowered into the beaker filled with
water. Once the projectile was completely dipped, the water was filled up to another
demarcation in our experiment we filled it up to 100ml. Once this is achieved the projectile
is removed from the beaker and it is ensured that all the water on the projectile falls into
the beaker. Next the water is again filled up to the previously defined demarcation and this
reading depicts the volume of the projectile. The error is reduced by measuring the weight
before and after dipping. This ensures the weight of the water absorbed by the projectile is
subtracted from the volume [Figure 25]. The same procedure is repeated 3 times and the
average of the readings is taken to ensure that minimum error occurs.
To examine and achieve the best possible reading, spheres of different weights are
added into the projectile. The projectile is again weighed and the total weight is noted. The
terminal velocity at each different weight is recorded. After each reading the weights are
changed i.e. increased by small increments. The wide range of readings helps us get a wide
variety of readings thus giving us a larger data to evaluate. It is made sure that for each
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different weight multiple videos are recorded to ensure terminal velocity is achieved.
Before each drop, the projectile is made completely dry by opening it and removing any
water that may have leaked into it. To make sure that no leaking occurs a layer of teflon
tape is applied on the threads of the projectile. The projectiles are removed from water at
the earliest to minimize leak taking place.

Figure 25 Weight measurement technique for projectiles

In the results presented below for the projectiles the terminal velocity and the drag
coefficient are calculated using the formulas mentioned in section 3.5 of this research.
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4.5 Results of Projectiles
The various sizes of the projectile produced are depicted in table 2:S.No

LE (mm)

LR (mm)

D (mm)

L/D

1.

15

35

25

2.0

2.

23

53

25

3.0

3.

26

61

25

3.5

4.

34

79

25

4.5

5.

42

96

25

5.5

6.

53

122

25

7.0

Table 2 Variation in projectile sizes

LE

LR

DC

Figure 26 Actual Shape and Size of a Projectile

In the following section we investigate the terminal velocity and drag coefficient
for each projectile designed. The Figures [27, 29, 31, 33, 35 & 37] depict the actual
designed projectiles in the solid works along with the snapshots of the calculation for
each projectile falling in water. The Figures [28, 30, 32, 34, 36 & 38] show the
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dependence of Drag coefficient on the Reynolds number for the projectiles. Tables [3, 4,
5, 6, 7 & 8] further illustrate the terminal velocity, drag coefficients, Reynolds number at
each recorded weight1. The drag coefficient and the terminal velocity for each size of the
projectile are calculated using formulas (3.5.1 – 3.5.11). Weight1 represents the
difference between Actual weight and buoyancy weight i.e. Weight1 = Actual Weight –
Buoyant weight.
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4.5.1: Projectile 1. L/D = 2.0; D = 25 mm; LE = 15 mm; LR = 35 mm

LR
DC
LE

Figure 27 Terminal velocity estimate for a projectile for L/D = 2.0 projectile; D = 25
mm; LE = 15 mm; LR = 35 mm.
Weight1

Terminal Velocity

Re

[ kg ]

[ m/s ]

[× 104]

1.

0.00307

0.797

1.95

0.201

2.

0.00728

1.232

3.01

0.199

3.

0.01288

1.643

4.02

0.198

4.

0.023

2.178

5.33

0.201

5.

0.0289

2.465

6.03

0.198

S. No.

CD

Table 3 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0154 kg
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0.3

Drag Coefficient, CD

L / D = 2.0
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Figure 28 Dependence of the drag coefficient, CD on the Reynolds number, Re for L/D =
2.0 projectile; D = 25 mm; LE = 15 mm; LR = 35 mm. The average drag coefficient is
0.199.
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4.5.2: Projectile 2. L/D = 3.0; D = 25 mm; LE = 23 mm; LR = 53 mm

LR

DC
LE

Figure 29 Terminal velocity estimate for a projectile for L/D = 3.0 projectile; D = 25
mm; LE = 23 mm; LR = 53 mm.
Weight 1

Terminal Velocity

Re

[kg]

[ m/s ]

[× 104]

1.

0.0051

1.15

2.79

0.163

2.

0.0117

1.72

4.19

0.166

3.

0.0243

2.465

5.98

0.169

4.

0.0349

3.041

7.38

0.159

S. No.

CD

Table 4 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0223 kg
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0.3

Drag Coefficient, CD

L / D = 3.0

0.2

0.1

0
1.00E+04
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2
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6

8

1.00E+05
5

10

Reynolds number, Re

Figure 30 Dependence of the drag coefficient, CD on the Reynolds number, Re for
L/D = 3.0 projectile; D = 25 mm; LE = 23 mm; LR = 53 mm. The average drag coefficient
is 0.164
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4.5.3: Projectile 3. L/D = 3.5; D = 25 mm; LE = 26 mm; LR = 61 mm

LR
DC
LE

Figure 31 Terminal velocity estimate for a projectile for L/D = 3.5 projectile; D = 25
mm; LE = 26 mm; LR = 61 mm.

Weight1

Terminal Velocity

Re

[ kg ]

[ m/s ]

[× 104]

1.

0.0049

1.06

2.62

0.177

2.

0.0095

1.47

3.63

0.179

3.

0.0182

2.05

5.04

0.178

4.

0.026

2.46

6.05

0.176

5.

0.034

2.79

6.86

0.179

S. No.

CD

Table 5 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0248 kg
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0.3

Drag Coefficient, CD
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Figure 32 Dependence of the drag coefficient, CD on the Reynolds number, Re for
L/D = 3.5 projectile; D = 25 mm; LE = 26 mm; LR = 61 mm. Average drag coefficient is
0.178
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4.5.4: Projectile 4. L/D = 4.5; D = 25 mm; LE = 34 mm; LR = 79 mm

LR

DC
LE

Figure 33 Terminal velocity estimate for a projectile for L/D = 4.5 projectile; D = 25
mm; LE = 34 mm; LR = 79 mm.
Weight1

Terminal Velocity

Re

[ kg ]

[ m/s ]

[× 104]

1.

0.0051

1.05

2.60

0.187

2.

0.0092

1.39

3.46

0.191

3.

0.0141

1.72

4.27

0.192

4.

0.0182

1.95

4.84

0.193

5.

0.0227

2.17

5.39

0.194

6.

0.0313

2.54

6.31

0.196

S. No.

CD

Table 6 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0318 kg
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0.3

Drag Coefficient, CD

L / D = 4.5

0.2
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0
1.00E+04
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Figure 34 Dependence of the drag coefficient, CD on the Reynolds number, Re for L/D =
4.5 projectile; D = 25 mm; LE = 34 mm; LR = 79 mm. The average drag coefficient is
0.192
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4.5.5: Projectile 5. L/D = 5.5; D = 25 mm; LE = 42 mm; LR = 96 mm

LR

DC

LE

Figure 35 Terminal velocity estimate for a projectile for L/D = 5.5 projectile; D = 25
mm; LE = 42 mm; LR = 96 mm.
Weight1

Terminal Velocity

Re

[ kg ]

[ m/s ]

[× 104]

1.

0.0058

1.05

2.54

0.224

2.

0.012

1.52

3.67

0.222

3.

0.0205

1.97

4.76

0.225

4.

0.0258

2.21

5.35

0.224

5.

0.0306

2.42

5.85

0.222

S. No.

CD

Table 7 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0382 kg
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0.3

Drag Coefficient, CD

L / D = 5.5
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Figure 36 Dependence of the drag coefficient, CD on the Reynolds number, Re for L/D =
5.5 projectile; D = 25 mm; LE = 42 mm; LR = 96 mm. The average drag coefficient is
0.223
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4.5.6: Projectile 6. L/D = 7.0; D = 25 mm; LE = 53 mm; LR = 122 mm

LR
DC
LE

Figure 37 Terminal velocity estimate for a projectile for L/D = 7.0 projectile; D = 25
mm; LE =53 mm; LR = 122 mm.
Weight1

Terminal Velocity

Re

[ kg ]

[ m/s ]

[× 104]

1.

0.00414

0.821

2.02

0.253

2.

0.01024

1.29

3.19

0.250

3.

0.01475

1.56

3.83

0.249

4.

0.02151

1.89

4.64

0.248

5.

0.02783

2.13

5.25

0.251

6.

0.0338

2.34

5.75

0.254

S. No.

CD

Table 8 Variation of terminal velocity with weights for projectile falling in water. The
displaced weight of the projectile 0.0485 kg
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Figure 38 Dependence of the drag coefficient, CD on the Reynolds number, Re for
L/D = 7.0 projectile; D = 25 mm; LE = 53 mm; LR = 122 mm. The average drag
coefficient is 0.252
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4.6 Combined Results for projectiles in water
While performing the experiments as explained earlier we made sure that certain
parameters & precautions were maintained throughout the experiments. The tail size & the
texture of the projectile was made smooth. To show the effect of skin friction on the drag
coefficient experienced by a projectile, we performed experiments with two projectiles
(L/D = 2.0) one being perfectly smooth and the other being rough. The same weights were
added and the drag coefficients were measured for both these projectiles using the same
methodology as explained before. The figure 39 depicts the results

0.3

Drag Coefficient, CD

L / D = 2.0

0.2

0.1
Smooth
Rough

0
1.00E+04
4

10

2

4

6

8

1.00E+05
5

10

Reynolds number, Re

Figure 39 Dependence of Smoothness of the projectile with L/D ratio 2.0 on the Drag
coefficient, CD and Reynold Number, Re

80

𝐿

The Figure 39 thus shows that for smaller 𝐷 ratio the smoothness had no effect on
the drag experienced by the projectile.
To now investigate into the effect of tail sizes on the drag coefficient we took tails
of lengths 25 mm and 30 mm and performed the same experiments using the procedure
mentioned in Section 3. The Figure 40, helps to show that tail size also did not play a
significant role in the drag coefficient experienced by a body falling in water.

0.3

Drag Coefficient, CD

L / D = 2.0

0.2

0.1
Tail 25 mm
Tail 30 mm

0
1.00E+04
4

10

2

4

6

8

1.00E+05
5

10

Reynolds number, Re

Figure 40 - Dependence of tail size of the projectile with L/D ratio 2.0 on the Drag
coefficient, CD and Reynold Number, Re
Once this is done we can compare the drag coefficients of all the projectiles together
in figure 40, this also depicts the dependence of
projectiles.
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𝐿
𝐷

ratio to the drag coefficients for the

Drag Coefficient, CD

0.3

0.2

0.1
Projectile 7.0
Projectile 5.5
Projectile 4.5
Projectile 3.5
Projectile 3.0
Projectile 2.0

0
1.00E+04
104

2

4

6

8 1.00E+05
105

Reynolds number, Re
Figure 41 Dependence of the drag coefficient, CD on the Reynolds number, Re for all
the projectiles.
As it can be seen from the figure 41 that the smallest projectile (LE=15 mm and
LR=35 mm) had a drag coefficient higher than those of the projectiles larger in length. This
dependence of

𝐿
𝐷

ratio on the drag coefficient is well known and is mainly used by

designers for reducing the effect of skin friction acting on a body.
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Drag Coefficient, CD

0.3

0.2

0.1
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8
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Figure 42 Dependence of L/D ratio to the Average Drag Coefficient

In the experiments performed we look at projectiles with

𝐿
𝐷

ratios of 2, 3.0, 3.5,

4.5, 5.5, and 7. It was seen that the minimum drag occurred within the region with
of 3.0 to 3.5 as is evident from figure 42.

83

𝐿
𝐷

ratio

For further comparison with the literature we calculate the Drag Coefficient in
terms of volume2/3. The dependence of the L/D on drag coefficient in terms of volume is
depicted in the Figure 43

Drag Coefficient, CD

0.3

0.2

0.1

0
0

2

4

6

8

L/D

Figure 43 Dependence of L/D ratio to the Drag Coefficient based on volume
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Chapter 5: Sandblasting (Spheres & Projectiles) & Boats
5.1 Sand Blasted Sphere
A sphere was sandblasted with sand having grainsize of 180 microns to ensure the
formation of a uniform coating around the sphere. Tungsten carbide spheres of diameter
20 mm were used in these experiments. A hook was attached to hold the sphere to ensure
that the sandblasted coating was not destroyed. The sandblasted sphere was Glaco coated
to ensure the formation of a uniform coating. To stabilize the coating, the sphere was
dipped into Glaco and then heated to 200℃ and then cooled to room temperature and then
again dipped into Glaco and reheated to 250℃ and then the same procedure is repeated up
to 300℃. This helped to have a thick uniform plastron layer on the sphere as seen in figure
44. (Vakarelski, Chan, & Thoroddsen, 2014). The sphere is allowed to cool and then
dropped into a tank filled with water upto the 1.5 m mark. To make the comparison another
sphere without coating having the same weight and size was dropped into the tank. The
terminal velocity and the drag coefficients for both the spheres are compared.

Figure 44 Thick Plastron formation on a tungsten carbide sphere with D=20mm
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A

B

Figure 45 Tungsten Carbide sphere with diameter 20 mm falling in water. (A - Sphere
without coating, B- Sphere sandblasted and Glaco coated)

It was found that the terminal velocity for the tungsten carbide sphere was 2.72 m/s
whereas for the sandblasted and Glaco coated sphere the terminal velocity was 2.85 m/s.
The drag coefficient for the tungsten carbide sphere is 0.515 in comparison to 0.470 for the
sandblasted and Glaco coated tungsten carbide sphere. Thus, it is seen that the drag
reduction of approximately 10 % tends to occur when the sphere is sandblasted and Glaco
coated [figure 45]. (G.McHale et al. 2009) demonstrated that drag reduction of about 5 to
15 % took place for sandblasted spheres having a plastron layer.
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5.2 Sand Blasted Projectiles
The projectile was first sandblasted using the 180 micron grain size and then dipped
into Glaco first to create a smooth hydrophobic coating. The Glaco was allowed to dry after
which another layer of Glaco was applied. This multiple coating allows a uniform layer fo
hydrophobic coating around the projectile. The difference in appearance for a regular and
sandblasted projectile is shown in figure 46.

A

B

Figure 46 A- Sandblasted projectile and hydrophobized projectile; B-Non sandblasted
projectile with L/D ratio 3.5
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For comparison between the projectiles, two identical projectiles were printed and
then filled with the exact same weights. As explained earlier one projectile was coated with
Glaco [Figure 47] and the other was left without the coating. The drag coefficient and
terminal velocity for both these projectiles was calculated.

Figure 47 Formation of Plastron layer on the sandblasted and hydrophobized projectile
S.No

Terminal Velocity

CD

Terminal Velocity

CD (Coated )

( Non-Coated )

(Non-

(Coated) (m/s)

(m/s)

Coated )

1.

1.72

0.192

1.73

0.193

2.

1.95

0.193

1.97

0.195

3.

2.17

0.194

2.19

0.196

Table 9 Terminal velocity and Drag Coefficient comparison for Sandblasted and
hydrophobized projectile with the Non-Sandblasted projectiles at the same weights falling
in water
As it can be seen from the table above that the reduction in drag coefficient is only about
1% for the sandblasted and Glaco coated projectile to the non-coated projectile.
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5.3 Effect of hydrophobic coating on boats and hydrofoils
The application of super hydrophobicity is not only limited to projectiles and
spheres. It can even extend to boats and hydrofoils. Three RC (Radio Controlled) boats
[Figure 48] were used in the experiments performed to study the drag reduction on boats.
One of the boats hull was coated with a layer of super hydrophobic coating and then the
velocity was measured. During the testing it was assumed that the weather conditions were
constant during the testing period. The two boats were raced in parallel making sure that
the speed remains constant and throughout the test. Making the boats run at a constant
speed and in parallel was one of the hardest challenges in this experiment.

Figure 48 RC controlled boats used for the experiments
The dimension of each boat was 720 mm × 165 mm × 210 mm. Each boat was run
in a channel where the velocity and speed comparison could be performed. The hull was
coated using the super hydrophobic spray paint [Figure 49] with the help of an air
compressor, set at a pressure of 2bar.
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Figure 49 Uncoated Hull (Left) and the coated hull (right) of the RC controlled Boat
In the preliminary test conducted a change in buoyancy due to change in Webber
number was observed was found because of which the coated boat tended to be floating
higher than the uncoated boat which changed the conditions of testing for both the boats.
It is now under consideration to include a layer of sandblasted coating to both the boats. It
is being considered that both the boats will be sandblasted with a coarser grain size. Then
to make the plastron layer thicker a layer of super-hydrophobic coating would be applied
to the hull of one of the boats. This would ensure that the buoyancy balance takes place
between the two boats. It is also being considered to have some sensors to measure the
velocity at every point and use a Garmin based GPS sensor to measure the instantaneous
and the maximum velocity achieved by the boats
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Figure 50 Hydrofoils testing in the water channel
The next of experiments which were performed included the hydrofoils whose
testing is going on at the moment. The hydrofoils were preferred over the boats as they
have a smaller contact area within the water. The hydrofoil once powered up by the drone
tends to raise above the level of water onto its blades which thus reduces the contact of the
hydrofoil with the water which is clearly visible in Figure 50. It is being considered to coat
the blades of the hydrofoil with a layer of super hydrophobic coating to make sure that the
blades have a thick layer of plastron which would increase the speed of the hydrofoil as a
result of reduced drag on it. The main challenge now again in this would be to find a
suitable method or way to measure the instantaneous velocity or the maximum velocity
and the distance moved by the hydrofoil over the duration of the testing. Mainly using a
Garmin GPS module or a self-developed module to record the speeds at each instant will
certainly be a desirable option.
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Chapter 6: Conclusion and Future Work
6.1 Conclusion
In this thesis research a sphere attached streamlined air cavity formed by a steel or
tungsten carbide spheres was first studied for determining their characteristic lengths and
shapes. The main characteristic dimensions that were studied were, the diameter of the
cavity (DC) & the total length of the cavity from the bottom of the sphere to the top of the
cavity. The experiments for both the cavities and projectiles were performed within the
Reynolds number range of 104 – 105. The average drag coefficient for the spheres was
found to be in the range of 0.45 to 0.5
Solid projectiles were printed in the shape of the air cavity. Each projectile was
smoothened to eliminate the effect of surface roughness on the drag. It was found that
minimum drag was exhibited at the length/ diameter ratio of 3.0 .It was found that for
projectiles with L/D ratio of 2.0 roughness had no significant contribution towards the drag
coefficient. To make the projectile fall straight stabilizer fins were attached at the end of
the projectiles. Next the experiments with variation of stabilizer fin lengths also confirmed
that the contribution of tail size towards total drag is negligible.
In the next step of the experiment emphasis was laid on drag reduction due to
superhydrophobic coatings on both spheres and projectiles. Preliminary results showed that
sandblasted spheres which were hydrophobized exhibited 10% reduction in drag as
compared to spheres which were not hydrophobized and sandblasted. In the case of
projectiles it was found that there was only a drag reduction of around 1% for the
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sandblasted and superhydrophibized projectile as compared to the non-sandblasted and
nonhydrophobized projectile.
In the last step of this thesis the effect of superhydrophobic coating was studied on
hulls of boats and hydrofoils. In the preliminary test performed the hull of a RC (Radio
Controlled) boat was coated with a thick layer of superhydrophobic paint. This boat was
run in parallel to another boat of the same dimension at the same speeds. Initial,
experiments showed that the coated hull experienced higher buoyancy force thus reducing
the wetted area, thus changing the parameters of the study. New techniques are being
looked into to have constant parameters during such a continuing study.
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6.2 Future Works and Considerations
1. Method to develop a thicker coating for the boats.
2. Finding an innovative method to make a self-sufficient and suitable in house
hydrophobic coating.
3. Testing of the hydrofoils with the super-hydrophobic coating.
4. Classify and find out other suitable grain sizes to sandblast and finalize the material
to make the thickest layer of plastron.
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