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Abstract
Some of the projects taking place in Dr. Michael Tabor’s applied mathematics lab are discussed. An
emphasis is placed on the value of high-speed photography. In addition to the projects themselves,
techniques for capturing high speed images are discussed. The goal will be to encourage the use of high
speed photography in research and teaching.
Introduction
When studying a phenomenon, it is often necessary to see the event take place in ‘slow motion’. In
other words, sometimes an event happens too quickly to properly analyze what happens. If a video is
taken, it can be viewed over and over again, to gain a better understanding of what happened. Some
processes are too fast, however, to be studied with conventional video. Sometimes there is too much
motion, and the object is blurred. Sometimes the event is over too quickly, and conventional video does
not capture enough frames to see what has happened. When studying processes like these, it is
necessary to use high-speed video. Capturing an event with high speed video can be very difficult,
however, and some expertise is necessary. Once images are taken with high-speed video, they can be
very beautiful and very valuable to researchers and teachers alike. In Dr. Tabor’s applied mathematics
lab, there is a camera capable of taking up to 16,000 frames per second. This camera has become a
valuable tool for this laboratory. The projects for which it has been used include a whip project, a
dripping faucet (pinch-off) project, a honey coiling project, a milk drop project, a smoke ring project, a
bouncing water drop project, and others. These projects will be discussed in hopes that others will be
inspired to use high speed photography in research or educational endeavors. A large amount of detail
will be given to the procedure for capturing videos in some projects. This is to provide some instruction
on the actual use of high speed photography.
Methods
The main obstacle that had to be overcome when taking high speed images was light. Shutter speeds
ranged from 1/1000 s to 1/128000 s. At these shutter speeds, an intense amount of light was required.
Simple room lighting was not nearly adequate. Two things had to be done in order to compensate for
this. One was to use intense spotlights. For these projects, 1000 watt spotlights were used for large
subjects, and a 150 watt light with two movable fiber optic arms was used for small subjects. By
focusing an extreme amount of light on the subject, it became visible despite the camera’s rapid shutter
speed. The other thing that was done to improve the lighting situation was to sacrifice some focus. If
the subject did not reach high velocities, the shutter speed was able to be reduced. This allowed more
light, but sometimes motion became blurred. Opening the aperture also allowed more light in, but it
reduced the depth of field. In other words, it reduced the depth through which the image was focused.
The best approach was to flood the subject with light, and close the aperture and increase the shutter
speed as much as possible. Despite the best efforts of the lab, however, many of the images taken still
suffered from inadequate lighting or inadequate focus.

While taking a series of photos, it was absolutely necessary to be aware of the effect of the spotlights on
the subject. If left alone for even a few minutes, paper would start to burn, plastic started to melt, and
cardboard began to smoke. Plus, the heat could possibly have altered the results of some of the
experiments. For example, heat changes the viscosity of some fluids, so in the honey coiling
experiment, care had to be taken not to let the honey heat up. This meant that the lights had to be left off
until the pic ture was ready to be taken. This made it difficult to aim the camera and focus, a process
which sometimes took several minutes. A technique was developed whereby the aperture was opened
completely and the frame rate and shutter speed lowered until room light was sufficient to light the
subject. The camera was then aimed and focused. After the camera was aimed and focused, the camera
was set at the desired shutter speed and frame rate. The spotlights were then turned on and the aperture
was quickly set to the most desirable point. When the camera was focused, and the aperture was open,
then closing the aperture improved the focus. The lights were then turned off and the subject given a
chance to cool. At that time, the lights were turned on, the event was triggered, the image captured, and
the lights turned off.
Capturing an image of a small subject was entirely different than capturing an image of a large subject.
First, close-up lenses were used. Three were available, numbered 0, 1, and 2; 2 was the strongest, and 0
was the weakest. The camera was placed near the subject, and it was usually a matter of trial and error
to find a good combination of lenses. Often, the camera also had to be moved closer or further from the
subject in order to be in the focus range of the lenses on it. In short, experimentation was the best
method for finding a good location and combination of lenses to capture a small subject up close.
Lighting is also different for these small subjects. A 150 watt light source with two movable fiber optic
arms was the best source for a small subject. The light source was turned on, and the arms were pointed
directly at the object. Some experimentation was often necessary at this point also to find the best
distance from the subject to place the arms. If they were too close, there would be an intense bright spot
in the image. If they were too far, the intensity was not good enough. Usually they ended up being
placed about 4 cm from the subject. Sometimes the 150 watt source did not provide enough light for the
subject to be well lit, and in focus. Therefore, there were times when the fiber optic source and one or
both of the spotlights was used.
Due to physical limitations of the camera used for these projects, with higher frame rates came worse
resolution. The view area when the camera was taking pictures at 16000 frames per second was very
small compared to the viewing area when it was taking pictures at 1000 frames per second. This added
the challenge of trying to fit everything into the view of the camera when using high frame rates. Many
times the camera had to be moved back to greater distances from the subject. To capture the cracking
whip at 16000 frames per second, the camera was about fifteen feet from the whip, and still it just barely
captured the whole range of motion in the 1.5 inch by 7 inch viewing area (approx).
Projects
The Whip Project:
When a whip is cracked, the user moves his or her arm back and forth, which imparts energy on one end
of the whip. This back and forth motion of the experimenter’s arm creates a kinetic wave in the
material. This wave propagates through the whip and by the time it reaches the tip of the whip, that tip
is moving at supersonic speeds. This may seem curious since there is no way the user can move his or

her arm at the speed of sound. It may be known why the velocity of the tip is so much higher than the
original velocity, but it is not quite known how the shape of the whip changes over time, and how this
change is related to the initial velocity. It is hoped that by studying related phenomena, some insight
will be gained on how this occurs.
One related phenomenon that is helpful for understanding why the whip cracks is demonstrated by a
falling chain. If one end of a chain is fixed at a certain height, and the other end is held at that same
height, a U-shaped curve is formed (fig. 1.1). One might expect that when the free end is dropped, it
will accelerate normally due to gravity. According to Newton, all free falling objects accelerate at the
same rate, which is known to be 9.8 m/s 2 . However, when this experiment is performed the free end
reaches a point where it is actually accelerating faster than this (fig. 1.2 and1.3). This is because when
an object is suspended it has initial potential energy mgh . When it is dropped and reaches the bottom of
its fall, it has zero potential energy and kinetic energy 12 mv 2 . This energy must be conserved, however,
and in the case of the chain, the mass of the moving section is constantly decreasing. To compensate
and maintain the same energy, the velocity is higher than if the mass were constant, as in a free falling
object.
This is also why a whip cracks. When the user initially lashes it, the whip has some curvature due to the
motion of the arm (fig. 2 and 3.1). The whip can be thought of as two parts, separated by a sharp
curvature (fig. 2, fig. 3.1, and fig.4). The side toward the tip (fig. 3.2) has an initial energy, because of
the upward motion placed on it by the user. However, as the curve moves further toward the tip (fig 3.2,
3.3 and 3.4), that side has a decreasing mass, and compensates by an increase in velocity. This is how it
can reach supersonic speeds.

Fig. 2. Diagram showing how the
components of the whip are broken up.
1. The portion of the whip manipulated
by the user. 2. The portion of the whip
toward the tip. As 1 becomes smaller,
and 2 becomes larger, 1 must increase its
velocity to conserve energy. The whip
“cracks” just before 1 reaches zero.

Fig. 1. Images from the chain-drop experiment. 1 : Initial position
of the chain. 2: 159 ms after release of the chain. 3: 214 ms after
release of the chain. An accompanying ball and the tip of the chain
were released at same time. It can clearly be seen that the tip of the
chain falls faster than the free falling ball.

Fig. 3. Images of a whip being cracked. 1: The initial curve given by the user's rapid back and forth
motion can be seen at 44.5 ms. 2: The curve has moved out toward the end of the whip, and the
portion of the whip that is on the outside of this curve has decreased at 56.5 ms. 3: This is just before
the curve reaches the tip of the whip at 62.5 ms. 4: When the curve does reach the tip, supersonic
velocities occur and the whip cracks 65.5 ms after the initial motion by the user.

The following model of a whip comes from Szabo
I (1972) Hohere Technische Mechanik. Springer,
Berlin, Heidelberg, and New York, 5th ed., pp
131-132. It models the whip in one dimension
(fig. 4). Assume an arbitrary length x, which
represents any fixed portion on the whip, close to
the handle. There is also a changing distance y,
which becomes longer as z becomes smaller. In Fig. 4. A diagram of the simplified model of a whip.
Point A represents the end of the whip that is pulled by the
other words, as the curve moves further toward
user with force P(t) at velocity v. Point B represents the
the tip, z becomes smaller and y becomes larger.
tip of the whip. x represents a fixed point on the whip
The total length of the whip is represented toward the handle. y represents an expanding section of
by l = x + y + 2 z .
Kinetic energy is then the whip from x to a point that is at the same position as
the tip. z represents a shrinking section of the whip that is
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calculated by E = ( x + y + z )x& +  z +  y& , the size of the arc from the tip to the curve. The total size
of the whip is x + y + 2z.
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or its more useful form: E = (l − z )x& 2 + (µz + m )( x& + 2 z& ) 2 where µ is the linear density of the
2
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material and m is a small mass placed at point B. The second is more useful, because x and z are the
1
coordinates of interest. This is simply mv 2 , where mass is µ times the length. The first half of the
2
equation is the energy of the whip on the side of the curve closer to the handle; the second part is the
energy on the side closer to the tip. They must be handled differently since they are moving at different
velocities. Note that if m is zero, a singularity arises later in the equation. Potential energy is given

by U = −P(t )x , where P(t) is the force pulling on the whip as a function of time. The Lagrangian of this
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Plugging in the equations for kinetic and potential energy gives &x&(µl + m) + 2 µz& 2 + &z&(µ z + m) = P(t ) ,
and µz& 2 + (µz + m)(&x& + 2 &z&) = 0 . For simplicity, it can be assumed that the velocity v at which the whip
is pulled is constant, this makes the equations 2 µz& 2 + 2&z&(µz + m) = P(t ) , and µz& 2 + 2 &z&(µz + m ) = 0 ,
µz&
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because the acceleration of x is zero. By rearranging the second equation into
+ 2 = 0 , it can
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be seen as the time derivative of ln (µ z + m) + 2 ln z& , which is equal to zero. This differential equation,
combined
with
the
initial
conditions
x (0 ) = 0 ,
y (0 ) = y 0 ,
y& (0 ) = 0 ,
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which yields the equation for z as a function of time z (t ) =  (µz 0 + m ) µz 0 + m −
vt  − m  .
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First, images were shot of a chain being dropped as described in the previous section. One end of the
chain was tied to the ceiling, and the other suspended next to it. There was a small free falling ball one
or two centimeters in diameter dropped from the same level as the end of the chain. They were both
dropped at the same instant, so the difference in acceleration could be observed.

Fig. 5. Initial
method for
performing the
string whipping
experiment. The
user's hand can be
seen holding a
small handle, which
was used to pull the
string downward.
The other end of the
string moves
upward rapidly,
creating the crack.
The 3-centimeter
bar was drawn in
for visibility. The
user imparts a
downward velocity
of about 10 to 12
meters per second.

Fig. 6. Initial
rat trap
experiment.
The string
was tied to
the bar of the
Rat Trap, and
was wrapped
around two
other bars.
This created
the cracking
action

Fig. 7.
Alterations made
to the mousetrap
experiment. The
modified rat trap
was repositioned
so that pulled
parallel to the bar
suspending the
string. This
created a
whipping action
with a better
shape.

Fig. 8. A
modified Rat
Trap. The U
shaped bar
has been
replaced with
a single, 21
cm bar. A
single spring
was used.

To obtain images of the whipping action, a bar 3 centimeters in diameter
was fixed at about 2 meters off the ground, and different lengths of kite string ranging from 50cm to 150
cm were used to simulate the whip. The string was tied to a short handle at one end, to be manipulated
by the experimenter and the other end was draped over the bar (fig.5). The user rapidly jerked the
handle downward, and the upward motion of the free end created the crack. In fact, the crack could
even be heard from this string. This data was captured in multiple high speed video files. There were
also several high speed videos taken with a rat trap propelling the string. High speed videos of the
actual whip being cracked were taken by illuminating the marker board with high powered lights, and
having the human stand in front of the marker board and cracking the whip. The final videos were taken
by propelling a strap with a bungee cord. The camera captured the silhouette of the whip. These videos
were taken at rates of 1000 to 16000 fps, with shutter speeds ranging from 1/2000 to 1/128000.
At first, a rat trap was clamped face up on the table (fig. 6). Two small horizontal bars about 1
centimeter in diameter were fixed near the trap. The string was tied to the end of the rat trap, fed under
the lower bar, and over the higher bar. When the trap was triggered, it pulled the string but because the
rat trap was perpendicular to the bars, the resulting curve contained an artifact. For this reason, the
design was adjusted such that the trap was placed vertically and its bar moved toward the floor. The trap
was clamped to a solid metal plate, which was clamped to the leg of the table. One bar was eliminated
from the design (fig. 8), and the shape of the curve was much better. The design of the trap itself was
also altered in an attempt to raise the velocity of the pull. The U shaped bar, was replaced with a single
rod approximately 21 centimeters in length, but only one spring was used to propel it (fig. 7).

Fig. 9: An
analysis of a video
clip. This is one
frame of a high
speed video file of
a string being
cracked like a
whip. The farther
apart the dots are,
the faster it is
moving. This was
taken at 2000
frames per second,
which means each
dot represents the
string’s movement
in 1/2000 of a
second.

Fig. 10: The current
setup for the cracking
whip. By always
pulling the whip to the
same point, every
crack is nearly the
same. When the user
releases the strip, it
rapidly accelerates
around the bar,
creating a loud
cracking sound.

Though the photographs taken with the rat trap turned out well,
it was decided that a machine with either constant velocity or
constant acceleration was desired. The idea was hatched to use
some sort of elastic band to propel the whip. For the final
setup, an 80 cm piece of moving bungee cord was fastened to a
fixed point near the floor, while a smooth bar located 95 cm above the ground was
provided as a point around which the crack occurred. The string was also abandoned. Instead a 2.54 cm
wide strap was used. This was advantageous as it limited the motion to two dimensions. This was the
best setup. Results were reproducible, and acceleration was approximately constant. Because the crack
always happened at the same point, the new setup enabled a much smaller camera view to be used to
capture the same information. Therefore, a picture was taken of a cracking string at 16,000 frames per
second. This is the fastest this has ever been filmed.

Fig.11: Sequential frames of the whip cracking. These successive frames were taken at
8,000 frames per second, so these 8 frames represent 7/8000 s. Circles have been drawn to
show curvature.

With frame rates of
8,000 and 16,000
frames per second, it
became much easier to
analyze features of the
cracking whip.
Previously, guesses
were made as to when
the whip actually
cracked, but with
higher resolution, the
analyses actually
showed that the tip of
the strip moved faster
than the speed of sound.
How much faster and

for how long were still not precisely known.
After videos were obtained, it became desirable to study the curvature of the whip. According to the
model, this curvature approaches infinity (fig.13). In reality, this is limited by the stiffness of the
material. As this curvature rises, the velocity of the tip is also rising sharply (fig.12). The rapidly
accelerating tip and the rapidly increasing curvature cause the tip to jerk around at supersonic speeds
(fig. 11.8).
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Fig.12: Velocity as a function of time. This graph shows that the average velocity through one
interval of time of 1/16000 s is faster than the speed of sound. It is during this interval of time that
the crack is heard.

When the string was first cracked using a human hand, the shape of the curve was very good, however,
there was too much variation from one trial to the next in the speed the string was jerked. In addition, it
was difficult to image the appropriate section of the whip reproducibly. For this reason, the rat trap is
needed for reproducibility and so the speed can be calculated. At first, the shape of the curl was much
distorted, and the results were not very valuable, however, after making several adjustments to the
design, including adding a single bar, which was longer, and changing the angle at which the trap pulled
the string, a very good result was obtained. The Rat Trap was abandoned as a whip propelling machine
for the simple reason that it did not provide uniform velocity or acceleration. Finally the elastic band
was used, which has remained the preferred method of providing a ‘whip crack’.
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Fig. 13: A graph of the curvature as a function of time. This is a rough approximation, since
sophisticated methods for approximating curvature have not yet been used. This graph does
demonstrate the curvature’s tendency toward infinity as the whip cracks.

The Milk Drop Project:
In this experiment, an attempt was made to reproduce Edgerton’s famous milk drop experiment
(http://web.mit.edu/vrtour/movies/n2_edgerton_mv.mov). This was done by dropping a droplet of milk
into a small Petri dish with about 2 millimeters of milk in it. The height from which the droplet was
released varied from 10 cm to 40 cm above the Petri dish with varying results. The best splashes were
observed when the droplet was released about 30 cm above the Petri dish. All images of milk drops
were taken at 2000 frames per second, with a shutter speed of 1/4000 s. In an applied mathematics
class, students may study ways that the height of the drop and depth of the milk affect the physical
characteristics of the splash. This type of hands on mathematics may seem more tangible to students
than studying examples from a text book.
Enough milk was placed in a Petri dish to give a depth of about 3mm. The fiber optic arms were aimed
at the contact point from about 4 cm away. The camera was placed about 30 cm from the Petri dish at
an angle about 35 degrees above it. 2000 frames per second seemed adequate to capture the splash.

Fig. 14: Images of the milk splash. These sequential, non-consecutive images were taken at 2000
frames per second. This entire sequence took place in about 0.04 seconds.

The Bouncing Water Drop:
In capturing the impact of a droplet of water on a surface of water, it is often possible to observe with
high speed photography the droplet bouncing on the surface. There are many variables which contribute
to whether the drop will bounce or not, and if so, whether the high speed camera will be able to capture
a quality image or not.
The setup (fig. 16)for making the drop fall into the water included one
beaker of water, a reservoir of water, from which the drops came, and a
syringe whose tip formed the drops. The syringe was connected to the
reservoir by way of small rubber tubing which included a flow control
valve. The reservoir also had an on and off valve. In this way, the flow
rate was able to be left stationary while the flow was turned on and off.
The glass beaker that was used had no markings on it, so that there
would be no reflection of the writing in the image. To further reduce
glare and reflection, a coffee can, painted black on the inside to reduce
glare, was placed on the outside of the beaker (fig. 15). The beaker had
a small hole drilled into it at the brim so that the beaker could be
completely filled and the water level would remain constant. When the
syringe was placed near the water surface, and the reservoir valve was
turned on, the flow control was able to be adjusted to give an appropriate
drip rate.

Fig. 15: The fiber optic light
setup. Shown is the beaker full
of water, and the two fiber optic
arms which provided the light.
The beaker is surrounded with a
coffee can that is painted black.

The variables taken into account when trying to get the drop to
bounce were amount of water in the reservoir, size of needle, and
height of the syringe above the water surface. The two that
ultimately seemed to be critical were the height of the syringe
above the surface and surprisingly, the flow rate. The size of the
needle may have slightly affected the frequency and conditions
under which a bounce was observed, but did not seem to be
critical. The amount of water in the reservoir was completely
arbitrary.

Fig. 16: The initial setup. Shown is the
syringe at the level of the first beaker.
The flow control valve can be seen
halfway up the tubing.

To get a drop to bounce, the height above the surface of the
water at which the drop is released must be just right. The way
this height was measured in this experiment was by clamping the
syringe to a vertical bar, and sliding the clamp up and down until
the tip of the needle just touched the surface of the water. At this
point, the clamp was tightened, and another clamp was tightened
in place directly beneath it. Then by leaving the bottom clamp in
place, the top clamp was loosened and measured relative to the
bottom one. The distance of the gap between the two clamps
equaled the distance from the tip of the needle to the surface of
the water. In this experiment, a stack of cover slides exactly one
millimeter thick were used to measure this gap.
Fig. 17: A drop
that was released
too close to the
surface. This drop
needs to be release
slightly higher, so
that it has time to
form before it
makes contact
with the surface.

Fig. 18: A drop
that was released
too far from the
surface. This drop
immediately
breaks the water
surface and
penetrates.

In order to see a bounce, often it was
necessary to find the right height through
trial and error.
It was immediately
obvious when the tip was too close to the
surface because the drop seemed to
dissipate into the water before it was
released from the syringe (fig. 17). In
other words, the drop touched the surface
of the water and the syringe at the same
time. On the other hand, if the syringe
was too far from the surface of the water,
the drop seemed to immediately penetrate
the surface upon impact (fig. 18).

In this experiment, drops were observed at distances ranging from 5mm above the surface to 12mm
above the surface. Once a good distance was found somewhere between these two extremes, the drop
still may or may not have bounced, however, by modifying the drip rate with the flow control valve, it
was a simple matter of experimentation to find a rate at which drops would bounce. It is suspected that
this relates to the faucet drip problem and that at different flow rates, the water drop takes on different
physical properties. This is supported by the fact that even at a constant drop rate, the bouncing
occurred for a few drops, then stopped. It is also proposed that the disturbances in the water surface
affected whether or not the drop bounced. It seems that when the drop rate was too slow, the drop didn’t
bounce, but when it was too high, it also didn’t bounce, so it is possible, that there is a requirement for
some disturbance in the water surface. The mathematics involved in this phenomenon are too
complicated for discussion, and may not be suitable for a classroom discussion, however it is an
excellent candidate for a research project.
The Pinch-Off Project:
The faucet drip experiment is a very famous problem in applied mathematics. To study this behavior, it
is advantageous to study one fluid dropping through another fluid with similar specific gravity. The
reason for this is that the effect is slowed down to the point that the pheno menon can more easily be
observed. The purpose of this experiment was to determine a good way to photograph the dripping of
one fluid into a slightly less dense fluid.
The experiment was performed by filling a small pipette tip with one fluid, and suspending it over a
beaker containing another fluid. The pipette tip had an outer diameter of 1.4 mm. It was set at such a
height that the tip was under the surface by three to seven millimeters. The measurement of how far the
tip was under water was not recorded, or even noted, because it was assumed that it was not important
for the purposes of these
preliminary experiments.
The setup (fig. 19, 20) was
developed
under
the
assumption that a silhouette
of the falling drop would
provide the best contrast.
There
was
a
white
background behind the
beaker,
which
was
illuminated by two 1000
watt spotlights.
In an
attempt to get no light on
Fig. 19: The setup. Shown is the camera,
the
beaker,
it
was
about 15 cm from the syringe tip, which is
surrounded by a black
under the surface of the oil in the beaker.
tunnel. The camera had
close up lenses of levels 0, 1, and 2, and was placed about 15
centimeters from the tip. The tip was held in place with a metal plate
that had a hole in its center. The small pipette was held by a clamp,
which rested on the metal plate. With this setup, the beaker could be

Fig. 20: Another view of the
setup. This view shows how the
lights are positioned. The
distance the lights are from the
backdrop is not critical at all,
however, to prevent overheating,
a greater distance is desirable.

Fig. 21: A picture of
a drop pinching off.
This is dyed glycerin
dropping into
vegetable oil.

filled with 200 milliliters of one fluid,
with the plate and pipette resting on the
beaker, and the other fluid could be
inserted into the pipette with a syringe.

It took some experimenting to determine which two liquids
would work best in this experiment. At first, corn syrup was
dropped into vegetable oil. The pinch off phenomenon was
observed, however the contrast was not great. Whenever both
liquids were water soluble, it seemed that instead of pinch off,
there was just a steady stream of liquid falling straight to the
bottom of the beaker. It was attempted to drop motor oil and
many different plant oils into water, however, they were all
too light, and floated to the top. Motor oil was also too light to
be dropped into vegetable oil, and furthermore the two liquids
mixed. To prevent this mixing, it was decided to use
immiscible fluids. Glycerin and vegetable are immiscible,
since glycerin is water soluble and oil is not. When colored
glycerin was dropped into vegetable oil, the pinch off was
observed (fig. 21). For the remaining experiments, red or blue
glycerin was used. The red glycerin was not as visible as the
blue, however, and it was abandoned. In later experiments, a
small amount of polyethylene oxide polymer was added at the
ratio of about 18,000:1.
With the appropriate liquids, it was trivial to observe a pinch
off. The pipette was filled with glycerin, and allowed to freely
flow. At first, when the pipette was still full (about 1.5 cc), the
pinch off occurred near the bottom of the beaker. As the
glycerin ran through the pipette, however, the pinch off
occurred closer to the pipette tip. For these preliminary
experiments, the amount of glycerin in the pipette was not
measured, but the image was taken when the pinch off was
within the camera view. The camera was set to frame rates of
250 to 2000 frames per second. The optimal setting was to
have the camera at 2000 frames per second, with a shutter speed of 1/2000 s. The best aperture setting
was f8.
Students in the laboratory have quantified the width of the lo ng thin strand connecting the drop to its
source. The goal was to determine the width as a function of time, then observe how it changed when
some polymer was added to the glycerin. In addition to this, this project provides numerous research
opportunities.

The Fluid Jet Project:
The purpose of this experiment was to capture a jet of fluid penetrating the surface of another fluid with
a high speed camera, and observe it changing from laminar to turbulent (fig. 22). In order to do this, one
colored fluid was needed, and one transparent fluid. For simplicity, dyed water was dropped into
transparent distilled water.
The setup of the experiment was
simple. A syringe filled with the
colored water was positioned above a
beaker of transparent water with its
tip placed approximately 2 to 3 mm
above the surface. Two 1000 watt
lights were used, both shining on a
white backdrop behind the beaker
from a distance of about 35 cm. The
water was simply expelled from the
syringe by the stopper, and the image
captured.
The camera had three close-up lenses,
numbered 0, 1, and 2. The camera
was set at an aperture of f8 and was
placed about 15 cm from the syringe
tip. Images were taken at 1000 or
2000 frames per second. There didn’t
seem to be any detail missing when
the slower frame rate was used, and
since it gave a bigger viewing area,
this seemed to be a more appropriate
setting. The shutter speed was set to
1/2000 s for all frames.
Fig. 22: A jet of colored
water penetrating a surface
of water. This is a steady
stream of the red water,
which shows the jet going
from laminar to turbulent.

The water jet seemed to show up well,
though in the future, a darker dye may be
used for better contrast. After several
water jet images were shot, it was noticed
that when the colored liquid dripped into
the water, a toroidal vortex was formed
(fig. 23). Consequently, the remainder of the experiment was
dedicated to capturing images of these vortex rings.

Fig. 23: Two toroidal vortices.
These two vortices were formed
by dropping a small amount of
red water into a beaker of
water. Soon after this , the two
vortices leapfrog and then
become one vortex.

The rings were captured on high speed images; however, it was sometimes difficult to determine that
they were vortices. As a result, the idea was had to place a small mirror at a 45 degree angle at the

bottom of the beaker, so a front view and a bottom view could simultaneously be seen. The future of
this experiment will be to develop a method of lighting this setup, so good images can be seen.
As of yet, no research has been done on this project. It is believed that there are excellent fluid dynamic
experiments that could take place based on these images.

The Smoke Ring Project:
When studying fluid dynamics, there is much knowledge to be gained by studying the structures known
as toroidal vortices. One example of such vortices is the smoke rings generated by a Zero Launcher fog
ring generator. The purpose for this experiment is to determine the best way to capture such images
with a high speed camera, for later analysis.
One issue that needed to be confronted was the fact that there existed air currents through the room,
which affected the smoke ring, and added unnecessary variables to the experiment. To reduce this
effect, an aquarium was placed upside down on the table with the smoke ring generator inside. The
aquarium was offset about ten centimeters for access. A black layer of material was placed on the inside
of the aquarium along the side behind the smoke ring. This served two purposes, one was to provide a
black backdrop to contrast the rings, and another was to eliminate the reflection of the rings against the
back of the aquarium. For better lighting, a mirror was also placed on the table, face up. It was not clear
that this made a difference. For best results, the smoke ring generator was taped to the table, so that it
did not move while the experimenter was attempting to generate a ring.
The camera was placed about 1 meter from the rings, with the center of the lens about 24 cm from the
table top. Most images were taken using an aperture setting of f4 or f5.6. The images were taken at
1000 frames per second, which yielded an image size of 1280 x 512 pixels. A higher frame rate did not
seem to be necessary, unless extremely accurate measurements were required. If a higher frame rate
was used, however, the view would be smaller. The shutter speed was set at 1/2000 second. The
images seemed to be sufficiently crisp at this shutter speed.
There were two
light schemes used,
both involving two
1000
watt
spotlights.
Each
scheme had its own
advantages
and
disadvantages. In
both cases, the
lights were level
with the orifice Fig. 25: The second lighting setup. This
from which the ring setup emphasizes the denser fog.
emerged. The first
setup (fig. 24) had both lights on the side of the aquarium
facing the camera at 45 degree angles to the face of the aquarium. They were each aimed toward the
Fig. 24: The first lighting setup. This
setup causes more fog to show up in the
images.

opposite rear corner of the aquarium. The distance from the light to the axis along which the ring travels
was approximately 40 cm. The advantage to this setup was that all smoke showed up; however, there
was less distinction between the thicker smoke and the thinner smoke (fig. 26). Furthermore, as the ring
reached the end of its path, the lighting became increasingly poorer. The second setup (fig. 25) involved
moving the second light to the axis along which the ring travels. The light was placed about 75 cm from
the smoke ring generator, shining directly toward it. This setup showed thick smoke well, and didn’t
show thinner smoke, so in some cases, the structure of the ring was more easily seen (fig. 27). However,
the trail le ft by the ring did not show up. This setup solved the problem of decreasing light intensity, but
with this setup, the ring became increasingly bright to the point of overexposure.

Fig. 26: A smoke ring generated by the Zero Launcher. In this image, the first lighting scheme was
used, and therefore nearly all fog was visible, including the trail left by the smoke ring.

The process for
capturing an end
view of the
smoke
ring
involved
an
entirely
different setup
(fig. 29). The
camera lens was
about
1.05
meters from the
zero launcher,
and the two
faced
each
other.
The
camera
was
aimed with the
hole from the
launcher
near
the top of its
view.
Once
again,
the
aquarium was
used to prevent
drafts.
A
cardboard shield
was placed over

ring
to
reduce
background smoke. The two lights were stationed about 34 cm from the center axis, immediately next
to each other, and parallel. The center of the lights was about 99 cm from the ground. To improve
lighting, a mirror was placed inside the aquarium opposite the lights. Each light contained a knob that
diffused the light. In the images taken, this knob was turned halfway. The aperture of the lens was set
to f8, and the images were taken at 250 frames per second, with a shutter speed of 1/250 second. The
resolution for the images was 640 x 512.
Fig. 27: An image created using the second lighting setup. This time the trail is not as visible,
however the structure of the ring can be more easily seen, because less dense fog is not visible.

the
generator

Upon observing the smoke rings from an end view, it was noticed that they contained modes around the
outside circumference (fig. 28). It was suspected that the number of these modes might be correlated to
the velocity of the ring; however a measure of velocity was not easy to come by, due to the view.
Therefore, to get an estimate of the ring’s velocity, the distance from the shield to the end of the
aquarium was measured, and divided by the time it took from when the ring was first lit up until it
appeared to hit the glass at the end. From the four rings that were analyzed in this manner, it seemed
that the faster the ring moved the more modes it contained (fig. 30).
The next step in this project was to attempt to develop an accurate
method of determining the exact position of the ring along the axis
of the camera and smoke generator. The first idea was to shine a
laser pointer into the aquarium, so that when the ring passed by it, a
more intense line was seen. Upon trying this, however, it became
clear that the spotlights used to light the ring were much too intense
in comparison with the laser pointer, and the laser pointer did not
appear on the recorded image. It was then decided that perhaps a
light curtain could be used to light
Fig. 29: The setup for capturing a
the aquarium along a plane
fog ring from the end view. The
perpendicular
to
the
two lights shine directly into the
camera/generator
axis.
Metal
path of the ring, while the mirror
sheets were placed on the side of
increases the light.
the aquarium, with a gap between
each one 2mm wide. The 1000
watt spotlights were then shined
through these gaps to provide the Fig. 28: A fog ring from the end
light curtain. Upon observing the view. This video was taken by
resulting image, the ring did flash shooting the ring straight at the
as it passed through these camera.
curtains; however, the general lighting was too poor to give a good
image. No general lighting plan was found that was intense enough
to suitably light the whole aquarium. Although development of the
lighting was halted, some additional work could provide better
results.

It became of interest to observe the interactions between two
smoke rings (fig. 32). To do this, the setup was left as it was
for the end view, but another smoke ring generator was
placed next to the original one (fig. 31). They were on either
side of the center axis, and pointed inward at an angle of
around ten degrees. They were spaced far enough apart that
a small piece of black cardboard was used in the center for a
background. The rings were shot simultaneously, and the
image captured. It was not trivial to capture two rings that
collided. In fact, it was very difficult to get two dense rings,
moving at the same speed to cross the same point at the same
time. The best way was to fire them repeatedly, until two Fig. 31: The setup for the colliding fog
rings.
collided, and the image was then shot. Future work would
most likely include a search for a better method of firing the
rings, so that it will be easier to get two to collide. Also, it may be of interest to capture a head on
collision of two rings.
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Fig. 30: A graph of the velocity vs. the number of “modes”.

Fig. 32, a-d: Four non consecutive images of two fog rings colliding.

The Honey Coiling Project:

When honey is allowed to fall
onto a flat surface, a process
known as Newtonian buckling
causes the honey to form a coil
(fig. 33). Discussed is the
process for capturing this
coiling on high speed camera.
The setup (fig. 34) used a 30
ml beaker clamped 30 cm
above the table in such a
Fig. 33: A picture of honey coiling. This phenomenon happens so quickly, it is
way, that it could be rotated
nearly invisible without the help of high-speed photography.
to let the honey pour out from
it. At the level of the table was a small Petri dish that collected the honey. When there was a need for
the honey to flow from the beaker, a clamp was loosened that allowed the beaker to be rotated to an
angle that would allow the honey to pour.
The lighting was provided by a 150 watt light source
with two fiber optic arms. These arms were positioned
about 4 cm from the contact point, aiming directly at it.
There was a small piece of white paper beneath the
Petri dish to give a white background. The camera was
positioned about 29 cm from the contact point with
close-up lenses 0 and 2. The camera was about 14 cm
above the table. To focus the camera, the honey was
allowed to fall, and as it coiled the camera was focused
on it.
To capture an image, the beaker containing the honey
was turned sideways at an angle steep enough to allow
the honey to flow onto the beaker. When the honey hit,
it coiled and the image was shot.
Students in the lab have attempted to discover a Fig. 34: The setup for capturing coiling honey. A
relationship between the width of the strand and the rate small beaker is tilted enough for the honey to pour
at which the honey coils. Also, similar experiments out onto the Petri dish.
have been performed with fluids of different viscosities,
including corn syrup and honey with polymer added. Future research could include a study of how
viscosity affects the rate of coiling.

Summary:
This research has shown that high speed photography is an extremely educational and fun experience.
The images taken in the laboratory have been very valuable in providing teaching tools and doing
research. Students have enjoyed analyzing these images, and professors have gained valuable insight
using these images in their research. The amount of value to be gained by high speed photography is
limited only by the creativity of the people who choose to do high speed photography projects.

