PHYSICS: EPI

Terminal Velocity of Balloons

Abstract

Objects in freefall reach a point of terminal velocity - where the upward force of drag becomes equal
to the downward force of gravity and, hence, the object’s velocity becomes constant. A falling
object’s terminal velocity is dependent on the falling object’'s mass and cross-sectional area. To
investigate the effects of these two variables, an experiment involving balloons with varying cross-
sectional areas filled with varying degrees of mass was conducted.

Introduction

The purpose of this experiment was to measure the effect of different cross-sectional areas and
masses on the terminal velocity of balloons. The time it took each water-filled balloon to fall and
reach terminal velocity over a specified distance was measured. Values of the balloon’s velocity
were obtained from these results and the relationship between terminal velocity and the variables —
cross-sectional area and mass — were to be found.

In order for terminal velocity to be accurately measured, several conditions needed to be fulfilled.
The object needed to have a relatively small diameter so that it could be easily measured; the object
must fall at a reasonable velocity which can be timed with a stopwatch; and the object needed to fall
in a straight line of motion. Balloons filled with water were used in this experiment because they
appeared to fulfil the aforementioned conditions.

The terminal velocity of an object can be obtained theoretically through the following equation:

Vi = terminal velocity (m/s)

m = mass of the object (kg)

g = force of gravity (9.81 m/s?)

p = density of the medium through which the object is falling (kg/m?)

A = cross-sectional area of the object (m?)

Cq = drag coefficient (a constant)

After observing the above equation, it was hypothesised that as the mass of the balloon is

increased, the terminal velocity of the balloon will increase. And as the cross-sectional area of the
balloon is increased, the terminal velocity will decrease.

Theoretical values of terminal velocity obtained through the above equation were to be compared
with the experimental values of terminal velocity in order to establish the reliability of the results.

Whilst values for mass, gravity and cross-sectional area were readily available, values for the
density and drag coefficient needed to be obtained to make the equation useful.
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The density of the air in which the experiment was conducted was calculated using the equation:

_P
P=RT

p = density of air (kg/m?3)

p = air pressure (hPa) (which in Melbourne was found to be 1019.4 hPa)'
R = gas constant for dry air (287.058 J/kg/K)

T = temperature (°K) (taken as 25°C (198°K)

The density of the air was established as 1.1915 kg/m3.

The drag coefficient, on the other hand, complicated matters slightly due to it being a constant that
changed depending on the shape of the object of which terminal velocity was being analysed. It was
found that the drag coefficient of a sphere in free fall was 0.5.2 However, the shape of a balloon
alters depending on the size to which it is blown — changing from a sphere to an oval and,
eventually, a pear-shape. As such, it must be noted that by using 0.5 as the drag coefficient slight
variations in the calculated theoretical terminal velocity were to be expected. More specifically, the
drag on the balloon was expected to increase as the shape of the balloon progressively deviated
from the spherical shape?, which would cause a decrease in terminal velocity.

Apparatus

° Balloons

. Water

. Retractable tape measure
. Rulers

e  String

. Stopwatches

. Measuring cup
Method

To begin the experiment, a balloon was filled with 10g of water and blown up to a diameter (d) of 16
cm. This balloon became the standard balloon for which terminal velocity would be found. Both the
mass and cross-sectional area remained constant during this portion of the experiment. The
diameter was determined by, first, wrapping a length of string around the balloon and measuring the
relevant portion to find the balloon’s circumference. This value was then divided by = in order to

obtain the diameter.

The cross-sectional area of the balloon was obtained using the equation:
Acg= mr?

Acs = cross-sectional area (m?)
r = radius (m) (%)

1 http://pro.meteo24.com/uk/1161X8.html

2 http://www.grc.nasa.gov/WWW/K-12/airplane/shaped.html
3 http://www3.interscience.wiley.com/journal/113518371/abstract
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Next, the balloon was dropped from a distance of 1m. Both Alex and Dalex timed the flight of the
balloon using stopwatches on their iPod Touch’s. The time was started when the balloon was
released and was stopped when the balloon hit the ground. Three trials were conducted and the
resulting 6 values were averaged. This was repeated over increasing heights — the height was
increased 0.5m at a time — until the balloon had reached terminal velocity.

The point at which the balloon reached terminal velocity was determined by two indicators.
Physically, it was clear that the balloon had reached terminal velocity if it stopped wiggling during its
fall, and this was evident at a drop of 2 metres. Additionally, the average velocity values of the
balloon when dropped from 2 metres or higher were very similar, confirming that the balloon
reaches terminal velocity from 2 metres onwards.

O Dalex timing with

Falling stopwatch

Balloon
’ with water

Height tested

Alex dropping the
balloon; also timing with
stopwatch

Figure 1: Pictorial representation of how the experiment was carried out.

The effect of mass on terminal velocity was tested by adding an additional 10 g of water to the same
balloon and conducting the same drop test; the balloon’s diameter was kept at a constant 16 cm.
The effect of cross-sectional area on terminal velocity was tested by varying the diameter of a
different balloon and performing the same test; the water mass was kept at a constant 10 g.
Altogether, drops with an added water mass of 20 g, 30 g, 40 g and 50 g and a diameter of 10 cm,
13 cm, 19 cm and 22 cm were performed. (Note that drops where the balloon had a diameter of 16
cm and a mass of 10 g had already been conducted when the standard balloon was tested).

All tests involving changes in mass and cross-sectional area were performed from a height of 2.5 m.
This height was chosen because it was well above the height at which the standard balloon was
able to reach terminal velocity.

Uncertainties arose due to the varying shape of the balloons. It was observed that, to varying
extents, the general shape of each balloon in the packet differed. In order to alleviate this, the same
balloon was used as both the standard balloon and the balloon used to measure the effect of mass
(on terminal velocity). However, it was necessary to use a different balloon when testing for cross-
sectional area because the constant inflating and deflating of the previous balloon had left it worn
and saggy. Moreover, there was an immediately discernible difference between the shape of the
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balloon used when testing mass and the balloon used when testing cross-sectional area. The latter
was found to have blown up in a more ‘balloon-like’ shape; that is, it was less spherical and more
like an oval. While using two different balloons may have affected the consistency of the results
across the entire experiment, it, at least, kept the results consistent within the confines of each
variable: mass and cross-sectional area.

Results
Mass (kg): 0.01 Diameter (m): 0.16
eright Time (s) (1% Time (s) (29) Time (s) (3) #_Vera(gei =4
o ime (s
drop | Reading | Reading | Reading | Reading | Reading | Reading (m/s)
(m) 1 2 1 2 1 2
1.0 62 79 61 .67 .59 B | beE e
.67 A7 52 41 .56 41 .507 1.974
15 72 .77 71 .96 7 9 793 1.891
.75 .62 72 .61 .57 .64 .0652 | 2.302
2.0 81 .78 .86 73 81 67 777 | 2.575
.83 .78 73 .62 .67 .65 713 2.804
25 .93 .82 .80 .90 .92 .82 .865 2.890
3.0 1.06 1.08 1.06 1 1.14 .98 1.053 | 2.848

Table 1: Time taken and average velocity for the standard balloon when dropped from varying
heights.

Values that have been marked in red refer to times that were deemed inconsistent with the rest of
the results. During those 3 runs, Alex and Dalex were using different stopwatches — a phone and a
stopwatch application on an iPod Touch. Additionally, a countdown timer had been employed to
signal when timing should start. Afterwards, it was deemed necessary that the stopwatches be the
same in order to ensure consistency. And, also, that the timer be started as soon as the balloon was
released rather than relying on a countdown. As such, the drops were repeated and the old values
were replaced.
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Figure 2: Height vs. Velocity graph for the standard balloon;
diameter of 16cm and water mass of 10 g
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Height (m): 2.5

Diameter (m): 0.16

Mass Time (s) (1% Time (s) (2") Time (s) (3") Average | V=2
(kg) Reading | Reading | Reading | Reading | Reading | Reading Time (s) (m/ts)
1 2 1 2 1 2

0.01 .93 .82 .80 .90 .92 .82 .865 | 2.890
0.02 a7 .64 .79 .67 .81 .67 725 | 3.448
0.03 .67 57 .75 .6 75 .64 .663 3.769
0.04 .58 .68 57 .68 57 .63 3.968
0.05 .59 .67 49 .62 .6 .612 | 4.087

Table 2: Time taken and average velocity for balloons of varying masses dropped from 2.5 m. The
bolded value represents the standard balloon.

Height (m): 2.5 Mass (kg): 0.01
Diamete | Cross- Time (s) (1Y) Time (s) (29) Time (s) (3) Averag =2
r (m) sectiona : : - : - —1 e Time /‘
| area Readin | Readin | Readin | Readin | Readin | Readin | () (m/s)
(m?) g1 g2 g1 g2 g1 g2
0.1 0785 |7 64 68 59 65 7 660 2'78
327
0.13 1327 | .72 73 75 75 77 86 763 |;
0.16 2011 | .93 82 80 90 92 82 865 3'89
2.65
0.19 2835 | .99 93 99 92 91 91 942 |2
0.22 3801 | 1.1 115  |107  |118 |107 |118 |1.125 3'22

Table 3: Time taken and average velocity for balloons of varying cross-sectional area dropped from
2.5m. The bolded value represents the standard balloon.
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Figure 3: Mass vs. Velocity graph — constant diameter of 16 cm; dropped from 2.5 m
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Figure 4: Cross-sectional area vs. Velocity graph — constant water mass of 10 g;
dropped from 2.5 m

Evaluation

Having conducted the experiment and recorded the results, the average velocity of each balloon
could be found by dividing the distance fallen by the average time taken to fall. The calculated
average velocities for the standard balloon of 16cm diameter and 10g mass (which can be found in
Table 1) indicated that the balloon reached terminal velocity when dropped from a height of 2
metres or higher.

In particular, the results showed that the average velocity values of the balloon increased when the
balloon was dropped from between 1 and 2 metres. This is due to the fact that the balloon was still
accelerating, when it had hit the ground, after being dropped from these heights, thus causing a
progressive increase in average velocity. The terminal velocity values of the balloon when dropped
from 2 metres, 2.5 metres and 3 metres respectively, however, are all ~2.8-2.9 m/s. The similarity of
the values shows that from all 3 distances, the balloon has adequate time to accelerate to the point
where it reaches terminal velocity, i.e. a constant speed. This is also evident when looking at the
graph of Height, vs. Velocity (Figure 2). The curved section of the graph indicates an increasing
average velocity and, hence, confirms that the balloon does not have enough time to accelerate to
terminal velocity when dropped from these distances. The straightening of the curve from 2 metres
onwards shows that from those heights the balloon is capable of achieving terminal velocity.

While the average velocities at 2, 2.5 and 3 metres were relatively the same, it was expected that
the average velocity of the balloon should increase slightly as height increased, i.e. when going
from 2 to 2.5 metres. This is due to the fact that when dropped from a greater height, the balloon
travels at terminal velocity for slightly longer than when dropped from a smaller height. Therefore,
the average velocity value will increase slightly. However, this was not entirely the case with the
results - the average velocity value (2.890 m/s) obtained when dropping the balloon from 2.5 metres
doesn’t comply with this reasoning because it is greater than the value obtained for the balloon
dropped from 3 metres (2.848 m/s). This was most likely caused by some sort of error experienced
when conducting the experiment. It is clear that error does exist and this is portrayed in Figure 2 by
the error bars. The bars were plotted using the standard deviation in velocity based on the 6 times
recorded for each drop and they account for the uncertainty of the times recorded. Such
uncertainties may have arisen because of factors such as slow or inconsistent human reaction time
and unperceivable deviations in the balloon’s flight, i.e. a tendency to roll slightly, which would
subtly affect drag and hence the terminal velocity value.
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The accuracy of the results obtained can be tested by comparing one of the experimental terminal
velocity values with a theoretical terminal velocity value, as shown in figure 5.

Experimental Terminal Velocity

2.89 m/s 4.04 m/s

Figure 5: Comparison between the experimentally obtained terminal velocity and the theoretically
obtained terminal velocity of the standard balloon — 10g mass and 16 cm diameter.

This comparison shows, once again, that there is a fairly large degree of error involved in the
experiment. Other reasons why the difference between the two values is so significant may be
because of the, already previously discussed, problem involving the drag coefficient. Since the
value of 0.5 represents a sphere and not the varied oval-like shape of a balloon, then the terminal
velocity value obtained from the equation will differ from the experimental value. Other factors such
as relatively inaccurate measurement tools would've affected the measured mass and diameter
values of the balloon and, again, the value of the experimental terminal velocity. Such problems
could’ve easily been addressed by measuring the mass of the water using electronic scales, which
are extremely precise; and by measuring the diameter of the balloon (instead of the circumference),
which could’ve been achieved by clamping the balloon between two pieces of wood and measuring
the distance.

Although the values obtained from the experiment have been shown to be rather inaccurate, they
still indicate the expected change in terminal velocity when the mass or cross-sectional area of the
balloon is altered. Figure 3 shows that the terminal velocity of a balloon increases as the mass is
increased and this agrees with the original hypothesis. In relation to the equation for finding terminal
velocity, one would expect that ¥. will increase as m is increased (because m is the numerator).

Therefore the results of the experiment are relevant to this equation.

Additionally, it is clear from the error bars in Figure 3 that increases in mass produce a progressively
higher degree of error. This was to be expected because as mass increased, and therefore as
terminal velocity increased, the amount of error influenced by the human reaction time would
become more significant. In particular, when the balloon had a mass of 0.05g and was travelling at
more than 4 m/s, the standard deviation was shown to be about 0.5 m/s, which creates a fairly large
range of error.

The relationship between terminal velocity and cross-sectional area was also correctly reflected in
the results. Figure 4 showed that the terminal velocity of a balloon decreased as the cross-sectional
area was increased, and this too agrees with the original hypothesis. When looking at the terminal
velocity equation, it is evident that as cross-sectional area increases ¥, will decrease (because
cross-sectional area is part of the denominator) and this agrees with the results of the experiment.
However, other factors may have also influenced the terminal velocity of the balloon — namely, the
shape. It was observed that at a diameter above 16cm the shape of the balloon began to change. At
19cm diameter the balloon adopted a typical oval-like balloon shape, and at 22cm diameter it
became ‘pear-shaped’. The extent to which the shape altered the trajectory of the balloon can be
demonstrated by the fact that the balloon, with diameter 22cm, deviated slightly from its straight line
of motion near the bottom of its flight. Such occurrences would impact the terminal velocity values
obtained to a noticeable degree.
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The error bars in Figure 4 show that the amount of error becomes significantly lower as the cross-
sectional area of the balloon is increased. This was also to be expected because as cross-sectional
area is increased, and therefore as terminal velocity decreased, the amount of error influenced by
the human reaction time would become less significant. With a cross-sectional area of 3.801 m?, the
balloon’s velocity was only 2.222 m/s and, as such, the standard deviation was only 0.1 m/s. This
may be an indication that the method of timing employed during the experiment is only effective for
velocities lower than ~2.5 m/s. Velocities of 3 m/s and upwards, as observed when testing the effect
of mass on terminal velocity, may need to be recorded using other methods.

The main issue affecting the accuracy of the results was the role that human reaction time played in
the timing of the balloon’s fall. On average, the human reaction time is about 215 milliseconds* and
this, initially, seems a little insignificant. However, when timing a balloon there were at least two
instances where a person’s reaction time played a part in the accuracy of the result — when the
balloon was released and when it hit the ground. Therefore, if the accuracy of the entire experiment
was to be increased, it would be necessary to implement videorecording of the dropping of the
balloon. For example, a 50 cm scale could be placed on the wall and a camcorder capable of
smoothly capturing the balloon, as it fell, could be used to film the entire sequence. The video could
then be transferred to a computer and paused when the balloon is at the 50cm mark and when it
hits the ground. The corresponding times at each of these points would also be taken and this
would provide an extremely accurate value for terminal velocity.

Conclusion

The purpose of this experiment was to measure the effect of different cross-sectional areas and
masses on the terminal velocity of balloons. A standard balloon was prepared and dropped from
various heights. The time taken for the balloon to fall was recorded and from this data the terminal
velocity of the balloon was obtained. Additionally, the mass and cross-sectional area of the balloon
was altered and dropped from a height of 2.5 metres. Again, times were recorded and the terminal
velocities for each balloon were obtained. The data was then graphed in order to find the
relationship between cross-sectional area/mass and terminal velocity. From the graph of Mass vs.
Terminal velocity, it was determined that terminal velocity increases as mass increases, and this
was consistent with the known terminal velocity equation. From the graph of Cross-sectional area
vs. Terminal velocity, it was determined that terminal velocity decreases as mass increases, and
this was also consistent with the terminal velocity equation. Therefore, the experimental data from
this experiment can be stated as being consistent with the expected behaviour of balloons falling at
terminal velocity.

4 http://www.humanbenchmark.com/tests/reactiontime/index.php
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