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To take the students attention in physics lectures is always a challenge. The projectile motion is not an
exception. Then, study of popcorn motion can be a way to introduce and motivate the students in this subject. In
this work, the popcorn flight, caused by the popping process was recorded by a cellular phone and analyzed frame
by frame. Then, the drag coefficient (CD) of vertically moving popcorns is determined and its dependency with
the vertical velocity (vy) and with the Reynolds number (Re) is explored. Our results show that CD increases
exponentially when vy decreases. Also, CD shows higher uncertainties when the popcorn is close to its maximum
vertical trajectory. The dependency of CD with Re shows that the popcorn flights are governed, mainly, by a
laminar flow motion (Re < 2000).
Keywords: Drag coefficient, popcorn, tracker.

1. Introduction

The oldest ears of popcorn grains (Zea Mays L.) are
dated from ∼ 6700–5500 calibrated years before present
(cal BP) [1]. However, it is speculated that popcorn itself
becomes a common food only at ∼ 4500–4200 cal BP [1].
Thereof, the popcorn snack have been feeding people
and attracting the scientists attention mainly because
the popping process. Since the popcorn producer buy
the popcorn grains by weight and sell them, popped,
by volume, then, to understand the popping process
mechanisms in order to increase the popped popcorn
grain volume is economically relevant [2] . To understand
the popping process itself, different papers have been
reported in the literature [3–7]. The conditions where
the popcorn grain pops [3–5], the mechanical mechanism
that makes the popped popcorn grain jumps and the
critical temperature where the popcorn grain pops were
investigated [5–7]. However, in spite of having hundreds
of slow motion movies on the popcorn flights available
in internet, the studies on the physics of the popcorn
motion are scarce. Then, in order to introduce and
motivate the students in the physics of motion, in this
work we propose to study vertically moving popcorns, by
analyzing, frame by frame, the popping process movie,
recorded by a cellular phone.

Air resistance plays an important role in the move-
ment of objects with small masses and relatively large
cross-sectional areas (such as popcorn). From a theo-
retical point of view, the inclusion of air resistance in
the equations of movement can turn the problem very
difficult, including coupled nonlinear equations, which
can be solved only by numerical methods or, through
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complicated algebra [8, 9]. The classical quadratic speed
dependence on air resistance, which is suitable for
bodies moving at higher speeds, is mediated by a
drag coefficient CD (a dimensionless quantity which
encapsulates the complex dependencies on shape and
flow). CDs of various objects have been explored in the
literature, e.g., ping-pong ball [10], CD = 0.40; pitched
baseball [11], 0.31 ≤ CD ≤ 0.34; falling balls [12],
0.34 ≤ CD ≤ 0.77 and; different vehicles (bicycle,
car, van and truck) [13], 0.3 ≤ CD ≤ 1.49. In all
these cases, CD was considered constant. However, CD

is velocity dependent. This dependence is explored in
our experiment, which involves the vertical motion of
popcorn, which is a special case of projectile motion.

2. Comments on Drag Force in
Projectile Motion

Physics students are familiar with projectile motion
since high school. This physics introductory content is
a challenge for them because they have to deal, by the
first time, with a pair of different equations that describe
a unique motion. Likewise, they need to handle with
some parameters to make the projectile to reach some
specific point. Also, the introductory physics experiment
classes is almost always approached as ideal (without
air resistance). However, the effects of drag are not
negligible, especially for objects with small masses and
relatively large cross-sectional areas.

If we considered a model, for the drag force (FD),
that is linear in the speed, i.e., the Stokes model, then
it is straightforward to solve the equations of motion.
But the Stokes drag force is valid only for Reynolds
numbers (Re) smaller than 1 (low speed, small size, or
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high viscosity) [8, 9]. For example, a sphere composed
of a material with the same density of water, moving in
air, might have a radius smaller or equals to 4.10−5 m.
This magnitude is not that far from the mean free path
of air molecules [8, 9].

For the majority of cases, a quadratic model in
speed, the Newtonian model, is assumed as a good
approximation for FD [14–17], so that:

FD = 1
2ρACDv2, (1)

where ρ is the fluid (liquid or gas) density, A is the
cross sectional area, and v is the speed. The CD,
which appears in the quadratic model, depends on many
system factors and it is well described for a smooth
spherical projectile [10–12]. The relation given by the
equation (1) can be used in a larger range of Re (1 ≪
Re ≲ 105) [9].

Despite of the gain in different applications, the
two-dimensional quadratic problem does not have an
analytical solution, as recently discussed [18, 19]. The
two-dimensional quadratic drag becomes to be described
by a set of coupled nonlinear differential equations
that are solvable only numerically [8, 9]. This explains
why the Newtonian drag force appears only in one-
dimensional problems and never in the general projectile
motion problems of our introductory physics course.

3. Popcorn Motion and Drag Coefficient
Analysis

In order to analyze the popcorn motion, which is a
projectile motion an experiment (Figure 1a) with a
lidless non-stick aluminum frying pan (1.5 cm height
and diameter of 25 cm), a stove burner, a ruler (to
calibrate, by the video frames, popcorn position), a black
cardboard (as back surface to help the popcorn position
measurement) and a cellular phone (Huawei P10 selfie)
were used to register the popcorn motion movie (120
frames per second – fps). Three different sets, with
popcorn grains amount enough to cover all the surface
of the non-stick aluminum frying pan (∼500 popcorn
grains per set) were prepared and considered. Soybean
oil was used to cook the popcorn grains.

Note that, special care is demanded in order to
minimize the parallaxes errors in video analysis experi-
ments [20, 21]. Our experiment contains parallaxes errors
especially due to the ruler (used as position reference)
which was set far from the popcorn trajectory (∼30 cm,
which was a safe distance to avoid collisions between
the popcorns and the ruler and the back surface) and to
the camera focus which was not focused in the middle
of the popcorn trajectory (but it is difficult, since it
is impossible to foresee any popcorn trajectory before
it pops). Ideally, the ruler should be very close to the
popcorn trajectory and the camera should be set as
parallel as possible from the experiment plane and with

Figure 1: (a) General view of the experiment, showing where
the cellular phone was set in order to record the popping
process. (b) Details on the experiment for determining the drag
coefficient (CD) of vertically moving popcorns. (c) Multiframe
image, mounted with the software Tracker from one of the multi-
frame popcorn motion movie segmentations (popcorn flights),
over a time interval of 0.56 s, i.e., 67 frames. However, only 15
frames, sort overall the full time interval, are shown.

the focus set in the middle of the popcorn trajectory
(avoiding the trajectory borders), to avoid excessive
parallaxes errors.

Most of the popcorn motion trajectories were curved.
Nevertheless, we were able to select cases in which
the popcorn moved straight up. Around 17 flights,
overall the ∼1500 flights on the three different sets
were selected (e.g., Figure 1b) and analyzed by using
the software Tracker [22]. Popcorn position (y) versus
time (t) data, were extracted (e.g., Figure 2). All the
17 analyzed flights have their trajectories fit with a
3rd order polynomial function by using the software
Mathematica [23]. This was the best fitting function.
Also, the 3rd order can be justified because the vertical
acceleration (ay), has a time variation, since the air resis-
tance plays an important role in the popcorn motion.
For the aerodynamic model considered here [14–17], the
FD is given by the equation (1). However, since we
are dealing with particular case of vertical movements,
v is replaced by vy (the vertical popcorn velocity). vy

is a quadratic function, differentiated from the fitted
trajectory functions (e.g., Figure 2), for each different
popcorn flight.

By the 2nd Newton law, when the gravitational and
FD are the only forces acting on the popcorn, we have:

P + FD = may, (2)

where P = m · g is the weight, m is the average popcorn
mass [24] and g the gravitational acceleration. Then, by
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setting the equation (1) in (2):

−mg − 1
2ρACDv2

y = may. (3)

The minus signal is because the straight up popcorn
movement was considered positive. Then, dividing every-
thing by m:

ay = −g − 1
2m

ρACDv2
y. (4)

And, by taking:

γ = ρACD

2mg
, (5)

the equation of motion becomes [15]:

ay = −g(1 + γv2
y). (6)

Then, by using the air density [25] ρ = 1.21 kg/m3,
the average popcorn cross sectional area, A = 3.40 ×
10−4 ± 5 × 10−6 m2 [24], the average popcorn mass,
m = 2.13 × 10−4 ± 3 × 10−6 kg [24], the vy and
ay functions, differentiated from each different fitted
trajectory function (3rd order polynomial function – e.g.,
Figure 2), it is possible to solve the equation (4) in order
to get the different CDs:

CD = −2m(ay + g)
ρAv2

y

. (7)

Few of the calculated CDs versus vy are shown in
Figure 3. The velocity dependency is showed up. CD

increases exponentially when vy decreases. This behavior
is the same for any different popcorn flight. Also, by
the results one can see that for higher vys, i.e., when
the different popcorn flights start, the CDs show lower
uncertainties (percent error ∼10%, calculated by the

Figure 2: (a) Position (y) versus time (t) data, acquired with
software Tracker, for the popcorn flight shown in Figure 1(b).
The data follow a 3rd order polynomial function, as specified.
For all the 17 analyzed flights, the data, even being different,
show the same behavior. The error bars in y and t are also
indicated (appears as crosses in the figure).

Figure 3: Drag coefficient (CD) versus vertical popcorn velocity
(vy) for 10 different flights. CD increases exponentially when
vy decreases, has lower uncertainties for higher vys (percent
error ∼10%) and higher uncertainties for lower vys (in general,
percent error ∼60%, diverging when vy → 0). The result for
the popcorn flight shown in Figure 1(b) is shown in dark purple
and emphasized in the inset with the error bars indicated by the
dashed lines.

differences between the maximum and minimum CD

values, at higher vys, shown in Figure 3). While, for
lower vys, i.e., when the popcorn is close to its maximum
vertical trajectory, the CDs show higher uncertainties
(percent error ∼60%, calculated by the differences
between the maximum and minimum CD values, at
lower vys, shown in Figure 3). This increased uncertainty
is expected, since at the maximum height there is no
movement and should not have a drag.

Still taking use of the vy functions it is possible to
explore the dependency of CD with Re (Figure 4). The
Re is defined by [26]:

Re = ρvyL

η
, (8)

where L is the characteristic length and η is the air
kinematic viscosity (1.84.10−5 Pa.s) [23]. L was given
by popcorn average diameter, i.e.:

L = 2
√

A

π
. (9)

As well as for the velocity, the CD increases exponen-
tially when the Re decreases. Note that, except in the
beginning, where the vys are higher and the flow can be
considered transitional between laminar and turbulent
flow motion (2000 < Re < 3500) [27], the popcorn
flights are governed, mainly, by a laminar flow motion
(Re < 2000) [27]. Note that a deeper analysis should
take into account the air heat produced by the cooking
process in the frying pan. However this was not taken
into account.
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Figure 4: Drag coefficient (CD) versus Reynolds number (Re)
for 10 different flights. Again, the result for the popcorn flight
shown in Figure 1(b) is shown in dark purple. CD increases
exponentially when Re decreases. The result for the popcorn
flight shown in Figure 1(b) is shown in dark purple and
emphasized in the inset with the error bars indicated by the
dashed lines. The error increases when Re decreases showing
a divergence when Re → 0. The popcorn flights are governed,
mainly, by a laminar flow motion (Re < 2000).

4. Summary and Conclusion

The drag coefficient (CD) for vertically moving popcorns
was explored. Our results show that CD, which is veloc-
ity dependent, increases exponentially when the vertical
velocity (vy) decreases. Also, one can see that, for higher
vys, i,e., when the popcorn motion starts, the CD, show
lower uncertainty (percent error ∼ 10%), while, for lower
vys, when the popcorn is close to its maximum vertical
trajectory, the CD show higher uncertainties (percent
error ∼60%). This increased uncertainty is expected,
since at the maximum height there is no movement and
the drag should be zero. At last, the dependency of CD

with the Reynolds number (Re) was also explored. It was
possible to check that CD increases exponentially when
the Re decreases and the popcorn flights are governed,
mainly, by a laminar flow motion (Re < 2000).
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