Measuring air resistance in a computerized laboratory
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By dropping spherical party balloons onto a sonic motion sensor we show that the force associated
with the air resistance is proportional to both the square of the velocity and to the cross-sectional
area of the balloon. These results are in agreement with those expected for the value of the Reynolds
number usedR~10*. © 1999 American Association of Physics Teachers.

[. INTRODUCTION As can be seen, the viscosity does not appear as we are in the
limit where inertial forces dominate. For objects falling in
A common introductory exercise in computational physicsair, the viscosity is sufficiently small that Stokes’ law is not
is to include the effects of air resistance in the equations ofalid for any but the lowest velocities.
motion for a projectile. However, we have seen presented In this paper we describe an experiment using party bal-
side by side in a conferentene set of calculations using a loons that allows undergraduate students to distinguish be-
force due to the air resistance that is proportional to the vetween Eqs(3) and(6). The diameter of the balloons is ap-
locity of the projectile proximately 15 cm and the terminal velocity that they reach
Foc 1) is 3 ms L. Combined with the density and viscosity of air,
v p=1.28kgnm3andy=1.83<10"°Nsm 2, we find a Rey-
and another using a force proportional to the square of theolds numberR~10". Obviously, we haveR>1 and we

velocity will show that Eq.(6) really is a much better description of
5 air resistance than Ed3). Life can even be much more
Focv®. 2 complicated, as discussed in Ref. 6, where it is considered
Both cannot, simultaneously, be correct. that thg missing constant of proportionality in Eﬁﬁ) can be
The authors using Eq(l) were obviously thinking of a function of the Reynolds number and the spin of the mov-
Stokes’ law ing object.
F=6myruv, 3

. . . . . Il. EXPERIMENTAL METHOD
which gives the viscous force on a sphere of radiosoving

with velocity vin a fluid of viscosity#. This equation can be The equation of motion for an object of magsfalling in
found in almost all introductory physics textslthough the  a fluid that produces a resistive forE¢v) is

derivation is not triviaP In fact, Stokes’ law comes from an d

approximate solution to the equation of motion for a sphere  pq —& — M*g—F(v) @)
moving in a fluid of infinite extent which is at rest at infinity. dt '

The approximation that is made is that the Reynolds numbq;vhere M* is the effective mass of the object taking into

plv account the Archimedes upthrust due to the fluid displaced.
=, (4)  As the resistive force increases with velocity, the object

K eventually reaches a terminal velocity determined by
wherep is the density of the fluid antlis a typical length F(v,)=M*g ®)
scale, is much less than one. This means that we are dealing - '
with a viscous fluid. If we work with objects of the same radius but different

An air resistance proportional & occurs in the opposite Masses, distinguishing between Et). and Eq.(2) requires
limit of R>1, and, in spite of not always being mentioned in US to determine if the relation between the effective mass and
introductory text$,is quite easy to derive. An object of cross the terminal velocity is
section A moving with velocity v sweeps out a volum¥&
=AvAt in the time intervalAt. Therefore, it collides with

N=Vp/m fluid particles, wheram is the mass of the fluid 2.5 T eoe

particles. On average, each collision will result in a momen- 21 ..‘.o\.\.%‘

tum change of the order dip~muv. The result is a force E 15 'u....‘.
that is commonly parametrized by .‘é )

F=3pCpAr?, 5 £ 05 .‘“"“-.‘
where the drag coefficiert, depends on the exact form of 0 ; F * e
the object and on the medium but it is approximately inde- 0 0.2 0.4 06 08 1
pendent of the velocity for large Reynolds numbers. For a Time (s)

sphere of radius the drag force in this case is
Fig. 1. The variation of the height of a balloon falling in air. A least-squares
Focr22, (6) fit of a straight line to the last ten points is shown.
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Fig. 2. The effective masses of the balloon vs the measured terminal veloGig. 4. Determination of the dependence of the resistive force on the radius
ity. The lines are least-squares fits to a straight line and to a parabola, in boi¥ the balloons. The lines are least-squares fits to a straight line and to a

cases the fit is constrained to pass through the origin. parabola, in both cases the fit is constrained to pass through the origin.
M* oy, (9 and to

or M* =k, (12)
M* oc 2., (10 wherek; andk, are the fitting parameters. It can be seen

If we wish to show that Stokes’ law is not always appro immediately that the parabola is a far better fit than the
= . . 2 . .
priate, then the experimental challenge is to find a combina§tra|ght line. The values gf* are 13 for the straight line, and
.6 for the parabola. Therefore, we can conclude that the

tion of an object and a fluid such that the object reaches it d L f the ai ; h ;
terminal velocity in a distance that is of a laboratory scale 2€tter description of the air resistance to the movement of a

but where the inertial forces dominate the viscous ones. Ouflloon is not Stokes’ law, but rather E@).
solution is to use party balloons. The advantage that balloons AN altérnative way of analyzing the data is tf norfe that we
have over the coffee filters used by Derby, Fuller, and®'€ looking for a power law relation of the typ" «v". The
Gronsetf is that we can also vary the radii to check the €xponenm, which is equal to one in the case of Stokes’ law
dependence of the resistive force. An alternative approach @nd two in the case of E@2), can be obtained as the slope of
to drive the object such that it executes uniform circular@ graph of IlM* vs Inv. The data of Fig. 2 are replotted in
motion8 this form in Fig. 3. The value obtained for the exponent is

A serie; of expgriments was pgrformed using a single bal-  —-o25+02 (13)
loon of fixed radius. The effective mass of the balloon, _ ]
whose diameter was approximately 15 cm, was varied frorﬂ'his value is a I.ittle higher than two, but clearly inconsistent
4.5 to 12 g by sticking coins to it. The effective mass wasWith the prediction of Stokes’ law. _ _
obtained by simply putting the balloon on a standard labora- A second experiment that can be done with balloons is to
tory balance, because even there it experiences theheck the dependence of the terminal velocity on the radius
Archimedes upthrust. The balloon was then dropped from &f the balloons. It is obvious that balloons of different radii
height of around 2.5 m onto a sonic motion serfslorFig. 1~ have different masses, so the problem is to separate the con-
we show the evolution of the height of the balloon. Thetributions of the velocity and the radius. However, once we
value of the terminal velocity was obtained by fitting a have established that the resistive force is proportional to the

straight line to the last ten points in the graph of the positiorsquare of the terminal velocity we can write

versus time. For each mass the terminal velocity was deter- *
mined ten times and the standard deviation was less than 3% —-o«r", (14)
of the mean value. The results are shown in Fig. 2. Vo
where we wish to distinguish betweer=1 andn=2. The
ll. DATA ANALYSIS analysis is similar to that carried out to establish the velocity
dependence. In Fig. 4 we show hdw*/v2 andr are re-
The lines shown in Fig. 2 are least-squares fits to lated. Once again, the lines are least-squares fits to a straight
M* =k, v (11) line and to a parabola, both passing through the origin, and it
1
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Fig. 3. A log—log plot of the data of Fig. 2. The straight line is the least- Fig. 5. A log—log plot of the data of Fig. 4. The straight line is the least-
squares fit to the data. squares fit to the data.
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x° are 0.33 for the straight line and 0.027 for the parabola.zM_ Alonso and E. J. Finnphysics (Addison—Wesley, Reading, MA,

Figure 5 shows the same data as a log—log plot, which gives;ggy sec. 7.6; R. A. Serwahysics for Scientists and Engineégaun-

an exponent ders, Philadelphia, 19924th ed., Sec. 6.10; P. A. TiplePhysics(Worth,
. New York, 1976, Sec. 5.4; R. M. Eisberg and L. S. Lernéthysics:
n=2.1+04. (19 Foundations and Application@cGraw—Hill, New York, 1981, Vol. 1,
Sec. 4.6; P. M. Fishbane, S. Gasiorowicz, and S. T. Thoribwgsics for
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Vol. 1, Sec. 5-3.
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STATISTICS

Outside psychologjphilosophy plays almost no part in the functions of the research machjne.
Brain scientists—Steven Pinker included—are defensive about their flirtation with the mystics.
They know that they cannot afford a relationship with their subject as austere as that of the
physicist Lord Rutherford with his; he claimed that “if your experiment needs statistics, |you
should have done a better experiment.” Even biologists see that as unfair; in the messy world of
real life, statistics reveal the general through the mists of the particular. Psychologists, with minds
of their own to deal with, may need yet another level of explanation. The cynical view that if their
science needs philosophy they should do better science is less than reasonable. It may mean,
though, that large parts of their enterprise are for the time being beyond the limits of sgience
altogether.

Steve Jones, “The Set Within the Skul{a review ofHow the Mind Worksby Steven Pinker, NortonNew York Review
of Books, November 6, 1997.

711 Am. J. Phys., Vol. 67, No. 8, August 1999 K. Takahashi and D. Thompson 711



