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—mw X w Xr
Centrifugal force

Figure 11.5 Centrifugal force result-

\J ing from rotational motion is shown di-
)“ -
S g rected away from the center.



The centrifugal and Coriolis forces are not due to any physical interaction but are a result
of kinematics; hence such forces are called noninertial or fictitious forces. For example, real
forces always decrease with distance, whereas the centrifugal force increases with distance. It
i1s true that it is convenient to use a rotational coordinate system to describe rotational motion of
an object, but one must remember that the noninertial fictitious forces must be used only in a
noninertial system or rotational coordinate system and not in an inertial system. For example,
when a stone tied to a string is whirled in a circle, we feel as if a force is pulling the stone out-
ward; we call this centrifugal force. For an observer in a rotating coordinate system with the
stone, the stone is stationary and the outward centrifugal force balances the inward tension in
the string. But in an inertial system there 1S no centrifugal force, only the tension in the string
that causes the radial acceleration. Description in either coordinate system 1s correct provided
the proper forces are taken into consideration. Similarly, when a car is going around a curve too
fast, 1t will skid outward. According to an observer in an inertial system, the sideways force ex-
erted by the road on the tires of a car is not sufficient to keep the car turning with the road. To
an observer in the car (in the noninertial system), it may feel as if the car is being pushed out-
ward by a centrifugal force.




The first term, F, is the sum of the forces acting on the particle as measured in
the fixed inertial system. The second (—-ml'l 7) and third (—m® X r) terms result
because of the translational and angular acceleration, respectively, of the mov-
ing coordinate system relative to the fixed system.

The quantity —me X (w X r) is the usual centrifugal force term and reduces
to mw?r for the case in which ® is normal to the radius vector. Note that the
minus sign implies that the centrifugal force is directed outward from the center
of rotation (Figure 10-3).

The last term in Equation 10.25 is a totally new quantity that arises from the
motion of the particle in the rotating coordinate system. This term is called the
Coriolis force. Note that the Coriolis force does indeed arise from the motion of
the particle, because the force is proportional to v, and hence vanishes if there
is no motion,




meaning of these quantities. It is important to realize that the centrifugal and
Coriolis forces are not forces in the usual sense of the word; they have been

introduced in an artificial manner as a result of our arbitrary requirement that
we be able to write an equation resembling Newton’s equation that is at the same
time valid in a noninertial reference frame; that is, the equation
F = maf
is valid only in an inertial frame. If, in a rotating reference frame, we wish to
write (let R; and @ be zero for simplicity)
Feff — ma,




then we can express such an equation in terms of the real force ma; as
F . = ma; + (noninertial terms)

where the “noninertial terms” are identified as the centrifugal and Coriolis
“forces.” Thus, for example, if a body rotates about a fixed force center, the only
real force on the body is the force of attraction toward the force center (and
gives rise to the centripetal acceleration). An observer moving with the rotating
body, however, measures this central force and also notes that the body does not
fall toward the force center. To reconcile this result with the requirement that
the net force on the body vanish, the observer must postulate an additional
force—the centrifugal force. But the “requirement” is artificial; it arises solely
from an attempt to extend the form of Newton’s equation to a noninertial sys-
tem, and this can be done only by introducing a fictitious “correction force.”
The same comments apply for the Coriolis force; this “force” arises when an at-
tempt is made to describe motion relative to the rotating body.

Despite their artificiality, the concepts of centrifugal and Coriolis forces are
useful. To describe the motion of a particle relative to a body rotating with re-

spect to an inertial reference frame is a complicated matter. But the problem

can be made relatively easy by the simple expedient of introducing the “nonin-

ertial forces,” which then allows the use of an equation of motion resembling

Newton’s equation.
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EXAMPLE 10.2

A student is performing measurements with a hockey puck on a large merry-
go-round with a smooth (frictionless) horizontal, flat surface. The merry-go-
round has a constant angular velocity ® and rotates counterclockwise as seen
from above. (a) Find the effective force on the hockey puck after it is given a
push. (b) Plot the path for various initial directions and velocities of the puck as
observed by the person on the merry-go-round that pushes the puck.

Solution. The first three terms for F ¢ in Equation 10.25 are zero, so the effec-
tive force as observed by the person on the merry-go-round is

Fg=—mo X (wXr) —2mo X v, (10.26)
We have taken the frictional force to be zero. Remember that v, is the velocity

as measured by the observer on the rotating surface. The effective accelera-
tion is

F
ag = ;:f = -0 X (WXr1r) — 2w XV, (10.27)




The velocity and position are given by integration, in turn, of the acceleration.

Veff —

reff =

J

J

-

a_ gdt (10.28a)

.
Vegr dt ‘

(10.28b)

We put the origin of our rotating coordinate system at the center of the
merry-go-round. We will need the initial positions and velocities of the puck to
plot the motion. For this example, we let the radius of the merry-go-round be
R and the velocities be in units of wR. The initial position of the puck will always

be at an (x, y) position of (—0.5R, 0).



We perform a numerical calculation to determine the motion and show
the results for several directions and values of the initial velocity in Figure 10-4
For purposes of calculation, we let w = 1 rad/s and R = 1 m, so the units of v,
(initial speed) and T (time for puck to slide off the surface) shown in Figure
10-4 are in m/s and s, respectively. For parts (a)—(d), the initial velocity 1s in
the +y-direction, and the initial speed decreases in each succeeding view. In
(a), the puck slides off quickly. For (b) and (d), the puck slides off at similar
positions, but note the differences in initial speeds as well as the time it takes
the puck to reach the edge. For a speed intermediate between these two
speeds, as seen in (c), the puck may make several paths around the merry-go-
round; at some speed, the puck must stay on. The last two views show the ini-
tial velocity at an angle of 45° to the x-axis. In (e), the puck loops around its
path along the way to exiting the merry-go-round, and in (f), it changes direc-
tion rather abruptly.



(c)

(f)

FIGURE 104 The motion of the hockey puck of Example 10.2 as observed in the
rotating system for various initial directions and velocities v, at the
times 7T noted. The angular velocity w(1 rad/s) is out of the page.



