Rotating Frames of Reference

From a viewpoint on the ground, motion seems relatively simple. Things at rest
remain at rest (if they are on the ground), and a bowling ball can roll straight
down the lane with almost constant speed. So except for gravity, which acceler-
tes vertically everything that isn’t resting on the ground, objects here seem to
obey Newton’s first law. If an observer sees Newton’s first law of motion hold
(in every direction), the observer is in an inertial frame of reference.

From the platform of a moving carousel at the fair, however, the world at
large looks a lot different. The horizon just beyond the riders seems to whirl
around. Children hold on, convinced by the feelings in the pits of their stomachs
that if they let go they’ll be flung outward into that crazy, spinning world. Mo-
tion taking place on a rotating platform such as this doesn’t look as simple either.
Should someone at the middle of the carousel drop a coin or roll something in
the direction of someone on the outer edge, it won’t behave on that moving
platform according to Newton’s first law. That is because the person on a moving
carousel is not in an inertial frame of reference and does not see the world around
from the same perspective. That person sees the surroundings from a rotating
frame of reference. In other words, as the riders circle, they themselves are ac-
celerated over the ground. Therefore, to the observer in a rotating frame of ref-
erence, something that moves in a straight line as seen from the ground seems
to accelerate, changing speed and direction, all because of the observer’s own
acceleration. To put this another way, a rotating frame of reference is not an
inertial frame of reference but an accelerated frame of reference.

We will investigate the curious motions seen and felt in rotating frames of
reference because the ground, indeed all the surface of earth, is actually a rotat-
ing frame of reference. Earth’s rotation is slow, so the effects on local motions
(such as for bowling balls) aren’t great, but a few are striking.

Motion in a Rotating Frame of Reference

Suppose two friends experimented with motion on a smooth-topped carousel,
rotating with constant angular speed, as in Figs. 8—15 and 8-16. The fellow on
board could release a marble, and Fig. 8-15 shows what his friend on the ground
would see. The black dots show a strobelike path for the marble, seen by the
observer on the ground as moving in a straight line with constant speed—the
speed it had as it was released because of his friend’s motion.



154

Centrifugal Force

The ballis
pulling outard
aqainst 7‘/77_ Spring
~7hats Czl rgg/@qa/

spring

Uil
'?‘_/Je bng//amund
inacirde,
—fhars cen@aeﬁ/
0

force.

Figure 8-17

Figure 8—15 A marble released on a rotating
platform by someone on that platform moves in
a straight line with constant speed, as shown in
the strobelike illustration. Iis speed is the same
as the speed it had in “orbit” before the
passenger aboard the platform released it. (The
rotating person is shown only at the first
position as “frozen” by the strobe.)

Figure 816 From the point of view of the
rotating observer, it is the person on the
ground that is rotating around him, and the
marble he released accelerates outward to the
edge of the platform, curving as it goes. To
him it seems as if there are forces present that
act on the moving marble. These forces are the
subject of the next two sections.

The fellow on the platform, however, sees it differently—because of the
platform’s (and his own) rotation. Releasing the marble, he sees it gain speed
and curve off to the right (opposite to the spin direction of the platform), accel-
erating all the way until it left the carousel (see Fig. 8—16). From his point of
view within the rotating frame of reference, we will see he would need two
forces to explain the marble’s acceleration. The *‘forces’ that influence the mar-
ble’s motion are called the centrifugal force and the Coriolis force. The centrif-
ugal force acts on anything that is within a rotating frame of reference (unless it
is located directly on the axis) whether it is at rest or moving in the rotating
frame. The Coriolis force acts only when something moves in the rotating frame
of reference where it is being viewed.

As we explore the properties of these two forces in the next few sections,
keep in mind that these forces are only needed (to explain motion) by observers
who are in the rotating frame of reference, because of their own accelerations
due 10 their own rotations. Someone in an inertial frame of reference explains
the same motions without the use of these forces. From the point of view of
someone who isn’t rotating, these two forces are fictitious. Yet in a rotating
frame of reference an observer can measure them and watch the accelerations
they cause; the effect is real.

Centrifugal Force

In a rotating frame of reference such as a carousel, there seems to be a centrifugal
(center-fleeing) force present on everything there. It points straight away from
the axis of rotation, and its strength is equal to mv*/r, where r is the distance of
the mass m from the central axis. Figure 8—17 shows how this force is viewed in
the rotating frame.
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Chapter 8
Rotational Motion

Figure 8~18 The farther an object is
from the center of rotation, the greater
the centrifugal force.

If you visit a child’s merry-go-round at a playground, you can feel this force.
Hold onto the safety rail at the edge and have someone spin the platform fast.
You are definitely thrown outward, straight away from the center. For a given
rate of rotation, the centrifugal force is strongest when you are near the edge
because your speed relative to the inertial frame is greatest there.

Figure 8-18 pictures a simple demonstration to show how the centrifugal
force affects things at different distances from the axis. It’s as if a force field
points outward from the central axis and grows stronger farther from the axis.
Someone on the ground would tell you there isn’t really a force field—everything
on the rotating platform is merely trying to move in a straight line. They see the
force you use to stay on the merry-go-round as a centripetal (center-seeking)
force that carries you around in a circular path.

The Coriolis Force

If the centrifugal force were the only force acting in a rotating frame of referenc:
a marble released on a carousel would travel straight out from the axis of rota-
ion. But as seen from the carousel’s rotating frame of reference, the marble Figure 8-19 These riders are being
eers off to the right once it begins to move. And the faster it moves, the greater f0/ced o travel in a circular path by the
~—its sideways acceleration. Detailed observations would reveal the properties of  Cenripetl force, which is in this case

. "y the contact force with the wall behind
this second force, the Coriolis force. ihem

First of all, as seen by an observer sitting on the carousel, this force acts '
only when something moves (Fig. 8-20). Then it acts only to furn the moving
object. That is, its direction is always perpendicular to the object’s velocity vec-
tor. This means it cannot do any work (F; X d) and so cannot change the
object’s kinetic energy. Furthermore, it acts to turn the object in the opposite
sense from the rotation of the frame of reference from which it is viewed. A
marble dipped in water would leave a trail that veers to the right, or clockwise,
as the carousel (as seen from above) rotates counterclockwise.

When the marble began to roll on the turning platform, the Coriolis force
began to act. However, the centrifugal force didn’t cease then; it acts whether or
not the marble is moving in the rotating frame of reference. (A small frictional
force continues to act as well.) As the marble travels faster over the carousel, the
Coriolis force increases in proportion to its speed, and the curve of the marble’s
path becomes more pronounced. (See Demonstration 6 for an easy way to trace
some paths as seen from a rotating frame of reference.) Figure 8-20 The Coriolis force is

On a playground’s merry-go-round you can feel the Coriolis force. Stand on  always perpendicular to the velocity
the edge of the moving platform, bend over. and swing an arm toward and away ~ Veclor.

from the axis of rotation. It’s best if you plant your feet apart and concentrate on
watching the floor, which is the rotating frame of reference, »\{hl!e you swing
* your arm back and forth like a pendulum. You’ll feel the Cor‘lohs ’force push
your arm first to one side, then to the other. It’s even more obvious if you hold

a book in that hand.




