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weaker but perpendicular to the satellite's motion, and component f has
reduced to zero. Component [', on the other hand, has increased and is

now fully merged to become F. Speed at this point is not enough for

circular orbit, and the satellite begins to fall toward the planet. It picks

up speed because the component f reappears and is in the direction of

motion as shown in position C. The satellite picks up speed until it

whips around to position D (perigee), where once again the direction of

motion is perpendicular to the gravitational force, f' blends to full F, and

f is nonexistent. The speed is in excess of that needed for circular orbit

at this distance, and it overshoots to repeat the cycle. Its loss in speed in

going from D to B equals its gain in speed from B to D. Kepler discov-

ered that planetary paths are elliptical, but never knew why. Do you?

6. Refer to the Polaroid filters held by Ludmila back in Chapter 29, in

Figure 29.35 (page 573). In the first picture (a), we see that light is

transmitted through the pair of Polaroids because their axes are aligned.

The emerging light can be represented as a vector aligned with the

polarization axes of the Polaroids. When the Polaroids are crossed (b),

no light emerges because light passing through the first Polaroid is

perpendicular to the polarization axes of the second Polaroid, with no

components along its axis. In the third picture (c), we see that light is

transmitted when a third Polaroid is sandwiched at an angle between the

crossed Polaroids. The explanation for this is shown in Figure D.12.

Sailboats

FIGURE D.12

FIGURE D.13

Sailors have always known that a sailboat can sail downwind, in the direction of

the wind. Sailors have not always known, however, that a sailboat can sail upwind,

against the wind. One reason for this has to do with a feature that is common

only to recent sailboats-a finlike keel that extends deep beneath the bottom of

the boat to ensure that the boat will knife through the water only in a forward

(or backward) direction. Without a keel, a sailboat could be blown sideways.

Figure D.13 shows a sailboat sailing directly downwind. The force of wind

impact against the sail accelerates the boat. Even if the drag of the water and

all other resistance forces are negligible, the maximum speed of the boat is the

wind speed. This is because the wind will not make impact against the sail if

the boat is moving as fast as the wind. The wind would have no speed relative

to the boat and the sail would simply sag. With no force, there is no accelera-

tion. The force vector in Figure D.13 decreases as the boat travels faster. The

force vector is maximum when the boat is at rest and the full impact of the
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FIGURE D.14

FIGURE D.15

FIGURE D.16
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wind fills the sail, and is minimum when the boat travels as fast as the wind.

If the boat is somehow propelled to a speed faster than the wind (by way of a

motor, for example), then air resistance against the front side of the sail will

produce an oppositely directed force vector. This will slow the boat down.

Hence, the boat when driven only by the wind cannot exceed wind speed.

If the sail is oriented at an angle, as shown in Figure D.14, the boat will

move forward, but with less acceleration. There are two reasons for this:

1. The force on the sail is less because the sail does not intercept as much

wind in this angular position.

2. The direction of the wind impact force on the sail is not in the direction

of the boat's motion but is perpendicular to the surface of the sail. Gener-

ally speaking, whenever any fluid (liquid or gas) interacts with a smooth

surface, the force of interaction is perpendicular to the smooth surface. 'f

The boat does not move in the same direction as the perpendicular force

on the sail, but is constrained to move in a forward (or backward) direction

by its keel.

We can better understand the motion of the boat by resolving the force of

wind impact, F, into perpendicular components. The important component is

that which is parallel to the keel, which we label K, and the other component

is perpendicular to the keel, which we label T. It is the component K, as shown

in Figure D.15, that is responsible for the forward motion of the boat. Com-

ponent T is a useless force that tends to tip the boat over and move it side-

ways. This component force is offset by the deep keel. Again, maximum speed

of the boat can be no greater than wind speed.

Many sailboats sailing in directions other than exactly downwind

(Figure D.16) with their sails properly oriented can exceed wind speed. In the

case of a sail boat cutting across the wind, the wind may continue to make

impact with the sail even after the boat exceeds wind speed. A surfer, in a sim-

ilar way, exceeds the velocity of the propelling wave by angling his surfboard

across the wave. Greater angles to the propelling medium (wind for the boat,

water wave for the surfboard) result in greater speeds. A sailcraft can sail faster

cutting across the wind than it can sailing downwind.

As strange as it may seem, maximum speed for most sailcraft is attained by

cutting into (against) the wind, that is, by angling the sailcraft in a direction

upwind! Although a sail boat cannot sail directly upwind, it can reach a desti-

nation upwind by angling back and forth in a zigzag fashion. This is called

"You can do a simple exercise to see that this is so. Try bouncing one coin off another on a smooth surface,

as shown. Note that the struck coin moves at right angles (perpendicular) to the contact edge. Note also that

it makes no difference whether the projected coin moves along path A or path B. See your instructor for a

more rigorous explanation, which involves momentum conservation.
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FIGURE D.17

tacking. Suppose the boat and sail are as shown in Figure D.1? Component K

will push the boat along in a forward direction, angling into the wind. In the

position shown, the boat can sail faster than the speed of the wind. This is

because as the boat travels faster, the impact of wind is increased. This is sim-

ilar to running in a rain that comes down at an angle. When you run into the

direction of the downpour, the drops strike you harder and more frequently;

but when you run away from the direction of the downpour, the drops don't

strike you as hard or as frequently. In the same way, a boat sailing upwind

experiences greater wind impact force, while a boat sailing downwind experi-

ences a decreased wind impact force. In any case, the boat reaches its terminal

speed when opposing forces cancel the force of wind impact. The opposing

forces consist mainly of water resistance against the hull of the boat. The hulls

of racing boats are shaped to minimize this resistive force, which is the princi-

pal deterrent to high speeds.

Iceboats (sailcraft equipped with runners for traveling on ice) encounter no

water resistance and can travel at several times the speed of the wind when they

tack upwind. Although ice friction is nearly absent, an iceboat does not accel-

erate without limits. The terminal velocity of a sailcraft is determined not only

by opposing friction forces but also by the change in relative wind direction.

When the boat's orientation and speed are such that the wind seems to shift in

direction, so the wind moves parallel to the sail rather than into it, forward

acceleration ceases-at least in the case of a flat sail. In practice, sails are curved

and produce an airfoil that is as important to sailcraft as it is to aircraft. The

effects are discussed in Chapter 14.


