Ch. 5

Circular Motion

An object moves in a straight line if the net force on it acts in the direction of motion or is zero.  If the net force acts at an angle to the direction of motion at any moment, then the object moves in a curved path.

Uniform circular motion and centripetal acceleration
· Uniform circular motion refers to an object moving in a circle at constant speed.  Speed of an object undergoing uniform circular motion can be calculated by distance/time.  For one revolution the distance the point travels is the circumference of the circular path.  The time it takes for the point to make one revolution is known as period, and since period is inversely related to frequency(T=1/f), then   
v=(x/t=2(r/T=2(rf
Period (T) is the time required to complete one revolution and is measured in seconds.  Frequency (f) is the number of cycles per second and is measured in Hertz (Hz = s-1).  
· An object that moves in a circle is accelerating even if its speed is constant.  For an object undergoing uniform circular motion, the magnitude of the velocity (speed) remains constant, but the direction of the velocity is continually changing.  Since acceleration is defined as the rate of change in velocity, a change in direction of v constitutes acceleration just as does a change in magnitude. Therefore, an object moving in a circle is continuously accelerating, even when the speed remains constant.  This acceleration is called centripetal (center seeking) acceleration and is always directed toward the CENTER of the circular path.  For an object moving in a circle of radius r with constant speed v the magnitude of the centripetal acceleration is calculated by ac = v2/r.

· Centripetal acceleration depends on v & r.  The greater the v, the faster the velocity changes direction so the larger the acceleration.  The larger the radius, the less rapidly the velocity changes direction so the smaller the acceleration.

· As shown in the diagram below, the velocity vector is always perpendicular to the centripetal acceleration.  This is because the centripetal acceleration vector always points toward the center of the circle, but the velocity vector always points in the direction of motion (tangent to the circular path).  
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Dynamics of uniform circular motion
· According to Newton’s Second Law (F=ma), an object that is accelerating must have a net force acting upon it.  If an object is undergoing uniform circular motion, the net force is sometimes called the centripetal force.  Careful, there is no centripetal force – it simply refers to the net force causing the centripetal acceleration.  The actual force causing the centripetal acceleration is determined from the free-body diagram (tension, gravity, friction, normal force, etc).

· Since F=ma and ac=v2/r, the magnitude of the centripetal force equals mv2/r or, written together, Fc=mv2/r.  The direction of the centripetal force is the same as the centripetal acceleration (toward the center of the circular path).  If this net force were not applied, the object would obey Newton’s first law and fly off in a straight line tangent to the circular path.  

· You have probably heard of centrifugal (center fleeing) forces.  Centrifugal forces do NOT exist.  There is no outward force!  Ever swung an object on a string above your head?  The misconception comes from “feeling” a pull on your hand from the string.  This is simply Newton’s 3rd law in reaction to the inward force you are putting on the string to keep the object moving in a circle.   If you let go and there was a centrifugal force acting, then the object would fly OUTward when the string was released.  This does NOT happen.  The object flies off tangentially to the circular path.
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Satellites in circular orbits

· You should remember from chapter 4 that every particle in the universe exerts an attractive force on every other particle.  The magnitude of the force is proportional to the product of the two masses and inversely to the square of the distance between the two objects (inverse square law).
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· As a satellite orbits the earth, it is pulled directly toward the earth by the gravitational force. The inertia of the satellite causes it to tend to follow a straight-line path, but the gravitational force pulls it toward the center of the orbit. 
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· If a satellite of mass m moves in a circular orbit around a planet of mass M, we can determine the orbital speed of the satellite at a particular distance r using Newton’s 2nd law with the acceleration being centripetal and Newton’s universal law of gravitation.  The steps are shown below.
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Notice how mass of the satellite is irrelevant.  This explains why astronauts experience “weightlessness” when they are orbiting the Earth in the space shuttle.  It is not because gravity is so small it is negligible, but because the shuttle and all of its contents are moving with the same speed and falling at the same rate.  It’s not “weightlessness” but simply the lack of the objects pushing on one another.  The force of gravity is actually significant.  If the orbit were twice the radius of the earth, then the force of gravity would be ¼ of what it is on the earth’s surface.  This is greater than the force of gravity on the moon (1/6 g). 
Example 1

Determine the speed of the Hubble telescope orbiting at a height of 598 km above the earth’s surface.

Non-uniform circular motion and the vertical circle
· Objects undergoing circular motion often change speed.  If speed changes then the object would have both centripetal and tangential acceleration.  Centripetal acceleration refers to the component of acceleration that is directed inward (changes direction) and tangential acceleration refers to the component of acceleration that is tangent to the circular path (changes speed).  Tangential and centripetal acceleration are perpendicular.  Consider a ball attached to the end of a string and swung in a vertical circle, as shown below.  Because of the gravitational force acting on the ball, it will increase its speed slightly as it falls from point A to point B, and decreases its speed slightly as it rises from point B to point A.  You will be able to find the changes in speed using conservation of energy.
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Analysis of the forces acting on the ball at any point would show two forces, tension and weight.  At the top of the circle, tension and weight would be in the same direction and at the bottom they would be in opposite directions.  It will be shown in the example below that because of this the tension must be greater at the bottom of the circle than at the top. 
Example 2
A 0.150-kg ball on the end of a 1.10 m-long cord (negligible mass) is swung in a vertical circle.  a) Calculate the tension in the cord at the top of the circle if the speed of the ball is 10.0 m/s.  b) Calculate the tension in the cord at the bottom of the arc assuming gravity is the only force that does work on the ball.
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Example 3
What minimum speed must the rider on the motorcycle have in order to complete the loop without falling off the track?  Is the force that the seat exerts on the rider at the top of the loop less than, more than, or the same as, the force the seat exerts at the bottom of the loop?
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A car rounding a curve
· Why do you feel thrust outward as a car rounds a curve?  You tend to travel in a straight line while the car is traveling in a curved path.  The car itself must have an inward force exerted on it if it is to move in a curve.  On a flat road, this force is supplied by friction between the tires and the pavement.  It’s static friction as long as the tires are not slipping.  If there is not enough friction, the car skids out of a circular path and into a straighter path.
Example 4

A 1,000 kg car rounds a curve on a flat road of radius 50m at a speed of 50 km/h. Will the car make the turn, or will it skid, if:a) the pavement is dry and s = 0.60?b) the pavement is icy and s = 0.25?

Banking of curves
· Banking of curves can reduce the chance of skidding because the normal force will have a component toward the center of the circle, reducing the reliance on friction.  For a given banking angle, , there will be a speed for which NO FRICTION is required.  This is when the horizontal component of the normal force toward the center of the curve, FN sin , is just equal to the force required to give the vehicle its centripetal acceleration.  That is when
FN sin  = m v2 
        r

Example 5

A car can negotiate an unbanked curve safely at a certain maximum speed when the coefficient of static friction between the tires and the ground is 0.88.  At what angle should the same curve be banked for the car to negotiate the curve safely at the same maximum speed without relying on friction.
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