Ch 7
 Impulse-Momentum Theorem, Conservation of Momentum, and Collisions
Momentum and its relationship to force

· Momentum describes an object’s motion.  Linear momentum is the product of its mass and velocity (p=mv) and is symbolized by “p”.  Momentum is a vector quantity since v is a vector and it is multiplied by a scalar (m).  The direction is the same as the velocity.  

p=mv     units are kg · m/s = N · s

The more momentum an object has, the harder it is to stop the object and the greater the effect of stopping the object. A net force is required to change momentum in magnitude or direction.   Newton’s second law states that an unbalanced or net force acting on a mass will accelerate the mass in the direction of the force.  Another way of saying this is that a net force acting on a mass will cause the mass to change its momentum.  We can rearrange the equation for Newton’s second law to emphasize the change in momentum:
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        Rearranging this equation by dividing both sides by (t gives
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The left side of the equation (Ft) is called the impulse, and the right side is the change in momentum. This equation reflects the impulse-momentum theorem, and in words can be stated “a force acting on a mass during a time causes the mass to change its momentum”. The force F in this equation is the average net force acting over the time interval.

· Impulse-momentum theorem (F(t=(p)
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The impulse (J=F(t) of a force is the product of the net force and the time interval during which the force acts—which is also equal to (p.  Impulse is a vector quantity and has the same direction as the average net force.  Impulse is very useful when dealing with forces that act over a short time and/or time varying forces—hitting a baseball with a bat, for instance (graph below).
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FIGURE 7-6 (a) A rocket,
containing fuel, at rest in some
reference frame. (b) In the same
reference frame, the rocket fires and
gases are expelled at high speed out
the rear. The total vector momentum,
Pgas T Procket: remains Zero.




The area under the curve of a F vs t graph gives impulse which is also equal to (p. 

A change in momentum over a longer time requires less force.  The same impulse (same (p) can be given to an object by a smaller force, F, if applied over a greater time interval, as long as F(t remains the constant.  This is the reason why an egg dropped on a pillow does not break while an egg dropped from the same height onto concrete does break.
Example 1
Look at the pictures below.  If the raindrop and the hailstone have the same mass, which one of the two has a larger change in momentum?  Justify your answer.
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FIGURE 7-6 (a) A rocket,
containing fuel, at rest in some
reference frame. (b) In the same
reference frame, the rocket fires and
gases are expelled at high speed out
the rear. The total vector momentum,
Pgas T Procket: remains Zero.



Example 2

A golf ball (m=0.047 kg) bounces off a hard surface as shown in the diagram to the right.  Determine the magnitude and direction of the impulse applied to the ball by the surface.  

Example 3

A motion sensor and a force sensor record the motion of a cart along a track, as shown below. The cart is given a push so that it moves toward the force sensor and then collides with it. The two sensors record the values shown in the following graphs.
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a. Determine the cart's average acceleration between t = 0.33 s and t = 0.37 s.

b. Determine the magnitude of the change in the cart's momentum during the collision.

c. Determine the mass of the cart.

d. Determine the energy lost in the collision between the force sensor and the cart

Law of conservation of momentum 
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A net force is required to change an object’s momentum (Newton’s 2nd law).  You probably remember from Newton’s 3rd law that forces always occur in pairs (action-reaction), so when two objects interact the forces they apply on each other must be equal in magnitude and opposite in direction.  Since the forces are of equal magnitude and they act over the same amount of time, the impulse on each object must also be of equal magnitude.  Since each object experiences the same magnitude of impulse, the magnitude of the change in momentum of each object must also be the same.  This is the basis for the law of conservation of momentum.  The law of conservation of momentum states that the total momentum of all objects interacting with one another remains constant regardless of the nature of the forces between the objects.  The law of conservation of momentum is particularly useful when dealing with situations where the forces are not constant such as collisions, explosions, or rocket propulsions—a form of a controlled explosion.  For example, look at figure 7-6 to the right.  Before the rocket is fired, ptotal = 0.  As fuel burns, ptotal remains unchanged (ptotal = 0).  The backward p of the expelled gas is just balanced by the forward p gained by the rocket.  Thus, rockets can accelerate in empty space.
· Note that when applying the law of conservation of momentum the objects must be isolated.  In an isolated system the only forces present are those between the objects of the system (internal forces—action-reaction pairs). The net external force must be zero (( Fexternal = 0).  For example, you may think that momentum is not conserved for a falling rock since its speed and momentum are increasing as it falls; however, you must take into account that the earth is accelerating upward towards the rock.  Momentum is conserved for the earth-rock system. 
Collisions are separated into two categories based on kinetic energy conservation

1. Elastic collision – both p and K are conserved 

· If a collision occurs between two hard objects with no heat produced in the collision (or sound, deformation, etc.), then K is also conserved.  Of course, for the brief moment during which the 2 objects are in contact, some (or all) of the E is stored in the form of elastic potential energy.  

2. Inelastic collision – p is conserved but not K 
· A perfectly (or totally) inelastic collision is a special type of inelastic collision in which the two objects stick together and move as one object after the collision.
· Remember that momentum is a vector quantity.  If the collision is two dimensional (glancing collision), you have to analyze the x and y independently.  Momentum is conserved in both dimensions.  Look at the diagram below.  A ball moving north experiences a glancing collision with a ball at rest.  Since the horizontal component of the initial momentum is zero, the total final momentum in the horizontal must also be zero.  This means both the horizontal components are equal and oppositely directed.  The sum of their vertical components must equal the initial balls momentum.  The diagram below right shows how the vector sum is indeed equal to the initial momentum.
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Center of mass

· Center of mass is the single point that represents the average location for the total mass of an object or multiple objects.  In an isolated system, the total linear momentum does not change; therefore, the center of mass of the system does not change either.

Steps for solving problems using conservation of linear momentum

1. Decide which objects are included in the system.
2. Verify that the system is isolated (( Fexternal = 0); if it is not, you will have to include the other objects causing the forces.
3. Set the total final momentum equal to the total initial momentum.  Remember that momentum is a vector quantity; analyze x and y independently if necessary.
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Example 4
A freight train is being assembled in a switching yard.  Car 1 has a mass of 65,000 kg and moves at a velocity of +0.80 m/s.  Car 2, with a mass of 92,000 kg and a velocity of +1.3 m/s, overtakes car 1 and couples to it.  Neglecting friction, find the common velocity of the cars after they become coupled.
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Example 5
Starting from rest, two skaters “push off” against each other on smooth level ice, where friction is negligible.  One is a woman with a mass of 54 kg and the other is a man with a mass of 88 kg.  If the woman moves away with a velocity of 2.5 m/s, find the “recoil” velocity of the man.
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Example 6
A ballistic pendulum is sometimes used in laboratories to measure the speed of a projectile, such as a bullet.  The ballistic pendulum shown in the diagram below consists of a block of wood (mass = 2.50 kg) suspended by a wire of negligible mass.  A bullet (mass = 0.0100 kg) is fired horizontally at the block.  The bullet collides with the block and the combined mass swings to a maximum height of 0.650 m above the initial position.  Find the speed of the bullet just before it strikes the block, assuming that air resistance is negligible.
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Example 7
An unstable nucleus of mass 17(10-27 kg, initially at rest, disintegrates into three particles.  One of the particles has a mass of 5.0(10-27 kg and moves along the positive y axis with a speed of 6.0(106 m/s.  Another particle has a mass of 8.4(10-27 kg and moves along the positive x axis with a speed of 4.0(106 m/s.  Determine the third particle’s velocity (for now, you may assume that mass is also conserved in the disintegration process).
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