AP Physics – Induction
 Not too many years ago the word “induction” meant “the draft” as in Uncle Sam and the army.  Well, fortunately for some - although the Physics Kahuna thinks that mandatory service for your country is a good thing (as Martha Stewart would say) - the draft is gone.  Still have to register for it, right?  Well, only if you’re a male, women don’t have to register.  Don’t you think that in these enlightened times that this is an area that needs to be looked into?  Whatever happened to sexual equality in this country?

The discovery of the battery was a significant development in the 18th century. Wet and dry cells provided a continuous source of voltage, and electricity development really took off.

Batteries were not the ultimate answer however (they still aren’t).  They are expensive – metals and acids are costly – and they don’t last long.  Even today, battery power is much more expensive than the electricity the power company delivers to your house through the power lines.  

A really cheap source of electricity would be very useful.

In 1831 two physicists, working independently, found a way to make cheap electricity.  Joseph Henry (in the good old US of A) and Michael Faraday (in England) discovered electromagnetic induction.

Here’s a description of Faraday’s initial experiment.  Henry did pretty much the same thing.  Farraday made a coil around one side of an iron ring and connected the coil to a battery.  He placed a switch in this circuit to turn the circuit on and off.  A second coil of wire was wrapped around the other half of the ring.  He connected the second coil to an electric meter. 




When the switch was initially closed, current flowed through the first coil and the meter would spike up, indicating that current was also flowing in the second coil as well.  But then the meter needle would then fall back to zero, meaning current was no longer flowing.

Electricity was somehow being induced by the magnetic field of the first coil in the second coil.  

The current was present in the second coil for only a short time.  The current was a sort of transient thing that quickly disappeared.  As soon as the current built up in the first coil, the current in the other coil went away.  Then, when the switch was opened, current was also produced in the second coil, but again, only momentarily. 

Faraday didn’t really understand the effect, but Henry did.  In fact he explained it to Faraday.  (Who, for some reason still gets most of the credit.)   Here’s the explanation. When the switch was closed and current began to flow, lines of magnetic force were built up as the magnetic field developed.  The lines of flux moved outward as they were created.  Henry figured that the moving lines of force cut through the second coil and induced a flow of current.  Once the lines of force were in place, they no longer moved, so electricity was no longer induced in the second coil.  When the switch was opened, the lines of flux collapsed.  They were once again moving, cutting through the second coil and inducing electricity again.  It was only while there was motion between the conductor and lines of magnetic flux that electricity was induced.
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Induced current can be induced in two separate ways: a conductor can be physically moved through a magnetic field or the conductor can be stationary and the magnetic field can be moved (this is what happened in Faraday's experiment).  The production of current depends only on the relative motion between the conductor and the magnetic field.  In the drawing below a magnet is dropped through a conductor formed into a coil.  As the magnet's lines of flux move through the loops in the 

coil, it induces current.  The amount of current depends on several factors.  One factor is the speed of relative motion.  The faster the motion, the greater the current.  If you move the magnet very slowly, you won't produce hardly any current at all.  If the motion is very rapid, more current is produced.  Double the speed and you double the current.  Double the magnetic field and you would also double the induced current.

Another factor with a coil is the number of turns in the coil.  The more turns, the more voltage.  Pushing the magnet through twice as many loops produces twice the voltage.  And so on.

Sounds like something for nothing, but that ain't the case.  It takes energy to push the magnet through the coil.  The more loops, the more energy it takes to push the magnet through them.  So you have to put work into the system to induce the electricity.

Electromotive Force, emf:  The induced voltage is called the emf.  The symbol for emf is 
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.  Induction actually creates electromotive force 
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, which really isn’t a force, although they call it that.   We learned about internal resistance in batteries and 
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 earlier when we studied current.  In the problems we will be doing, internal resistance of the loop (or loops) will usually be negligible, so voltage and emf are essentially the same.  Figure  
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.   In AP B this is normally the case.  

Magnetic Flux:  Emf  is induced by a change in a quantity called the magnetic flux rather than by a change in the magnetic field.  Think of the flux as the strength of a magnetic field moving through an area of space, such as a loop of wire.

For a single loop of wire in a uniform magnetic field the magnetic flux through the loop is given by this equation:
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 is the magnetic flux, B is the magnetic field strength, A is the area of the loop, and ( is the angle between B and a normal to the plane of the loop.

The magnetic flux is proportional to the number of lines of force passing through the loop.  The more lines the bigger the flux.

The unit for magnetic flux is:



T(m2       or     Webers

If the loop is perpendicular to the magnetic field ((  would equal zero), then the magnetic flux is simply:
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This is the maximum value that the flux can have.

On the AP Physics Test, you will have the flux equation in this form:
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It sort of combines the max value (the 
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 part of the thing) with the value for when there is an angle between the lines of force and the loop (
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 part of the deal).

Induced emf: When a conductor is exposed to a change in magnetic flux, an emf is induced in the circuit.  To generate electricity you must have a changing flux.  Take a loop of wire and move it through or rotate it in a magnetic field.  Another way to think of this is that when the number of line of force in a conductor  is constant, no emf is induced.  If the number of lines of force is changing, then an emf is induced.

 The instantaneous emf in the circuit has this definition:

Instantaneous emf induced in circuit = rate of change of magnetic flux through circuit

The equation for the induced emf is: 
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The changing flux, means the negatively charged electrons in the wire are exposed to a changing magnetic field.  The magnetic field exerts a force on them, causing them to be deflected.  Since they are within the wire making up the loop, they end up traveling down the wire.  The minus sign in this equation is a reminder that the moving electrons create their own magnetic field.  (Moving charge is the basis of electromagnetic fields), and that this field is opposite in direction to the magnetic field causing the flux.  This is Lenz’s Law.  

The polarity of the induced current depends on Lenz’s Law.  
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Lenz’s Law (  The polarity of the induced emf produces a current whose magnetic field opposes the field that induced the current.

In the example to the right, a copper ring is dropped through a magnetic field.  Before the ring enters the field, there is no induced current (no changing flux).  Once the ring starts to enter the field, it experiences a change of magnetic flux and an emf is induced.  This causes a counterclockwise current to flow around the ring.

Once the entire ring is in the field, however, the magnetic flux stays constant, so once again there is no emf and no current.

When the ring falls out of the field, the magnetic flux is changing again, so an emf is induced and current flows – but in the opposite direction.  This is because the area in the field is getting smaller.  When the ring entered the field, the area was getting bigger.

Once out of the field, there is no flux (let alone a changing flux) and there is no induced current.
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More on Lenz’s Law: The Physics Kahuna will have shown you the classic Lenz’s law demonstrations (unless you’re reading ahead, if that’s the case [and what are the odds] then stand by).  One of these involved a falling magnet in a thick walled aluminum pipe.  You actually saw two different cylinders dropped down the pipe.  The first was an aluminum slug.  It fell through the pipe at a rate determined by g.  The magnet behaved very differently.  As it fell – pulled down by the force of gravity – the lines of magnetic flux around the magnet cut through the aluminum wall of the pipe.  This changing flux induced an emf.  The current sort of swirled around and around in the pipe walls, which gives them their name eddy currents.  The eddy currents build up their own magnetic fields, which oppose the magnetic field of the magnet.  This generates an upward force that slows the magnet down and it ends up taking a really long time to fall through the pipe.

To determine the direction of the induced magnetic field, you use the right hand rule as before, but you reverse the direction of current flow in you final answer.  Remember you only do this reversal in electromagnetic induction.

A single loop has an induced emf as given in the equation.  If we add loops, each extra loop supplies the same amount of emf and we can just add them up.  So for a coil on N loops or turns, the emf induced would be:
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Here N is the number of loops.

A rectangular loop is pulled through a uniform magnetic field at a constant velocity v.  (See the lovely drawing to the right.)  The loop is initially outside the field, it is then pulled into and through the field and ends up on the other side of the magnetic field.
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An emf will be induced as the loop enters the field and as it leaves the field since the flux will be changing.  

The flux is given by:

       
[image: image13.wmf]BA

f

=





The induced emf is given by: 
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For an emf to be induced, the flux must be changing.  This means that the field must change or the area of the loop must change.  In the example above, the area is changing as the loop enters the field.  Thus an emf will be induced.  However, once the loop is completely in the field, the flux does not change, so there will be no induced emf.  As the loop leaves the field, the area is again changing – getting smaller, so once again there is a changing flux, so emf is induced again.

The area of the loop is a function of the x position of the thing (since it is moving), which is determined by the velocity.  

The area of the loop is:
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The velocity is:
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Plug in the value for x into the area in the flux equation:   
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The initial flux is zero, so 
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 is simply Blvt.
The emf is given by:
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We plug the flux into the emf equation:
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This is another equation that you will have available to you for the AP Physics test.:
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   Note no minus sign for the AP Equation sheet, it got dropped.

We can now plot flux and emf as a function of distance, x.
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Here is the plot of the thing.
The flux is initially zero.  Once the leading edge of the loop enters the field, the magnetic flux begins to increase.  Since we have a changing flux, an emf is induced.  The maximum value of the emf is Blv.

Once the loop is entirely within the field, the flux is no longer changing, so the emf falls to zero.  

Finally the loop begins to leave the field.  At this point the flux changes (the area is getting smaller), so once again an emf is induced.  This takes place until the loop is completely out of the field.  At this point the emf is zero.

The flux begins at zero and gradually increases to a maximum value of Blvt, once the entire loop is in the field, the flux does not change – it stays at the maximum value.  It then begins to drop off as the loop leaves the field.  The emf changes from negative to positive because the change in flux goes from positive to negative. 
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The direction of the current can be found by using the right hand rule and Lenz’s law.  The loop is moving through the field and an emf is induced.  The current must be such that it opposes the motion that created the current.  This means that the magnetic force has to be in the opposite direction from the applied force and the velocity.  We know the direction of the field and the direction of the force, so we can use the right hand rule to find the direction of the current.  Point the fingers of the right hand in the direction of the field (into the page in our example).  Next point the palm to the left – the direction of the force opposing the motion.  The thumb points in the direction of the current flow, which, in this example, is up. 

The current direction is up, so at the beginning when the forward edge enters the field, the current will be counterclockwise.  Current is induced only in the leading edge.  The trailing edge is outside of the field and no emf is induced since it isn’t in a magnetic field and no lines of force pass through it.  The top and bottom cut through no lines of force either so no emf is induced in them as well.

Once the loop is within the field, there will be no current induced as the flux is constant.  (There is no change in the number of lines of force cutting through the loop.)

When the leading edge leaves the field, the flux will change (because the area is changing – getting smaller).  Emf is induced in the trailing edge.  The current direction will still be up – nothing has changed so far, right hand rule-wise is concerned.  is means that the current changes from counterclockwise to clockwise.

Problem Time:
· A loop of wire measures 1.5 cm on each side (it’s a sort of square thing).  A uniform magnetic field is applied perpendicularly to the loop, taking 0.080 s to go from 0 to 0.80 T.  Find the magnitude of the induced emf in the loop.

The magnetic  flux is given by:
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We can use this equation because the field is perpendicular to the loop.  We then plug this in for the flux in the equation for emf:
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· A 6.0 cm by 6.0 cm square loop of wire is attached to a cart that is moving at a constant speed of 12 m/s.  It travels through a uniform magnetic field of 2.5 T.  (a) What is the induced emf after it has traveled 5.0 cm into the field?  (b) What is the direction of the current, clockwise or counterclockwise?  If the resistance of the loop is 1.0 (, what is the current in the loop?
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(a) 
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Finding the direction of the current.  We use the right hand rule for this.  Point your fingers in the direction of the magnetic field – out of the page in this case.  The palm should point in the direction of the force exerted by the induced current.  From Lenz’s law we know that this force must oppose the field that created it.  So this is to the left.  The thumb points in the direction of the current, which is down.

The current is clockwise in the loop.

(c) Calculating the current.  Use Ohm’s law.  We know the emf, we assume that the emf is equal to the potential difference V.  We also know the resistance of the loop.
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Moving Solid Rail in Magnetic Field:  Another interesting type of problem that you will be expected to deal with is the moving solid rail problem.
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Two conducting rails lie parallel to each other.  One end of the each rail is connected to the other with a load R between them.  A conducting bar is placed on top of the rails and is pulled at a constant speed across the top of the rails.  The entire system lies within a uniform magnetic field B.   The bar /rails system forms a loop that is expanding with time.  Therefore the area changes.

As the bar moves along, it experiences a changing magnetic flux.  An emf is induced in the loop.

The induced emf is given by this formula (which is provided to you on the AP Physics Test).
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 is the induced emf, B is the magnetic field, l is the length of the bar, and v is the speed of the bar.

Let’s look at the key forces acting on the system.  The rod moves because a force is applied to it, pulling it sideways.  It is moving at a constant velocity because the applied force is equal to the magnetic force brought about by the magnetic field acting on a moving conductor.  So there are two principle forces.  Here’s a picture of them.
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Now let’s apply this to a problem.
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A force is applied to a conducting rod so that it slides across a pair of conducting rails.  A uniform magnetic field of 2.50 T is directed into the page.  The rails are separated by 18.0 cm.  The rod is moving at a constant velocity of 8.50 m/s. The resistance of the system is 1.50 (. Find the following:  (a) The induced emf in the moving rod, (b) the direction of the current through R, (c) the current through R, (d) The magnitude of the applied force needed to keep the rod moving at constant velocity, (e) The power dissipated by the resistor.

All of this sounds very nasty, but each of the questions is actually quite simple.  Let’s do it.

(a) Finding the emf:
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App

v

F

App

F

M

l

x

R

We must use the right hand rule to find the direction of the current.  The field is into the page, the magnetic force from the induced field must be to the left. so the current through the bar is going up.  The current is traveling in a counterclockwise direction.  The current is going down through R.

(c)            
[image: image31.wmf]3.82

2.55

1.50

VV

VIRIA

R

====

W


(d) If v is constant, then sum of forces must be zero.  Fapp  must equal Fm.
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Emf in a Rotating Loop:  An emf is induced in a loop rotating in a magnetic field.  This is the basis for the electric generator.

Generators were the solution to the expensive electricity problem.  The generator takes mechanical motion and converts it into electricity.  Falling water could turn them and generate huge amounts of electricity.  Steam engines could generate electricity……at last, continuous current in large amounts could be easily and cheaply produced.  Today, generator are found everywhere - all conventional cars have generators (or similar devices called alternators), power companies blanket the planet with power lines, aircraft generate their own electricity, you can buy portable generators for when your power goes out, and so on.

Faraday built the first generator.  It was a copper disk that was spun with a hand crank.  The disk passed through a permanent magnet as it spun and produced a continuous supply of electricity that could do useful work.
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Modern generators consist of a rotating loop within a magnetic field.  The loop is actually a coil with many hundreds, perhaps thousands, of turns.  It is rotated by a prime mover.  The prime mover can be falling water, a steam turbine, a cow, the wind, a humanoid, &tc.

A simple generator would have a permanent magnet to provide the magnetic field and an armature.  Slip rings are provided to make a circuit for the generated electricity to flow through to the load.  The slip rings are very similar to the commutator in the DC motor (but no splits).  

Because the armature rotates in the magnetic field, the voltage that is induced is not constant.  When a conductor is moved parallel with the lines of force, it does not cut through them, there is no change in flux, and no voltage is induced.

If the conductor moves perpendicular to the lines of force, a maximum voltage is induced – you have a maximum change in magnetic flux.  The loops that make up the generator's armature are rotating in a stationary magnetic field.  Some of the time the loop cuts through lines of force and maximum voltage is induced and sometimes they are traveling parallel to the field and no voltage is generated at all.   Also, the loops cut the lines of flux one way and then the other, so the voltage they generate changes polarity.  

Generators produce AC current.
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When the loop of the armature is at position A (look at the drawing above), it is essentially traveling parallel to the lines of flux and no emf or current is produced.  As it rotates from A to B, it begins to cut lines of flux and the induced emf increases.  At B, it is cutting the maximum lines of force and maximum emf is induced (it is traveling perpendicular to the lines of flux).  Then the voltage and current drop off as it rotates from B to C.  At C  no current is induced.  Then as it continues to rotate, emf is induced, however, the polarity changes because the loop is cutting through the lines of flux in the opposite direction.  It builds up to a maximum value at D, then falls off again to zero at E.  Then the cycle repeats itself, &tc.

Generators are the opposite of motors.  Motors convert electrical energy into mechanical energy; generators turn mechanical energy into electrical energy.

DC can also be produced by a generator through the use of a split ring commutator.  The split ring commutator reverses the polarity as the armature rotates, thus keeping the polarity of the induced electricity the same.

Essentially a DC motor and a DC generator are the same device.  Turn the rotor and you generate electricity.  Run electricity into the rotor, and it turns.  So a motor is a generator that is run backwards.

The curve of the current and emf versus time looks like a sine wave.  This is because both of those quantities are functions of the sine of the angle between a normal to the loop and the magnetic lines of force in the magnetic field.


Here (in the picture above) is a loop rotating at a constant angular velocity of (.  The induced emf will vary sinusoidally with time.  An equation for the induced emf can be easily developed.  Let’s look at the geometry.


The induced emf in a wire, say the segment of the loop BC, is given by:
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The velocity,  
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 is the component of the velocity that is perpendicular to the field.  This is given by:
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We can put these together to get:
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 is the induced emf, B is the magnetic field, v is the linear velocity of the loop, l is the length of the side of the loop, and ( is the angle between the lines of force and a normal to the loop. 

This is the emf induced in the BC section of the loop, but the same emf is also induced in the AD segment of the loop.  So the total emf is given by:
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The value for v can be found from the angular velocity.
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We can plug this into our emf equation:
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The angular displacement (   can be found from the equation for angular velocity.
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We can plug this into our emf equation:
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The quantity 
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is simply the area of the loop, so:
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So, for a loop rotating at a constant angular velocity is a uniform magnetic field, the emf is given by:
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One can clearly see that the emf is a function of the sine of the angle and time.

Note that the maximum emf will occur when the value of the sine is one, this gives us:
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A generator with only one loop would be a rare thing.  Generators always have these massive coil things with bunches of turns.  Each turn acts like its own loop, so that the emf for a  coil of N loops is given by:




[image: image49.wmf]sin

NBAt

ww

e

=


The  maximum emf for such a rotating coil would be:   
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Dear Cecil:


Why don't magnets stick to aluminum? --Les, Los Angeles





Cecil replies:


It all has to do with electron shells. In a column of general circulation, however, it's always risky to jump straight into a discussion of electron shells. Better we should edge into this.





First some facts. Fact #1: magnets only stick to other magnets. Fact #2: big magnets are made up of jillions of tiny magnets. Fact #3: so are the metals the magnets stick to, notably iron, nickel, and cobalt, which are called ferromagnetic materials. The difference is that in the big magnets the tiny magnets are organized, i.e., they're all lined up with their north poles in one direction and their south poles in the opposite direction. In an ordinary ferromagnetic material, the tiny magnets are scattered every which way, and their magnetic fields cancel each other out, so no magnetism overall.


But suppose we enterprisingly place a ferromagnetic material in a strong magnetic field. Voilà, the formerly scrambled atoms line up parallel with one another. The material as a whole becomes magnetized and sticks to the magnet. Aluminum doesn't contain tiny magnets, so there's nothing to get organized and nothing for the big magnet to stick to.





Certain restless intellects out there may now be wondering: what's with this tiny magnet crap, anyway? That's where the electron shells come in. As you may have guessed by now, the tiny magnets we're talking about are individual atoms. Some atoms, such as those in iron, have individual magnetic fields, while others, such as those in aluminum, do not. It all has to do with the electrons.





Electrons may be thought of as spinning, much as the earth does. They spin one way, they develop a magnetic field with north on top and south on the bottom; they spin the opposite way, they develop a magnetic field with north on the bottom and south on top. For convenience, we call the two directions of spin positive and negative.





Most atoms, such as those in aluminum, have half their electrons spinning in one direction and half in the opposite direction. That means the magnetic fields of the individual electrons cancel each other out. But in the ferromagnetic materials things are different. Take a gander at the third subshell of the M shell of iron, for example. (A shell is an electron's orbit. Electrons are rigidly organized into layers of shells, with so many electrons per shell.) What a wacky sight! We find five electrons with a positive spin and one with a negative spin. This gives the iron atom a pronounced magnetic field. You get those iron atoms lined up, you've got yourself a magnet.





Then we get into a little matter requiring a discussion of quantum mechanics. (What's that, you're sorry you asked? Too late now.) Certain non-ferromagnetic materials, such as chromium and manganese, also have uneven numbers of positive- and negative-spinning electrons in their inner electron shells. Each atom of these substances is magnetic, but the substance as a whole is not. Why? Well, in chromium and manganese, each atom with "up" magnetism is paired with an atom of "down" magnetism, canceling out the magnetism of 














What is the Origin of “Crackerjack”?





This word is an Americanism dating back to 1895 which means excellent or superb. Crack-a-jack is a variant. The exact origin of the term is unclear��The name brand for the caramel popcorn product comes from the slang usage. The name was trademarked in 1896. In 1908, Jack Norworth wrote the lyrics to Take Me Out to the Ballgame, cementing the candy's place in American culture with the request to "buy me some peanuts and Crackerjack." (Interestingly, when he wrote the words Norworth had never seen a baseball game and would not see one until 1940. The composer of the tune, Albert Von Tizler, would not see a ballgame until 1928.) The sailor and dog appeared on the box in 1918. By the way, the sailor is named Jack and the dog is Bingo. You check out the official CrackerJack website and learn a lot more at: �HYPERLINK "http://www.crackerjack.com"��http://www.crackerjack.com�.
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the substance as a whole.  In iron, however, all the atomic magnets point in the same direction, so it does (or can) have magnetism overall.





What keeps all the iron atoms pointed in the same direction? It's a quantum mechanical effect known as "exchange interaction." The details of this are still being debated but one plausible interpretation goes like this: Let's say the inner shell or "local" electrons of iron Atom A are spinning in such a way that they have "up" magnetism. The local electrons cause the nearby loose electrons floating around in the metal (the "conduction" electrons) to have opposite or "down" magnetism. The conduction electrons in turn cause the local electrons of neighboring iron Atom B to have "up" magnetism. Result: all the atomic magnets point up and the iron is potentially magnetic.





So why are chromium, manganese, et al different? It turns out manganese and chromium atoms are so close together that the local electrons of Atom A force the local electrons of neighboring Atom B to orient themselves in the opposite direction, without any intervening conduction electrons entering into the picture. Thus each "up" atom is paired with a "down" atom, and the material has no magnetism overall.





That's all pretty clear, right? Well, maybe not. But it's about as clear as stuff like this ever gets.





  --CECIL ADAMS








The Battlefield





Around no fire the soldiers sleep to-night, 


But lie a-wearied on the ice-bound field, 


With cloaks wrapt round their sleeping forms, to shield 


Them from the northern winds. Ere comes the light 


Of morn brave men must arm, stern foes to fight. 


The sentry stands, his limbs with cold congealed; 


His head a-nod with sleep; he cannot yield,


Though sleep and snow in deadly force unite. 


Amongst the sleepers lies the Boy awake, 


And wide-eyed plans brave glories that transcend 


The deeds of heroes dead; then dreams o'ertake 


His tired-out brain, and lofty fancies blend 


To one grand theme, and through all barriers break 


To guard from hurt his faithiful sleeping friend.





   ---- Sydney Oswald
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