UNIVERSITY OF TRINIDAD AND TOBAGO

PHYS 110U – Physics


8.0 Electromagnetism 
·  Learning objectives


Electromagnetic Fields
1) Describe simple experiments to investigate the magnetic field pattern around current-carrying conductors

2) Apply suitable rules which relate the direction of current flow to the direction of the magnetic field

3) Describe a commercial application of an electromagnet

4) Explain the action of a simple magnetic relay


Electromagnetic Force

5) Describe an experiment which demonstrates the existence of a force on a current-carrying conductor placed in a magnetic field

6) Sketch the resultant magnetic flux pattern where a current carrying wire is placed perpendicular to a uniform magnetic field

7) Apply Fleming’s left hand (Motor) rule to predict what will happen when currents flow perpendicular to a uniform magnetic field 

8)  Recall that the force on a current-carrying conductor in a magnetic field depends on the strength of the field and on the magnitude of the current

9) Explain the action of the d.c. motor

Loudspeakers

10) Explain the principles underlying the operation of the simple moving coil loudspeaker
____________________________________________________________________

8.1 What is Electromagnetism ?
Electromagnetism describes the relationship between electricity and magnetism. Nearly everyone, at some time or another, has had the opportunity to play with magnets. Most of us are acquainted with bar magnets or those thin magnets that usually end up on refrigerators. These magnets are known as permanent magnets. Although permanent magnets receive a lot of exposure, we use and depend on electromagnets much more in our everyday lives. Electromagnetism is essentially the foundation for all of electrical engineering. We use electromagnets to generate electricity, store memory on our computers, generate pictures on a television screen, diagnose illnesses, and in just about every other aspect of our lives that depends on electricity.

Electromagnetism works on the principle that an electric current through a wire generates a magnetic field. This magnetic field is the same force that makes metal objects stick to permanent magnets. In a bar magnet, the magnetic field runs from the north to the south pole. In a wire, the magnetic field forms around the wire. If we wrap that wire around a metal object, we can often magnetize that object. In this way, we can create an electromagnet.

Current Detector (Galvanometer)

Objective 

The objective of this experiment is to demonstrate the relationship between electricity and magnetism. In this experiment we will also show how to create and detect magnetic fields. 

Materials Required 

about 8 feet of insulated wire (18-24 gauge) 
metal sewing needle 
3 feet of thread 
permanent magnet 
6 volt battery 
a small strip of paper 
scissors 

How To Build It 

Magnetize the needle by rubbing one side of the permanent magnet against it about 30 times in the same direction. Cut the paper into a small arrow. Stick the needle lengthwise into the paper arrow. Now put some thread through the top edge as shown. Using the wire, make a loop about three inches in diameter. Continue to wrap the wire in the same pattern as the original loop until you have a coil of about five loops. You should keep some wire free on both ends. Use the thread to tie the wires together. Now tie the thread attached to the paper to the top of the loop. The paper with the needle should hang freely inside the middle of the wire loop. 

Experiment 

Attach one end of the wire to the positive terminal of the battery, and the other wire end to the negative terminal. Notice what happens to the paper arrow. It should turn and point directly out from the middle of the loop. Now turn the loop. Notice that the arrow follows the loop and continues to point directly out of the loop.

	
	[image: image1.jpg]o4




[Source: Munson] 
	[image: image2.jpg]





Making an electromagnet

If you wrap a wire around an iron core, such as a nail, and you send electrical current through the wire, the nail will become highly magnetized. You can verify that by picking up small objects or by showing its effect on a compass. This is called an electromagnet.
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Creating a simple electromagnet using a nail

Insulated wire

Note that the wire must be an insulated wire. A bare wire would cause an electrical short and the current would then run through the nail or metal core. In some electromagnets, like in an electric motor, the wire will look like bare copper, but it is insulated with a thin coating of a clear material.

Also, if the wire is thin, it may get warm from the resistance to the electricity passing through it.

Turn on and off

The most interesting feature of the electromagnet is that when the electrical current is turned off, the magnetism is also turned off. This is especially true if the core is made of soft iron, which quickly loses its magnetism. Hardened steel may retain its magnetism, so you can't use the most valuable feature of an electromagnet.

Being able to turn the magnetism on and off has lead to many amazing inventions and applications.

When electricity passed through a wire, a magnetic field is created around the wire. Looping the wire increases the magnetic field. Adding an iron core greatly increases the effect and creates an electromagnet. You can create an electromagnet without the iron core. That is usually called a solenoid.

8.2 Magnetic fields
When DC electricity is passed through a wire, a magnetic field rotates around the wire in a specific direction.
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Magnetic field rotating around wire

Field of a Solenoid
When charge flows in a coil, it generates a magnetic field whose direction is given by the right hand convention - Take your right hand and curl your fingers in the direction of the current while extending your thumb, the direction of your thumb now points to the magnetic north end of the coil. The convention for the direction of flux has the flux emerging from a north pole and terminating on a south pole. The field and flux lines form closed loops around the coil. Remember that these lines don't actually exist as such, they simply connect points of equal value. It's a bit like the contours on a map where the lines represent points of equal height. The ground height varies continuously between these contours, in the same way the field and flux from a coil are continuous (the continuum isn't necessarily smooth - a disctete change in permeability will cause field values to change sharply, a bit like a cliff face in the map analogy).
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Compass can show field

Connecting a wire to a battery and placing a compass near the wire can demonstrate a magnetic field. When the current is turned on, the compass-needle will move. If you reverse the direction of the current, the needle will move in the opposite direction.

Right hand rule

To find the direction the magnetic field is going, you can use the "right-hand rule" to determine it. If you take your right hand and wrap it around the wire, with your thumb pointing in the direction of the electrical current (positive to negative), then your fingers are pointing in the direction of the magnetic field around the wire. Try it with the picture above.

Wire in a coil

Wrapping the wire in a coil concentrates and increases the magnetic field, because the additive effect of each turn of the wire.
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Coiled wire increases magnetic field

A coil of wire used to create a magnetic field is called a solenoid.

Iron core

Wrapping the wire around an iron core greatly increases the magnetic field. If you put a nail in the coil in the drawing above, it would result in an electromagnet with the a north seeking pole on the "N" side.

Using AC electricity

If AC electricity is used, the electromagnet has the same properties of a magnet, except that the polarity reverses with the AC cycle.

Note that it is not a good idea to try to make an AC electromagnet. This is because of the high voltage in house current. Using a wire around a nail would result in a blown fuse in the AC circuit box. There is also the potential of an electric shock.

Strength of electromagnetic field 
The strength of the electromagnetic field is determined by the amount of current, number of coils of wire, and the distance from the wire.

Unit

The unit of magnetic force is called the tesla (T). Near a strong magnet the force is 1-T. Another unit used is the gauss, where 104 gauss (10,000) equals 1 tesla.

Current

The strength of the magnetic field is proportional to the current in the wire. If you double the current, the magnetic force is doubled.

Since Voltage = Current x Resistance (V = I*R), you can double the current in a wire by doubling the voltage of the source of electricity.

Turns of coil

If you wrap the wire into a coil, you increase the magnetic force inside the coil, proportional to the number of turns. In other words, a coil consisting of 10 loops has 10 times the magnetic force as a single wire with the same current flowing through it. Likewise, a coil of 20 loops has 2 times the magnetic force than one with 10 loops.

Varies with distance

The magnetic force decreases with distance. It varies inversely proportional to the square of the distance. For example the force at 2 cm. from a wire is 1/4 that of at 1 cm., and the force at 3 cm. is 1/9 the force at 1 cm.

Effect of iron core

When the coil is wrapped around an iron core, the strength of the electromagnetic field is much greater than the same coil without the iron core. This is because the atoms in the iron line up to amplify the magnetic effect. The orientation of the atoms in the iron is called its domain.

Current

When you increase the current, the magnetic strength increases, but it is not exactly linear as it is with the coil by itself. The characteristics of the core cause the curve of magnetic strength versus current to be an s-shaped hysteresis curve.

The shape of this curve depends on how well the material in the core becomes magnetized and how long it remains magnetized. Soft iron loses its magnetism readily, while hard steel tends to retain its magnetism.

Summary

By wrapping a wire around an iron core and applying an electric current through the wire, you create an electromagnet. This device is magnetic only when the current is flowing. The iron core greatly increases the magnetic strength.
 1. If you doubled the number of coils and doubled the voltage, what would be the increase in magnetic strength?
Top of Form

It would remain the same, since 2 / 2 = 1

It would be 4 times as strong, since 2 x 2 = 4

You can't increase magnetism by increasing the voltage

Bottom of Form

2. Why should the wire around the iron core be insulated?
Top of Form

So that you don't create a short circuit

To keep the iron from getting too warm

To insulate the magnetism

Bottom of Form

3. Why does an iron core increase the magnetic field of a coil of wire?
Top of Form

The iron atoms line up to add to the magnetic field

Iron attracts things, including magnetic fields

The iron core actually decreases the field, allowing it to be turned off

Bottom of Form

If you got all three correct, you are on your way to becoming a Champion in Physical Science. If you had problems, you had better look over the material again.

8.3 Generating Electrical Current

Electrical current can be generated by moving a metal wire through a magnetic field. This applies both to alternating current (AC) and direct current (DC) electricity. This is a different method than where DC is created by a battery, which uses chemical reactions. It is also different than static electricity, which is the accumulation of charges on a surface.

Electrical generators rotate a coil of wires through a magnetic field. The difference between an AC and a DC generator is that the AC generator uses slip rings to transfer the current to the electrical circuit, while the DC generator uses a split-ring commutator. Generators can be very small or quite huge. Very large ones create electricity for the community. An electric motor is very similar to a generator, except that power is provided to turn the rotors.

Questions you may have include:

· What does a wire moving through a magnetic field look like? 

· How is a loop of wire used in an electric generator? 

· What do commercial generators look like? 

1. What happens when you change the direction of a wire passing through a magnetic field?
Top of Form

You can't change directions because of the commutator

The direction of the magnetic field changes, as indicated in the meter

The direction of the current changes, provided the wire is part of a circuit

Bottom of Form

2. What happens when you speed up an electric generator?
Top of Form

The current increases

It goes from AC to DC

It becomes an electric motor

Bottom of Form

3. Why is wire wound in so many loops in commercial generators?
Top of Form

Many loops are needed to make AC electricity

Voltage depends on how many loops are used

No one is sure why they do it that way

Bottom of Form

Moving wire through magnetic field

When a wire made of conducting material cuts through a magnetic field, an electrical current is created in the wire.

Must be part of circuit

Note that the wire must be part of an electrical circuit. Otherwise the electrons have no place to go. In other words, there is no electrical current produced with a wire with open ends. But if the ends are attached to a light bulb, to an electrical meter or even to each other, the circuit is complete and electrical current is created.
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Moving the wire through the magnetic field creates an electric current,
as measured by a meter attached to the ends of the wire

Direction of current

The direction of the magnetic field and the direction of the wire will determine the direction of the current through the wire. By convention, the direction of the magnetic field is from N to S. Also by convention, the current goes from plus (+) to minus (−). But note that in reality, the negatively charged electrons move in the opposite direction than the current. They move from (−) to (+). You'll just have to remember that the electrons move in the opposite direction than the convention for the direction of current.

Other configurations

Besides moving a wire through a magnetic field, you could also create an electric current in the wire by moving the magnets and keeping the wire stationary.

Another technique to create a current is to keep both stationary but vary the magnetic field. That method is used to change the voltage of AC in electrical transformers. 

Loop is spun

If the wire is made into a loop that is then spun or rotated in the magnetic field, you can have continuous current. Since each side of the loop is going in a different direction in the magnetic field, the current flows around the loop, depending on which direction it is rotated.

Transfer current

There must also be some way to transfer the current to the rest of the circuit. In an AC generator, having a ring on each end of the wire does this. A metal contact or brush rubs or slides against each ring, allowing the electricity to flow through the circuit. In a DC generator, this is done using one split-ring called a commutator. An AC generator uses two slip rings.
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Comparison of DC and AC loops and rings

8.4 Generator in action

The following animation shows an AC generator in action. As one side of the loop moves to the other pole of the magnetic field, the current in it changes direction. The two slip rings of the AC generator allow the current to change directions and become alternating current.
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Simple AC generator

(Image from the PBS American Experience series: Inside the AC Generator)

In a DC generator, the split-ring commutator accommodates for the change in direction of the current in the loop, thus creating DC current going through the brushes and out to the circuit.

Note that the DC current is not a steady value. Rather, it is a "bumpy" signal, with zero voltage at the break in the ring. The power from the current could be mathematically described as a sine wave squared. Since most DC generators have many more than one loop, the "bumps" even out and are not noticed.

The faster the wire passes through the magnetic field, the greater the current.

Full-sized generators

Instead of having a single loop, generators used to supply electricity to homes and businesses have multiple magnets and loops consisting of wires wound around an iron core, similar to an electromagnet. The more loops of wire passing through the magnetic field, the higher the voltage that is created.
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Large generator with multiple windings

Generators used to provide electricity to the community are huge. The rotor can be well over 10 feet in diameter.

Can be used as motor

Note that when a generator has its wire wound around an iron core, it can also be used as an electric motor. Instead of rotating the loops through a magnetic field to create electricity, a current is sent through the wires, creating electromagnets. The outer magnets will then repel the electromagnets and rotate the shaft as an electric motor.

If the current is DC, the split-ring commutators are required to create a DC motor. If the current is AC, the two slip rings are required to create an AC motor.

Examine an unplugged electric motor to see how both a motor and generator looks inside.

Summary

Moving wire through a magnetic field generates electrical current. Electrical generators rotate a coil of wires through a magnetic field. The difference between an AC and a DC generator is that the AC generator uses slip rings to transfer the current to the electrical circuit, while the DC generator uses a split-ring commutator. Very large generators create electricity for the community. An electric motor is very similar to a generator, except that power is provided to turn the rotors.

8. 7 Fleming's left hand rule 

for electric motors shows the direction of the thrust on a conductor carrying a current in a magnetic field.

The left hand is held with the thumb, index finger and middle finger mutually at right angles. It can be recalled by remembering that "motors drive on the left, in Britain anyway."

· The First finger represents the direction of the Field. 

· The Second finger represents the direction of the Current (in the classical direction, from positive to negative). 
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The Thumb represents the direction of the Thrust or resultant Motion. 
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8.8 
Magnetic Force On Current-Carrying Conductors
Consider a conductor of length L, sitting in a magnetic field of flux density B and carrying a current I, as shown below:
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Clearly, a current is simply a flow of charge and since all moving charges experience a force when travelling through a magnetic field, a conductor carrying a current through a magnetic field will also experience a force.  The size of this force can be shown mathematically to be:

                                       F = B I L sin 
Where  is the angle made by the conductor with the magnetic field.  See below.
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Note that the magnitude of the force on a current-carrying conductor depends on: 

    The strength of the magnetic field in which it is located (indicated by the size of the magnetic flux density vector);

    The magnitude of the current in the conductor;

    The length of the conductor sitting in the external magnetic field; and

    The angle between the direction of the external magnetic field and the direction of the length of the conductor.

The direction of the force on a current-carrying conductor sitting in a magnetic field is found by Fleming’s Left Hand Rule, as previously described.  It should also be clear that neither a charge travelling parallel to a magnetic field nor a current-carrying conductor lying parallel to a magnetic field will experience any force due to the field, since for both, sin  = 0.
8.9
The DC Electric Motor
One simple application of the motor effect is the DC electric motor.  A simple electric motor consists of a current-carrying loop situated in a magnetic field, with its plane initially parallel to the field direction.  Clearly, for the loop to continue to rotate in one direction, the current running through the loop must reverse direction just as the loop reaches the position where it is perpendicular to the field direction.  A split ring commutator is used to achieve this reversal of the current direction.

The split ring commutator is attached to the loop and conducts current into the loop by rubbing against the brushes.  The brushes are usually carbon rods that carry current from the external power source to the commutator.  See the diagram below (note that it has not been drawn to scale – commutator has been drawn larger than is actually the case):
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The split ring is arranged so that each half of the commutator changes brushes just as the loop reaches the position where its plane is perpendicular to the field direction.  Changing brushes reverses the current in the loop.  As a result, the direction of the force on each side of the loop is reversed and the loop continues to rotate in the same direction.  This process is repeated each half-turn.  Thus, the loop spins in the magnetic field.

In practice, electric motors have several rotating loops.  Together they make up the armature (or rotor) of the motor.  The magnetic field in which the armature sits is called the field structure (or stator) of the motor.  This can be produced either by permanent magnets as in the simple case shown above or more usually by current-carrying coils called field coils wound around iron cores called pole pieces.  These sit opposite one another inside the motor frame.

 8.10 Making Sound: Magnets
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So how does the fluctuation make the speaker coil move back and forth? The electromagnet is positioned in a constant magnetic field created by a permanent magnet. These two magnets -- the electromagnet and the permanent magnet -- interact with each other as any two magnets do. The positive end of the electromagnet is attracted to the negative pole of the permanent magnetic field, and the negative pole of the electromagnet is repelled by the permanent magnet's negative pole. When the electromagnet's polar orientation switches, so does the direction of repulsion and attraction. In this way, the alternating current constantly reverses the magnetic forces between the voice coil and the permanent magnet. This pushes the coil back and forth rapidly, like a piston.

When the electrical current flowing through the voice coil changes direction, the coil's polar orientation reverses. This changes the magnetic forces between the voice coil and the permanent magnet, moving the coil and attached diaphragm back and forth.
When the coil moves, it pushes and pulls on the speaker cone. This vibrates the air in front of the speaker, creating sound waves. The electrical audio signal can also be interpreted as a wave. The frequency and amplitude of this wave, which represents the original sound wave, dictates the rate and distance that the voice coil moves. This, in turn, determines the frequency and amplitude of the sound waves produced by the diaphragm. 

________________________________________________________________________
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