CHAPTER 9.

MAGNETIC FORCE

9.1 The magnetic fidd

A magnetic field surrounds dl dectric currents. Just as a current represents charges in motion,
then the magnetic fidd can represent an dectric fidd in motion. The shgpes of magnetic fidd
lines are, however quite unlike those of eectric (properly dectrogttic) fidd lines. The symbol

for amagnetic fidd is most often B and the corresponding units of thisfidd areteda, T or
webers per square metre Wh m®. The second definition draws our atention to the fact that the
fiddisatypeof dengty (with repect to an area), the webers are units of magnetic flux and the
field vector B ismore properly called the magnetic flux dengity, however many textbooks il

cdl B the magnetic fied.

In the above diagram along Sraight wire carrying a current 1, is shown with some of the
megnetic field lines that surround the wire. Thefield lines do not indicate adirection of force. It
isimportant to note thet the magnetic fidd lines circulate about the wire with aright handed
rotetion; thet isif the right thumb pointsin the direction that the current flows then the right
fingers curl neturaly in the direction that the fidd runs. The equetion for the strength of thefidd a

digancer from the wire, can be written as
[

B=k, —
mr
where | isthe current inthewireand k , isa.congant.
k,=2.00"10" TmA®.
Asthefidd linesform dosed cirdes around a single conductor, r is aso the radius of the
condant field circle (contour of the field). It isuseful to suppose thet the fidd is perpendicular to

(9.1)



the current that has caused the fild. Magnetic field lines form closed contours they never meat
or intersect (this happensfor dectric fidd lines a charges).

When acurrent flows around a closed loop afidd isformed within and outsde the loop. The

conoept of fidd lines suggests that they will be bunched ingde the loop and spread out outside
the loop S0 thet a compardively strong fidd will exigt in theloop. Asthelines

form dasad contours they will eventudly return and link about the loop. The following diagram
shows a cross section of field lines thet link through a current carrying loop.

Y ou should check that the field lines wrap around the current carrying conductors according to
theright-hand rule

=

It iswell known thet the Earth has amagnetic fidld, comparison of the above two diagrams
suggeststhet thisfied is caused by charged particles drculaing within the core of the earth.
When comparing the magnetic fidd of a conducting drcuit to that of anaturd magnet, you
should remember that the magnetic fidd lines run from south to north ingde the magnet; this
means tha a the surface of the earth the outer fidd lines run from the north to the south pole.

Some maerids are natura or permanent magnets. Thisis because the dectronsingde the

materid run in microscopic digned drcuits. The overdl effect issmilar to thet of the Earth but
onamuch smdler scde.
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9.2 The Magnetic Force

When acurrant flowsin amagnetic field aforce will occur between the field and the current
carying conductor. The force on the conductor will aways be perpendicular to both thefidd
and the current. The equation for the force an alength | of conductor carrying acurrent | is
F=8Il. (9.29)
While the force must be perpendicular to the fidd and current, the field and current need not be
perpendicular to each other. If the angle between the fidld and the current is g then the magnetic
force between thefidd and alength | of conducting wire carrying acurrent is
F =Bllsna (9.2b)
A diagram that hdpsilludrate this formula follows.

If we could view this Stuation by looking directly down aong the current carrying conductor we
might se

[ 6l—=F

where the current moving away from the viewer has its motion shown as a cross (thet represents
the flights of an arrow moving away from the viewer). The force F is shown to be perpendicular
tothefidd B as expected. A useful (but fanciful) way of consdering the origin of theforceF is
toinitidly consder only thefield created by the current I, the right hand dirculation about the
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current will make this gppear to run in adockwise direction about the current. Thisfidd must
then add to the gpplied fidd B so that, whereit runsin the same direction the totd fidd will
srengthen. On the other Sde of the current where the fidds are opposed the totd field will be
weaker.

B

I fe—=TF

Inour visua scheme we can suppose thet the fields turn and bend as shown, the flow of

the fidd lines remains congstent. The curvature of these lines then suggeststhet in order to
draighten out and reduce the dengty of the fidld lines aforce acts on the conductors consstent
with the one we have defined.

9.3 The Force Between Two Conductors

In this section we assume that we have two conducting wires running pardle to eech other a
digance d gpart. The diagram in the last section shows us aview down such a conductor with a
representation of a current flowing away from the observer. If the current (or field lines) come
towards the observer the representation isthat of an arrowhead, acircle with adot or point in
the centre. Two such pardle wires are shown beow, both have ther currents flowing directly

out of the page towards the observer.
d

Aswe draw more magnetic-field lines further avay from the wires they dart to overlgp because
they can't crosswe mugt |et them circulate together as shown in the next diagram.

Cas
The common circulation suggests thet the wires are drawn together. Thefield a |, caused by |,

is
sk, b
and the gtrength of the force on alength | of 1, caused by 1, istherefore
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F =K, L2],
d

Forces of the same strength act to draw each wire together.

A secord case arises when the currents flow in opposite directions.

F {E%%f

In this case the fidd lines must collect between the two wires suggesting theat they will be forced
gpart. The force on each wirefor alength | remains

1,0,
F=k, —*
" d

9.4 The Forceon aMoving Charge

From a previous section (The Potential in a Resistor ) we have the equation (7.6) for the dectric
current

_9-G _ ﬂ
Ct-t, ot
Replacing thisin equation (9.23) will give us
F=B
t
Now thetime t isthe timefor any of the current charges to effectively move dong the length 1.
These charges have an effective peed v = |/t, 0 that we expect a magnetic force of
F=qvB (9.33)
whenever acharge q moves through ameagnetic fidd B with aspeed v. Thedirection of the
veoaity of the charge should be the same as the direction in which the current flowed when we
gpplied the previous eguations (9.2a) and (9.2b). When the velocity of the charge makes an
angle g with the direction of the magnetic fidd our equation becomes
F =qvBsing (93b)
Theforce on the charge will aways be perpendicular to both the fidd and the velocity of the
charge.

A specid case can be immediately consdered, thet is the case where a charge (or a number of
charges) enter ameagnetic fidd with aveodity v thet is perpendicular to thefidd.
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Asshown in the smdler enlargement the charge entering the field with avelocity v hasan
associated magnetic field which enables us to visudise the formation of the magnetic force F,,
whichis perpendicular to v. This perpendicular force moves the charge (or charges of the same
gpeed) around acircular path of radiusr. The magnetic force pulls the particles from ther
tangentia line and circular motion occurs when the reection to being pulled from a straight line
ba ances the magnetic force on each charge. If the mass of each chargeis m we have

2

vB =
g r

This equation becomes useful when studying modern physics
9.5 TheForceson a Current Loop
For our purposes we will suppose we have asquare loop with N turnsand acurrent | thet

passes through each turn. This square with sdes of length a is placed in auniform magnetic fidd
B that runs pardld across the face of the loop, as shown below.

If we view this system looking down the input current we will seeit as shown in the next
diagram.
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v
F

There are two forces acting on the loop, they act in opposite directions and both have a strength
of

F =BNla
Because these forces are equa and opposite the loop cannot accelerate as no tota force acts
onit. However the loop will turn about the centrd axis (where the current flowsin or out). The
loop has aturning moment (o called the torque) of

2Nla§= NIAB.

Where A = a2 isthe area of each loop. The other two sides of the loop experience no force at
al because they run pardld to the fidd, when the current and fidd are pardld then the magnetic
forceis zero.

Asthe coil turns about the axis the moment changes. The two forces F keep the same
magnitude but their lines of action come doser together, thus reducing the turning moment.

Although the two forces F remain the same in strength and direction, the separation of thar lines
of action reducesto asng (wherethe angle gis shown in the next diagram) and hence ther
turning moment reducesto

moment = NIABsn q.

The ddesthat were pardld to thefied B are no longer pardld, so new forces F' (aso shownin
the last diagram) appear asthe coil rotates. These two new forces are

F'= BNlacosa
they aways oppose each other directly and give nether accderation or turning moment to the
sysem.
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¢ siné

To make amotor we goply the current to the cail through arotary switch caled a commutator,
in this eech lead from the coil is connected to one of two semicylindrical conductors that rub
agang brushesthat supply the current. In thisway when the turning moment reduces to zero,
theinertia of the call pullsit past the perpendicular and the switch changes the current direction
through the cail, this causes the cail to continue to turn.

cormatator

Thistype of direct current motor issSmilar to the type used as dartersfor car engines.
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