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Part 5: Magnetic Forces and Fields

University Physics V2 (Openstax): Chapters 11, 12 & 13
Physics for Engineers & Scientists (Giancoli): Chapters 27, 28 & 29

Magnetic Forces and Fields

» Magnetic forces are similar to electric forces, except there are NO magnetic charges.
+ “Magnetic Monopoles”, theoretical magnetic charges, have never been observed.

» The ends of magnets act like charges (North & South)

» Like poles repel, opposite poles attract

* Magnetic poles create magnetic fields

* Field lines move from “north” poles to “south” poles

» These forces and fields, actually come from atoms themselves, which act as tiny magnets.

Magnetic Forces F=qixB |F|=/qVxB|=qV]| B]|Sing
i K
F=qdetlv, v, v, |=q(v,B,-Vv,B)i+q(v,B,—V,B,)j+q(v,B,-v,B)k
Bx y Bz

* F = Force felt by charge
» (=charge
* v =velocity of the charge
* B = Magnetic field
» Only moving charges are affected by magnetic forces.
» The velocity must have a component L to the magnetic field.
» The units of the magnetic field are the Tesla: 1T =1 N-s/(C-m).

Right Hand Rule
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Example: A particle with a charge of +8.40 nC and a speed of 45.0 m/s enters a uniform magnetic field
whose magnitude is 0.300T. What is the force on the charge if the angle between its velocity
and the magnetic field is 30.0°?

| F|=|qVv || B|Sin® = (8.40.C)(45.0 m/s)(0.300T)Sin30° = 56.7 uN

Example: A velocity of a +17.6 uC charge is v = (24.0m/s) 1+ (15.0 m/s)j . It is moving in a region
with a uniform magnetic field B =(0.200 T) 1 + (0.250T)j. Determine the force felt by the

charge.

F =qV x B = (17.6 4C)[(24.0m/s) + (15.0m/s)j] x [(0.200T )i + (0.250T)]

F = (17.6,4C)[(24.0mk)(0.200TYi x i) + (24.0m/s)(0.250T) (i x j)
+(15.0m/s)(0.200T){x 1) + (15.0m/s)(0.250T) x j)]

F = (17.6 .C)[(24.0m/s)(0.250T XK) + (15.0m/s)(0.200T ) (k)] = (52.8.N)k
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Charged Particle Motion in a Magnetic Field

* Fisalways L tov — changes direction, not speed
« Uniform circular motion can occur.

my o _my
r qB

F=qB=F. =

Example: A charged particle with a charge-to-mass ratio of g/m = 5.70 x 108 C/kg travels on a circular
path that is perpendicular to a magnetic field of magnitude 0.720 T. How much time does it
take the particle to make one complete revolution?

_dist _2m 2 pomvor_m
time T Vv gB v @B

_2m  2mm _ 2x 2

- - - =1.5x10%s
Vv gB  (g/mB (5.70x10°C/kg)(0.720T)

T

When particles move through a super-
cooled gas they cause condensation,
making their paths visible.

The electrons (green) and positrons
(red) follow a curved path due to the
presence of a magnetic field.
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Lorentz Equation: F =q(E +V x B)

* A Velocity Filter can be made using “crossed fields”

Y > F=qE-quB=0 V:E

mi

v The only charged particles that can pass undeflected
- X are those with v=E/B

mi
-
on

Mass Spectrometer

@ lons from source (sample) are accelerated through a potential V.

M, M. SR L. _ip 1 2eV
[E” eV = > mv? v= |/
Al E fiiin B m
Ions” _‘*é_’E i \B 4 . .
[E” = g @ lons pass through “crossed fields”, which act as a velocity selector.
B B

N F. =eE=F, =evB v=E/B
® The ions then follow a curved path (due to B) until measured at the

film. The radius of the path indicates the mass.
mv reB , r’e’B* r%’B’m er’B?

Detector
(Film)

r=-—= 2
eB Y \; 2eV 2V

Force on a Current Carrying Wire F = ILxB
* In an infinitesimal amount of time At an infinitesimal amount of charge Aq passes by a spot in
our wire.

F = Ag-vBSing :[%j (v-At)BSin@ = ILBSing

Example: A square coil of wire containing a single turn is placed in a 0.250 T magnetic field as shown.
Each side has a length of 32.0 cm and the current in the coil is 12.0 A. Determine the
magnetic force on each of the 4 sides.

On right and left sides, L is parallel to B: F=0
= On top and bottom, L L B:
I F=ILB = (12.0A)(0.320m)(0.250T) = 0.960 N

=i
]

— F points outward on top and inward on bottom

All Rights Reserved



57|Spurlock’s Technical Physics Il Lecture Notes

Magnetohydrodynamic Propulsion

@® Sea water flows through an intake into a chamber. An electrical
potential is established on plates on opposite sides, creating an

Lttt i+ +++++++1] - eleCtriC fleld in the Chamber.
_®§§§§‘8’_,.. @ lon lons in the sea water are pushed by the electric field, creating an
BB OB ® S Force electric current, which moves across the chamber.
ROV DD
PRIDRRD® = ® A magnetic field is added L to the electric field. The electric current
[ 7 interacts with the magnetic field, resulting in a force that pushes the
charges through.

@ Pushing water out the back can be use to propel a vehicle forward
(Newton’s 3™ Law) very quietly (as there are no moving parts).

Magnetic Forces From Varying Currents

 Ifl, L, B, or 6 varies, use dF = IdL x B (instead of F = ILxB) and integrate.

Example: A rigid wire carrying a current I, consists of a semicircle of radius R, and two straight
portions as shown. The wire lies in a plane L to a uniform magnetic field of magnitude Bo.

The straight portion of the wire have length=a within the field. Determine the net force on
the wire.

Straight Sections: F =ILBSing = ILBo

dF These point in opposite directions (cancel)

dl
S B, Curved Sections: dF = IBSinqdL = IBodL

dF = vector — Must sum components
R x-components will cancel (symmetry)

F|=F, =[dF-Sing=[1B,-Sing-dL
0 0

i F :IIBOSin¢-Rd¢: |BORjSin¢d¢
0 0

F|= IB,R[- Cosg =2IB,R
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Torqgue on a Current Carrying Wire T = NAIBSin(0)

W
-]
i -
| L
|
| B
I —

Torque from one arm: 7 = FrSing = (ILB)(VEV Sing
Torque from both arms: 7= ILWBSIng = IABSIn&

Torque from N turns: 7=NIABSIng

Magnetic Dipole Moment: i = NIA T=1xB

Example: A 1200-turn coil in a DC motor has an area per turn of 1.10 x 10 °m?. The design for the
motor specifies that the magnitude of the maximum torque is 5.80 N-m when the coil is
placed in a 0.200 T magnetic field. What is the current in the coil?

Toax (5.80N-m)

r=NIABSING ., =NIAB | = Jmex L =2.2A
NAB  (1200)(1.10x10"2m?)(0.200T)

Magnetic Fields Produced by Currents: B = ﬂ—ol

2ar
] * B =Magnetic field
l e | =Current
I e r = Distance from wire
< ‘_:;E * o = “Permeability of free space” = 4nx107 T-m/A
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Example: A long straight wire carries a current of 48.0 A. The magnetic field produced by this current

at a certain point is 80.0 uT. How far is this point from the wire?

_#l _[#0)) _(2,107T.m/A)-2BOA 4 120m
278 \27)B 80.0x10°T

Attraction/Repulsion of Two Current-Carrying Wires

|
u N B,="21  Fy=LLB
i A
_ Ml _
L I, B, =222 F,=lLB

11,1,
F=F,=F, ="

2 1
_-- -‘_
FlZ FZI

» Attractive or repulsive?
* Currents in same direction = Attractive
» Currents in opposite directions = Repulsive

» What if the wire on the right is rotated so the 12 goes into or out of the page?
* For both wires, B and I will be parallel: Sin6=0 F=ILBSin6=0

Biot-Savart Law: dB = 2! 91 xF JdB Mol Id| x f

2

dr r

Biot-Savart Law produces the magnetic field created by any wire

(straight or curved)

=gl dlx P = wol pdl xF
dB =—"- B=|dB=
4z r? I 47r-[ r’

|~

P= rP=r-r=|f

=l

Note: This is a vector sum!

dB = yOISdeI

Anr?
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Example: Biot-Savart Law on Long Straight Wire

1) Mark a “dI”

R @ 2) Draw in r vector & 6
] x 3) Find variable for “dI”

v

L 4) Find direction of dB

==}
1

Sinéd

I,2

dy

dl=—
di=dy
dB — Hol dl x dB - onSI?de BZ#—OIJ
4 r? 4rr 4r

. R wl ¢ R U
Sing=— B:iIde r=yR’+y’> B= Oj[RZ

X

From Integral Table: x2+a’ [ dx=—
J-[ T a2 [X2+a2

_ IR y _KIR[ 1 (—_1j _ Kl
4r | R?Jy? +R? 47 |R® \R?)| 2aR

Example: Biot-Savart Law to Find B at the Center of a Current Loop

dl x¢
B=[dB= - j -
All of the dB’s point the same direction
Integrate magnitude (no need to sum by components)
J- Sm@

_ Ml

Ampere’s Law:
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Ampere’s Law on Long Straight Wire

_ * Due to symmetry B is constant around loop
" * Bis parallel to Al
I . §§-df:§Bd|=B§d|=B(2m)
—|ll>B

. BQRm)=yl B=tel
2

Ampere’s Law on Solenoid § B-dl = 1l e

* Draw in a loop...

B~0 ) §é-d|‘=j|§.df+jé.d|+j dl +[B-dl
I a c d
COOOOOEOOOE « Pathsa&care L toB: ;[g {B-dl‘:o

_EE " - » Qutside B~0: IB'd':
®®®;®®®®®® * {B-di =[B-dI =[Bdl =B[dl =Bl
B~0 l * Bl=yy(NI) B="°+\"=ﬂ0n|

* N = Number of Turns n = Turns/length

Example: What is the magnetic field produced in the center of a solenoid with 500.0 turns per meter
carrying a current of 2.00A?

B = ,nl = (47 x107" T-m/A)(500.0m™)(2.00A)=1.26 mT
Example: A 1250 turn solenoid that is 25.0 cm in length carries a current of 8.00mA. If an electron

moves in a circular path in the center with a speed of 5.64x10° m/s, what is the radius of its
path?

g _ 4Nl _ (47>x107T-m/A)(1250Y8.00x10°A)
L 0.25m

_mv_ (911x10°'kg)(5.64x10°m/s)
T gB  (160x10™°C)(50.265x10°°T)

=50.265 4T

=639mm

Maagnetic Flux
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®, =B- A
—— -
Magnetic Area
Flux
A —_—
o A 1 Surface
B —
‘A‘ — Area

+ Constant magnetic flux does nothing!

» Changing Magnetic flux (by changing B, A, or 0) creates an emf.

. . ()
Faraday’s Law (Electromagnetic Induction): [emf|= N AP,

~N —d(BAdCt:OSQ) c;t ACos0 + NBZ—COSQ + NBad(€Os)

* Currents and emfs created in this manner are called “induced”

* |emf|

N AgDB _ (¢B)Final _(QB )Initial
|emf|AVG - N At - N At

Example: When the conducting rod of length L = 1.60m is pulled to the right at v =5.00 m/s through
the magnetic field B = 0.800 T in the figure below, the 96.0 Q2 bulb lights. Determine (a) the
average emf delivered to the bulb, (b) the current in the bulb, and (c) the power delivered.

Q B =constant g = constant

Conducting
Rod \ Conducting

- e lemf| = NB Aenat ~ At 059
XXXXXXAXX. At
L | XX XXX X XN >¢

XXXXXXAXX | Cosa=1 N=1
| I Acinat = A = [L(Xo +VAYHLX, ]= Lvat

Xy

a) |emf|= NBAH%;A‘H"Cose = B";—ft = BLv =(0800T)(160m)(5.00m/s)= 6.40V
emf 640V
b) |=——=—"—"—=66.7MA c) P=1V =(66.7mA)(64V)=0427W
) r " 9800 ) ( )(64V)
. W Fd
Where does this energy come from? P= T Fv=(ILB)v=I(BLv)=
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Lenz’s Law : An induced emf resulting from changing magnetic flux has a polarity that leads to an
induced current whose direction is such that the induced magnetic field opposes the
original flux change.

Dy

BOriginal - ) - emfinduced - Iinduced - Binduced
Lenz’s Law: The direction of Binduced IS Opposite the direction of Adg/At emf =—N AEB
ot B is into the board.
DHR:;ﬂng Conducting . R R R
N / Rail A®dg/At is increasing — same direction as B — Adg/At

T XX X X X X X XXI is into the board.
L I XXX XX XX "Cuuducﬁng B —> opposite direction to Ads/At — Bj is out of the

KKK AKX AKAK AKX K, Rt~ | board,
- 1

! . i Hence, | is CCW
0

Note: the RHR applied to a positive charge in the rod gives an upward force

Example: A circular coil (950 turns, 60.0 cm in radius) is rotating in a uniform magnetic field. At
t =0.00 s, the normal to the coil is perpendicular to the magnetic field. After the coil makes one
eighth of a revolution in t = 10.0 ms, the normal to the coil makes an angle of 45° with the field.
An average emf of 65.0 mV is induced in the coil during this time. What is the magnitude of the
magnetic field?

—Cosb.

init

Cosb .
emf| =N 4% _ Nag =2t
At At

lemf |4t (0.0650v)(0.0100s)

" NA[Cosd, ., —Cosb, ] (950)[z(0.600m)*][Cos45° — C0s90°]

=85.6uT

Example: A piece of copper is formed into a single circular loop of radius 12.0 cm. A magnetic field is
oriented parallel to the normal to the loop, and it increases from 0 to 0.600 T in a time of 0.450
s. The wire has a resistance per length of 3.30 x 102 3/m. What is the average electrical
power dissipated by the resistance in the wire?

A,

|emf|:N ZW
At

0.450s

B. —B..
= NAf'"a'A—t"“t Cosf = (1)z(0120m) (1)=60.3186mV

R= L(%j = 27(0120m)(330x107202- m) = 0.02488Q

p V' _ (0.0603186V )’

= =0.146W
R 0.02488Q
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Example: A circular coil (950 turns, 60.0 cm in radius) is positioned in a magnetic field with the face of
the coil perpendicular to a time-varying magnetic field, B = at?>+B, where o. = 0.125 T/s?and
B =12.5T. Determine the magnitude of the emf in the coil att = 25.0 ms.

0% _ A28
t dt

lemf| = N (zr?)(20t) = (950)z(0.600m)? (2)(0.125T /57)(0.0255) = 6.72V

lemf|=N

Electric Generator : emf = NBAaSin(at)

If we send current through the loop the magnetic field creates torque,
turning the loop. This is a motor.

Instead of sending current through the loop, we rotate the loop in the field,
generating an emf (and hence current). This is an electric generator.

da,

emf =—N " @, = BAC0s0
emf = -NAB S - N S0 E8 - NaBSingo) (. - NABaSin(at)
de t dt
Back EMF in Motors : oY —em eFbeack

* Current through a motor’s coil(s) experiences a force opposing the motion (back emf)
» Generator — coil rotates in B field generating emf and current
* Motor — emf and current in coil causes it to rotate in a B field.

* Once rotating, a motor acts as a generator, drawing power from the motor (Lenz’s Law)
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Example: When a motor powered by a 120V source first starts running it draws 39.3 A. Once it is
running at full speed the motor draws 7.21 A. Determine the back emf at full speed.

R=Y - 12V _3 0534350

|  39.3A

emf.., =V — IR = (120V) — (7.21A)(3.053435Q) = 98V

Transformers: V_l = & I_l = &
V2 N2 I2 Nl
I 5 V,=- AD, V, =—N ADg
1 s ~ 1 1 At 2 2 At
&®= = V., N
V TN = Now divide: L= —1
1 = 1 Nz: 3 JVZ v, N,
\., vy i
Turn Ratio — N1:N2
. ) I, V, N,
* Power Remains Constant: 1V, =1V, —“S=—=—+=
I1 VZ N2

» For the Transformer to function it requires that Fg be changing — AC

Transmission Lines

* While the resistance of wires in circuits is negligible, in transmission lines where conductors
may be miles long the losses are significant

+ P=IR

* To minimize the losses, transformers are used to operate at high voltage (low current) across the
transmission lines. Then stepped down at “load”.
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