Physics 336 page 1 Due Sep. 6, 1995

Homework # 1 Solutions

set of units used: MKSA

-Problem 1- By what ratio does the inductance change when an induc-
tor is immersed in linear material of permeability p 7

SOLUTION

In a linear (isotropic) ! material of permeability u, the following relation
holds between the magnetic field H and the magnetic induction B

B=uH . (1)

If ¢p is the flux of the magnetic induction through a surface S bounded
by the wire of an inductor carrying a steady current I, the self-inductance
(inductance) L of the inductor is given by

B da
quﬁsz/S[ (2)

The Maxwell eq. used to find the flux of the magnetic induction through the
inductor is the one containing the conduction current (free current) density,
namely

VxH=1J; . (3)

In the inductor then one must have H o [ and using eq. (1), B o pul.
Finally from the definition of the magnetic flux (see eq. (2)) one easily infers
that also ¢ o< pI and then L has to be

o
L=L,— . 4
" (@)

where L, is the inductance of the inductor in vacuum. One then conculde
that when an inductor is immersed in a linear material of permeability y the
inductance change by the ratio u/p,.

n a non linear (high magnetic field) and non isotropic material eq. (1) would have

the more general form B, = /LS’)BHg + pf’)ﬁﬁHﬂHv +...

In a linear and non isotropic material one would have instead B, = o s Hpg
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-Problem 2-| A small loop of wire (radius b) lies a distance h above the
center of a large loop (radius a), as in figure. The planes of the two loops
are parallel, and perpendicular to a common axis.

(a) Suppose current I flows in the big loop. Find the flux through the little
loop (the little loop is so small that you may consider the field of the
big loop to be essentially constant).

(b) Suppose current I flows in the little loop. Find the flux through the
big loop (the little loop is so small that you may treat it as a magnetic
dipole).

(c) Find the mutual inductance, and confirm that M; 5 = My ;.

N>

loop#2([ D= b

Figure 1: Two current loops

SOLUTION

Suppose that current I; flows in loop 1 generating a magnetic field B; and
I5 in loop 2 generating a magnetic field By, then one can write

¢2,1 = flux of B; through loop 2 = M, 11, (1)
¢1,2 = flux of By through loop 1 = M; 51, (2)
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(a)

The magnetic field generated by the current in loop 1 has the following
exact expression on the axis of the loops
2

B,(0,0,z) = [L;(Z“raa?)?’/?[] 5 (3)

If one assumes (as suggested by the problem) that the loop2 is suffi-
ciently small that the field B; can be considered constant on the surface
enclosed by such loop, then the following equation holds

- pom  a’b?
2 (h2+a?)3?

¢o1 = 70> B1(0,0, R I . (4)

The magnetic dipole moment of the loop 2 is given by

my = ]2(77'()2)2 . (5)
The magnetic field generated by the dipole my is
fo 1 R
B; = Eﬁ[i’)(mg S)F —my| . (6)

The flux of By through the surface bounded by the big loop 1 can be
calculated as follows

_ “O/%de/a d m L 7
012 47 Jo o P p(h2+p2)3/2 h? + p? (7)

_ HoT g /(12 h? 1
— Polpep _
Ty (3(h2 + )52 (h? + )32 (®)

— 2
LoT 5 h? 1 e
= —b Iy |2 g 2 9
4 2 [ (z + h2)3/2 + ($+h2)1/2L:o (9)
2b2
= fom @ I . (10)

2 (h?+a?)3/?
Using eq. (4) and taking into account definition (1) one finds the
following expression for the mutual inductance M,
2 b2
fol G . (11)
2 (a% + h?)3/2
The same expression is found for for the mutual inductance M; 5 from
the result (10) and taking into account definition (2)

MLQ = M2,1 = M . (12)

M2,1 -
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-Problem 3-| Calculate the energy stored in the toriodal coil described
in the figure, knowing that the energy is “stored in the magnetic field” in
the amount (1/2u,)B? per unit volume. Use your answer to calculate the
self-inductance of the coil.

dr

AXis

Figure 2: Toroidal coil with rectangular cross section (inner radius a, outer
radius b and height h), which carries a total of N turns.

SOLUTION

We have to find the total energy “stored in the magnetic field” inside the
toroidal coil, namely

1

= B? dr . 1
211, /all space T (1)

The cross sectional shape of the coil is immaterial as long as it remains the
same all the way around the ring (¢ € [0,27]). In this case follows that the
magnetic field of the toroid is circumferential at all points and is given by
the following expression

oIV T . :
B(r) — M27W for points inside the coil . 2)
0 for point outside the coil
Calling V,,; the space region occupied by the coil one can write
2 2) 2 _ 1 2 b
B® dr = B*(r) rdr d¢ dz = —2(NI)*[hIn(-)] . (3)
all space Veoil 2m a
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From the definition of energy associated to a magnetic field (eq. (1)) one
finds the following expression for the total energy “stored in the magnetic
field” inside the toroidal coil

Fo 2 b
W =-—(NI)*hin(—)] . 4
Ko (NTP[bin( ) ()
From this information one can compute the self-inductance of the coil. Look-
ing at W as the energy “stored in the current distribution” of the toroidal
coil (i.e. the work spent to raise the current in the coil from 0 to I) one
comes up with the relation

1
W= LI (5)

Finally from the result (4) and the expression (5) one obtains the self-
inductance of the toroidal coil as

ZLEONLI )

2 a

L =




Physics 336 page 6 Due Sep. 6, 1995

-Problem 4-|An electromagnetic crane is constructed af a U-shaped steel
yoke with 1000 turns of wire carrying current I, as shown in the figure be-
low. The permeability of the steel is 1000 u,. We want to lift a steel bar
of dimensions 30 cm x 30 em and having the same permeability. Note that
the dimensions of the bar are exactly such that the yoke and the bar form a
square donut.

Estimate the magnitude of I in order that we are just able to lift the bar.
The density of the steel is 8 g/cm?.

| HINT F = —V Energy |

y
. i

60 cm W

10
30 cm

30 cm 60 cm 30 cm

>

Figure 3: Both the yoke and the bar have a depth of 30 cm.

SOLUTION

Usefull quantities to solve the problem in MKSA units:

ps =8 x 10% kg/m density of the steel
s = 1000 g, magnetic permeability of the steel
o = 4m x 107 "m kg/(A?sec?) magnetic permeability of the vacuum
Vy = 2u volume of the yoke
V, = 0.108 m? volume of the steel bar to lift
My = pV;, = 8.64 x 10* kg mass of the steel bar to lift
g~ 10 m/sec acceleration of gravity

N = 1000 turns of wire
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n = N/(0.6 m) = 1.67 x 10% turns/m turns per unit length

To lift the bar one has to overcome the gravitational force acting on the
steel bar, namely F, = Mg = (8.64 x 103N)x.

The current flowing in the N turns of wire induce a constant magnetic induc-
tion B = ugnl inside the U-shaped steel yoke. Due to the high permeability
of the steel the force lines of the magnetic induction will be trapped inside
the donut composed by the yoke and the bar (see fig. 3). As long as the
distance of the yoke from the bar (|z| in the fig. 3) is small enough one can
assume that all the force lines of the magnetic induction will remain inside
the donut. Then the energy associated to the magnetic field of all the system
can be evaluated as follows

1 1 1
W(z) = / ~B2dr = —(Vy + V,) B? 2(Sz) B2 1
(%) all space 2u T 2,us( v+ V) B+ 2/t () (1)

where S = 9 x 107%m is the area of the constant cross section of the donut.
The last term of the right hand side of eq. (1) is obtained from the following
considerations: one can assume that the magnetic induction in the region

L M

Ms

Figure 4: Behaviour of the magnetic induction through the contact region
between the yoke and the bar.

of the yoke near to the contact with the bar, doesn’ t have any components
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parallel to the contact surface between the yoke and the bar (infact since in
the problem ps > p,, one can assume that the force lines of B are constrained
to follow the circuit formed by the yoke), as is sketched in fig. 4 . Then using
the boundary conditions deriving from the maxwell equation V - B = 0 one
can conclude that the amplitude of the magnetic induction in the vacuum
regions has to be the same as the one of the magnetic induction in the yoke.
Returning to eq. (1) one observes that W is a function of the position x of
the steel bar (the yoke is fixed) and can finally evaluate the force that the
yoke exercise on the bar, following the HINT of the problem
2 2
W) _ 5B _ g5 ury (2)
dx Mo Mo

Fp=—x

Then Fp result to be opposed to Fj; and in order to lift the bar one must

have
23
Fs>F, = 1>N@ﬂﬁ n2) (3)

Inserting the numerical values one gets

I>166x10"1A . (4)



