Constant Magnetic Field Magnetics (Part - 1)

Q. 219. A current I =1.00 A circulates in a round thin-wire loop of radius R = 100
mm. Find the magnetic induction

(a) at the centre of the loop;

(b) at the point lying on the axis of the loop at a distance x = 100 mm from its
centre.

Solution. 219.

(a) From the Biot - Savart law,
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From the symmetry

(b) From Biota-Savart’s law :
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Since x'is a constant vector and | R | is also constant
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Here # isa unit vector perpendicular to the plane containing the current loop (Fig.)
and in the direction of *°
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Thus we get
Q. 220. A current I flows along a thin wire shaped as a regular polygon with n

sides which can be inscribed into a circle of radius R. Find the magnetic induction
at the centre of the polygon. Analyse the obtained expression n — o
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Solution. 220. As " or perpendicular distance of any segment from
R m.SE * - - - - - -
centre equals ™ Now magnetic induction at O, due to die right current carrying
element AB
Ko i . X
RPN R

(From Biot- Savart’s law, the magnetic field at O due to any section such as AB is
perpendicular to the plane of the figure and has the magnitude.)
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As there are n number of sides and magnetic induction vectors, due to each side at O,
are equal in magnitude and direction. So,
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Q. 221. Find the magnetic induction at the centre of a rectangular wire frame
whose diagonal is equal to d = 16 cm and the angle between the diagonals is equal
to @ = 30°; the current flowing in the frame equals I = 5.0 A.
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Solution. 221. We know that magnetic induction due to a straight current carrying wire
at any point, at a perpendicular distance from it is given by :
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where r is the perpendicular distance of the wire from the point, considered, and 01 is
the angle between the line, joining the upper point of straight wire to the considered
point and the perpendicular drawn to the wire and 0> that from the lower point of the
straight wire.
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Hence, the magnitude of total magnetic induction at O,
By= B, +8,+B,+B,
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Q. 222. A current | =5.0 A flows along a thin wire shaped as shown in Fig. 3.59.
The radius of a curved part of the wire is equal to R = 120 mm, the angle 2¢ = 90°.
Find the magnetic induction of the field at the point O.
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And magnetic induction due to the line segment at O,
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So, total magnetic induction at O,
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Q. 223. Find the magnetic induction of the field at the point O of a loop with
current I, whose shape is illustrated

(a) in Fig. 3.60a, the radii a and b, as well as the angle ¢ are known;

(b) in Fig. 3.60Db, the radius a and the side b are known.

Solution. 223. (a) From the Biot-Savart law,
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So, magnetic field induction due to the segment 1 at O,
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So, By= B, +B,+B;+B,+B;
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Q. 224. A current | flows along a lengthy thin-walled tube of radius R with
longitudinal slit of width h. Find the induction of the magnetic field inside the tube
under the condition h K R.

Solution. 224. The thin walled tube with a longitudinal slit can be considered
equivalent to a full tube and a strip carrying the same current density in the opposite
direction. Inside the tube, the former does not contribute so the total magnetic field is
simply that due to the strip. It is
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Where r is the distance of the field point from the strip.
Q. 225. A current | flows in a long straight wire with cross-section having the form

of a thin half-ring of radius R (Fig. 3.61). Find the induction of the magnetic field
at the point O.
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Fig. 3.51.
Solution. 225. First of all let us find out the direction of vector #at point O. For this
purpose, we divide the entire conductor into elementary fragments with current di. It is

obvious that the sum of any two symmetric fragments gives a resultant along - F shown
in the figure and consequently, vector B will also be directed as shown

So, |B|= desinq: (1)
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Hence

Q. 226. Find the magnetic induction of the field at the point O if a current-
carrying wire has the shape shown in Fig. 3.62 a, b, ¢. The radius of the curved
part of the wire is R, the linear parts are assumed to be very long.

Fig. 3.62,

Solution. 226. (a) From symmetry

(b) From symmetry
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Q. 227. A very long wire carrying a current | =5.0 A is bent at right angles. Find
the magnetic induction at a point lying on a perpendicular to the wire, drawn
through the point of bending, at a distance | = 35 cm from it.

Solution. 227.
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or, | By | = %ﬁ = 20T, (using 3.221)

Q. 228. Find the magnetic induction at the point O if the wire carrying a current |
= 8.0 A has the shape shown in Fig. 3.63 a, b, c. The radius of the curved part of
the wire is R =100 mm, the linear parts of the wire are very long.
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Solution. 228.



Yo i Mo i Moi

" aaRCE) g B R CR)
Mo &

-+4—E[2k+u:]

5o |Bol- T2V 4= 030uT

() B,= B, +B,+B,

bo i o= Wi . = Wi =
VY AR AR AL oty
Mo i
- -Hf{k+{x+1}¢ |
So,

| B, |= :‘—;téﬁ +(n+1)’ = 034puT

(c) Here using the law of parallel resistances

Lo 1
iy+5=1and é-i.

i ti
b

Wi

So,

=i

ip= %f, and i = i
Hence

o “9(3 ]‘“T'] o (%/2) iy :1
— i —
Thus ﬂn'g;ii-khq {.HH 2R an R

+

=

Wi

4n

ol

)+0

'a"lﬂl'-

]
ar g~ tuuT

=u|“1

B,|=
Thus, Bl -
Q. 229. Find the magnitude and direction of the magnetic induction vector B



(a) of an infinite plane carrying a current of linear density i; the vector i is the
same at all points of the plane;

(b) of two parallel infinite planes carrying currents of linear densities i and —i; the
vectors i and —i are constant at all points of the corresponding planes.

Solution. 229. (a) We apply circulation theorem as shown. The current is vertically
upwards in the plane and the magnetic field is horizontal and parallel to file plane.
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(b) Each plane contributes 2 between the planes and outside the plane that cancel.
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Thus 0 outside.

Q. 230. A uniform current of density j flows inside an infinite plate of thickness 2d
parallel to its surface. Find the magnetic induction induced by this current as a
function of the distance x from the median plane of the plate. The magnetic
permeability is assumed to be equal to unity both inside and outside the plate.

Solution. 230. We assume that the current flows perpendicular to the plane of the
paper, by circulation theorem,
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Outside, 28 dl = uﬂ{:.’dd”j
or, B= p,dj |z d

Q. 231. A direct current I flows along a lengthy straight wire. From the point O
(Fig. 3.64) the current spreads radially all over an infinite conducting plane
perpendicular to the wire. Find the magnetic induction at all points of space.

g
Fig. 3.B4.

Solution. 231. It is easy to convince oneself that both in the regions. 1 and 2, there can
only be a circuital magnetic field (i.e. the component Be). Any radial field in region 1
or any B; away from the current plane will imply a violation of Gauss’ law of magneto
statics, B, must obviously be symmetrical about the straight wire. Then in 1,
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Q. 232. A current I flows along a round loop. Find the integral L along the

axis of the loop within the range from —oe te +co. Explain the result obtained.

. #ylR’ .
On the axis,B= ————m = B, along the axis.

Solution. 232. 2(R"+x)
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The physical interpretation of this result is that -«  dx can be thought of as the
circulation of B over a closed loop by imaging that the two ends of the axis are
connected, by a line at infinity (e.g. a semicircle of infinite radius).

Q. 233. A direct current of density j flows along a round uniform straight wire
with cross-section radius R. Find the magnetic induction vector of this current at
the point whose position relative to the axis of the wire is defined by a radius
vector r. The magnetic permeability is assumed to be equal to unity throughout all
the space.

Solution. 233. By circulation theorem inside the conductor
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Q. 234. Inside a long straight uniform wire of round cross-section there is a long
round cylindrical cavity whose axis is parallel to the axis of the wire and displaced
from the latter by a distance 1. A direct current of density j flows along the wire.
Find the magnetic induction inside the cavity. Consider, in particular, the case | =
0.



Solution. 234. We can think of the given current which will be assumed uniform, as
arising due to a negative current, flowing in the cavity, superimposed on the true
current, everywhere including the cavity. Then from the previous problem, by
superposition.

It L vanishes 50 that the cavity is concentric with the conductor, there is no magnetic field
in the cavity.

Q. 235. Find the current density as a function of distance r from the axis of a
radially symmetrical parallel stream of electrons if the magnetic induction inside
the stream varies as B = br®%, where b and a are positive constants.

Solution. 235. By Circulation theorem,

F

B -lar= uﬂjjf_r'}xznrrdr‘r
o

or using B, = br* inside the stream,
brtla pﬂfjr;f}r'dr‘
L1

So by differentiation,
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Q. 236. A single-layer coil (solenoid) has length | and cross-section radius R, A



number of turns per unit length is equal to n. Find the magnetic induction at the
centre of the coil when a current | flows through it.

Solution. 236. On the surface of the solenoid there is a surface current density

y=nle,
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Then, o

Where 7o is the vector from the current element to the field point, which is the centre
of the solenoid.

Now,
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Q. 237. A very long straight solenoid has a cross-section radius R and n turns per
unit length. A direct current I flows through the solenoid. Suppose that x is the
distance from the end of the solenoid, measured along its axis. Find:

(a) the magnetic induction B on the axis as a function of x; draw an approximate
plot of B vs the ratio x/R;

(b) the distance xo to the point on the axis at which the value of B differs by n =
1% from that in the middle section of the solenoid.

Solution. 237. We proceed exactly as in the previous problem. Then (a) the magnetic
induction on the axis at a distance x from one end is clearly,
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x > 0 menas that the field point is outside the solenoid. B then falls with x. x < 0 means
that the field point gets more and more inside the solenoid. B then increases with (x)
and eventually becomes constant, equal to po nl. The B - x graph is as given in the
answer script.
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(b) We have,
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Q. 238. A thin conducting strip of width h = 2.0 cm is tightly wound in the shape of
a very long coil with cross-section radius R = 2.5 cm to make a single-layer straight
solenoid. A direct current | = 5.0 A flows through the strip. Find the magnetic
induction inside and outside the solenoid as a function of the distance r from its
axis.

Solution. 238. If the strip is tightly wound, it_hmust have a pitch qf A. This means that

the current will flow obliquely, partly along % and partly along ‘e

surface current density is,

Obviously, the



Vi-(h2xRY ¢+ -2% .|

T -

=

By comparison with the case of a solenoid and a hollow straight conductor, we see that
field inside the coil
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Note - Surface current density is defined as current flowing normally across a unit
length over a surface.

Q. 239. N = 2.5.10° wire turns are uniformly wound on a wooden toroidal core of
very small cross-section. A current I flows through the wire. Find the ratio n of the
magnetic induction inside the core to that at the centre of the toroid.

Solution. 239. Suppose a is the radius of cross section of the core. The winding has a
pitch 27R/N, so the surface current density is

To ® SeR/N €1t 2mg 2

Where €13 a unit vector along the cross section of the core and ™ a unit vector
along its length. The magnetic field inside the cross section of the core is due to first

term above, and is given by BsZR= oM
(N1 is total current due to the above surface current (first term.))

ThUS, B‘ = uﬂﬂffl:rrﬂ

The magnetic field at the centre of the core can be obtained from the basic formula.
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The ratio of the two magnetic field, is ~ =

Q. 240. A direct current I =10 A flows in a long straight round conductor. Find
the magnetic flux through a half of wire's cross-section per one metre of its length.

Solution. 240. We need the flux through the shaded area.
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Now by Ampere's theorem;
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The flux through the shaded region is,
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Q. 241. A very long straight solenoid carries a current I. The cross-sectional area
of the solenoid is equal to S, the number of turns per unit length is equal to n. Find
the flux of the vector B through the end plane of the solenoid.

Solution. 241. Using Q.237, the magnetic field is given by,
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B= —yynl=_—B, where By= y,nl,
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Is the field deep inside the solenoid. Thus,

O = %uﬂnﬁ’i’= Ty/2, where P = p,nlS

Is the flux of the vector B through the cross section deep inside the solenoid.



Constant Magnetic Field Magnetics (Part - 2)

Q. 242. Fig. 3.65 shows a toroidal solenoid whose cross-section is rectangular. Find
the magnetic flux through this cross-section if the current through the winding
equals I = 1.7 A, the total number of turns is N = 1000, the ratio of the outside
diameter to the inside one is 1 = 1.6, and the height is equal to h = 5.0 cm.

% b

Fig. 3.65.

Solution. 242. By2wr= NI
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Q. 243. Find the magnetic moment of a thin round loop with current if the radius
of the loop is equal to R = 100 mm and the magnetic induction at its centre is equal
to B=6.0 pT.

Solution. 243. Magnetic moment of a current loop is given by pm - n'i S (where n is the
number of turns and 5, the cross sectional area.) In our problem,

2 Mo i
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Q. 244. Calculate the magnetic moment of a thin wire with a current 1 = 0.8 A,
wound tightly on half a tore (Fig. 3.66). The diameter of the cross-section of the
tore is equal to d = 5.0 cm, the number of turns is N = 500.



Fig. 3.66.
N
Solution. 244. Take an element of length rd 6 containing turns. Its magnetic
moment is
Nao-2a2r
T 4

Normal to the plane of cross section. We resolve it along OA and OB. The moment
along OA integrates to
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Q. 245. A thin insulated wire forms a plane spiral of N = 100 tight turns carrying a

current I =8 mA. The radii of inside and outside turns (Fig. 3.67) are equal to a =
50 mm and b = 100 mm. Find:

(a) the magnetic induction at the centre of the spiral;
(b) the magnetic moment of the spiral with a given current.



Fig. 3.67.

Solution. 245. (a) From Biot-Savart’s law, the magnetic induction due to a circular
current carrying wire loop at its centre is given by,

B,- 22

2r

The plane spiral is made up of concentric circular loops, having different radii, varying
from a to b. Therefore, the total magnetic induction at the centre,

wef B @

Where 2! Is the contribution of one turn of radius r and dN is the number of turns
in the interval (r, r + dr)

.e. b-a

Substituting in equation (1) and integrating the result over r between a and b, we
obtain,
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(b) The magnetic moment of a turn of radius and of all turns,

b
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Q. 246. A non-conducting thin disc of radius R charged uniformly over one side
with surface density ¢ rotates about its axis with an angular velocity o. Find:



(a) the magnetic induction at the centre of the disc;
(b) the magnetic moment of the disc.

Solution. 246. (a) Let us take a ring element of radius r and thickness dr, then charge on
the ring element.,dq=c62 nrdr

i = ;nz:rtrdr!m_ o wrdr

And current, due to this element, in

And hence, from symmetry 0

(b) Magnetic moment of the element, considered,

dp, = {d:'}:urz- cwdrar=onwrdr

Hence, the sought magnetic moment,
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Q. 247. A non-conducting sphere of radius R = 50 mm charged uniformly with
surface density ¢ = 10.0 pC/m? rotates with an angular velocity ® = 70 rad/s about
the axis passing through its centre. Find the magnetic induction at the centre of the
sphere.

Solution. 247. As only the outer surface of the sphere is charged, consider the element
as a ring, as shown in the figure.



The equivalent current due to the ring element,

di = %[stinﬂrdG}G (1

And magnetic induction due to this loop element at the centre of the sphere, O,
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Hence, the total magnetic induction due to the sphere at the centre, O,
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Hence,

Q. 248. A charge g is uniformly distributed over the volume of a uniform ball of
mass m and radius R which rotates with an angular velocity e.) about the axis
passing through its centre. Find the respective magnetic moment and its ratio to
the mechanical moment.

Solution. 248. The magnetic moment must clearly be along the axis of rotation.

: _ —L_uv. _
Consider a volume element dV. It contains a charge 473K The rotation of the

sphere causes this charge to revolve around the axis and constitute a current.
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Its magnetic moment will be
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So the total magnetic moment is
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The mechanical moment is

2 52 Pu_ g
M= zmR*w, So, 2= L.

Q. 249. A long dielectric cylinder of radius R is statically polarized so that at all its
points the polarization is equal to P = ar, where a is a positive constant, and r is
the distance from the axis. The cylinder is set into rotation about its axis with an
angular velocity . Find the magnetic induction B at the centre of the cylinder.

Solution. 249. Because of polarization a space charge is present within the cylinder. It’s
density is

p,= ~div P= -2a

Since the cylinder as a whole is neutral a surface charge density op must be present on
the surface of the cylinder also. This has the magnitude (algebraically)

UFKEJI.R- 2anR? or, O,= oR

When the cylinder rotates, currents are set up which give rise to magnetic fields. The
contribution of Ppand o, can be calculated separately and then added.
For the surface charge the current is (for a particular element)

mﬂxmmx%- aR2mdx

Its contribution to the magnetic field at the centre is
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And the total magnetic field is
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As for the volume charge density consider a circle of radius r, radial thickness dr and
length dx.

_ whxﬂxrd!d:xzﬂz —2ardrode
The current is T

The total magnetic field due to the volume charge distribution is
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}

R

= -fuunmrdrxlu-pﬂumﬂz so, B=B +8,=10
0

Q. 250. Two protons move parallel to each other with an equal velocity v = 300
km/s. Find the ratio of forces of magnetic and electrical interaction of the protons.
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Solution. 250. Force of magnetic interaction, * == %)
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Q. 251. Find the magnitude and direction of a force vector acting on a unit length
of a thin wire, carrying a current | = 8.0 A, at a point O, if the wire is bent as
shown in

(a) Fig. 3.68a, with curvature radius R = 10 cm;

(b) Fig. 3.68Db, the distance between the long parallel segments of the wire being
equal tol=20cm.

Fig. 3.88.

Solution. 251. (a) The magnetic field at O is only due to the curved path, as for the line
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(b) In this part, magnetic induction £ 2 @ will be effective only due to the two semi
infinite segments of wire. Hence
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Thus force per unit length,
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Q. 252. A coil carrying a current I = 10 mA is placed in a uniform magnetic field so
that its axis coincides with the field direction. The single-layer winding of the coil
is made of copper wire with diameter d = 0.10 mm, radius of turns is equal to R =
30 mm. At what value of the induction of the external magnetic field can the coil
winding be ruptured?

Solution. 252. Each element of length dl experiences a force Bl dl. This causes a
tension T in the wire.

Bldl
N
® T die’ T
2

For equilibrium,
Tdo= Hf.tﬂ,

Where da is the angle subtended by the element at the centre.

T= Bfﬂz BIR

Then, da



The wire experiences a stress
BIR
xnd/4

This must equals the breaking stress om for rupture. Thus,

B :ltdzcr”
max = TR

Q. 253. A copper wire with cross-sectional area S = 2.5 mm? bent to make three
sides of a square can turn about a horizontal axis OO" (Fig. 3.69). The wire is
located in uniform vertical magnetic field. Find the magnetic induction if on
passing a current | =16 A through the wire the latter deflects by an angle 6 = 20°.

Solution. 253. The Ampere forces on the sides OP and O'P' are directed along the same
line, in opposite directions and have equal values, hence the net force as well as the net
torque of these forces about the a x is OO " is zero. The Am pere-force on the segm ent
PP ’ and the corresponding moment of this force about the axis OO' is effective and is
deflecting in nature.
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In equilibrium (in the dotted position) the deflecting torque must be equal to the
restoring torque, developed due to the weight of the shape.
Let, the length of each side be | and p be the density of the material then,

ilB (I cos @) = {SIp}g—smE}-r{SIp]gri—sinB

+(SIp)glsin®
or, i*BcosOm= 25pgl®sind
Hence, B= E-E:EE- tan 0

Q. 254. A small coil C with N =200 turns is mounted on one end of a balance beam
and introduced between the poles of an electromagnet as shown in Fig. 3.70. The
cross-sectional area of the coil is S = 1.0 cm?, the length of the arm OA of the
balance beam is | = 30 cm. When there is no current in the coil the balance is hi
equilibrium. On passing a current | = 22 mA through the coil the equilibrium is
restored by putting the additional counterweight of mass Am = 60 mg on the
balance pan. Find the magnetic induction at the spot where the coil is located.

mﬁ ,.,
WW,% &

Fig. 3.70,

Solution. 254. We know that the torque acting on a magnetic dipole.
N=pLx B

But, Pm=i5", Where 1 s the normal on the plane of the loop and is directed in the

direction of advancement of a right handed screw, if we rotate the screw in the sense of
current in the loop.

iI a’i{:ff.d.ffT
e WP A

5

On passing a current through the coil, this torque acting on the magnetic dipol, is
counterbalanced by the moment of additional weight, about O. Hence, the direction of




current in the loop must be in the direction, shown in the figure.

— — —
I_!:IB- =Ix Amg

So, Nis on putting the values.

Q. 255. A square frame carrying a current 1 = 0.90 A is located in the same plane
as a long straight wire carrying a current lo = 5.0 A. The frame side has a length a,
= 8.0 cm. The axis of the frame passing through the midpoints of opposite sides is
parallel to the wire and is separated from it by the distance which is n = 1.5 times
greater than the side of the frame. Find:

() Ampere force acting on the frame;

(b) the mechanical work to be performed in order to turn the frame through 180°
about its axis, with the currents maintained constant.

Solution. 255. (a) As is clear from the condition, Ampere's forces on the sides (2) and
(4) are equal in magnitude but opposite in direction. Hence the net effective force on
the frame is the resultant of the forces, experienced by the sides (1) and (3).

]
1

14

—
A e . St affm

]

-

Now, the Ampere force on (1),

“E g

And that on (3),

[P
Fye 22,0

T
n+3)

F

So, the resultant force on the frame = F1 - F3, (as they are opposite in nature.)



2 g g

a —————— = (40 uN.
x(@v-1) "

(b) Work done in turning the frame through some

A= [id®=i(®;- ), D

angle, where ™ is the flux through the frame in final position,

and ®2 that in the the initial position.
Here, 2= %= and &~ - @,

S0, AP = 2% and A= (23

A=2i | Bds
Hence, ;_f

ofre)

: L Boilg@ (2n+1
cu [ b,
o n ]"[Z‘r.-l}

9

Q. 256. Two long parallel wires of negligible resistance are connected at one end to
a resistance R and at the other end to a de voltage source. The distance between
the axes of the wires is 1 = 20 times greater than the cross-sectional radius of each
wire. At what value of resistance R does the resultant force of interaction between
the wires turn into zero?

Solution. 256. There are excess surface charges on each wire (irrespective of whether
the current is flowing through them or not). Hence in addition to the magnetic

force Fw we must take into account the electric force Fe Suppose that an exc ess
charge X corresponds to a unit length of the wire, then electric force exerted per unit
length of the wire by other wire can be found with the help of Gauss’s theorem.

T I

Fo= )= hthr,aﬁT- dmeyl’

4

1)
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Where | is the distance between the axes of the wires. The magnetic force acting per
unit length of the wire can be found with the help of the theorem on circulation of

vector B

Ky 2i

F,= L2

(2)

where i is the current in the wire.
Now, from the relation, *= €, where C

A, = C @, where C is the capacitance of the wires per unit lengths and is given in
problem Q.108 and ¢ = iR

I & am
ry o iR or, A" weR (3)

e .. ] ifl'«:ulll (3), we get,
Dividing (2) by (1) and then substuting the value of *

F.. Mg (lam)*
F, & xR

The resultant force of interaction vanishes when this ratio equals unity. This is possible
when R = Ro, where

Ry= VE ML 93640
LU

Q. 257. A direct current I flows in a long straight conductor whose cross-section
has the form of a thin half-ring of radius R. The same current flows in the opposite
direction along a thin conductor located on the "axis' of the first conductor (point
0 in Fig. 3.61). Find the magnetic interaction force between the given con- ductors
reduced to a unit of their length.



fp&’
W

Fig. 3.64.
Solution. 257. Use Q.225

The magnetic field due to the conductor with semicircular cross section is

Q. 258. Two long thin parallel conductors of the shape shown in Fig. 3.71 carry
direct currents 1 and .. The separation between the conductors is a, the width of
the right-hand conductor is equal to b. With both conductors lying in one plane,
find the magnetic interaction force between them reduced to a unit of their length.

L.

Fig. 3.71.

Solution. 258. We know that Ampere’s force per unit length on a wire element in a
magnetic field is given by.

=

T

Lt

=l
Sy
P2

—{—

b e e s e e e T

s e e

1
l

dF':- i'.{;:x.aj where n

Is the unit vector along the direction of current. (1)



Now, let us take an element of the conductor i2, as shown in the figure. This wire
element is in the magnetic field, produced by the current i1, which is directed normally
into the sheet of the paper and its magnitude is given by,

(T

|Bl= 37 (2)

From Egs. (1) and (2)

— fz A —* I—zdr]
dF, = 3 dr(nxB). gecause the current through the element equals ®

— I, I PR
So, dF, = % f- d{- towards left (as n L" B ).

Hence the magnetic force on the conductor:

a+h

— g I L dr
F o= -I-I-I.-Eﬂ_ T{lﬂwardslcft] -ﬂﬁh‘“.b

Pl (towards left).
[}

Then according to the Newton’s third law the magnitude of sought magnetic interaction
force

oy 1y In a+h
nb a

Q. 259. A system consists of two parallel planes carrying currents producing a
uniform magnetic field of induction B between the planes. Outside this space there
iIs no magnetic field. Find the magnetic force acting per unit area of each plane.

Solution. 259. By the circulation theorem B = pol,
where i = current per unit length flowing along the plane perpendicular to the paper.
Currents flow in the opposite sense in the two planes and produce the given field B by

superposition.
1

The field due to one of the plates is just 2 " The force on the plate is,

1

B = i x Length x Breadth = -2% per unit area.

1
2

(Recall the formula F = BIl on a straight wire)



Q. 260. A conducting current-carrying plane is placed in an external uniform
magnetic field. As a result, the magnetic induction becomes equal to B; on one side
of the plane and to B, on the other. Find the magnetic force acting per unit area of
the plane in the cases illustrated in Fig. 3.72. Determine the direction of the
current in the plane in each case.

iy 8z By B2 & 0O

| YIS
I |

{a) (&) (c)
Fig. 3.72.
Bl + B:

Solution. 260. (a) The external field mustbe 2 which when superposed with the

B, -B,
internal field 2  (of opposite sign on the two sides of the plate) must give actual
field. Now

F

Thus, 21y
B, -B,

(b) Here, the external field mustbe 2 upward with an internal



B,+B,
field, 2 " upward on the left and downward on the right Thus,

. B, +B,
=

Blz - Bzz

and F= T

Bl Bg

(c) Our boundary condition following from

Gauss’ law is, B, cos 0, = B, cos 0,
Also,(B, sin 8, + B, sin 8;) = pgi where
{= current per unit length.
B, sin 8, - B,sin 0,
The external field parallel to the plate must be 2

(The perpendicular component Bi cos 61, does not matter since the corresponding force
is tangential)

B,*sin® 8, - B, sin’ 8,

Thus, F= o per unit area
~Hg
312 - '522 .
= W Per unit area.
& &

/
/ B,

B1

The direction of the current in the plane conductor is perpendicular to the paper and
beyond the drawing.

Q. 261. In an electromagnetic pump designed for transferring molten metals a pipe
section with metal is located in a uniform magnetic field of induction B (Fig. 3.73).



A current | is made to flow across this pipe section in the direction perpendicular
both to the vector B and to the axis of the pipe. Find the gauge pressure produced
by the pump ifB=0.10T, 1 =100 A, and a= 2.0 cm.

i}

d bz

Y sl

Fig. 3.73.

Solution. 261.

8
L

b

S where L
The Current density is %’

produced must be,

is the length of the section. The difference in pressure

Ap = ixﬂx{ubf.]fnb- %

Q. 262. A current I flows in a long thin walled cylinder of radius R. What pressure
do the walls of the cylinder experience?

Solution. 262. Let t - thickness of the wall of the cylinder. Then, J=1/2 n R t along z
axis. The magnetic field due to this at a distance r

3 I ..
(R-Zﬁr-:Ri-z],lsgwenh:.r,

I 2 12
B, (2 ar)= "‘“2.—:11:"{* '[R'z] }

ThY |
v dmRre

or, B [P - (& -1/2)*)



R+t
+2

r
R+
1

F, 1 ol 2
nd  P* 3RRL" 2xRL fa,sﬂz,z, {rz—(ﬂ—%] }xlnrf.dr

r
R-3

R+%

Mo l’ f 2 r\? "ﬂfz
. ——— -|&-%| pdr= i3
SR’ [ z] B8Rt

3
R=3

o 1 2 Mo l?
- Re+0 (¢t
s Ry 0]~ o

Q. 263. What pressure does the lateral surface of a long straight solenoid with n
turns per unit length experience when a current | flows through it?

Solution. 263. When self-forces are involved, a typical factor of 1/2 comes into play.
For example, the force on a current carrying straight wire in a magnetic induction B is
BII. If the magnetic induction B is due to the current itself then the force can be written
as,

I
F-IHU"}:IH
0

1
IfB (I @ I', then this becomes, ~ 2 ok

In the present case, #U) = manI and this acts on n | ampere turns per unit length, so,

JJF 1 Ixmdxix] 1902
pressurep Area M Tl 7Ho



Q. 264. A current | flows in a long single-layer solenoid with cross-sectional radius
R. The number of turns per unit length of the solenoid equals n. Find the limiting
current at which the winding may rupture if the tensile strength of the wire is
equal to Fiim.

Solution. 264. The magnetic induction B in the solenoid is given by B = u0 nl. The
force on an element dl of the current carrying conductor is,

1

zpﬂnfztﬂ

dF = IEHHHJI-

This is radially outwards. The factor 1/2 is explained above.
To relate dF to the tensile strength Fiim we proceed as follows. Consider the equilibrium
of the element dl. The longitudinal forces F have a radial component equal to,

dF = ZFsiuI;—ﬂ- Fdo

. 1 2
Thus using dl = Rd 0, F= E“\:r'”'f R

2 lFllm
This equals F;;, when, I'= [, = v -—=

pgn R

Note that Fiim, here, is actually a force and not a stress.



Constant Magnetic Field Magnetics (Part - 3)

Q. 265. A parallel-plate capacitor with area of each plate equal to S and the
separation between them to d is put into a stream of conducting liquid with
resistivity p. The liquid moves parallel to the plates with a constant velocity v. The
whole system is located in a uniform magnetic field of induction B, vector B being
parallel to the plates and perpendicular to the stream direction. The capacitor
plates are interconnected by means of an external resistance R. What amount of
power is generated in that resistance? At what value of R is the generated power
the highest? What is this highest power equal to?

Solution. 265. Resistance of the liquid between the plates = pd/S

Voltage between the plates = Ed = v Bd,

vBd

R+%d-

Current through the plates

Power, generated, in the external resistance R,

v'B'dR v'B’d’ 5 d 7 ;
P= 5 - 1- V2
R pd vR _pd_ 4 _ pd
o] (R {R 2 .2 Ve
Rl aa P - vB'sd
This is maximum when S O dp

Q. 266. A straight round copper conductor of radius R = 5.0 mm carries a current
I =50 A. Find the potential difference between the axis of the conductor and its
surface. The concentration of the conduction electrons in copper is equal to n =
0.9.102 cm?,

Solution. 266. The electrons in the conductor are drifting with a speed of,
P, - in I
“ ne xRne’

Where e = magnitude of the charge on the electron, n = concentration of the conduction

electrons.

The magnetic field inside the conductor due to this current is given by,



2 1 bo fr
Ev{lm'j A ;?f"“ or, ‘BT 1_1['};{3

A radial electric field vB, must come into being in equilibrium. Its P.D. is,

&

a:pf N U B (9 B
xR ne 21 R? xR ne|4n 4R ne

1]

Q. 267. In Hall effect measurements in a sodium conductor the strength of a
transverse field was found to be equal to E = 5.0 uV/cm with a current density j =
200 A/cm? and magnetic induction B = 1.00 T. Find the concentration of the
conduction electrons and its ratio to the total number of atoms in the given
conductor.

Here,vy = g— and j= newvy

Solution. 267.

5 200x10° 2% 1T

12 m v/

n= = i
eE 16x10""Cx5x10™

50,

= 25 x 10% perm® = 2:5 % 107 per c.c.

Atomic weight of Na being 23 and its density = 1, molar volume is 23 c.c. Thus

6 x 107
number of atoms per unit volume is 23

= 26 x 107 per c.c.

Thus there is almost one conduction electron per atom."'

Q. 268. Find the mobility of the conduction electrons in a copper conductor if in
Hall effect measurements performed in the magnetic field of induction B = 100 mT
the transverse electric field strength of the given conductor turned out to be n =
3.1.10% times less than that of the longitudinal electric field.

Solution. 268. By definition, mobility

dirft velocity or .
Electric field component causing this drift K E;

On other hand,



E,= vB= E—'r as given so, p= L 32107 m2/(V - 5)
m nBs

Q. 269. A small current-carrying loop is located at a distance r from a long
straight conductor with current 1. The magnetic moment of the loop is equal to pm.
Find the magnitude and direction of the force vector applied to the loop if the
vector pm

(a) is parallel to the straight conductor;

(b) is oriented along the radius vector r;

(c) coincides in direction with the magnetic field produced by the current | at the
point where the loop is located.

_ Mol
Solution. 269. Due to the straight conductor, By= 2

We use the formula, F= ®xV)B

(a) The vector P= is parallel to the straight conductor.

B=10,

&l

-

Because neither the direction nor the magnitude of B depends on z

(b) The vector = is oriented along the radius vector P

—
F=p_

a—
E.rB

The direction of & "*9" js parallel to the direction at r. Thus only the cp

= = -
component of ¥ will syrvive,

Foup QM PolPn
Ul L I el i

(c) The vector P= coincides in direction with the magnetic field, produced by the
conductor carrying current |

- I de.
Fup 2 Polos MlPumde
Mrap 2T ¢ 20 Op
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Q. 270. A small current-carrying coil having a magnetic moment pm is located at
the axis of a round loop of radius R with current | flowing through it. Find the
magnitude of the vector force applied to the coil if its distance from the centre of
the loop is equal to x and the vector pm, coincides in direction with the axis of the
loop.

Solution. 270.

F.'I'- PM%HI

wy ! Rdl M IR
P B G R 2@ R

Wog I2mR* 3
S F= - 25 = 2x-
0, At (e RYL2 Pom

wo 6XR*Ip_x
an (4« R)V?

Q. 271. Find the interaction force of two coils with magnetic moments pim = 4.0
mA+ m?and pzm = 6.0 mA+ m? and collinear axes if the separation between the coils
Is equal to I = 20 cm which exceeds considerably their linear dimensions.

Solution. 271.
pop. 8| P3P TR
TR P
8 (R0 Pim|_ -3 FoPimPim
ol 2w g3 2 gt 9 N




Q. 272. A permanent magnet has the shape of a sufficiently thin disc magnetized
along its axis. The radius of the disc is R = 1.0 cm. Evaluate the magnitude of a
molecular current I' flowing along the rim of the disc if the magnetic induction at
the point on the axis of the disc, lying at a distance x = 10 cm from its centre, is
equal to B = 30 uT.

Solution. 272. From Q. 270, For x >> R,

u R
B~ ——
x

. 2B.X  2%x3x10°°Tx (10" ' m)’
or, ['= — = o

0-5 kA
weR*  126%107 %% (107 %m)*

Q. 273. The magnetic induction in vacuum at a plane surface of a uniform
isotropic magnetic is equal to B, the vector B forming an angle a with the normal

of the surface. The permeability of the magnetic is equal to p. Find the magnitude
of the magnetic induction B* in the magnetic in the vicinity of its surface.

Solution. 273.
—— >
B
>
B
P L .0
Vaccum

B = Brosa,
H’[- -!--Baiu a1,
Ky -

B =pBsinao

So,

B = ;'31|||I"r|,l.2 sin” @ + cos- o

Q. 274. The magnetic induction in vacuum at a plane surface of a magnetic is equal
to B and the vector B forms an angle 6 with the normal n of the surface (Fig. 3.74).



The permeability of the magnetic is equal to R. Find:

(a) the flux of the vector H through the spherical surface S of radius R, whose
centre lies on the surface of the magnetic;

(b) the circulation of the vector B around the square path T Wit side | located as
shown in the figure.

Solution. 274.
©f #a5-§ (E-7)45- f TuT e § FaTio

Now J'is 50 no vanishing only in the bottom half of the spare.

‘ 3
I,

Here, B), = Bcos®, H',= —Bsin0, B',= pBsin6, H', = ——cos 0
Mo Hito

Tk
g

PRS- LY UURE A RP R 5 5
Ho m ™

Only Jn contributes the surface integral and

-.cf 7 d5= -ii f'fd"'-i J@S-W(bi}



®) § B di=(B,-B,)I=(1-wBIsin0
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Q. 275. A direct current I flows in a long round uniform cylindrical wire made of
paramagnetic with susceptibility y. Find:

(a) the surface molecular current I's;

(b) the volume molecular current I'y.

How are these currents directed toward each other?

Solution. 275. Inside the cylindrical wire there is an external current of

1

5
density ™ this gives a magnetic field H, with

r Ir
H 2ar= [ or, H_=
L3 R—I L zﬂRI

g Ir -
B = 07 ana g = Mol Xl

= — = Magnetization.
. —1 3 i E
Fromthis * 2=R ¥ 2 R* 2R

Hence total volume molecular current is,
Tedre | 2=
v 2R “T X

rm R

The surface current is obtained by using the equivalence of the surface current density

= _x
to 7= this gives rise to a surface current density in the z-direction of

The total molecular surface current is,
. -
Iy= - 555 (2aR) = —yl.
The two currents have opposite signs.
Q. 276. Half of an infinitely long straight current-carrying solenoid is filled with

magnetic substance as shown in Fig. 3.75. Draw the approximate plots of magnetic
induction B, strength H, and magnetization | on the axis as functions of x.
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Fig. 3.75.

Solution. 276. We can obtain the form of the curves, required here, by qualitative
arguments.

From J; H-dl= 1,

We get Hix>>0)m Hix <<Q)= nl

Then .B{.-T = {}}- HP.,DP‘II

Bx <0)= pynl
Also, Bix<O)= p H(x<0)

Jix<0)=10

B is continuous at x = 0, H is not These give the required curves as shown in the
answer-sheet.

Q. 277. An infinitely long wire with a current | flowing in it is located in the
boundary plane between two non-conducting media with permeability’s p1 and L.
Find the modulus of the magnetic induction vector throughout the space as a
function of the distance r from the wire. It should be borne in mind that the lines
of the vector B are circles whose centres lie on the axis of the wire

Solution. 277. The lines of the B as well as H field are circles around the wire. Thus



Hnmr+Hymr=1 or, H+H,= i

Also pop, Hy = wHypy= B = By= B
w1
Wyt g o’
W 1
Byt o
HiBy T
“Dpl-l-p.:,;?[l‘.

Thus H =

H,y=

and B=

Q. 278. A round current-carrying loop lies in the plane boundary between
magnetic and vacuum. The permeability of the magnetic is equal to R. Find the
magnetic induction B at an arbitrary point on the axis of the loop if in the absence
of the magnetic the magnetic induction at the same point becomes equal to Bo.
Generalize the obtained result to all points of the field.

Solution. 278. The medium I is vacuum and contains a circular current carrying coil
with current 1. The medium II is a magnetic with permeability p. The boundary is the
plane z = 0 and the coil is in the plane z = I.To find the magnetic induction, we note that
the effect of the magnetic medium can be written as due to an image coil in Il as far as
the medium | is concerned. On the other hand, the induction in Il can be written as due
to the coil in I, carrying a different current. It is sufficient to consider the far away
fields and ensure that the boundary conditions are satisfied there. Now for actual coil in
medium |,

ESC 1,.:(“

|
B,= %(2 cos” ©' - sin” ©') and B = 3—?‘{—3 sin 0’ cos 0)

SO, 4m



where pm =1 (m a?), a = radius of the coil.

Similarly due to the image caoil,

B = “'I:Ip M {st B Siuz Br], B I‘I'I:I.pm

I

(35in® cos0), p',, =I'(xa")

As far as the medium Il is concerned, we write similarly

3 sin 0 cos 0), p", = I'" (na®)

Mo P"
L Y0P » (3 cos 0 - sin? @), B,= g

z

.. - g (fr B. = B
The boundary conditions are, #=*#=" #'n (o™ B1x= B2

r 1 nr
-Pu+Pm- _;p ME&um Hll- Hﬂ}

L 2’!‘" !‘r !"I‘-]j

Thus, mel 70 ptl

In the limit, when the coil is on the boundary, the magnetic field everywhere can
28I Thus, Be —2E- 5,
be obtained by takin g the current to be #+1 e+l

Q. 279. When a ball made of uniform magnetic is introduced into an external
uniform magnetic field with induction By, it gets uniformly magnetized. Find the
magnetic induction B inside the ball with permeability p; recall that the magnetic
field inside a uniformly magnetized ball is uniform and its strength is equal to H' =
— J/3, where J is the magnetization.

Solution. 279. We use the fact that with in an isolated uniformly magnetized ball,
— —m = J’
H=-J/3 B = i

» where Jis The magnetization vector. Then in a

uniform magnetic field with induction ®e we have by

. B,
superposition, . 3 Mg



— - —
or, B, +2pu,H, =38,
also, By, = uiug Hy,
— SEEI — 3 ,..L.Bn
Thus, H = and B, =
o e+ 2) "on+2

Q. 280. N =300 turns of thin wire are uniformly wound on a permanent magnet
shaped as a cylinder whose length is equal to | = 15 cm. When a current |1 =3.0 A
was passed through the wiring the field outside the magnet disappeared. Find the
coercive force Hc of the material from which the magnet was manufactured.

Solution. 280. The coercive force Hc is just the magnetic field within the cylinder. This

_ _ _ H, = *'i‘,{ = 6 kA/m
is by circulation theorem,

[ Hdr=1 .
{":’"'ff Hdr=1 total current, considering a rectangular contour.)

Q. 281. A permanent magnet is shaped as a ring with a narrow gap between the
poles. The mean diameter of the ring equals d = 20 cm. The width of the gap is
equal to b = 2.0 mm and the magnetic induction in the gap is equal to B. = 40 mT.

Assuming that the scattering of the magnetic flux at the gap edges is negligible,
find the modulus of the magnetic field strength vector inside the magnet.

Hdl=0
Solution. 281. We use, ff

bz

Neglecting the fringing of the lines of force, we write this as

H{nd—b}+£b- 0
iy

H e -‘-% = 101 A/m
or, Ho



The sense of H is opposite to B

Q. 282. Aniron core shaped as a tore with mean radius R = 250 mm supports a
winding with the total number of turns N = 1000. The core has a cross-cut of width
b =1.00 mm. With a current | = 0.85 A flowing through the winding, the magnetic
induction in the gap is equal to B = 0.75 T. Assuming the scattering of the magnetic
flux at the gap edges to be negligible, find the permeability of iron under these
conditions.

NIy, -Bb
_ § Hdl= NI o, H@xR)+22e NI, so, Hem —0_ "
Solution. 282. Here, Hy 2aR pg

_ B _ _2xRB__
b M H  wNI-Bb

3700
Hence,

Q. 283. Fig. 3.76 illustrates a basic magnetization curve of iron (commercial purity
grade). Using this plot, draw the permeability p. as a function of the magnetic field
strength H. At what value of H is the permeability the greatest? What is pmax,
equal to?

&7 .
15 - HHH ]
| —
il T . RERN
1 T T ¥
7 T T i
1 i
1 T
T
I . !-. L ] —.I-- —
a5 - !
i ] Basic magrelization curve
- T &f dreecommercexd o
-— ity grode)
sRdfessnastet IREaEEiERe
N | I |
) &y a2z Fik oy a5 && A fm

B
Solution. 283. One has to draw the graph of Mo H viersus H from the given graph.

The p - H graph starts out horizon tally, and then rises steeply at about H =0.04 K A/ m

before falling again. Wmax™ 10,000.



Q. 284. A thin iron ring with mean diameter d = 50 cm supports a winding
consisting of N = 800 turns carrying current | = 3.0 A. The ring has a cross-cut of
width b = 2.0 mm. Neglecting the scattering of the magnetic flux at the gap edges,
and using the plot shown in Fig. 3.76, find the permeability of iron under these
conditions.
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Fig. 3.76.
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Solution. 284. From the theorem on circulation of vector f .
Bb NI d
Hr:d-r;-ﬂf of, B %——%—H-{l-ﬁl—ﬂ-?ﬁ?}ﬂ,

Where B is in Tesla and H in KA/m. Besides, B and H are interrelated as in the Fig. 3.76
of the text. Thus we have to solve for B, H graphically by simultaneously drawing the
two curves (the hysteresis curve and the straight line, given above) and find the point of
intersection. It is at

He 026 kA/m, Bw 125 T
Then,

B
- = 40K,

Q. 285. A long thin cylindrical rod made of paramagnetic with magnetic
susceptibility x and having a cross-sectional area S is located along the axis of a
current-carrying coil. One end of the rod is located at the coil centre where the
magnetic induction is equal to B whereas the other end is located in the region



where the magnetic field is practically absent. What is the force that the coil exerts
on the rod?

Solution. 285. From the formula, © = ¢ b V)B—=F- Pf 0"V)Bav,

Fe X | BV)Bav
Thus K My

Or since & & predominantly along the x-axis,

x = L
d8 SB
b x %S 2 o _E___ E___
F.=% | B “=%5d = dB
T * 3dx 28 by -f * 2y

Q. 286. In the arrangement shown in Fig. 3.77 it is possible to measure (by means
of a balance) the force with which a paramagnetic ball of volume V = 41 mm?3 is
attracted to a pole of the electromagnet M. The magnetic induction at the axis of
the pole shoe depends on the height x as B = Bo exp (—ax?), where Bo =1.50 T, a =
100 m . Find:

(a) at what height xn., the ball experiences the maximum attraction;

(b) the magnetic susceptibility of the paramagnetic if the maximum attraction
force equals Fmax =1 60 pN.

Fig. 3.77.

Solution. 286. The force in question is,

So,

This is maximum when its derivative vanishes



1
16a°x"~4a=0, o, x,= —
e V4a

The maximum force is

2 1
1 _1,-113[: Vo xByV fa
F =™ da e = -
™ Via 2, [T e

Ve 2 3 -
So. x-[pﬂFw u]/vgu 36 x 10

Q. 287. A small ball of volume V made of paramagnetic with susceptibility y was
slowly displaced along the axis of a current-carrying coil from the point where the
magnetic induction equals B out to the region where the magnetic field is
practically absent. What amount of work was performed during this process?

Solution. 287.

s BV
Fom (P 9) 8= 00

B &
5 IS

dB’
dx

This force is attractive and an equal force must be applied for balance. The work done
by applied forces is,

=L
- x4V awer_ xVE
A f F, dx zpﬂ[ Byt o
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