Code: Phy/ EM-4/MEC/002

Electromagnetism: Magnetic Effect of Electric Current

Typical Questions (Set-2)

1-01

Given that emf of each of the battery is E =5 V and
resistances are marked in the circuit.

g F g
A E
Applying Kirchhoff’s Current law in loop ABCF, the emfs in
braches Fa and BC are opposed to each other. Hence, current R, R, R;
i = REi = ﬁ = i; = 0....(1). This is independent of
1 2 1 2 B '_—4'_—__ D
g C g

values of resistances.

Likewise, in loop FCDE, i, = —— = —2 = {, = 0...(2).
Ry+R3;  R,+R;3
Thus current in branch CF i = i; — i3. Combining (1) and (2) current i = 0. Thus in entire circuit current is

zero and hence there will be no magnetic field at any point either within or outside the circuit. Hence proved.

1-02

The problem states that current in both the conductors are equal, but is silent whether they are in the same
direction or in the opposite directions. Taking current in upward
direction 7 = ij therefore current in the opposite direction would be V=
i(_j)- L 7 P L 7 P
Magnetic field at appoint at distance F; rj from a long wire carrying current i ; ﬂ A i i ﬁ # '
ol 4

applying Biot-Savart’s Law is B = %(—i) ...(1), as shown in the figure.

Three-dimensional unit vectors are also shown in the figure for convenience.

Lorentz’s Force Law force stipulates force on a charge in presence of electric + ) L
field as F = q(E + U x §)...(2). In the instant case there no electric field ‘ >
(E = 0), the entire effect of force is due to current. Accordingly (2) is modified
asF=q0+3xB)=F=qbxB..03).

Current is rate of flow of charge g = Al...(4). Here, A is charge per unit length and [ is length of the conductor. As per
the Principle of Electrical an electrical system charge on conductor is being continuously replenished such

that 52 = qi = (D = qi = 1(AP) = ¢ = li...(5).

Figure shows both the cases when currents in both conductors is in the same direction and opposite. Accordingly,
combing (3) and (5) with the stipulation of current in the beginning —
(2) Currents in the same Direction: Force on them would be F = li x B = F = I(ik) x B(~i) = F = —Bilk x i.

The vector product leads to F= Bil(—j). The (-)ve sign depicts force is in direction opposite to the vector 7 i.e.
attractive.

(b) Currents in the same Direction: Force on them would be F = [i’ x B = F = l(i(—?E)) x B(~1) = F = Bilk x
i. The vector product leads to F= Bilj. The (+)ve sign depicts force is in direction of the vector 7 i.e. repulsive.
Despite direction of the force in two cases discussed above magnitude of the force is F = Bil...(6). Thus magnitude of
! gince, absolute permeability u, = 4 X 1077, it leads to

2nr

the force combining (1) and (6) is F = ;‘-;iil =>F=

4rx1077)xi2 2x1077)xi2
_ ( X )Xl lﬁ ( X )Xl l...(7)

2nr T
_(2x1077)x20%x0.1

Using the given data in (7), 2.0 x 10~° = r = 0.4m or 40 cm is the answer.

r




1-03

A per Biot-Savart’s Magnetic field at point placed at a distance d from a long conductor

carrying current i is B = T‘I’; Al ...(1). Here 71 is a unit vector perpendicular plane b gl 2ol

containing direction vector of # and d. For the placement of current carrying conductors i A i % i #
as shown in figure current in conductor A will produce magnetic field at B is BBA =

;‘;( 1)...(2)and at C is Bcp = - (Zr)(—L):BCA—E( ...(2). A

Likewise., magnetic at B due to current in conductor at C is B¢ = ;‘—7‘;(?)...(3) and ¥
atCiSEAC ():>BCA— ‘uOl (l) (4) A B C

(Zr)
Similarly, magnetic field A due to current in conductor B is EAB = %(i)...(S) and at C is §CB =

Hol ~ B _ Mol o
ppo (=) = Bca = 4nr( 0)...(6).

Thus, net magnetic field at B is Bz = Bga + Bgc = *ﬂ — (D) + ”—"i — (1) = By = ﬂ ~ (-1 =0...(7).

While, net magnetic field at A is By = Bag + BAC = ”"‘ = (D) +o Lol e OES B, = —( ) ...(8). And, net
magnetic field at C is B¢ = Bcg + Bea = ”Ol > (<) + ( z) = BC = i’;"rl( D) ...(9).

Force per unit length, experienced by each of the conductor as per Lorentz’s Force Law is F=1xEB ...(20).
Here, 7 is the current in the conductor experiencing the force when placed in magnetic field B.

Using (10) and magnetic field at Bg at B, B, at A, and B¢ at C as per (7), (8) and (9) respectively, while
current in each of the conductor is given to be ik —

Force Fg experienced by conductor at B is Zero, since one of the multiplicand Bg = 0., is one of the answer..

- ~ i - i2 ,~
While, the force F, experienced by conductor at A is  F, = (ik) X (% (i)) =>s F, = 3;:; (kx1). It

_ 3moi® .
leads F £ ;; ..(11), i.e. attractive towards other two conductors.

Likewise, force F¢ experienced by conductor at Cis F¢ = (ik) x ( ”0‘( z)) >s Fy = 3”‘” — (ke x ©). It

leads F, = f: 7‘;; (—)) ...(12), i.e. attractive towards other two conductors.

Accordingly, using (11) and (12) magnitude of attractive force per unit length experienced by conductors A
-7 2

and C, with the available data Fy = Fc = F = % >F = % X 1073 = F = 6.0 x 107*N is the

answer.

Thus, Force experienced by middle conductor is Zero, while forces experienced by extreme conductors
are 6.0 x 10~*N and attractive is the answer.

1-04

Combining Biot-Savart’s Law and Lorentz’s Force law force experienced by

conductor carrying current i,, when placed in magnetic field produced by another ‘_," l$ 4 e ~i
- - - T B
parallel conductor carrying current iy is Fp = 7, X By...(1). A ,-3% :'3#

It is required to find position of a third conductor w.r.t. two parallel conductors A
and B carrying currents i; = 10 A and i; = 40 A, respectively, along j. The two
conductors are separated by d =1, + 1, = 0.10 m...(2) T-»

In respect of position of third conductor experiencing Zero Force, it is essential that i
direction of magnetic field produced two conductors A and C, carrying unequal A B c
currents, but in same direction (k), as shown in the figure. This is possible when

position vectors 7, and 7, are in opposite direc them as shown in the figure. Thus, By = 0...(3) is possible




only when conductor B is placed parallel to conductors A and C and in-between the two, as shown in the
figure. Thus, 7, = r,j and 7, = 1, (—)).

Magnetic field at B due to current in A, as per Biot-Savart’s Law is Bgp = ;‘ 7‘;1 (=1)...(4). Likewise, magnetic

field at B due current in C is By = 222 > (0)...(5).

Combining (3) and (4), net magnetic field at B is By = Bga + Bpc = Bg = ”"ll (D + g Hols (§)...(6).

27Ty

Combining (3) and (6), Holy (-0 + 27‘;:3 H=0= 20” —tols B _ 53, —1 = r—“ Applying invertendo-
b

T, 2Ty Ta Ty i3
10

40+10

ra

componendo, 3+ = =>1,=00,+1) (i3+i1). Using the available data, r, = 0.1 x (

or 2 cm from conductor A carrying current 10 A, is the answer.

): 0.02m

1-05

In the given system wires ACE and BDF have negligible resistances. ,
Therefore, voltage drop across them are zero Thus nodes A,C and E are —>
at same potential. Likewise, potentials of points B,D and F are at same
potentials.

I
Further it is given that wires AB, CD and DE are long wires having —@-P p —
identical resistances and thus form parallel circuit of long wires of equal 9 *
resistances. Current through these wires is equal and it is i. Moreover AR
separation between adjacent wires as shown in the figure is r = 1.0 X
1072 m. As per Kirchhoff’s law at node C current measured by ammeter
30A=3i=1i=10A. Magnetic field produced at apoint at a distance d by a long current carrying wires as

per Biot-Savart’s Law is B = % fi ...(1). Here, A is unit direction vector along [ x d where [ is the direction
vector along which current is flowing and d is the direction vector of the point,w.r.t. current, where magnetic
field is being considered. Further, as per Lorentz’s Force Law F = q(E + # X B)...(2). In this case there is

no static electric field i.e. E = 0 therefore,(2) takes a form F= qv X §...(3). Here g = Al where is charge
on conductor at any instant which is flowing in the conductor with a unform velocity ¥, 4 is linear charge

density on the wire of length . Thus, (3) get further moderated to F = (A)(vj) x B = F = (AW)(lj) x B =
F = ilj x B...(4) Here, ] is unit vector along the length of the wire.

b~ ——— -~ =y ——

E £ F

Thus, combining (1) and (4), force experienced by AB will have additive effect of currents in CD and EF in
the same direction except that separation in case of CD is r while for EF is 2r. Thus net force on AB will be
N o o ~ " 2 . P -
Fap = (B2 + 5020 (<k) = Fyp =22 (k). Using the data, Fp = 0= (—F) = 200D g
leads to a Fyp = 3 x 107>(—k) N/m or a downward force 3 x 10~3 N/m is answer of one part.

Likewise, force experienced by wire CD magnetic field produced by wire AB and EF equal in magnitude but
in opposite direction to displacement vectors along (%) and (—1) which cancel each other. Thus, in absence of
current carrying wire CD placed in Zero magnetic field force experienced by it will be zero, is answer of
second part.

Thus, answers are 3 x 1073 N/m downward force on wire AB and Zero force on wire CD.




1-06

Given system of long wires is shown in the figure. The conductor CD carrying
a current i, = 50.0 A is fixed. Another conductor AB having linear mass Amms
density 1 = 1.0 x 10~* kg-m is held directly above CD at a separation r = I

5.00 X 1073 m. L

It is requwed to find current in AB which by virtue of electromagnetic force ¢ —p— D
balances its weight. We know that force
between two wires carrying current in same direction experience
Lyt rrr o2k 4, attractive electro-magnetic force. But, when currents are in opposite
P directions the force is repulsive. In the instant system Welght of wire AB
is Fy = Ag = F, _;tg( k)...(1),
here acceleration due to gravity is taken to be g = 10 m/s.

| Wi
YYYYYVA 24— 2 » <@—— 5 @ Ahhdais

We know that force of repulsion between two wires carrying current in
opposite directions, using Biot-Savart’s Law and Lorentz Force Law, is

-

F =122 (k) N/m...(2).

Thus, combining (1) and (2) for equilibrium of forces on wire AB we have F + E, = 0. It resolves into
Holyiz Holllz 27'[)((5 0><10 3)x(1.0x107*)x10
- (k) +’19( k) =0=>——==Ag>i = Uoiz (47x10~7)%X50.0 -t

solves into i; = 0.50 Amp in opposne direction is the answer.

N.B.: The problem does not state value of g and it has been taken as 10 m/s2. Accordingly, numerical value
of the answer would depend upon value of galong with the principle of Significant Digits.

1-07

Magnetic field produced at apoint at a distance d by a long current carrying wires as per Biot-Savart’s Law

is B = % ..(1). Here, A is unit direction vector along I x d where [ is the direction vector along which

current is flowing and d is the direction vector of the point,w.r.t. current, where magnetic field is being
considered. Further, as per Lorentz’s Force Law F= q(ﬁ + v X §) ...(2). In this case there is no static electric
field i.e. E = 0 therefore,(2) takes a form F = q# x B...(3). Here q =
Al where is charge on conductor at any instant which is flowing in the
conductor with a unform velocity v, A is linear charge density on the wire

of length Al. Thus, (3) get further moderated to F= AD () x B>

= (Av) () x B=>F= ilj x B.. .(4) Here, j is unit vector along the
Iength of the wire.

The square wire loop consisists of broadly two parts —

Part (a): Sides PQ and RQ of length a = 0.02 m carry@ng current along length () and (- ). These currents
are perpendicular to the magnetic field B = % k ...(5) produced by wire AB carrying current i, (),

here r is the distance of the portion of length Ari of wiree PQ. This is in accordance with (1). This
field when interacts with current i;in portion Ari produces a force as per (4), with appropriate

variables and direction vectors in (5), is AF = i;Ari x B. It further solves into AF = i;Arf x
(% E) = AF = MAr(—j)...(6). Thus net force on side PQ is ﬁpQ = (fd Holaly dr) -H=

at+d 2nr

. .oad ..
= _ [#olsl Uolql Uolql ~ Uolqix [ 1
Foq = [52] ()= Fpq =[Sz~ FRZe] (). It solves to Fpq=For2 [ -

Hoiqiz [(at+d)?—d?

(a+2d) n
(a+d)2] =n= FPQ T 2n | d2(a+a)? ] =n= FPQ - ”021:2 [dg(a+d)aZ] (=)...(7). Where as force

. a+d poiqi ol iz18t4 > Uglql
on side RS is Fgs= (fd —;nlrz dr) (=) = Frs = [—;ni;]d (=) = Frs = [—2n(31-1+;)2 -

Molrlz] & 2 _ Molyip [d*—(a+d)? _ ﬂohlz (a+2d)a] , «
anz] ( ]) = Frs = 27 [az(a+d)2 ] ( ]) It solves into FRS - ( ) [az(a+d)2]( ]) =

Frg =tz [ (a”d)a] ()...(8). From (7) and (8) it is proved the forces on S|des PQ and RQ are

2w la?(a+d)?
equal in magnitude and opposite in direction,




Part (b): We know that force of on repulsion between two parallel wires carrying current in, using Biot-

Savart’s Law and Lorentz Force Law, as per (6) would be F =i1f><(“°i2 E):ﬁ =

#01112 (
2nr
aj and for wire SP, lsp = a(—j).Further, the wire QR is at a distance TQR =dandrsp=a+d.

Accordingly, using (9) force on wire QR is Fog = ”OL”Z (l x k) = For = ”"I”Z L2 (a() x k) =

k) .(9). Here, [ is the vector length of wire along current i;. Thus, for wire QR, lQR =

ijira . iqi
FQR = ”OZL(O...(IO). Likewise, force on wire SP is Fsp= ;‘;: 2 (lsp xk)= Fsp =

i1i,a ~ .
ZZ‘(’:;Z) (a(—)) x k) = Fsp = %(—1)...(11). Repulsive nature of force on the two sides is

evident from (1) and (11), yet magnitudes of forces on the two sides are unequal.

Thus, net force on the loop PQRS is F = (Fpq + For) + (Frs + Fsp)- Using, derivation in part (a)

and results in (10) and (11) we have F = FRS+FSP Bo12e (1) + Z’j;’(i;fg) (=) > F =

Moiriza (1 u0i1i2a _ Hoigipa® : :
bt (P )@= F = —m () = F = 2225 Using the available data,
5 (4mx1077)x6x10%(2x1072)? 7 5

= (X1 D x((2+ Dx10-2) = F=160x10" = F=16x10" (9) N. Thus ,force on

the loop is 1.6 x 10~3 N towards wire AB.

Thus, answers are (a) Proved, (b) 1.6 x 10> N towards wire AB

1-08 | As per Biot-Savart’s Law magnetic field at a point situated at a distance = from a wire of length Al = All
carrying current i along { as shown in the figure is AB = yius Afx = AB =
%Ali X7 = AB = ”‘“Al( k)...(1). The elemental length Al is part of a circle of
radius r subtends an angle A8 at the circle of the circle such that Al = r X A9...(2).
Combining (1) and (2), AB = ”"”Ae (—k). Thus, magnitude of the electric field is AB =
- 3)-
Thus magnetic field at the center of the circular loop is B = fzn Hol ~d6 = f_;i [012" = B = i‘—;i x 27, It
leadsto B = ;...(4).
-7 -7
Using the available data in (4) 2.000 x 10-3 = Y10 )x500 . Umx107)x500 1 — 5,00 x 77 X
2r 2%(2.000x1073)
107* = r = 1.57 x 1072 mor 1.57 cm is the answer.
1-09 | Magnetic field B = 6.0 x 10~° T due to a current i in a circular loop of radius r = 5.0 x 10~2 m at its center
iSB = ”Ol . If it is a coil comprising of n = 100 turns then B,, = ”;’:n >i= ZTB;. With the given data current
0
2 5 —
in the Ioop isi= 2x(5.0107 25(6'0“0 ) i =299yt solves into i = 4.8 x 1072 or 48 mA is the
(4mx10~7)x100
answer.
I-10 | Charge of an electron g, = —1.6 x 1071°C is revolving in circle of radius r = P
0.5 angstrom or r = 0.5 X 107% m making n = 3 x 10° revolutions/sec. Then // Y
instantaneous velocity of the revolving electron v =rw =rx 2nn) = v= S ;\
2rrrn m/s and the electron so revolving establishes a current similar to current in I’ e o
a circular loop i = q,v Amp. Therefore, magnetic field at the center of the | \ 4“’ 1. v
Uoi  (4mx1077)Xqen \ B Dol
circular path of the revolving electron is B = 2‘; Te =>B= \ /
N
(4mx1077)x(1.6x10719)x(3%x105) . s /‘é

— =>B=60x10"" T or 6 x1071° T is the =
2%(0.5x10710)

answer.




N.B.: In case of charges moving in a straight wire, current is i = qu, here q is the charge per unit length of
the wire and v is the velocity of displacement of the charge. But, in the instant case it a single electron is
performing circular motion making n revolutions per second. It is, therefore, equivalent to q,n coulomb
charge passing through every point in every second, and hence current established in the circular loop is i =
q. X n, and not that applicable in case of a straight wire as shown earlier.

I-11

Applying Kirchhoff’s Current Law at nodes incoming current i will split along two identical semicircular arcs
of the circle or radius r each carrying current % ., s shown in the

figure. As per Ampere’s Right Hand Thumb Rule (mathematically
explained by Biot-Savart’s Law) magnetic field produced by upper

half of the circle at its center O By, would be along (k). Likewise,
magnetic field produced by the lower half at the center would be along
(k). Since, the magnetic field is produced beach of the
complementary half of the circle carrying equal currents % and hence
magnitude as per Biot-Savart’s Law would be equal and half of that
produced by current in a circular loop By = B, = g...(l)

Magnetic field produced by a circular current carrying loop, using Biot-Savart’s Law is B = ”—"i ..(2). Thus

combining (1), (2) and direction vectors of the fields discussed above is By = M( k) and BL = “OL (k)

Thus net magnetic field at the center would be By, = By + B, = B, = % (—k) + % (k) =o. Thus, Zero
is the answer.

N.B.: This problem unless asked as a part question or a full question would need to be elaborated accordingly.
Else, it is worth an Objective question.

1-12

Magnetic field at the center of a coil in  — j plane current carrying
in clockwise direction is along (—k) and magnitude of the magnetic
field is B = % .(1). Given are two concentric loops of radius

r, = 0.05mand r, = 0.10 m having turns n, = 50 and r, = 100
m , respectively. Each of the coil is carrying current i = 2.0 Ain
clockwise directions. Accordingly net magnetic field at the

common center of the two coils is B = B, + B,. Here, as per figure

B, = “;”1” (-k) and B, =“;T"22i (=k). Using the available data B = (“g—nl”+“;—fzzl) (-k)=>B =

(M) (Z + rz) (-k)=>B = (—(4"X10_7)X2'0) (5—0 + 100) (-k)=>B=8rx10"*(-=k) T.  Thus

2 2 0.05 0.10
magnitude of the magnetic field is 8 x 10~*T is answer of part (a).

In part (b) direction of current in two coils is in opposite directions, as shown in the figure. Accordingly, B=

ol (_f) +“°—nzi (E)) =5 = (1) (rz ) (k). Using the available data B = (%) (1000 —

27y 2

1000) (k) > B =0 (”"l) (% — ﬁ) (k), i.e, Zero is answer of the part (b)

Thus. answers are (a) 8 x 10~* T (b) Zero.

1-13

The two coils having radius r; = 0.05mand r, = 0.10m have turns n, = 50 n, =
100 recpectively. The axis of the inner coil having 50 turns along j unit vector,
while the coil having 100 turns is so rotated that its axis is along k unit vector. Cock-

wise current i = 2.0A in outer coil produces magnetic field B, = M (=k)...0),

while clockwise current i = 2.0 A in inner coil produces magnetlc field B1 =

% (=1-.(2).




(4mx1077)x50%2.0

2%0.05
(4mrx1077)x100%2.0

10~*T. On the similar lines the magnitude B, = <010 = (4m x 1077) x 1000 > B, = 4w x
10~*T. It is seen that direction vectors of both the magnetic fields . of equal magnitudes B; = B, = 4m X

10T are in perpendicular directions and hence net magnetic fieldis B = (4m x 107%) x V2 = 17.8 x 10™*
T or 1.8 T is the answer

= (4 X 1077) X 1000 = B, = 47 X

Using the available data magnitudes are B; =

1-14

The problem involves application of Biot-Savart’s Law for magnetic field produced
by a circular loop in 7 — j plane of radius r = 0.20 m and carrying current i = 10 A,
as shown in the figure. Accordingly, magnetic field at the center of the loop is B =
olf

2r

Next it is given that an electron having charge g = —1.6 X 10~*° C with moving a
velocity ¥ = 2.0 X 10°9 passes through center of the loop inclined at an angle 6 =
30° with the axis of the loop as shown in the figure. Therefore magnetic force on the

electron as per Lorentz’s Force lawF = q¥ x B = F = quBsin6 . Using the

-7
available data F = (1.6 x 107°) x (2.0 x 10°) x % X % = B = 16w x 107 1°N is the answer.

I-15

A circular loop of radius R carrying a current [ is placed in i — j plane as shown in the
figure. Axis of the loop is along k. Applying Biot-Savart’s law it will produce magnetic
field B = ;‘—;E ...(1), at the center of the loop. Further it is given that another circular loop

of radius r carrying current i in anti-clockwise

B direction as seen against i. The small loop, as shown
B e O i in the figure, is in j — k plane.

| | Af

T‘" A * Statement of the problem shown in the figure on the

[ 1 e\ . v j—». rightside, itisobserved that -

\ O / J N

N Lyl / :’ a) magnetic field at the center of the outer loop of radius R is B.
| |

: b) plane of the smaller loop of radius r is along the magnetic field.
¢) giventhat r « R, and geometrical symmetry of the loop, force
experienced by inner coil as per will produce a torque about &
diameter of smaller coil. We take for convenience diameter of % §
loop along Y-Y” i.e. j. o 2 |K\
Taking forward analysis force on a small element of loop of length ‘,_, 3 4
Al = rABI...(2), carrying current i, is as per Lorentz’s Force Law ; ¥ o\ :
is AF =il x B = AF = i(rA0l) x B. The force as a result of L & ~
cross-product is AF = irB sin 8 AG(=0)....(3).
Therefore, torque experienced by the element of loop about \ ) g
diameter Y-Y* would be A’ = QP x AF = Al' = (rsin6 k) x
(irB sinf AG(—i))....(4). This expression simplifies magnitude of the torque on small element of loop to

AT = iBr?sin2@ A9 = AT = B~

foz’”BT (1—cos20)d = I = wr? | d6 - J;" cos20 o] =T =

(1 — cos20)A6. Hence net torque on the inner loop would be I' =

= iBrr?...(5).

Combining (1) and (5), I' =i (’;—‘;’) =T = "":i is the answer.

N.B.: This is good example involving multiple vector operations, with the clarity of concepts. It is brought
out in details, with basics, in Appendix-I.




I-16

Given system of loop is shown in the figure. The outer loop of radius R is carrying I and
produces magnetic field B in accordance with the Biot and Savart’s Law and in instant case
when coil is along i — j and current in the

‘5 C ¥ ‘s Aé 4 T T loop in anticlockwise direction B =
¥ G "\,F ; T - ?’f\/&,{ | £ °Ik .(1). Torque experienced by a loop
\ ©o4 g JEL LeRoTT of radius r carrying current i which in
' T T - inclined to the plane of the out loop at an
Vi Boaas” angle a=30° as shown in the figure is r'=
View From & 1 ) uomilr? . A B pomilr? i
Conceptual drawing (Not to The scale) — g sinai= I' =———1...(2). The axis of rotation is
X-X.
This inner loop has to be held to held at an inclination « by application
of an external single minimum force. Since, external torque fe =7 X T
F = T =rFsind(—1)...(3). It implies that the direction of external L.
torque is opposite to the torque due to internal forces in (2). p {P F
For external force F, applied on periphery of the loop, to be minimum Y Q(ﬂ R Y

as required, r has to be maximum which is r — r radius of the inner
loop and so also sin@ =1, i.e. @ = % as shown in the figure. It leads

to Iizfsz.

Omlr n Omlr pomil

Thus in state of equilibrium, '+ T, = 0 = £ =>F= is the

answer.

i+rF(—1) =0=71rF =

N.B.: This is good example involving multiple vector operations, with the clarity of concepts both in
electromagnetism and mechanics. Concepts of electromagnetics are brought out in details, with basics, in
Appendix-I.

1-17

Given system is shown in figure where a semicircular wire of radius
r = 0.10 m is carrying current I = 5.0 A. It is required to determine
magnetic field B at the center of curvature O.

As per Biot-Savart’s AB = £ Al x # = AB = “"I ~All x 7. Here,
Al = rA. Accordingly, AB = Lf"k AB = °m9k (). It is to

be noted that in deriving this expression we encounter Al x # and wires
involving current entering the semicircular wire at A and leaving at B both the constituent vectors are collinear

and hence Al X7 = Alrsinf =0 for angle between collinear vectors 8 = 0 = sin0 = 0. Thus net

magnetic field at the center O is obtained by integration on of (1) B = f” “"Ide %f: de. It solves
into B =%l xr=p =t )
41tr 4r
-7
Using the given data in (2), B = W =5 x107%= B = 1.6 xx 1075 T, is the answer.

N.B.: This problem being full length question has been solved analytically. Otherwise it can be solved like an

objective problem using formula of magnetic field prroduced by a circular current carrying loop B = “—OTI In

#01

this problem the wire is in semicircular shape and hence maggnetic field would be B' = l: , and using it

directly as it is same as that in (2)

1-18

Given system is shown in figure where a a wire shaped in arc of a circle forming angle a = 120° = 2?” rad of

radius r = 0.200 m is carrying current = 6.00 A. It is required to determine magnetic field B at the center
of curvature O.




As per Biot-Savart’s AB = Al X = AB = ” °’ ~ ALl x 7. Here, ,'7_ Y,
b /
Al = rA8. Accordingly, AB ”0“" k= AB = ”‘”Ae k.(1). Since, % S
. . . Ty //
nothing is stated about either Iength or orientation of W|res feedingand g _ \,. X
exiting the current, and hence they are ignored and analysis is limited o\ ,///f’/
to the given arc. \\tg}//ﬂ/
Uol 0
——XT
anr
Thus net magnetic field at the center O is obtained by integration on of (1) B = f 3 M B = Z‘;I f 3 d6
ltsolvesinto B = 2L x 22 = g = —I...(Z).
4nr 3 6r

-7
Using the given datain (2), B = 2X(4"6X:0020())X6'00 =4.00x7 X107 = B =1.26 x 1075 T, is the answer.

N.B.: This problem being full length question has been solved analytically. Otherwise it can be solved like an
objective problem using formula of magnetic field prroduced by a circular current carrying loop B = ’;—(’rl In

this problem the wire shaped in arc of a circle of angle @ = 2?” and hence magnetic field would be B" = Z?EB =

“—"TI, and using it directly as it is same as that in (2).

1-19

As per Biot-Savart’s Law, magnetic field at the center of loop of radius r in i — j plane carrying current i will

produce magnetic field at O, center of the loop, B, = %k.

Whereas, a long wire in i —j plane carrying current I along j would
produce magnetic field at a distance x from it §2 = ”7"’12. If direction of

current is revere i.e. along (—j) the magnetic field at same point would be
B, = 2L (—p).

21X

In the system as shown in the figure it is desired that magnetic field at the

center of the loop is zero which with B = B, + B, # 0 since both the
constituent vectors are non-zero as well as unidirectional.

In the system as shown in the figure it is desired that magnetic field at the

center of the loop is zero which with B = §1 + §2 # 0 since both the constituent vectors are non-zero as well
as unidirectional.

Hence, for magnetic B = 0 it essential that fields at O are in opposite direction which is there when current
in straight wire is along (=J). Thus, for B = 0 condition is B = B, + B; = 0 = £ ”"l ”"l >~ (-k)=0=

’;"rl Z‘Z; >x=— Usmg the available data x = T(‘“) = x = —. In this case wire is placed in that half of the

circle where current in minor arc is in direction opposne to the that in straight wire.

1-20

Given is a circular coil containing n = 200 turns of radius R =
0.10 m in i — k plane carrying current I = 2.0 A. As per Biot-
Savart’s Law, magnetic field at point P on the axis of the loop at a
distance d from the center of the loop O; a distance r from a small

element of wire of length Al = rA87 will be AB, = “"n”me B, here

ABP _ ;tonIRAB (1)

This magnetic field has two components ABp = AB; + ABy =
A§P = ABp cos (g - a)j + ABp sin (% - a) N. It simplifies into
EP = ABpsina j + ABp cos a N...(2), as shown in the figure. With




the symmetry of the loop about its axis O, the component of magnetic field along the loop N will cancel out
leaving the component along j to be only effective.

21 uonIRA6 .

Thus, combining (1) and (2), net magnetic field at point P, due to the loop is Bp = f a2 sina = Bp =
Mf dé = Bp = KoMRSING o = Bp w .(3). It is seen from the figure that sina = R
4nr 4mr? 2r 5 r
therefore, Bp = ""IR . Further, r = vVdZ + RZ therefore, Bp = 2225 (4).
2(d?+R?)Z
With this generic analysis, the problem in two parts is being solved as under —
onIR sin
Part (a): At the center of the coil pointP - 0, r > Rand a — E and, therefore, using (3) By = %. It
7
solves into B, = "nl , Using the available data, B, = _ (a0 xa00xz0 =08rx1073 =B, =

2%0.10
2.51 mT, is the answer

Part (b): Itis required to find distance d of point P at which magnetic field intensity drops to half of the value
at center of the coil O, determined in part (a) i.e. Bp = BTO. Thus, using (4) with the given data,

3
NORSEOREE

2
159 = (%) = 0.59. It leads to% =v059=>d=077xR=d=0.77 x0.10 = 0.077mor 7.7

cm is the answer.
Thus, answers are (a) 2.51 mT and 7.7 cm.

uo,niR?

3
= x5 2R3 = (a2 +R?): > 4 = (

d2+R2)
2R

R2

N.B.: This analysis is brought out in Annexure Il

I-21 | Figure shows a gray block at the center of the loop is just to conceptualize L
clockwise direction of current in the loop. Magnetic field due to a coil at a ’ | P
distance d, along the axis of a circular loop, from its center is B = d i
2
%. ..(1), as brought out in Appendix-II. As per Ampere’s Right-Hand- L -
2(d?+R?)2 L - Tb -R ———»
Thumb-Rule, upper face of the coil will act as South Pole and accordingly. < _I‘i“ ——
direction of magnetic field shall be downward at point P. Likewise, lower -
face of the coil will act as north pole maintaining downward field at Q, and v +Q
also satisfying continuity of magnetic field. .
Both points P and Q are placed symmetrically on the opposite sides of the loop and hence magnitude of the
-7 -2)\2 -6 -2)2
magnetic field as per (1) with the given data would be B = &m0 DXS0X(#x107) _ (2mx10 )X(‘Z(lf )
2((3x1072)2+(4x1072)2)2 2x(5x107%)
-6 —4
p = WA b 4 02 % 1075T.
125%x107°
Thus, answer is B = 4.02 x 10~5T at both the points P and Q downward at point P.
I-22 | Given system is shown in figure where ring of radius R = 0.20 m carrying a

charge g = 3.14 x 10~°C rotates with an angular velocity w = 60.0 rad/s. It
is required to find ratio % at a point along axis of the loop displaced from the

center Oby d = 0.05 m. » ok B
d -t :/ HE = » B
Determination of E,.: Consider a small length of ring Al at two diametrically s 2l &

opposite points G and H as shown in the figure. Charge on the small lengths
at the two points carry charge Aq = %Al...(l). Magnitude electric field at




Aq

point due to two charges as per Coulomb’s Law is|EG| = |EH| = imen @R
0

..(2). Each of these two fields
due to diametrically opposite points have two components.

(i) Components of these two fields perpendicular X-axis are equal in magnitude and opposite in direction,
as shown in figure, and hence would cancel out.

(i) Components of along X-axis of magnitude Eg, = Eyy = |Ey| cos@ ...(3), are additive. Here, cos 6 =
q

——Al
¢ (4). Combining (1)...(4) we have AE, =2E;, =2x —2& x2S Ap =L

Vd2+R?" amey(d?+R2) * Vd2+R2 TR
dal 5...(5). This is magnitude of electric field at P due to two diametrically opposite small elements
4m(d?+R?)2
as discussed above. Thus net electric field at P is integral of (5) over semicircular ring. Accordingly, we
L L
have  Ey=[tLx—t —AN=sE =Ix— —[2AlsE =Lx—L —x% (6)
¥ JonR 47r80(d2+R2)% *om 4n50(d2+R2)% fo ¥ mR 4n20(d2+R2)% e
Here, perimeter of the ring L = 2nR, therefore using (6), E, = 4 % x 2R o E, =
TR 4meg(d2+R2)2
qd
—...(D.
41ey(d2+R2)2

Determination of B : The ring carrying charge g is rotating with an angular velocity w = 2nf = w = 2?” =

% = %...(8). Here f is the number of revolutions per second and T is time taken to complete one revolution
i.e. for the charge to go around the ring once. Moreover, current is I = AA—f = 1= AA—f...(9). In the instant case

AQ = q and At = T. Therefore, combining (8) and (9), current caused by the rotating ring is I = g X % =
I= ‘;—‘7’: ...(10).

2
Magnetic field along axis of a current carrying loop as discussed in Appendix-Il is B = Lj...(ll).
2(d?+R?)2

.. #o(q_w)Rz UoqWR?
Thus, combining (10) and (11), B = —2&— = —° 3...(12).
2(d%2+R?)2 4m(d2+R?)2

qd
- 3
. . . . Ex _ ameo(d?+R2)2 Ex _ d _ 1

Using (7) and (12) in the required ratio, 5 = Zq—mzs 5= Mososz...(B). We know that p,&, = =

4m(d?+R2)2

2 812
here ¢ = 3 x 108 m/s. Using it in (13) with he available data 2 = dcz = B 0.05X(3x10%) = Z=19x
B wR B 60x(0.20)2 B

101> m/s is the answer.

N.B.: Unit of the answer, in a simple way, is derived from units of quantities in its final form as under —

3

3

N

1TL2
B_G)mz B B s s’

ES

1-23

Given system of a thin but long hollow cylindrical tube of radius r is a shown in the figure. The :
tube is carrying a current i. It is required to find magnetic field at points P and Q situated at a (i
distance g

Magnetic field at Point P: Since electric current is flowing through the hollow tube and | +»¥e
. - . . r . ., |
therefore electric current within periphery of radius 7, =3 enclosed by point P is ip = L p[YQr
R | 2

0. Therefore, as per Ampere’s Circuital law magnetic field is B, = 0, is answer of part (a).

Magnetic field at Point Q: Again applying Ampere’s Circuital Law for point due to current i in
the tube, which is inside the periphery of a circle of radius r, = r + % >71, = %r ...(1), at which




point Q is located. Therefore, as per Ampere’s Circuital Law pgi = gﬁBq dl = uyi = B, $dl....(2). Using
(1), the value of ¢ dl = 2mr, = 2m x (%r) = ¢ dl = 3nr...(3).
Combining (2) and (3), uoi = Bq X (3nr) = B, = % is the answer of part (b)

Thus, answers are (a) Zero  (b) 22 of

I-24

Given system of a tube of inner radius r, = a and outer radius 1, = b is '
carrying current i. It is required to find magnetic field at points P at Q. @
Magnetic Field at P: It is given that point P is at inner surface of the tube. : ‘.
Since current is flowing through tube, outside the periphery of point P, and [ :
inside this periphery electric current is Zero. Hence, as per Ampere’s Circuital ﬂ , P
|
|
|
|

law, magnetic field at P is Zero is the answer of part (a).

Magnetic Field at Q: Again applying Ampere’s Circuital Law for this point
due to current i in the tube, which is inside the periphery of a circle of radius

. . . . . |
1, = b, at which point Q is located. Therefore, as per Ampere’s Circuital Law -\;\/\__/_\d‘

we have poi = ¢ By dl = pgi = By $dl....(1). The value of § dl = 2mb...(2)
Combining (1) and (2), poi = B, X (2mb) = B, ”"l - is the answer of part (b)

Thus, answers are (a) Zero and (b) 2% °’

1-25

Given system of a long cylindrical wire of radius b is carrying electric current i
uniformly distributed over its cross-section. It is required to find magnetic field at any

H
»

point P at a distance a from the loop, as shown in the figure. @
|

Effective current, responsible for producing magnetlc field at the point P, as per
Ampere’s Circuital Law is ip = — X ma? = ip = =i...(1).
As per Ampere’s Law we have pyi, = § B, dl = ,Llolp = B, $dl....(2). The value of

$dl = 2ma...(3) Combining (1), (2) and (3), yo( ) B, x (2ma) = B, =420 | | |
is the answer. '

1-26

Given system of a long solid wire of radius » = 0.10m is carrying 7
electric current/ = 5.0 A. The current is uniformly distributed over 4
I
I
[ -

its cross-section. It is required to find magnetic field at any points 2 ‘
A, B and C, as shown in the figure. Tdegin =3

Magnetic Field at A: Effective current, responsible for producing ‘ Ha-»A

magnetic field at the point A at a distance a = 0.02m from axis of < __ ==aehe e e e

S L ool e
the wire, as per Ampere’s Circuital Law is ip = g ma? =i, = !
I
I

: 1
S1.(1). N
As per Ampere’s Law we have pgiy = $ B4 dl = Kolp = By $dl....(2). The value of $dl = 2ma...(3)
Combining (1), (2) and (3), o (%) = By x (2ma) = B, = 212 (4)

2712

(4x10~7)%5.0%0. 02

P (010)? = 2.0 X 107° T or 2.0 uT is the answer of part (a).

Using the available data, B, =

Magnetic Field at B: Taking forward analysis for point A above, here r = 0.10 m, i.e. surface of the wire
entire current I is responsible for producing flux and therefore, using (4), B = 21‘;; = ”01 Usmgthe available

= B, =10 x 107% or 10 uT is the answer of part (b).

(4mx10~ 7)><50

data, By = 27X0.10




Magnetic Field at C: Taking forward analysis for point A above, here b = 0.20 mand b > r i.e. outside the
wire carrying current I. As per Ampere’s Law we have uyl = ¢ B. dl = Holp =
B¢ $dl....(2). The value of § dl = 2mh...(3) Combining (1), (2) and (3), uol =

yOI (4mx1077)%5.0
B¢ X (2mb) = B; = — ...(4).Using the available data, B, = —xoa0
B, =5x107% or 5.0 uT is the answer of part (c).

B(inuT)

Using the above illustration graph of magnetic field B — x is as shown here.

Thus, answers are (a) 2.0 pT  (b) 10 pT (c) 5.0 uT. x (in cm)
(Graph Not to the scale)

1-27 | An idealized magnetic field B = Bj is shown in the figure which is unform between M
lines if force KL and MN, but on the left of KL it is zero and so also on the right of ‘ A A4y Ap 4 3
MN. It is required to prove using Ampere’s Circuital Law that ¢ B.dl = Uol...(1). : e
In the closed path PQRS of the given system shown in figure, length vectors are . i i
PQ = ai, QR = a(—j), RS = b(—1) and SP = aj. Here, for simplicity QR is taken L
at the brink of idealized magnetic field, where B = 0, and sides PQ and RS are in | 5\, *
region of magnetic field B. Further, there is no current passing through PQRS and : .
hencei = 0...(2)

Let current in the hypothetical loop PQRS is i. Conjuring LHS of (1) as required in the problem qSB leQRS
f B.dpo + fb B.deR + fa B.les + fo B.leQ.

This leads to ¢ B. leQRS faB cosE al + fbo Bcos0dl + fao B cosg al + fob B cos 0dl.

It further, solves to¢ B. leQRS = Bf dl = ¢B. leQRS Bb...(3)

Combining (2) and (3) in (1), we should have Bb = uy X 0 = Bb =0 ...(4).

In (4) both the multiplicands are distinct and non-zero and hence the equation is not valid, the proposition
that the idealized magnetic field is not possible is proved

I-28 | Magnetic field at a point near a large metal sheet carrying uniform surface -
current has been analyzed in Appendix-1V. It is seen that magnetic field is 1€ XF xm |
(a) proportional to surface current density, (b) independent to the distance [(+) () ) ][ ()]
from the large sheet and (c) direction of magnetic field can be determined . M
applying Ampere’s Right Hand Thumb Rule. 1t is summarized as B =

K
MO (1)
Above inferences are applied to the given problem where at each of the points P, Q and R, magnetic field is
resultant of the magnetic fields, due to two sheets carrying currents in opposite direction, at point P is Bp =
Br = #OK +(—)— “OK ..(2). While at point Q, in the space between the two sheets carrying currents in opposite
dlrectlons ISBq = Kok 4 M = Bq = UoK...(3), in a direction towards the Right Hand side.
Thus, answer at pomt P is Zero, at Q is poKtowards right in the figure, and at R is Zero
N.B.: Appendix IV elaborates analysis of magnetic field by a metal sheet carrying uniform current. This can
be also analyzed using Ampere’s Circuital Law ¢ B.dl = u,I to determine magnetic field at any point near a
Iarge sheet of width x, current is I = kx and length of the path surrounding a large sheet is [ = 2x. Taking
B along dl. As perthelawitleadsto B X 2x = g X KX = B = ”OK . In the problem sheet is taken to be large
and hence end effect on path length can be ignored.

1-29

Extension of Appendix-1V to the given problem provides magnetic field at @ ® @ @ O O]

point Q in space between two large metal sheets carrying uniformly
[© © 0 () ) ®




distributed current density K, in opposite directions, Bq = % + % = Bq = poK...(1)

Further problem states that a particle carrying a charge g and mass m is projected into the plane of the diagram
as shown in the figure. Therefore, as per Lorentz’s Force Law, F= qv X B=>F= quBq singﬁ...(Z).
Combining (1) and (2), magnitude of force is F = (qv) X (ugK)...(3).

Further, it is stated that particle is describes a circle of radius r. This is possible when, as per principle of

2 2
circular motion F = - .(4). Equating (3) and (4), -~ = quuoK = v = %KT is the answer.

N.B.: To correlate (1) with basic concepts refer to Appendix-1V.

1-30

Magnetic field inside a compact coil is carrying current i is B = u,Ni, in case of a solenoid B = ugnli...(1).
Here n is number of turns per unit length, [ is the length of the solenoid. Using the given data in (1) we have,

-2
314x 1072 = (4r x 1077) X n X 5.00 > n = 3.14x10

105 .
————>n=—=n=5000 turns/m is the
20.0XmTx10 20.0
answer.

1-31

Magnetic field inside a compact coil is carrying current i is B = uyNi, in case of a solenoid B = pgnli...(1).
Here n is number of turns per unit length, [ is the length of the solenoid. Given that solenoid is closely wound

using a wire of radius = 0.5 x 10~3 m. Therefore number of turns per meter length would be n = 2—1T here
2r is the center-to-center spacing between two turns of the solenoid. Thus using the given data in (1) we have,

B=@nrx10"7)x —————x5=n =201 x 10"% = n = 2 x 10~3T is the answer.
2x(0.5x1073)

N.B.: Here answer is reported on the principle of significant digits.

1-32

Magnetic field B inside a solneoid carrying current I is B = pynl...(1). Here, n is number of turns per—meter
length and I is current through the solnoid. In problem no mention has been made of radius of wire and there

fore it can be safely assumed the solenoid is having a single layer of N = 400 turns over a length [ = 0.20 m.

Thus, n="=n=22_20x103
l 0.20

Further, it is given that radius of the solenoid radius = 1.0 x 1073, Therefore, length of wire having N turns
is L = 2mrn...(2). Accordingly, with the given resistance of wire per unit length R’ = 0.01 /m net resistance
of thewireis R = LR’ = R = 2nrnR’...(3). Thus, using the available data R = 2m x (1.0 x 1072) x 400 x
0.01 = R = 8.0m x 1072Q...(2)

Magnetic field B inside a solneoid carrying current I is B = ugnl. No mention has been made of radius of
wire and there fore it can be safely assumed the solenoid is having a single layer of N = 400 turns over a
length I = 0.20 m.

B 1.0x1072 102
=] = =>]=—..
Uon (4™x10~7)x(2.0x103) 8T

Q).

2
As per Ohm’s Law E = IR...(4). Using data in (2) and (3) in (4), we have E = (%) X (8.0m x 1072). It
solves into E = 1.0 V is the answer.

N.B.: Answer is reported using principle of SDs.

1-33

Given system is shown in the figure where number
of turns per unit length of a tightly wound solenoid
is n/m. This is implicit in statement that number of
turns in small length of coil dx and is approximated
to current I = nidx...(1) in a loop.

XKXXXXXXXXXXXXXXXXXX—»:

As per Biot=Savart’s Law magnetic field at a point

displaced by x from center of the loop the axis of loop of radius r , as per Appendix-1l, is B = Kol o L3

(x2+72)2
...(2).




In the instant case the point at which magnetic field is to be determined is O and r — a, while distance of the
loop fromOis x — % — x and, therefore, transformation of variables together with (1) leads to-

2 2
dB, = 2 x “2 ;= dB, =22 x 12 sdx...(3).
(o) (o)
Here, x varies from x = 0 to x = [, and net magnetic field at O is B, = ”02“1 fol L _dx..(4), as
2 2
((E—x) +a2)
desired in the problem.
. 2 l
Integrating (4), B, = £~ [f ! . dx] , here atanf =%—x = asec20df = —dx. Also,
2 ((atan 8)2+a?)2 0 2

l

- 2 - 20 nia? acosf L
tan@ = 2% Thus, we have, B, = “2“ Qasec’d 49| =B, = “" d6| = B, =
2a ° 2 f ((atan 6)2+a2)% 0 0 =) [f (asec6)? ]0 0

(—)""T"i [f cos 6 d6]}. It solves into B, = “"Zni [sin617...(5).

1-2x
. . __ tan@ . — 2a . — 1-2x
Transforming sin = s sin 6 —1+(‘ 2x)2 = sinf —4a2+(l_2x)2...(6).
0 .
uonz 1-2x _ ot l _ 1-21
Combining (5) and (6), By = [ 4a2+(l—2x)2]l = Bo 2 [«/4a2+12 \/4-a2+(l—21)2]'

. ! i1
It solves into B, = “"m ] = _F_ o g, = £=

l -
\/4‘12”2 | 2 BT =is the answer of part (a).

1+(7)

i 2a_ o _ _toni — weni and i 2a)? _ (2a)?
Taking [ > a then —>0,|tleadst0B0—W:BO—uom,andlfa»lthen,1+(l) —>( ).It

uoml

leads to B, = 2L = B, =

, both the cases are proved.

1-34

Electric field inside a long, tightly-wound solenoid carrying current I = 2.00 A is B = ugnl...(1), here nis
number of turns per unit length. If an electron is found to perform uniform circular motion of frequency f =
1.00 x 108rev/s then it implies that —

Current due 1, e

(&) Uniform circular motion of electron constitutes a current S
Electronin .\_/,aﬁon 4

i=ev=>i=eX2nrf...2)

(b) Uniform circular motion would cause a centripetal force
F =mrw? = F = mr(2nf)?...3)

(c) As per Lorentz’s Force Law force on electron F =ebx
B = F = quB. Combining this with (2) we have F =
2nqrfB ...(4)

Lorentz’s force at (4) constitutes centripetal force at (3) as shown
in the figure. Accordingly, mr(2mf)? = 2merfB = eB =
2mnf...(5).

2nf
(4mx10~7)xI"

...(6).

Using the available data in (6) together with mass of electron m = 9.1 x 10~3'kg and magnitude of charge

~19 9.1x10731 1.00x108 3 .
of an electron g = 1.6 X 10 C we have n = - — = 1.42 X 10°turns or 1420 Turns is
1.6x10719 2X2.0x107
the answer.

Combine (1) and (5), e(uonl) = 2mnf = n = (m) X




N.B.: The problem apparently looks quite complex. Yet a systematic resolutions of problems in a step-by-
step leads to cancellation of many parameters, and a simple solution.

1-35

Given system is shown in the figure. A tightly-wound //[’:___';j-\\
solenoid of radius r having n turns per meter length is 7

carrying current I. Therefore, magnetic field throughout the
cross-section of the coil is B = pgnl...(1).

A particle carrying charge g projected from a point on the
axis of the solenoid with some velocity v., perpendicular to Instanth ’ .
the axis. Curtent\due ta™ ; /k

“ = A
The constraint of velocity is that it is maximum velocity yet Eleck
the particle does not strike the solenoid.

It is a fit case for application of Lorentz’s Force Law F= \ Do i
qv X B. This force is perpendicular to the velocity of the
charged particle such that F = quB...(2). The latter makes it a fit case of circular motion having radius of the

path r of the charged particle, such that centripetal force e F = mvz...(B).

&
Combining (1), (2) and (3) ™ = qu(uonl) = v = 21T (4). It is scen that v o . It is required to find

maximum velocity such that the particle does no touch the solenoid or 21,5 = R = Ty = g. Therefore, for

. e el 1 IR .
U = Umax = T = Tinax. Accordingly for the limiting value vyg, = 208 = 4y = BIEZ s the

2m
answer.

N.B.: Creating a figure illustrating the system makes it easy to visualize the physics that goes into the problem
and thus evolve solution to a problem apparently complicated.

1-36

Given system is shown in the figure along with the direction of magnetic
fields Bg, produced by solenoid, having tightly-wound n turns per meter.
carrying current i and Bgy, produced by sheet carrying surface current I =
kdl through width dl. It is proved that Bg, = yyni...(1) and in Appendix

IV we see that By, = “2%._.(2).

It is seen in the figure that, for the direction of currents as considered, Bgy, == =
and Bg, are in opposite directions. Therefore magnetic field near center of the solenoid to be zero, we have
from (1) and (2), poni = % =>i= % is the answer of part (a).

Part (b) of the problem requires to determine magnetic field when solenoid carrying 3
current i = %...(3), in earlier case is turned through perpendicular to the axis of the

sheet. It implies that axis of the solenoid is parallel to the surface current in the sheet. It
leads to a situation two magnetic fields Bg, and Bg, of equal magnitude are '«
perpendicular to each other, whichever way, as shown here. Therefore, resultant b sy

magnetic field would be B = ’BSOZ + Bgp2...(4).

Combining (1)..(3) in (4), we have B = \/(/,Lon x —)2 + (ﬂ)2 =B = \/(%)2 + (%)2 =B ="%is

AB..

20

>

the answer of part (b)

Thus, answers are (a) % (b) %
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In absence of any other data it is safe to assume that the capacitor capacitance C = 100 x 107° F and the long
solenoid form an RC circuit. The capacitor is kept fully charged to a potential difference I, = V = 20 Volts.




Thus drop of voltage across the capacitor to V; = 0.90V,, i.e. 90% of maximum value V, = V value, during
t = 2.0 s is considered to be linear.

Charge on a capacitor is Q = CV...(1). Accordingly, initial charge on the capacitor Q, = CV,...(2) After time
t charge on the capacitor is Q; = CV, = C(0.90V,))...(3). Therefore, average current through the solenoid

having n = 4000 turns/mteterduring the period 0 <t < 2.0isi = @...(4).

Magnetic field at the center of a solenoid carrying current i is B = pgni...(5). Combining (1)..(4) in (5) we
have B = (4 x 10~7) x 4000 x (@) = B = (47 x 1077) x 4000 x Z2=220  Using  the

0.10x(100x107%)x20

available data B = (16w x 107%) x —

= B = 16w X 1078T is the answer.

— 00—




Appendix-I
Torque on Small Current Carrying Loop Placed Inside Another Current Carrying Loop
Part A - Magnetic Field at the Center of a Current Carrying Loop: Let us consider a loop of radius R carrying current

I in anti-clockwise direction. The loop is taken to be in f — j plane and in accordance with the three unit directions vectors
are also shown for reference in Fig. 1.

Biot-Savart’s Law stipulated direction and magnitude
of magnetic field at a point situated at a distance r

from a wire of length Al = All carrying current |
along [ . According to the law, as shown in Fig. 2.-

= ol - B tol

AB = AlX 7= AB = All x 7
anr2 T 4mR? r
= UolAl &
AB =2 k..(1),
Taking the elemental length Al is part of a circle of Fig. 1
radius R which subtends an angle A8 at the circle of
Fig. 2 the circle such that Al = R X A8...(2).
Combining (1) and (2), AB =& OIRM k. Thus, in the instant case, having ascertained
direction of the magnetic field at O as k.its magnitude is AB = %...(3).
Accordingly, magnitude of the net magnetic field at the center of the circular p ]
2m ” I ol 2 _ ol — " Thunb
Io?plsB f =_do >B = °R[9]"=>B—$x2n. It leads to B = \\ﬂ:}: gl
alon
”" ..(4). This magnetlc field at O isinalong k . s Dm;m
Direction of Current
The direction of magnetic field in this can also ascertained using Right- of Folding ‘
Hand-Thumb-Rule applied to circular loop for convenience as shown in Fig. °me2°‘5 ‘
3, which when applied to loop or coil is as per Fig.4.
Clockwise Current Anti-clockwise Current | Area of a loop of radius R is A =
mR?. This loop if carries current i in RS \‘
anticlockwise direction then in Magetic Linesof | [ — o
vector form A =mR%k. Since, b A ——
current in isolation is treated as a - | wr
scalar and hence for a current WetdtEwin ax 1
South Pole North Pole carrying loop a new term is R
. magnetic dipole moment of a v L]
Fig. 4 current carrying loop which is
defined as i = i4 and in instant Fig. 3

case i = inR?*k...(5).

Part B — Interaction of Magnetic Fields of Two Current Carrying Concentric Loops: Two current carrying concentric
loops A and B having magnetic dipole moments ji, and fig,, respectively will exhibit resultant magnetic dipole moment
i =fis+ fig...(6)

Part C — Torgue on Current Carrying Loops: Taking two loops in a state of rest, they would experience equal and
opposite torques as per Newton’s Third Law of Motion. Generally concern is about a small loop of radius r carrying current
at the center of an outer loop having much larger radius R > r. In case of coplanar loop discussions at part B above. In

case of coplanar loop resultant magnetic dipole moments are either arithmetic sum or difference of the two dipole moments
depending upon direction of their currents as discussed in part A.



But, it becomes an important pair of loops only when they are inclined with respect to each other a torque appears and
there. The loops are taken to be concentric and they have radial symmetry about the common axis. There are two
possibilities, each of them are analyzed below —

Case 1- Planes of loops are perpendicular to each other:

A circular loop of radius R carrying a current I is placed in i — j plane as shown in the figure. Axis of the loop is along k.
As per (4), in accordance with Biot-Savart’s law it will produce magnetic field B= Z—; k, at the center of the loop. Further,
it is given that another circular loop of radius r carrying current i in anti-clockwise direction as seen against . The small
loop, as shown in the Fig. 5, is in j — k plane.

From the statement of the system shown in the figure on the left, it is observed that —

oAr G o | ) magnetic field at the center of the outer loop of radius R is B.
3 b) plane of the smaller loop of radius  is along the magnetic field.
& ~ | ©) given that r «< R, and geometrical symmetry of the loop, force experienced by
: = inner coil as per will produce a torque about diameter of smaller coil. We take for
PN convenience diameter of loop along Y-Y’ i.e. j.
Taking forward analysis force on a small element of 3
© | inner loop of length Al = rA81, as per (2), carrying AAAAAA .
Fig. 5 current i, as per Fig. 6, is as per limited version of Vi) 1 oLas K
Lorentz’s Force Law AF =il x B = AF = ( T“r\ 4
i(rael) x B...(7). Here, the other part of the law which defines force on free | 17 | [1 | ¢ ) ¥ i
charges, as none is there, is ignored. The force as a result of cross-product is AF = ‘ ]L i : ’ _!‘ :
irB sin 8 AG(—1)....(7). ¥ i
Therefore, torque experienced by the element of loop about diameter Y-Y” would Fig. 6
. B be AP =QP xAF as per Fig. 7.
_/___,---—"_‘*-’l\\__ A Combining (7) with the geometry, it leads to Al = (rsindk)x
' : ”,\,K\\ (irB sin@AG(—i))....(S). This  expression  simplifies into Al =
/ "*-. = - : 2
[ ] [ X iBr?sin?  A9(—J) = AI = = (1 - cos 20)A6(—j) ...(9). Thus, net torque
| i L . B2 ,
S o] would be I* = [ [ == (1 — cos 26)A6 | (). The integral simplifies to I =
\ 7 \ | 'In ) 2 N ) 2
ler [fozn de — fozn cos 20 de] (=T = ‘B% x 21(—}). Thus, net torque on
‘ the inner loop is I' = iBrr?(—j)...(10).
T Combining (4) and (10), magnitude of the torque is I' = i(’;—‘;;) nr2 =T =
Fig. 7 il
g R ....(11)

- -

Using (5), expression in (11) can be expressed as I' = iA x B = I’ = [i x B...(12). Here, magnetic dipole moment of a

loop is /i = iA and in case of coil ji = niA...(13).

Case 1- Planes of loops are inclined at an angle a: Plane of &

the larger loop creating magnetic field B = Bk is along plane AR e . et 4 4 4

i —j. is shown in the Fig 8 (View from k). Let plane of the R b, T k@‘_ ',_ :
smaller loop of radius  is inclined to the plane of larger loop |+~ ¥ 5 ¥ ®yv . 1
at an angle a, as shown in the Fig. 8 (View from f). T 4 e I kg b1
Considering radial symmetry the inclination is taken w.r.t, Y- 2 . T b
Y’ as shown in the figure i.e. j. In this diameter along X-X’ o ~ ® Viow From &
remains aligned to i. Thus, area vector of the loop, with View From £ '
respect to direction current i in it as discussed in part A, is 4 Conceptual drawing (Not to The scale)

and inclined at an angle a w.r.t.B. Fig. 8




Each small length of loop Al = rA61, due to current i, would experience force Af = i(rABZ) x B as per (7). In this
orientation Af = Af(—j) on the semicircular arc on the right of X-X’. Likewise, Af = Af(j) on the semicircular arc on
the left of X-X" to current i in the loop.

These distributed forces along the two semicircular arc would form a couple about Y-Y’ causing rotation of loop about O

along i. In an effort to quantify torque on the inclined loop elemental force Af is resolution of QP perpendicular to Y-Y’
and itis PR = QPsina...(14), as shown in the Fig. 9. Accordingly, torque equation

in (9) is moderated into- rP
AF = PR x (irBsing 00(1)) = AF = (P sina k) x (irBsin0 46(1)) | v° Qa‘i 1:{ v

AT = ((r sinf) sina IE) X (irB sinf AH(?)). On integration it solves into

- =3 - — =3 - —_ Fl 9
I'= iBnr?sina (i) > =iAXxB =T =[ixB...(15) g

It is seen that torque on a loop carrying current loop/coil produced (by an external magnetic field derived in (15) and is
identical to that derived in (12). In the latter case a = gwhen both coils are perpendicular.

Conclusion: In general form torque experienced by a current carrying loop placed in a uniform electric field produced by
a large loop carrying current 1, as per (12) and (16), would be I = ji x B = uBsinal’ = I' = 2™ Gina P (16).
Here, u = i(nr?) and pusina = i(nr? sina). Thus, in (16) mr? sina = Asina is the area of the current carrying turn,

resolved perpendicular to the magnetic field perpendicular that it intercepts. Accordingly, T'=1ixB is the general
expression of torque experienced by a current carrying urn of any shape when placed in a uniform magnetic field and
simplifies analysis in complex situations

Appendix-I11|
Magnetic Field at a Point on the Axis a Coil

Given is a circular coil containing n = 200 turns of radius R = 0.10 m in i — k plane carrying current I = 2.0 A. As per
Biot-Savart’s Law, magnetic field at point P on the axis of the loop at a distance d from the center of the loop O; a distance

r from a small element of wire of length Al = rA81 will be A, = ””"IRAG B, here ABp = ”"4’:5“

field has two components ABp = ABj + ABy = ABp = ABp cos (5 - a)] + ABp sin (5 - a) . It simplifies into B =

ABpsina j + ABp cosa N...(2), as shown in the figure. With the symmetry of the loop about its axis O, the component
of magnetic field along the loop N will cancel out leaving the component along j to be only effective.

.(1)This magnetic

Thus, combining (1) and (2), net magnetic field at point P, due to the loop is Bp =

_ HoniR sina niRsina

21 uonIRAB 2m _ Ho
Jo =5—=sina=Bp 7 Jo d0 = Bp = 2 X 21 = Bp =
#on;‘q% .(3). It is seen from the figure that sina = —, therefore, Bp = ”":—ISR.
Further, r = Vd? + R? therefore, B, = _HonR® ...(4).
2(d2+R2)2

At the center of the coil P-> 0, r >R and —>% and, therefore, using (3) By =

UonIR sin I
; It solves into B, = ”"" ..(5).
2R2 0




2
—Ho - (6) and By =42 (7),

2(d2+R?)2

In case of a circular loop n = 1 accordingly equations (4) and (5) become Bp =

respectively.

Appendix-111
Magnetic Field at Any Point Inside a Circular Loop Carrying Current

Synopsis

This paper is an outcome of discussions with students of class 9" to 12" on electromagnetism during which it was
observed that all texts and references cover derivation of magnetic field at the center of a current carrying circular
loop and at any point on axis of the loop, perpendicular to the plane of the loop. An obvious question cropped up
‘What could be magnetic field at any point inside the loop lying in its plane?’ Interactive Online Mentoring Sessions
(IOMS), flagship of Gyan Vigyan Sarita, which focuses on grooming competence to compete among unprivileged
children with a sense of Personal Social Responsibility (PSR) in a non-organizational, non-remunerative, non-
commercial and non-political manner. As a mentor of the initiative where students are prompted to come out of
rote-learning and explore mathematics and science with an out-of-box perspective in their day-today experiences,
the obvious question could not be averted. Accordingly, an illustration of the solution to the question has been
evolved within the scope of understanding of target students.

Problem Formulation: Consider a point P inside a circular loop of radius R in j — k plane carrying a current I. The point
P is at a distance a from the center of the loop. It is required to determine magnetic field B at P, as shown in the figure.

As per Biot-Savart’s Law magnetic field at a point P at a distance 7 = r# from a s
> . cAD _ (Mol Alx? I P ; “~.R
small length of loop Al carrying current I is AB = (4n) — ....(1). In the system ..f' % A6, 7 /7,\_{
small length of wire is RS such that Al = (RAG)[ and point is P at which / ; R 'f’i"‘f{/ 1%
magnetic flux density is to be determined is displaced by 7. As A8 — 0 the '." T ‘\ //’{ /7': T
5 - ; S
element Al becomes tangential to radial OA and hence (1) can be written as AB = | Y, . OY'Q Rz L — - [=a
T \ » -« a- |
UolR sin(;+a) A 3 _ [ (1olR) cosa A o, ',"'

. 4
Problem Resolution: It is seen that (2) has three variables such that B = g
f(r,a,0) and B at P can be obtained by integrating (2) w.r.t. 8 in the interval T
[0,27] to arrive at net magnetic field at the point due to the loop. Therefore, in Fig. 1
function only of 9, by eliminating r and a, with the related parameters R and a which are geometrical constants.

Using properties of triangle in AORP, Sf)P =P _OR , 2 - T - R S A —

= = = = = .
ina  sin@ sinp " sina sin@ sin(r—(a+6)) ~ sina sin®  sin(a+6)

Accordingly, r = a 5%29 ...(3)and sina = %sin(a’ +0)....(4).

sina

It, further, solves into

. a . . a . a .
sina =E(smac059 + cosasinf) = (1 —Ecose)sma =Esm9cosa.



Introducing a normalization parameter t = %Which defines relative position of point P in the plane of loop w.r.t. its center

O we have -
= (1 —tcosf)sina =tsinf.cosa = (1 —tcosf)sina =tsinf+1—sin?a
(1 +t?cos?6 — 2t cosO) sin? a = t?sin? O (1 — sin? a)
= (1 + t%(cos? @ + sin? B) — 2t cos 8) sin? a = t?sin? 9
- t?sin% 0
= =
s (1+t? —2tcosh)
. _ tsinf
= sina = N T ...(5
5 1 sin? L t?sin @ (1+t2—2tcosf) —t?sin’6
= = — = — —
cos- @ s (1 +t%2—2tcosh) (1+t%2—2tcosh)
= cos?q = (1+t*(1—sin®6) — 2tcosH) (1 +t?cos?f —2tcosf)  (1—tcosh)?
(1 +t%2—2tcosh) (1 +t%2—2tcosh) (1 +t%2—2tcosh)
= cosa = &...(6)
J(1+t2-2tcos )
-— sin @ . _ tsin@ _
Combining (3) [r = asina] and (5) [sma = Jimﬂ_—w], we have

sin 6
tsin @

=71 =RJ(1+t2—2tcosf) =r?=R?*(1+t?—2tcosh)...(7)
(1+t2-2tcos )
Combining (2),(6) and (7) we get —

1-tcos@

AB, = ((MOIR) CosaAH) _ (uOIR) m A6 = AB, = (“—OI)L%AH...(S)

2 2 2_ 2
4m T 4w / R?(1+t2-2tcos0) ATR (1+t2-2t cos )2

Therefore, net magnetic field at P is —

21 I 1—-tcos@ I 21 1-tcos@
Bt - fo (_:lOR) ) Ag = Bt - (_fOR) fO — de
TR/ (1+t2-2t cos 6)2 T (1+t2-2t cos 8)2

Taking the limits outside the integration, for convenience of substitution we get —

B, = (ﬁ) [f%dern ..(9)

(1+t2-2tcos0)2 0

2
_(1-tcosf) 5 dH] ...(10), at the center of the loop O where a =0=t = % =0it

(1+t2-2tcos0)2z 0
reduces to the expression in (10) reduces to F(0) = [[ d8]%™ = F(0) = 2m ...(11). Thus, magnetic field at O, combining

(9) and (11) is By = (%) 2w = By = Z—‘;:...(lZ), is in conformity with the known value of B at the center of a current

The integration in (9), F(t) = [f

carrying loop.



Likewise, magnetic fieldata = R™ =t = Ren =1-2

| , we have —
R lp>o Rlp—o

[ 2 21

1 1
Sin —

F(1)=U (1 ~ cos 6) 3d9] =—U—d9] -
(I1+1-2cosB)z | 2v2l V1-cosg ],

)
2 sm2

Taking g =u = df = 2du it leads to-
F(1) = %[f cosecu (2du)]3™ = %[f cosecu du]3”™ = (—)%[cosecucotu]%”...(B)
Making reverse substitution (13) we have -
F(1)=(—)= [cosec cot ] coseCO cot0 — cosecmcotm] = %[(00) X (0) — () X (0)]...(14)
Thus, from (14), F(1) is indeterminate.

Therefore, instead of calculating of determining pattern of F(t), relative flux density B, = % is, combining (9) and (12)
0

is —
2m
nol 1—-tcos6
(4nR If( 5 )Ede] 2T
1+t2-2tcos h)2 1 1-tcos6
B, = — 0 — —|[——=27 4| ...(15).

£os 2T =
2R (1+t2-2tcos 0)2 0

Combining (10) and (15), it leads to B,, = % X F(t)...(16)

The integration F(t) in (10), a part of (16), is not solvable by normal methods and pattern of flux density distribution has
been determined using Trapezoidal Rule numerical method, using MS-Excel, inaninterval t = [0,0.99). Results are plotted
in Fig. 2 using MyCurveFit, Online Curve Fitting software (https://mycurvefit.com/). As a - R = t — 1 the integration
F (1) tends to be indeterminate and hence not plotted. Thus distribution of magnetic field over the cross-section of the loop
, Which is denser near the perimeter of the loop and rarer at the center, in the form of circular contours of uniform magnetic
fields, is shown in Fig. 3.

Variation of Flux Density with Normalization Parameter Goucegtual graph OF Magneiic

(t) Contours in A Loop Carrying
Current (Not to the scale)
Fig. 2
Fig. 3

Data Calculated Numerically: Data used in Fig. 2, is as under -


https://mycurvefit.com/

tz% Br, tz% Br, tz% Br,

0 1 0.4 1.141324 0.8 2.257082
0.1 1.006735 0.5 1.245621 0.9 3.925924
0.2 1.031171 0.6 1.410594 0.99 36.10549
0.3 1.073742 0.7 1.692237 1 Indeterminate

Conclusion: Non-uniform magnetic field in the cross-section of the loop will impact philosophy of design of transformer
core which is currently using uniform magnetic material in transformer core. Thus, this paper opens an opportunity to
review overall design of transformer specially those used in instrumentation and control where errors due to core losses
and magnetizing current are significant at macro level. At micro level it calls for review of magnetic forces that would
influence configuration of orbital motion of electrons in atoms. Thus, review of overall spectrum of physics.

—00—
Appendix-1V

Magnetic Field at Any Point Near a Large Metal Sheet Having Uniform Electric Current

A large metal carry surface current such that it can be approximated thin strips dx of

B

width as given in the figure carrying current di = Kdx...(1),as considered in ths € X1 x by |
formulation. Effect of magnetic of the metal sheet at any point of the points P, Q and R L,@ @ @ OO © L’;
< Width »  can be determined by considering lay of the wires along long straight Q: M

A wire spread across the width of the sheet, as shown in the figure.

| T‘:’g D

5 Using (1) net current in the strip of width 2x is as under — J' A

v i=[di=["Kdx=i=2Kx.(2) et L
Since sheet is large, therefore, for determination of magnetic field at any point we can safely (tv__ N gV_ _‘Jﬂ;
model two elemental wires of the sheet symmetrically placed on both sides of the point. C ];_; oY
Accordingly, two hypothetical points A and B are taken for determination of magnetic field by !!
elemental wires C and D carrying current, in a direction coming out of the surface of the figure. B

Applying Biot-Savart’s Law for magnetic at a point due to a long straight wire B = “—01 ..(3).

Accordingly, at point A magnetic field due to current in Cis dB¢4 = . \/_dz along perpendicular to CA and likewise
. . _ lio . .
due tocurrentin D isdBp, = Py di. along perpendicular to DA.

Thus,dB, = dB, cos (g - a) + dB, cos (g - a)

= dB¢ssina + dB, sina.

Ho a

Using geometry shown | the figure and (1), dB, = 2 X P X N

di = dB, = - _Kdx...(4)

T

Applying results in (4), of this model, to the given problem, we have dB, = — 2% _dx...(5). Therefore, B, =

n(x2+a?)
x UgKa ugKa (x dx . _a — - _ 2 . .
J; i) ==, -7z Geometrically tana S > X=acota = dx acosec” ada. It is seen in the

figure that for a large sheet as x—>0=>a—>§, and as x - o= a-0. Accordingly, using the limits, B, =

dx = B, =

KoKa

1 K K
— @ cosec ada] zBA—”° [ da]? = B, = = [a]8.
” acosec” a Pl L

This reduces to B, —M[O ] It leads to B, =

2



- M...(6). Likewise, magnetic field at point B would be Bg = M...(7), but it is in a direction opposite to B, and can be verified
2 2
with Ampere’s Right Hand Thumb Rule.

Important observation: Results at (6) to (9) lead to a conclusion that magnitude of magnetic field around a large sheet
carrying current is proportional to current density and is independent of distance from the sheet. Directions of the magnetic

fields can be verified with Ampere’s Right Hand Thumb Rule.
This analysis can be simplified using Ampere’s Circuital Law ¢ B.dl = p,I to determine magnetic field at any point near
a large sheet of width x, current is I = kx and length of the path surrounding a large sheet is [ = 2x. Taking B along dl.

As perthe law it leadsto B X 2x = yuy X KX = B = % In the problem sheet is taken to be large and hence end effect on
path length can be ignored.

Important Note: You may encounter need of clarification on contents and analysis or an inadvertent
typographical error. We would gratefully welcome your prompt feedback on mail ID:
subhashjoshi2107@gmail.com. If not inconvenient, please identify yourself to help us reciprocate you suitably.
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