Code: Phy/ EM-4/MEC/001

Electromagnetism: Magnetic Effect of Electric Current

Illustrations of Typical Questions (Set-1)

I-1 | Applying Ampere’s Right-Hand-Thumb rule where thumb points towards the
direction of current. Then as per rule, fingers curling around the conductor indicate
direction of the magnetic field shown by dotted lines.

In this case for simplicity conductor is laid on the paper such that current flows
from north to south, as given. Accordingly, in each of the case direction of
magnetic field is —

(8) Coming out of paper
(b) Entering paper

(c) East to West

(d) West to East

of Folding
of Fingers

I-2 | Applying Biot-Savart’s Law magnitude of magnetic field at a point d from a long straight conductor carrying

current i is B = %....(1). Here, u, is absolute permeability in magnetic field. Further, speed of light in
1 . . . . . 1
vacuum ¢ = —...(2), wh is absolute permittivity in electrostatic field. From (2), ¢? = = Uy =
c m ( )aW Cre &y p y ( )v c oo Ho
1 . 1 i 1 i i .
CZSO...(3). Combing (1) and (3), B = - Xo—= B = e, XT—== B = Intend as desired.

I-3 | A circular wire is placed vertically on a table such that its diameter lies on the B
table, piercing the table top through points diametrically opposite points, as l
shown in figure. ‘
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In the figure - indicates current coming out of the surface of the table and + T '
indicates current entering the table. Thus, A

current in the circular wire when seen in the direction A is anticlockwise and

when seen in the direction B is clockwise.

Clockwise Current  Anti-clockwise Current

Further, as seen in the direction A magnetic lines of force, inside the circular
wire, are coming towards observer and hence the circular wire acts like North
pole. Likewise, when magnetic lines of force, inside the circular wire, seen in
the direction B, it is going away from the observer.

South Pole North Pole

Accordingly, for an observer seeing current in clockwise direction, magnetic field inside the circular wire,
is going away from him, and the surface of the coil is south pole.

= 7 . . . . 5 % ¥
I-4 | Ampere’s Law ¢ B.dl = i is an extension of Oersted’s experiment and Biot- ~ Clockwise Curent  Anti-clockwise Current

Savart’s Law. Accordingly, current flowing through a wire in shape of a closed
loop is being considered. For simplicity two loops are taken. In one loop marked
S, current is in clockwise direction. And in other loop marked N, current is in
anti-clockwise direction. As per Ampere’s Right-Hand Thumb rule, magnetic P—— N Pole
field inside the closed is always on the left-hand side of the direction of current.

As regards, magnetic field outside the curve, i.e. on the right-hand side of the direction of current, it is outside
the loop. Thus, net current is i + (—i) = 0. It is explained by the fact in diametrically opposite ends of the
loop currents are in opposite direction. Thus, Ampere’s Law, gives the contribution of only the currents
crossing the area bound by the curve only, and not outside it. Thus, answer is Yes.




I-5 | Magnetic field inside a loosely wound short solenoid is shown in the figure. We
find there are small circular magnetic lines of force at every point of each and every
turn. This makes magnetic lines of force curved, depending upon length of the
solenoid and spacing between adjacent turns.

In this it given that —

a. The solenoid is tightly wound - it implies that there is no space between adjacent turns, and hence it
will not cause distortion in magnetic field produced by solenoid.

b. The solenoid is long — it implies that end effect of solenoid will not distort magnetic lines of force as
shown in the figure. Therefore, magnetic lines of force within the solenoid would remain parallel to
its axis.

Thus addition of extra loops at the end of the long solenoid would not considerably influence magnetic field
inside the solenoid.

I-6 | Ampere’s Law is also known as Ampere’s Circuital Law, where § B.dl = uyi, here ¢ B.dl is integral of
magnetic field B along a closed loop and not open-ended line integral. While, u, is absolute permeability and
i is current intercepting the closed loop. Ampere’s law valid for a loop that encloses wire carrying current.

I-7 | Given system is shown in the figure where a straight conductor is carrying g
current [ placed along axis of a ring, of radius r, having uniform charge g ‘

Coulomb per unit length. The ring is sent into rotation such that it linear speed
is v m/s. We know that electric current at a point is rate of flow of charge i =
% it can also be expressed as i = qv.
Thus, magnetic field B and its direction, at any point P on the conductor,
placed along. axis of the ring as shown in the figure, applying Biot-Savart’s
— ir2 ~
Law is B = - d. 1
2(r2+d2)z

Lorentz Force experienced by current carrying conductor placed in the magnetic field B produced by charged

=3 - — =3 -~ 2 ~ = 2 ~ ~
rotating ringis F = I x B = F = Id (%d) >F= <%"3>d xd.

2(r2+d2)z 2(r2+d?)z

Since, cross product of a vector to itself is zero (d xd=1sin0= 0), hence force experienced by the straight
conductor is zero. It implies that the straight current carrying conductor will not experience any force.

I-8 | Given are two wires AB and CD carrying currents I, = I, and I; = I,I, respectively. Here, I, and I, are

magnitudes of the currents and [; and [, are direction vectors of the two currents and are along the length of
the two conductors.

Given that the two conductors are placed perpendicular to each other, it is visualized to be horizontally placed
on the table top shown in the figure. Further, magnitudes of the two currents are equal i.e. I, = I, = i...(1);
conductor carrying current I, is kept fixed while the conductor AB carrying current I, is free to move.

Here, Two electromagnetic phenomenon come into play as under-

Biot-Savart’s Law: Produces magnetic field B = BB = ;—T‘t’ié...(z),
around the conductor. Direction of the magnetic field, as per Ampere’s
Right-Hand Thumb Rule, is piercing the table top though the conductor
current carrying current I, and emerging out of the table top from
diametrically opposite point.

N\ F=T=B=(n)<=8
\ =187 =<Bl=/Bsiver

Lorentz’s Force: Magnetic flux B produced by conductor carrying CD :
current I; when interacts with current I, the conductor AB would

Hoi? 7

py— k ...(3), at each point.

experience a force F = I,Bsin90k = F =




Here, k is perpendicular to the plane of unit vectors B and [,, as shown in the figure.

Further, magnitude of B « % hence force at end A would be larger than that end B. Thus, non-uniform force
on the conductor AB carrying would create two kinds of motion, D* Alembert’s Principle, as per mechanics

. . L . F
a. Translational acceleration in the direction of force as per newton’s Second Law of motion a = ;R ,

here Fr = fab Fdr and is m mass of the rod.

b. In this case non-uniform distribution of force F along the conductor, as shown through the graph in
the figure, produces a torque. This torque produces a rotational motion in the conductor AB, about
the center of mass. The direction of the motion is depicted through a circle around the center of mass
of uniform conductor AB.

As a result of the mechanics involved, end A will tend to move towards D and end B would tend to move
towards end C, as shown in the figure. Eventually the conductor AB '
would tend align parallel to the conductor CD.
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Once the two conductors are in parallel, currents through them would be
in opposite directions leading to force of repulsion, causing the conductor
AB to move away from the fixed conductor CD, as shown in the figure.

N.B.: 1. The understanding of the figure (3D system on 2D) requires visualization; basic knowledge of
drawings is helpful for this.

2. This problems involves integration of multiple concepts, both in electromagnetism and mechanics, and thus
it is of a high quality.

Current carrying conductors, two parallel but in opposite same direction experience D
force of attraction as shown in the figure. This is explained from the natural tendency
of magnetic lines force, like elastic bend. In conductor charge carriers, generally
electron, are free to move within the conductor but not independently. —

Trrdedd 4 o <« Lelladifd

But, in case of two proton beams in same directions, each proton is independent to move under influence of
various forces acting on it and is defined as Lorentz’s Force F = gE + q¥ x B has two components F =
F, + F,,, Where, F, = gE and E,,,, = q¥ x B. Here, q is charge of the charge carrier in this case proton in
the beam, E is the electric field established by the another beam, # is the velocity of charged particles i.e.
protons, B is the magnetic field produced influencing protons of a beam by another beam.

Further, electrostatically F, = gE7 and electromagnetically F,,, = quB(—#), here # is separation vector
between the two proton beams. Thus, relative magnitudes of F, and F,,,, will determine whether proton beams
would experience force of attraction or repulsion.

1-10

Ampere’s Law is mathematically expressed as 56§ dl = Uol. It is also known as Ampere’s Circuital Law.
The word Circuital defines that it is integral of a vector in a closed loop, also called circuit. In the instant case
it is integral of magnetic field and the law defines its equivalence of current passing through the closed loop.

If wire is straight and long, , as given, magnetic field around it is due to electric current flowing through the
wire and it is defined by Biot-Savart’s Law. Secondly, current in a loop requires to be closed and essentially
it has a voltage source. Moreover, current in a circuit is defined by the principle of conservation of charge.
Since the given statement is an open loop, there can be infinite loops of magnetic field, regular or irregular,
and hence magnetic field at a point cannot be defined by it.

I-11

Twisting of electrical wires used in electrical appliances creates small loops as SupplyCurrent Return Qurrent
shown in the figure. Characteristically electric current produces magnetic field. -~ = SfiL
Thus twists in connecting wires produce small loops as shown in the figure. aa

In case there are no twists the current loop formed by connecting wires will be large and magnetic field
produced by it will cause stray effects on adjoining equipment.




But in case twists, small current loops formed by the connecting wires polarity of magnetic field in consecutive
loops is opposite and therefore it closes in every consecutive loop.

N.B.: This problem is a good example of practical application. Students are advised to verify magnetic effect
of current in connecting wires, using a magnetic compass, supplying electricity from battery or a AC/DC
converter, both twisted and untwisted.

I-12

It is given that two current carrying wires may attract each other. The uncertainty
about attraction or repulsion in the wires depends upon direction of current.
' When both conductors carry currents in same
direction there is force of attraction and when in L
opposite direction there is force of repulsion, as shown in the two figures.
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Yet, taking given statement it is taken that directions of current in the two
conductors corresponds to force of attraction.

Now conductors have some mass, and when force acts upon them there is acceleration, as per Newton’s Laws
of Motion, and consequent displacement and increase in velocity of conductor in the direction of force as per
equations of motion. The work done on the conductor W = F.d3 is converted into kinetic energy of the
conductor, as per Law of Conservation of Energy.

Here, it is important to know that cause of increase or change in kinetic energy of the conductor is current
through it and not the magnetic field.

1-13

System as given is shown in the figure. Magnetic field around the vertical

. . . . . = Deflected Electron
wire carrying current say I is shown in a circular loop, such that plane of the 2 e
loop is perpendicular to the conductor and direction of the magnetic field is TS i
) . . v . DA
shown in accordance with Ampere’s Right-Hand Thumb Rule. L &l 7\ =
Electron beam is horizontally projected towards to conductor, The loop of the =g . Uiy L (B
magnetic field and electron beam are taken to be coplanar. 0 Db 'f _

B Magnetic Field Deflection of
Direction electric current i due to electron beam is opposite to the direction  Due to Conducter Electron Beam

of the beam; it is attributed to the fact that electrons are (-Ve) charge carriers.

Thus as per Fleming’s Right-Hand Rule, as shown in the figure (3-D Vectors), force acting on the electron beam is
upward. Therefore, as per Newton’s Laws of Motion, the electron beam would experience upward deflection, as provided

in option (c), is the answer.

I-14

Current I through a wire placed along axis of a circular loop carrying current

i . As per Ampere’s Right-Hand Thumb Rule, magnetic field B produced by B = S

the current I is in collinear to the current 7 through the circular loop. Thus, /{’Zf” 7y “\4\;1::‘}
- 5. _ ( 4 S ‘,A

angle between the vectors Band7is 8 = 0...(1) %\}\___-_ i ;7_.35,’ 7

Interaction between B and 7 would produce a force F on the circular loop as e

per Lorentz’s formula would be F= 27Ir(? X §) = F = 2nriBsin6...(2).

Combining (1) and (2), F = 0, i.e. the wire will not exert any force on the loop, as provided in Option (c) the
answer.

I-15

The given system is shown in the figure. Since currentis I = d(Z:v) . Taking it vectorially, , N
E

L ... > d(npeb d ‘

proton beam in in direction (—j) hence current in it is I,, = % = npe%(—j) as L T

shown in the figure. Here, n,, is number of protons per unit length of the beam, e is charge ;l A

of a proton, and v, is the velocity of the proton beam. Since charge of proton is (+)ve and : L \

hence direction of current in proton beam is same as theis same as the direction of the F

. . . . n . = dvp Proton Electron
beam i.e. in direction (—). Accordingly, I, = —npe —J Sne Bk




But, in electron beam comprises of negative charge carrier and charges (—e) are moving along (j). Hence,
electric current in the beam is I, = d(n;e%) ne(—e) == 2% (M= L= nee% (7). Thus, electric current in
both the beams is in the same direction.

Accordingly, forces acting on the two beams can be explained from
‘ : nature of magnetic lines of force drawn using Ampere’s Right-Hand
AL S— - +3y14v++  Thumb Rule shown in the diagram. Alternatively using Biot-Savart’s
‘ , , '/ Law combined with Lorentz’s Force.

¥y
y

< Taking simpler explaination in the diagram it is seen that both the
beims belng unldlrectlonal would experience attractive forces of equal magnitude. Yet, ratio of mass of the

electrons and protons m— = 1836 and as per Newton’s Second Law of Motion acceleration a = ;. Therefore,
e
F

acceleration of electrons and protons in the beam would be % == % = m—” = 1836. Since, acceleration
Py, P e
14

of electron (a,) in the beam is considerably larger than the acceleration of the protons (ap) , Hence, electron
beam will get deflected towards proton beam as provided in the option (a), is the answer.

I-16 | Given system is shown in the figure. Deliberately points A and B on theaxis of the Clockwise Current
circular loop are taken far away from O the center of the loop to add clarity to the
o geometry. Direction of magnetic field and polarity
| of the face using Flemmig’s Right-Hand Thumb N
Rule is shown in the figure. SOiRAS
~ Face of the loop seen from A is South Pole, as shown in the figure, and
conversly, when seen from B it is north pole. The current carrying loop can
et A be compared to a magnet. Accordingly, magnetic field inside a magnet and
. outside the magnet is examined. It is seen that inside the magnet magnetic
- g field is from its south pole to north pole and outside the magnet it is from
north to south pole.
Therefore, magnetic field will be from A to B along the axis as provided in option (d), is the answer.
I-17 | Wire PQ is carrying current i, and a loop ABCD is carrying current. A loop ABCD is carrying current i,. The

loop and the wire are is in vertical plane such that sides AD and CB of the loop are parallel to the wire PQ,
while side DC and BA of the loop are perpendicular to the wire. Current in each branch of the loop is i,.

Magnetic field at any point at a distance r from PQ is B, “"L ...(1). The magnetic field
as per Ampere’s Right-Hand Thumb Rule would be enterlng the plane of paper, in
geometry shown in the figure.

As per Fleming’s Left Hand Rule branch AD of the loop would experience force of [ -
attraction towards the wire PQ i.e. along (—1), while branch CB will experience force of 1 A D
repulsion i.e. along (f). Both the arms carry current i,, yet each of them experience t,

i

different forces in accordance with (1). Accordingly, F4p & B = F4p « 2 along (=7
and Fyp X B = Fp along (£). Thus, net force on the loop is F; « (Ld — —)l is P
towards the wire PQ experlenced by AD.

As regards branch BC and AD, they carry currents in opposite directions, yet distribution of magnetic field
along the branches is identical. Thus, as per Fleming’s Left Hand Rule force on branch BC is Fp is along f

while on branch AD is F,p = Fgc...(2) but it is along(—j). Thus, net force on the loop along jis F; =
(Fgc — F4p)j. Using (2), ﬁ] = 0, accordingly there will be no displacement of loop along j.

Thus answer is option




1-18

A charged particle, it could be (+)ve or (-)ve, is moving with a velocity v along line of a magnetic field B.
In case the charge on particles is positive then direction of current is same as that of the magnetic field. But,
if charge is (-)ve the direction of current is opposite to the magnetic field.

Lorentz’ Force on a charged particles is F = q(¥ x §) Given that both the vectors # and B are collinear,

and hence their cross product v x B = 0. Therefore there will be no magnetic force on the particles, as per
option (d), is the answer.

1-19

A charge as per Coulomb’s Law produces electric field irrespective of the its dynamical state i.e. in rest or
motion. But, when a charge is in motion it produces magnetic field as per Biot-Savart’s Law. Thus a moving
charge produces both electric and magnetic field as provided in option (c), is the answer.

1-20

When a charged particle is projected in a plane perpendicular to the magnetic field as shown in figure, it
would experience a force in a direction expressed Fleming’s Left-Hand Rule and quantified as Lorentz’s Force

F= q(ﬁ X E), here q is charge on the particle, ¥ velocity-vector of the particle and B magnetic-field-vector.

It is important to note that force Fis perpendicular to the plane of vectors ¥ and B and acts as centripetal

= - - - 4 2 -
force of magnitude F = quB# which will be compensated by centrifugal force F' = %(—fﬂ) causing a

circular motion of the charged particle inside the magnetic field. Here, m is the mass
of the charged particle and r is the radial distance of the particle from the center of the
circular path described by the charged particle. -

+ + + +

.t 1

“Tw

B e

Tk S
/
+

After the particle is projected with velocity v inside the magnetic field its kinetic +
energy is E = %mvz. It leads to E o v2...(1) But, after that particle remains free to  +

o+

- — 2 R
move in a state of equilibrium i.e. F + F' = quB# + %(—f) =0, and there isno  + + + +

change in kinetic energy of the particle.

2 2
It leads to quB = % =>r= Z% >r = %...(2), the radius of the circular path described by the charged
particle and it remains onstant since each of the term on R.H.S. has a predefined values.

m?
qZBZ

mUZ

Area bound by the circular path described by the particle is A = nr? = (q—B) > A= (
v2...(3).

Comparing (1) and (3), both E and A are proportional to v2. Therefore, as per Euclid’s postulates A « E as
provided in option (c), is the answer.

)v2=>Ao<

1-21

Given that particles X and Y have equal charge say g and are accelerated through equal potential difference
say V. Then potential energy of the particles after acceleration shall also be equal E = gV...(1)

Let mass of the two particles be m, and m,,. Then velocity attained by the particles will be %mvz =E>=

%mv2 =qV =>v= /% ...(2) Accordingly, velocity of particles X and Y is would be v, = ’zr;z_v and v, =

2qv
my

...(3), respectively.

The forces on the particles inside magnetic field describe a circular motion in a plane perpendicular to the
magnetic field, maintaining an equilibrium. Accordingly, kinetic energy remains at E.




>

It is important to note that electromagnetic force on particle X is E, = qvaf and on particle Y is ﬁy =
qvy,B7. These forces are perpendicular to the plane of vectors ¥ and B and act as centripetal force.
(—) and Fj =

mv,?

Accordingly, centrifugal forces are Fx; =

—1), respectively.

. . . . B + + + + +
Necessary condition of circular motion of particles X is F, + F, = 0= quv,B = 2
2 B . . . L. o2 = myv,2 + ¥+ Tty +
Bt = m, = £ Likewise, for particle Y itis F, + F) = 0= qu,B = 21X = i 3 s
Tx Uy Ty Il F i T
qBry 4 \ F ! F
My = (4 + o+ A+

Combining set of equations (3) and (4) for the particle X is m, = 22 = fm, = + + + + +

=

JaxB \/_ JaxBryx
GXBry oo : o y V2V My _
Nl Likewise for particle Y it is m,, = F = ./m . Accordingly, Ty = Taxbry = =
v
2
L L (&) , as provided in option (c), is the answer.
Ty  my Ry
I-22 | Given system is shown in the figure where i; = 20 A, i, =40 A, and i3 = 20 A. Using Ampere’s Right-
Hand Thumb Rule magnetic field due to conductor carrying current i, at the middle A
| . v
conductor is 31 #Oll ( i)...(1), and due to conductor carrying current i, at the f &Y 1"
i MEETT -2
middle conductor is Bz = %(—i)...@) Therefore, combining (1) and (2) and < -
using the available data, net magnetic field at the middle conductor is B= §1 + J{’
B> B=28(p+ 2o ()= F =M. 3) =
2 2nd 2nd nd el !
It is required to determine direction of force on the biddle conductor. As per Lorentz’ Equation force perunit
length of the conductor is F = q(# x B) = 73 x B. Using (3) and the given data, F = 20(—k) x %(—“)
It leads to F = %k xi=F= (::):0 j, we know from vector product that & x i = J i.e. towards conductor
carrying , i, = 40, as provided in option (b), the answer.
1-23 Kol

Magnitude of the magnetic field at point at a distance d from a conductor carrying current i is B = T In

the problem there are two conductors carrying currents i;and i, such that i; > i,.
Therefore, at a point between the two conductors, magnetic field due to currents i;and . { d-»ed-»

. . , . ' ' ) 4 A
i, as per Biot-Savart’s Law is By = 21 and B, = £2Z, respectively. -1-2d

When both the currents i;and i, are in same direction then direction of the magnetic
fields B,and B, as per Ampere’s Right Hand Thumb Rule are opposed to each other.

Therefore net magnetic field at midway is B = B, — B, = B = 20t _tolz — 10 T |t

2md 2md
leads to%(ll — i) =10T...(1). fi?d;
But, when currents in the two conductors in opposite direction, magnetic field at “~-- ‘j
midway of the two conductors are in same direction. Hence, is B’ = B; — B,. It leads B [
toB' =50ty Loz — 305 Lo 4 4,) =30 T...Q2). l {j}'f

+ . .
Using (1) and (2), —Z,f(? (11 12; =5 = 252 =2 (3). Applying componendo-dividendo, of ratio & proportions
2md L2 172
(ig+ix)+(g—ip) _ 341 _ iy _ . . . .
to (3) we have Gt (el — 31 = iz 2 as provided in option (2), is the answer.




1-24

Given conductor of cross-sectional area A and n electrons per unit volume carries a il
. . . . A . . d 3 . 1
current i, say in direction j. Since currentisi = d—f = i = qv'...(1), here Q is charge past

a point per sec, q is charge per unit length of the conductor, and v’ is velocity of the charge }
along the conductor.

Length of conductor (1) per unitvolumeisAl=1=1 = Wlth the given data number

1
A
n

of free electrons per unit length of the conductor is n’ = = I = n' = nA. Therefore,

A
charge of electrons per unit volume is ¢ = n'e = nde...(2). Combining (1) and (2), i = (nde)v' = v' =

—- ..(3). This velocity of electrons, which is opposite to the direction of current, is along (—j).

Given that an observer in a trolley moving with a velocity v = n+ae ...(4), along the direction opposite to the
current i.e. along (—j). Therefore, relative velocity of the charge carriers with respect to the observer,
combining (3) and (4) is V= v(=)—-v'(-) = V= —(—1) — —(—1) = 0...(5

nde
Therefore, apparently current percelved by the observer would be I = gV = 0...(6). Since magnetic field as
per Biot-Savart’s Law is B = ——...(7) inthiscasei » I and B = ”OI ..(8). Combining, (5) and (8) we should
be getting B = 0. But it is not so as discussed in the following paragraph
But, actually the trolley at any position perceives current in the conductor an effect of the flow of the electrons

inside it and not an electron beam. Therefore, motion trolley becomes insignificant. Thus, as per Biot-Savart’s
Law magnetic field seen by the observer is due to the current i inside the conductor and as per (7) itis B =

;‘—;i as provided in the option (a), is the answer.

N.B.: These problems nicely discriminates effect of electric current inside the conductor and not the current
due electron beam.

I-25 | As per Biot-Savart’s Law magnetic field dB at point with a position vector 7 due to current i through a wire
of length dl is dB = %! (d?j) ...(1). The problem gives four expressions involving same variable. First
expressions at option (a) is same as that (1), is correct.

Further,}he cross product, in (1), does not have commutative property i.e. dix?#7# xdl, yet dix 7 =
—7 X dl accordingly expression in option (b) is equivalent to that in (1), hence option is correct.
But, expressions in Options (c) and (d) do not conform to (1) and hence they are incorrect.
Thus, answer is option (a) and (b).
1-26 | Lorentz Force equation is ﬁ qﬁ +q¥ x B, its dimensional equation is [F] = [gE] + [quB] such that

[aE] = [qvB] = [v] = &1 = LT~1..(1).
...(2). Comparing (1) and (2), [x] = LT~1...(4).

v its dimensional equation is |c| = [ /Mlg ]...(5). Using (1) and (2),

lc] = [v] = |c] = LT1...(6). Given that y =

Given that x = g = [x] =

We know that speed of light ¢ =

18 ...(7). Comparing (5), (6) and (7), [y] = LT~ ...(8).

Further, given that z = é, here in RC circuit [RC] = [T] being time constant and hence [z] = % =LT~1...09).

It is seen from (4), (8) and (9), dimensions of given three variables x, y and z are same. Hence, options (a),
(b) and (c) are correct, are the answer




I-27 | Given that a long straight wire carries current i along Z-axis i.e. unit vector PHETR
(k) coming out of the plane of the figure. Current produced at point having ,” ,~ 7~ 5
position vector is 7 w.r.t. the wire is B = % (—1). : ‘A (*) B4 AC k} _
v N 7 F J

Taking points A, B and C with their position vectors 7, = r;(—f), 7 = r1f,and N~ 7/ j

7c = 1], respectively. Here, r, > r;. Accordingly, as per Biot-Savart’s Law, -7

simplified for use by Ampere’s Right-Hand Thumb Rule, magnetic field at these points is B, = Lo @), By =

1

ol o~ D Uol ,a

py— (-0)and B; = — (.

It is to be noted that magnetic field at point is vector, and for that both magnitude and directions matter while

comparing magnetic field at two points. Now we are ready to evaluate each of the given options-

Option (a): Magnetic field at A and B are equal and magnitude but in opposite direction, hence §A * §B,
hence this option is incorrect.

Option (b): Points B and C have same direction vectors i.e. j, but their distancesr; # r,. Therefore, though
§B * §C, but their directions are same along i. Hence this option is correct.

Option (c): As discussed at (a), though §A * §B, but magnitudes B, = % and By = 2‘7‘1": . Thus, B4 = Bg,

1 1

Hence, this option is correct.

Option (d): As discussed at (c), despite equal magnitudes though §A * §B, but their directions are opposite
to each other. Hence, this option is correct.

Thus, answer is options (b), (c) and (d).

1-28 | Magnetic field around a long straight wire of radius R carrying current I , as per Biot-Savart’s Law is, B =

;—;i. ..(1), here r is the distance of the point from the axis of the wire, passing through O which is perpendicular

to the plane of the figure, and i is the current enclosed inside the conductor.

It is given that the conductor is carrying current which is uniformly distributed over its cross section. Let the
current density be p per unit area.

The possibilities for having different magnetic field can be two and are analyzed here under —

(i) Point P inside the conductor i.e. 0 < 7, < R in which case current i = m‘pzp....(Z).
In this case magnitude of the magnetic field at the point P, combining (1) and (2) is //

Ty 2 T
sz%ﬁgngn_(z). :
P

(ii) Point Q is so placed that R <1, < oo in which case current i = I. In this case
magnitude of the magnetic field at the point P, combining (1) and (2) is B, =

ol (3)

2 Ty

Now we are ready to analyze each of the given options, in respect of the magnitude of the magnetic field, as
under —

Option (a): At the axis of wire r = 0, it is case (i) above, accordingly using (2), B = Bp = 0 = By,ip, thisiis
minimum and hence this option is incorrect.

Option (b): From the analysis at (a) above this is minimum and hence this option is correct.

Option (c): At the surface of the wire r = R hence case (ii) is applicable and accordingly using Ampere’s

Circuital Law ¢ B.dl = pol and hence i,,,4, = I. Thus, using (3) B = B, = 2‘% > B = %
is maximum. Here, i in the numerator is constant and maximum value, while » = R in the
denominator is minimum value of r. Accordingly, By, = % is the maximum value. Thus,

this option is correct.




Option (d): From discussion at (c) above at the surface B has the maximum value By, = & "2;":;”‘, while
at (a) we found that minimum value B, = 0. Thus, Bax # Bmin, hence this option is

incorrect.

Thus, answer is options (b) and (c).

1-29 | Magnetic field around a hollow tube of radius R carrying current say I along its length and is uniformly

distributed over the length of the tube.

As per Biot-Savart’s Law magnetic field at a distance r from axis of the tube, passing

through O and perpendicular to the surface of the figure, is B = %...(1).

With the given geometry, as shown in the figure i = I.

The possibilities for having different magnetic field can be two and are analyzed here

under —

(i) Magnetic field at any poin'g Psuchthat0 < rp < R, thecurrenti — ip = 0. Therefore, as per (1) magnetic

field at point P is Bp = %...(2)
(ii) Magnetic field at a point Q such that R < r, < oo, the current i — i, = I. Therefore, as per (1) magnetic
fieldat Qis B, = Py~ -(3)

Now we are ready to analyze each of the given options, in respect of the magnitude of the magnetic field, as

under —

Option (a): Magnetic field from axis of the surface covers zones specified in two possibilities B
and can be shown with a graph. It contradicts the stipulation that B linearly
increases with distance from axis O. Thus, this option is incorrect.

Option (b): The magnetic field inside tube is constant at Zero as per (2) and represented by
line OR. Thus, this option is correct.

Option (c): As per discussions at (b), flux density is Zero at the axis of the tube O. Thus this option is correct.

Option (d): Magnetic field at a point at a distance 7, outside the tube proportional to its distance from axis
decreases inversely with its distance, but B, — 0 as r, — oo. Thus stipulations in this option is
incorrect.

Thus, answer is options (b) and (c).

I-30 | Given is coaxial cable as shown in the figure, comprises of two coaxial tubes

having its cross-section on i — j plane. Inner tube has inner radius r;; and outer
radius 1;,. The inner tube carries current say I along j direction. The outer tube
having its inner and outer radii r,; and outer radius 7,,, respectively. Current
though outer tube is given to be equal and opposite to that of the inner tube i.e. I
along (—j) direction.

Magnetic field around the conductor is defined with Ampere’s Circuital Law

mathematically defined as ¢ B.dl = Uoi...(1). Here, i is the net current inside the
closed path, in this case all paths are circular and concentric.

It is required to determine zone of Zero magnetic field w.r.t. the cable, out of four given options. Each of them
is analyzed below.

Option (a): Outside the cable implies r > r,,. In this case net current inside the closed circular path of the
radius r is i = Ij + I(—=}) = 0. Though dl 0, according to (1), B = 0. Thus, this option is
correct.




Option (b): Inside the inner conductor i.e. r < ry;. Currents are flowing through inner and outer tubes only
and are outside the point under consideration. Thus, in this case i = 0. Therefore, on the line of
discussions at (a) above and according to (1), B = 0. Thus, this option is correct.

Option (c): Inside the outer conductor in implies that r,; < r < 1,,,. Assuming current is uniformly distributed
on the cross-section of the two tubes, i = I — I' # 0 since I' < I. Thus according to (1), B # 0.
Thus, this option is incorrect.

Option (d): Between the two conductors i.e. r;y < r < 1,; as per (1) only current I in the inner conductor will
produce magnetic field and B # 0. Thus, this option is incorrect.

Thus, answer is options (a) and (b).

I-31 | Given that a steady current, say I, is flowing through a cylindrical conductor, say of radius R, shown in the
figure in7 — j plane The problem is silent about distribution of current through T
cross-section of the conductor. It is, therefore, considered that current density p in 4 N

is uni L \
the conductor is uniform, p = — ‘! AC
\
Problem is in the form of possibilities given in the form of option, as under — & \\ S
~ Q7

Option (a): Uniform current density through the cross-section of the conductor }> s

implies that there is current through the axis of the conductor. As per ;

Ohm’s law flow of current through a conductor essential requires a

potential difference V. Since, cylindrical conductor has a length L and therefore there is discrete

electric field along the axis. Thus, stipulation given in this option is incorrect.

Option (b): Magnetic field around a long straight wire of radius R carrying current i , as per Biot-Savart’s
Lawis, B = 5—7‘1’; ..(1), here r is the distance of the point from the axis of the wire, passing through
O which is perpendicular to the plane of the figure, and i is the current enclosed inside the
conductor.

Option (c): Any point Q in vicinity of the conductor in 7 — j plane is at a distance 7, from axis of the conductor
such that R < 7; < co. Current is since flowing along k and there is no current along 7 — j plane,
therefore, as per Ohm’s Law discussed at (a) above, electric field in the vicinity of the conductor
is zero. Thus stipulation in this option is correct.

Option (d): As per Biot-Savart’s Law the magnetic field in the vicinity of the conductor is non zero since
current is flowing along k is nonzero i.e. i = I # 0. Hence, stipulation in this option is incorrect.

Thus, answer is option (b) and (c).

I-32 | Given are two expressions, the first one is vector equation, while the second one is scalar; it is required to

ascertain the given units of magnetic field B and the permeability constant u,. Here it is to be remembered
that algebra of units is scalar, yet direction creeps in with the vector quantities only. In the given units there is
no content of direction.

|"ru

-

Accordingly, taking units of constituents in first vector expression F= qu X B=>B=—. Accordingly

<U

q
equations of units is B = % or B = Nm~1A-1is ascertained.

Taking, constituents of second equation, B = ;—T‘I’; = Uy = B(zi”r). Using unit of B ascertained above we have
. . (Nm~1A-1)(m) 2. .
equation of units as g = ———= = u, = NA™“ is ascertained.

A




1-33 | It is required to determine magnetic field at point P whose position vector, as per given
data, shown in the diagram is # =11+ 0j + 0k = # = ri = 1i = r = 1...(1)Current z
through a long straight wire is | = Ik = 10k = I = 10...(2) Itis required to find magnetic i .
field vector at P. As per Biot-Savart’s Law magnetic field B = ”ler ..(3). ,}’
————>Y
()
Combining (1), (2) and (3) with that £2 = 10~ we have, B = %T It leads to /
X
B=2 (Z—;) x 10 x (kx ) = B = (2(1077) x 10)j > B = 2 x 10~% T. Accordingly,
flux density B at P is of magnitude 2 x 10~°T along Y-axis, is the answer.
N.B.: It is to be noted that mathematical operator between two scalars is simple multiplication and it assumes
vector product only when sandwiched between two vector quantities viz. (k x ) = j, while ( x k) = (—)).
I-34 | A copper wire of diameter d = 2R = 1.6 mmor R = 0.8 x 10~3 m carries a current I = 20 A, but nothing
is defined about current distribution in the conductor cross-section. Here, r = g is
the radius this problem current is considered to be uniformly distributed and has
current density is p = —7
As per Biot-Savart’s Law magnetic field at a distance r from axis of the tube,
passing through O and perpendicular to the surface of the figure, is B = M ..(1).
i
With the given geometry, as shown in the figure i = I.
The possibilities for having different magnetic field can be two and are analyzed here under —
(i) Magnetic field at any point P such that 0 < r» < R, the currenti — ip such that i, = prr? = (#) mre.
It leads to i, = —...(2) Therefore, as per (1) and (2) magnetic field at point P is
Bp = ;"I It |mpI|es that Bp o< 1...(3) g s
|
(i) Magnetic field at a point Q such that R < rq < oo, the current -, =1 :
Therefore, as per (1) magnetic field at Q is B, p— Bl B, oc =..(4). R i
Plot of r — B is shown in the figure reveals that B is maximum atr — R and By,qx = % = (2 Z—;) %. Using
the available data B,,,;,, = (2 x 1077) o0 = Bmax =5 % 1073T, is the answer.
I-35 | Given that a transmission wire is carrying a current i = 100A. It is required to determine magnetic field on
road such that its distance from wire r = 8 m.
As per Biot-Savart’s Law B = We know that £o — 10-7. Accordingly using the available data B =
2(%) > B=2x10"7 x3" = 2.5 x 10" 6Tor25pTlstheanswer
I-36 | Given system is shown in flgure in horizontal plane i — j . Aconductoriscarrying @ © © ©@ © ©
(iurrenti of vaIueAz [ =1.0f A Itis placed in a vertical magnetic field B of value OFa® @ ® »f“o ®
B =1.0 x 1075kT...(1) It is required to determine resultant magnetic field at }’ g
point P and Q at a distance d = 2.0 x 10~2m and their position vectors are defined 2% @ @ °ofo o
as?, = 2.0 x 1072(=j)mand 7, = 2.0 X 107%(j)m ...(2), respectively. © o el ogoe o
oy
Magnetic field vector at a point due to long strait current carrying wire, as per Biot- ¢ © © @@ ©
Savart’s Law, is B’ = 27 o Br — %IA x 7. With given orientation of conductor ® © © © © ©

r?




— 7

and symmetrical position of points P and Q B, = %j x (i) = B, = %12 and B, = %j x{ =B, =
Bl (_R)...3).

2nr

The final Iorm in (3) is baseg on vector product, again using Right-Hand Thumb Rule in different context,
jxi=—-k andjx (-10) = k.

Combining (1), (2) and (3), resultant magnetic field at P is B, = B + B, = B, = Bk + 22 k. It leads to
B, = (B +£2) k. Likewise, at Qitis B, = B + B, = By =Bk +2(-k).
It leads to B, = (B — 22 k.

Z.Oifo_z F=(1.0%x10"5+1.0x 105k =

k=(10x10"5-1.0x 10"k = B, =

Using the available data, B, = (1.0 x 107%)k +2 x 1077
B, =2.0x 1075k, and B, = (1.0 x 10™5)k + 2 x 1077
0

N.B.: 1. The problem can be easily solved applying Ampere’s Right-Hand Thumb Rule. Yet, at first stage of
practicing the problem-solving, it is illustrated using vector equation as per Biot-Savart’s Law. Apparently, it

is more tedious, yet it will help to develop visualization and conceptual clarity. As student’s go into proficiency
and revision stage they can comfortably and confidentially resort to short-cuts.

2.0x1072

2. For zero quantity has neither direction nor unit.

1-37

Given system is shown in figure in horizontal plane { —j . A conductor is carrying © © © © © @
current I of value I = Ij A. The current is uniformly distributed over the cross-section G“}E’J @00 @
of the conductor, the current density is p = #. It is placed in a vertical magnetic field 2+ ©,©-© ©
= ~ . . . _ . @ 0 olezo o
B of value B = Bk...(1) It is required to determine resultant magnetic field at point P 5 % & @‘f 5 %
and Q at a distance d and their position vectors are defined as 7, = d(—j)m and 7, =
djm...(2), respectively. © e e e e e
In this case magnetic field produced by the conductor interacts with magnetic k
field B around it. It has following aspects- AI vi:\ B,
- X B o R A -
(i) Magnetic field above the axis of the conductor is along (k) and is ;?-_j-—-.._f’..ﬂz 11 &
additive to the magnetic field B and is shown in the graph by curve T Klzal R

sections EG and GH, already brought out in the figure above.
(ii) Magnetic field below the axis of the conductor is along (—l?) and is subtractive to the magnetic field B
and is shown in the graph by curve sections EIJ and JKL, already brought out in the figure above.
(iii) Inside the conductor 0 < r < R magnetic field due current in it, as per Biot-Savart’s Law, combined with

; 7:::2 and is shown in the graph by curve sections EG, above the axis of

the conductor and EJ, below the axis of the conductor.
(iv) Outside the conductor R < r < oo magnetic field due current in it, as per Biot-Savart’s Law, is B, = %

and is shown in the graph by curve sections GH, above the axis of the conductor and JL, below the axis
of the conductor

Ampere’s Circuital Law, is B, =

With this analysis we are ready find answer to the two parts of the question-

Part (a): It is seen from the graph of resultant magnetic field that maximum magnetic field occurs at the
surface of the conductor where r - T, =1 =R, above the axis of the conductor as discussed at
(i) and (iii) above. Accordingly magnitude of the maximum magnetic field is By, = B + %, IS
answer of part (a).

Part (a): Again observation of graph of resultant magnetic field, below the axis of the conductor inside the
conductor it passes through Zero value at . o> r=r=—a Bu, it attains minimum value at J on




the graph when r = —R and again starts increasing. Therefore, minimum flux density at occurs at
Uol

r=—R iSBy, =B — Py is the answer of part (b).
Thus, answers are (a) B +£2L and (b) B — £2L
! 2R 2nR’

N.B.: (a) This is an excellent problem on interaction of magnetic fields.
(b) Reference to the graph must be drawn from i — j — k space shown in the figure.

(c) While determining minimum value concept of number like is important.

I-38 | Given that a long straight wire is carrying current I shown in the figure and vectorially i o
[ = 30k A. It placed in a uniform magnetic field B, parallel to the current, shown in the * % %{Pb”
figure and is vectorially B=40x10"%kT. g
It is required to find magnitude of the resultant magnetic field B, at a point r = 2.0 X }N;
10~2m away, as shown in the figure, and is vectorially 7 = 2.0 x 10~2jm. _

. . . . . i
As per Biot-Savart’s Law magnetic field at a point due to current in a long straight
- ~ . . - =7 ~
conductor, as given in the problem is B’ = Bol focp, Using the available data B’ = wk X J.
2nr 2.0x10

We know that vector product j x k =1 and k x j = (—1). Accordingly, B'=3.0x 10~%*(—1). Therefore,
resultant magnetic field at P is By = B + B’ = 4.0 x 10~*k + 3.0 x 10~*(—{) and magnitude of the
resultant magnetic field is By = \/B2 + B'? + 2BB’ cos 0, here 6 is angle between associated vectors B and
B’ . Inthe instant case angle between direction vectors k and (—1), being orthogonal, is & = 90°. Accordingly,
Br = VB2 +B'* = By = /(4.0 x 107%)2 + (3.0 x 10-%)2 = Bg = 5.0 x 107*T, is the answer.

I-39 | Given system is shown in the figure where a vertical long wire is carrying current I = 10 A
upward and is vectorially I = 10k. The conductor is placed in horizontal magnetic field B =
2.0 x 1073 T and is vectorially B = 2.0 x 1073j.

As per Biot-Savart’s Law magnetic field at a point due to current in a long straight conductor, as
= a . - g =7 «~ =7
given in the problem is B’ = g—;il x #. Using the available data B’ = (CLEUNDLELY xjorB' = M
We know that vector product j x k =1 and k x j = (—1). Accordingly, B'=3.0x 10~*(—1). Therefore,
resultant magnetic field at P is By = B + B’ = 4.0 x 10~*k + 3.0 x 10~*(—{) and magnitude of the
resultant magnetic field is B, = \/B2 + B'? + 2BB’ cos 6, here 8 is angle between associated vectors B and
B
It is required to find position of point where resultant magnetic field is zero. It possible only when-
(a) Angle between B and B’ 6 = m, since cosm = —1 and ™
! WAGRE
(b) B=B o]
-7 -
It leads to B = 0 = B = B’. Accordingly, using the available data 2.0 x 1073 = @010 0~ 1.0 x
10~3m along (—1) or Imm behind the conductor.
I-40 | Given that two parallel wires P and Q, separated by a distance d = 4.0 x 10~2m are carrying current I = 10

A in opposite directions. The wire in 3D vector space are laid along i on i — j plane as shown in the figure is
currents in the wires would be I, = 10k and I, = —10k.

It is required to determine magnetic field points A4, A,, A; and A,, on i — j plane, which is combined effect
of currents in wires P and Q. As per Biot-Savart’s Law magnetic field at a point due to long straight wire is
B= %IA x#=2x10"" (ﬁ) (f X f)...(l). It is, therefore, essential to first determine position vectors of
each of the point w.r.t. wires P and Q.




Position vectors of these points w.r.t. wire P, as per given data and the figure 7,,; = —2.0 X 1072j, Tpy =
1.0 X 107%f, #,3 = 2.0 x 1074 and 7,4, = 2.0 X 1072j — 2.0 x 10721

Likewise, relative position vectors of these points w.r.t. wire Q, whose position vector w.r.t. wire P is 7, =
4.0 X 1072}, are

(i) T =Ty — 7y = —=2.0 X 107%j — (4.0 X 107%) = 7,3 = —6.0 X 1072].

(i) T =ty — 7 =10%x107%]— (4.0 x 1072)) = #,; = —3.0 x 1072].

(i) Ty =Ty — 7 = 20X 1072] — (4.0 x 1072)) = #,; = —2.0 x 1072},

(iv)  Fpp =Ty — 73 = (20X 1072] — 2.0 x 1072) — (4.0 X 107%)) = 7,y = —2.0 X 1072(i + ).
Using (1), we are now ready to determine magnitude of magnetic field at each of the given points. Here, it is
important to recall product of unit vectors j x k = tand k x j = —i. Likewise k x i =jand i x k = —;.

Magnetic field at Point Ai: By; = Bp_41 + Bp_a1

=2x1077 (:p—‘i) (12 X (—f)) + (:—0) ((—’2) X (—f))]

= 2% 10_6 :_ (2.0><110_2)( l) (6 0x10~ ) l)]

= 2x10"* :%—%]iz(gxlo““)i.

Accordingly, magnitude of resultant magnetic field at A; is By; = 0.67 x 1074T.
Magnetic field at Point Az: By, = Bp_42 + Bp_a»

=2x10"7 [(;—‘:) k X (1)) ( )(( k) x (—1))]

=2Xx 10_6 [(1 0X110_2) (_i) + (3 0X10~ ) l)]
—2x10°* [ ]( 0 = (i x 10-4) (-D).

Accordingly, magnitude of resultant magnetic field at Az is By, = 2.7 x 1074T.

Magnetic field at Point As: B4z = Bp_3 + Bp_a3

=2x1077 [(:—0) (kx®)+ ( )(( k) x (—1))]

=2x107° [(2 0x10- )( ) - (2 0x10~ )( l)] =2x107 [(2 0x10- )(i)]

Accordingly, magnitude of resultant magnetic field at Az is By, = 2.7 X 107*T.

Magnetic field at Point As: Byz = Bp_43 + Bp_a3

=2x1077 [(%) k X (])) ( )(( k) x (—1))]

=2x107° [(2 0x10~ )( ) - (2 0X10~ )( l)] =2x107 [(2 0x10~ )(i)]
=2.0x10"*

Accordingly, magnitude of resultant magnetic field at Asis B4z = 2.0 X 1074T.

Magnetic field at Point As: By, = Bp_44 + Bp_aa

=2><10‘7[(;—i) k (1—)) ( )(( k)X(—J—l))]




Here, though vectorially 7,,, # 754, yet geometrically, as shown in the figure,
Tpa = Tqa =2 X (2.0 X 1072)2 = 2 x (2.0 X 1072)

= 2107 |(575m) (%) + (575000) (R % 1)
=2x107* [%] (—1) = (VZ x 1074 (-).

Accordingly, magnitude of resultant magnetic field at Asis By, = 1.4 x 1074T.
Thus, answer is () 0.67 x 1072 T, (b) 2.7 x 1072T (c) 2.0 x 10~2T and (d) 1.4 x 10~2T

1-41

Given that two parallel wires A and B, separated by a distance d = 2.0 x 10~2m are carrying current I = 10
A in same direction. The wire in 3D vector space are laid along i on 7 — j plane as ' P

shown in the figure is currents in the wires would be I, = 10k and I, = 10k.

It is required to determine magnetic field at point P, equidistant from A and B d = ‘ *\

2.0 x 107, on £ — J plane, which is combined effect of currents in wires A and B. 4280 e 5255

As per Biot-Savart’s Law magnetic field at a point due to long straight wire is B=

”—"ii XF=2x1077 G) (I x #)...(1). 1t is, therefore, essential to first determine position vectors of each of

2T

the point P w.r.t. wires A and B.
Let us take wire A as reference, position vector of point P w.r.t. to A is 7, = 2.0 X 1072(cos 60°f —

. ~ N _ 1. \/§
sin60°%) = #,, = 2.0 X 10 2(51 -2

~

i). Position vectors of B w.rt. wire A is #,, = 2.0 x 1072].
Accordingly, position vector of point P w.r.t. wire B is 7, = 7,y — Tpq = Fpp = 2.0 X 1072 [G] - ‘/;i) —
V3

j]. It leads to 7, = —2.0 x 102 (72 + %]) Here, magnitudes r,,, = 1, = 2.0 X 1072

Using (1), we are now ready to determine magnitude of magnetic field at point P. Here, it is important to recall
product of unit vectors j x k = tand k x j = —i. Likewise k x i =jandix k = —j.

Magnetic field at Point P: Bp = Bp, + Bpp,

=210 [(2) (k- 20) - (2) (k¢ @1+ 29)

=2x 107 [~ (2) (k x 1)

2.0x1072
= /3 x 1074(—).

Accordingly, magnitude of resultant magnetic field at A; is Bp = 1.7 x 10~*T along a line perpendicular
wires A-B, parallel to AB from in direction B to A, is the answer.

1-42

Long straight wires along X and Y axes are carrying current I = 5A in

N . S ) S I
positive directions, accordingly currents through themare I; = 5tand I, = -, B T’ ?A: )

5j, respectively.

It is required to determine magnetic field at points A(1,1), B(-1,1), C(-1,-1) | i >
and D(L,-1). T Y _l- vr.
Magnetic field at point from a long straight wires is B = %fx F=2X |-1= ‘C.‘T e Di-1)

1077 G) (I x #). Here, # = r# is position vector of the point from the current
carrying wire, where r distance of the point from the wire and 7 is the unit direction vector of the point.

Magnetic field at each of the given points shown in the figure is resultant of the magnetic fields produced by
the two wires at the points. Accordingly,




Point A: By = Bay + Baz = By = 2x 107 () [0 ) + ) x 1] = 1.0x 10°5(k = k) > B, = 0

Point B: By = Bp1 + Bz = By =2x 1077 (3) [ x )+ x (-1)] = 1.0 x 107° (k — (=k)) = Bp =
2.0 x 107 k.

Point C: B =Bey +Bey = Be =2x 1077 (3)[(ix (=D) + x (-1)] = 1.0 x 107° (=k — (k) =
1.0x107%(-k + k) = B, =0,

Point D: By = Bpy +Bpy = Bp =2x 1077 (3)[(1x (=) +) x (D] = 1.0 x 1075(k + k) = 2.0 x
105k = Bp = 2.0 x 10~ °k.

Thus, B4 =0, Bg = 2.0 x 10~°T coming out of the plane of the paper, B, =0, Bp = 2.0 X 10~°T
entering the plane of the paper.

1-43

Magpnetic field at point from a long straight wires is B = %f XF=2x10"7 (é) (I x #). Here, # = rf is
position vector of the point from the current carrying wire, where r
distance of the point from the wire and 7 is the unit direction vector of the I A I,
point. T

, L Qi Q
Taking currents I3 and 1, along unit direction vector {and currents /; and N\
I, along unit direction vector j, for the purpose of position vectors of Qs, o, 3
Q2, Qs, and Qg are situated on the diagonals of the square of side d = 0P
5.0 x 10~2m formed by the four wires as defined point O as shown in the 2 K
figure is taken as a reference. RN

Length of the diagonals of the square is D =+/2d, accordingly Qj 4 ™
geometrically position vectors of the points from the four wires point and Q\
corresponding magnetic fields are —

5
2.5X1072

Point P: W.rt. to wire 1, 7#,; = 2.5i, and therefore §P1 =2X 10‘7(
1073k;

)(jxi):ﬁpl=—4x

5
2.5X1072

W.rt. to wire 2, 7,, = —2.5i, and therefore §P2 =—-2X 10‘7(
1075k;

)(ixi):ﬁpz=4><

5
2.5X1072

W.rt. to wire 3, 7,3 = —2.5j, and therefore Bps = —2 % 10‘7(
10~5k;

)(ixj)=>§p3=—4><

5
2.5x1072

W.r.t. to wire 4, 7,4 = 2.5f, and therefore Bp, = 2 x 10‘7( )(i X J) = Bpy = 4 X 107%k;

Therefore, magnetic field at point P is Bp = Bpy + Bpy + Bps + Bpy = 4 x 1075(=k + k —k + k).
It leads to Bp = 0 is the answer.

Point P is point of cross-section of the two diagonals. Yet, same set of equations can be used with the
respective positions vectors of points Q1, Q2, Qs, and Qa, using geometrical symmetry. Accordingly,

5 N A~ -
2.5><10-2) XD = Bgi-1 =

Point Q:: W.r.t. to wire 1, 7, _; = —2.51, and therefore §q1_1 =—-2X 10‘7(
4.0 x 1075k;

W.r.t. to wire 2, 7,;_, = —7.51, and therefore §q1_2 =-2x10"7 (7—55) GxD= §q1_2 =13xX
1075k;

W.rt to wire 3,7,;_3 = 2.5j, and therefore §q1_3 =2x1077 (%) ix)= §q1_3 =4.0 X

~

10~ %k;




W.rt. to wire 4, 7,;_4 = 7.5, and therefore By;_, =2x 1077 (%) (i %X }) = Bpy_g = 1.3 %
1075k;
Therefore, magnetic field at point P is By; = By1_1 + Bg1_2 + Bg1—3 + Bg1_4 = (4.0 + 1.3 + 4.0 +
1.3) x 1075k. It leads to B,; = 1.1 X 107 k or By = 1.1 x 10~* T coming out of the plane of
the figure, is the answer.

Point Q21 W.rt. to wire 1, 7,4 = 7.5i, and therefore By, _; = 2 x 1077 (7 5><510-2) (X =Bpq=

—-1.3x 107 5k;

W.r.t. to wire 2, #,_, = 2.5, and therefore By, , =2 x 1077 (%) (Gx0) =By p=-40x
1075k;

W.r.t. to wire 3,7,,_3 = 2.5], and therefore §q2_3 =2x10"7 (%) ix)= §q2_3 =4 x 1075k;
W.rt. to wire 4, 7;_, = 7.5j, and therefore §q2_4 =2x1077 (715) (I XJ) = Bpy_g = 1.3 %
1075k;

Therefore, magnetic field at point P is By, = Byp_1 + Byy—p + Bga—3 + Bgp_a = (—4— 13+ 4+
1.3) x 1075k. It leads to qu = 0 is the answer.

Point Qs: W.rt. to wire 1, 7,3_; = 7.51, and therefore §q3_1 =2x10"" (7 5><510-2) Gxi= §q3_1 =

—1.3x 107 5k:

W.r.t. to wire 2, 73_, = 2.51, and therefore Byz_, = 2 x 1077 (%) (%1 = Bp_p, = —4.0x
1075k;

W.r.t. to wire 3, 7,3_3 = —2.5], and therefore Byz_3 = —2 x 1077 (%) (1x]) = B3 =—4x
10~5k;

W.r.t. to wire 4, 7;3_, = —7.5f, and therefore §q3_4 =-2x1077 (7—55) @xp)H= §P3_4 =-13X
10~5k;

Therefore, magnetic field at point P is Bys = Byz_1 + Bys_p + Bgz_3 + Byz_s = (—4— 13 — 4 —

3)x 1075k = By = —1.1x 107* k. It leads to B,z = 1.1 x 10~* T entering the plane of the
figure, is the answer.

Point Qa: W.r.t. to wire 1, 7, = —2.5%, and therefore §q4_1 =-2x1077 (2 5:10_2) Gxi)= §q4_1 =

4.0 x 1075k;

W.r.t. to wire 2, 7,4, = —7.51, and therefore §q4_2 =-2x1077 (7—55) Gxi= §q4_2 =13 X
1075k;

W.r.t. to wire 3,7,,_3 = —7.5f, and therefore §q4_3 =-2x10"7 (7—55) ix)= §q4_3 =-13X
1075k;

W.rt. to wire 4, 7,_4 = —2.5], and therefore §q4_4 =2x1077 (7—55) (X)) = Bpy_y = —4.0 X
1075k;

Therefore, magnetic field at point P is §q4 = §q4_1 + §q4_2 + §q4_3 + §q4_4 =4+13-4-

1.3) x 1075k. It leads to B4 = O is the answer.




Thus, magnetic fields are §P =0, By =1.1X 10~* T coming out of the plane of the figure, is the
answer, l_iqz = 0 is the answer, §q3 = 1.1 x 10~* T entering the plane of the figure, is the answer,
B,y = 0 is the answer.

-44

Given system is shown in the figure on the 7 — j plane, in which f1 =[;j and fz = R
—1,j, yetI; = I, = I. Since, the wire is stated to be bent at right angle at O, the dotted
portions of the wires are nonexistent, and the given wire is represented by only solid {
lines.

As per Biot-Savart’s Law B= %IA X 7...(1). Since wires are only on left and below A |
point O, as shown in the figure i.e. half-length of long straight wire, hence magnetic I 4}’

field so caused would be B’ = = = B’ = ”01 [ x7 =107 (é) (Ix#)...2)

Any current carrying wire has finite radius R and when nothing is stated about current distribution then
uniform distribution of current is assumed over the cross-section of the wire such that current density is p =

#. If a point is considered along axis of the wire then combining Biot-Savart’s Law (2) and Ampere’s
Circuital Law¢ B.dl= Uol, at the axis of the conductor where r — 0 the Zero magnetic field is B, =
Ko 2 1 Ho T 1 _( kol _

4n)((p)(r[r )xr| =By = x( 5 X TT )er—m _(4nR2)rr_,0:BA =0

Accordingly, magnitude of magnetic field at points P, Q R and S are determined using (2), here under —

-0

Point P: Bp = Bpy + Bpy = 0+ 1077 (é) ((=1) x (=})). Since, point P is along axis of wire carrying
current I,. Accordingly, Bp = 1077 (é) (txj)=Bp=10"7 (é) k. Thus magnitude Bp =
7 (1 -
10 (d), is the answer.

Point Q: B, = By; + By, = 1077 (é) ((=)) x (©)) + 0. Since, point Q is along axis of wire carrying current
I,. Accordingly, By = —1077 (é) (%) =By=10"7 (é) k. Thus magnitude B, = 1077 (é) is
the answer.

Point R: By = By + By = 0+ 1077 (é) ((=) x (). Since, point R is along axis of wire carrying current
I;. Accordingly, B = —1077 (é) (ExJ) = Bg=-10"" (é) k. Thus magnitude B = 1077 (é)
is the answer.

Point S: Bg = Bg; + Bgy, = 1077 (é) ((—1) x (D) + 0. Since, point S is along axis of wire carrying current
I,. Accordingly, B¢ = —10~7 (é) (%)= Bs=-10"" (é) k. Thus magnitude B = 1077 (é)

is the answer.

Thus, magnitudes of magnetic field is equal at all points P, Q, Rand S and itis 10~ (é)T, is the answer.

1-45

Given system is shown in the figure in 7 — j plane, where a wire AB of length [ laid along j is carrying a
current | from B towards A. It is required to find magnetic field at a point P at a distance d from midpoint O
of the wire.

Consider a small element of wire of length Ay — 0 at a distance -y from its midpoint. As per Biot-Savart’s

Law magnetlc field at point P due to current I in the element of wire dB = ﬁ‘;; (dixr) It leads to dB =

#01 sin @

”0 sm 0 dyk = dB = ——dy, in direction entering the plane of the figure as shown therein.




Therefore, magnitude of magnetic field at B due to wire AB is B = ”"I fz ;212 % dy. Trigonometrically, y =

dcotf = dy = —d csc? 6 df. Likewise, limits would change to —5 -6 and E — (m — ). Using this

substitution B = “01 fgn 9%(—d csc2 6 dB). Again using

trigonometry (1 + cot? @ = csc? 9), we have B = TR
u_ol sin 2 n—6 . . . _ o 3
[f D) 9)( d csc” 6 d@)] . This expression solves into B = L
”OI f51n9d9]"9:>B— ”OI[COSG]”(’:)B—”—[COSG— ! '*r
41td d ! )i : ;
L g by
cos(m—0)] =B = #ol 058, Here, cosf =% = cosO =  Fop d ~mmw e
2nd r g, ‘r f Bl z
l | E g "
z L b
2— = cosf = —,m 3 ;77 i :6;%’ ]
d () i Ay LT 7
3 T i '7:;@’”
It is asked to determine B in two cases — _L____IBL;‘*
l Uoll 1
Case 1: When d > [. From the figure cos 6 e accordmgly B = d Kol o 2> B= ﬁ =B« proved.
Case 2: When d « L. From the figure cos & — 1, accordingly B = i B o« 2 proved
I-46 | Given system is shown in the figure where wire AB of length [ = 0.10 m is B
carrying a current I = 10 A. A point P forming an equilateral triangle with the 27~ \8\\
ends A and B of the wire is so positioned that & = 60° and distance of pointP | |7 *"~ %
from the wire. Angle is dependent upon length of wire and d = [ sin 60°. |74 N,
Magnetic at appoint P in the given system as per Biot-Savart’s law is B = ]. O [ =i —:—>P
#ol .0s6. Using the available data, B = 2 X 1077 X ——>——cos 60°. It | i
2md 0.10xsin 60 " - G
solves into B =2 x 107° X cot60° = B = \/—5 x107> = B =11.54x107°T | P o
say 12 T, is the answer. Seg
I-47 | Given long straight wire AB carrying current I is shown along with a point P at a B
distance d from the wire. Magnetic field at the point as per Biot-Savart’s Law is
B, = %. ..(1) A section of wire CD of length [ is so located, as given, that angle TQ -
between position vector and the wire is 9 In this case magnetic field with the | _‘9}\\\
application of Biot-Savart’s Law is B, = d #ol 056 .(2), here trigonometrically | 4 TSR
L _ _ 2 _ § o | M .
cosf = % where distance CP is r = _[d?+ (E) . Accordingly, cosf = | B
. >
l 1 L i
L . s
—2—=c0s0 = ——..(3) ' y--
1\2 V4d?+1? vy _|&
a2+(3) <
Lol _ pol L A
. B1—-B, _ 1 2nd 2md” [4q2412 _ L
Given that T Combining (1), (2) and (3) —% =I5 It
Vadzriz-1 1 l 99 4(2)2“ 100 d\?
. . . +14— _ 1 - s -2 l - — =
simplifies into GIE 100 Applying dividendo T 100> . 59 = (2 z) +1

2 2
(1_(1) 01) = (2 %) +1=(1-0.01)"2...(4). As per binomial expansion (1—x)"=1—nx|,«.




= 0.07

QU
=
°|
iy
NIQ

. d\2 d\?
Accordingly, (4) reduces takes a form (2 7) +1=1+0.02> (2 7) =2x10"%=> o=
is the answer.

N.B.: It involves simple application of algebra.

I-48 | Given system is shown in figure, on i — j plane, in which resistance of path ABC of
current I; is r and path ADC of current I, is 2r. Applying Kirchhoff’s Current Law
atnode Aand C, I = I; +I,...(1) Let potential difference between nodes A and C
is V, then as per Ohm’s Law [; = g and I, = % It leads to;—1 =2...02).
2

Combining (1) and (2), I, = éand I = %
Geometrically, distance of point P from current carrying branches AB, BC, AD and DC, each of length a,
from their mid points is d = %
As per Biot-Savart’s Laws magnetic field, at a point, due to a wire of length [ at a distance d from the midpoint
isB = % cos 6. Here, 6 is the angle formed by line joining ends of the wire and the point under consideration,
and current carrying wire. In the given geometry ABCD is a square and the angle 8 = 45°. Thus, cos 45° =
1 UKol
v—iand B = 2ﬁm...(3)
Direction of magnetic field at point P is determined using Ampere’s Right-Hand Thumb Rule; as per direction
convention magnetic field entering paper is assigned (—fc) direction and coming out of paper is assigned
direction (k).
Accordingly, magnetic field at point P due to each branch of wire, using the available data, is as under —

A S . L S G - “0( ) _ 2wl 7
Branch AB: Byp =5 2= (—k) = Bap = (e )( k)= Bug = 373ma (—K)
Branch BC: B¢ = -2 (k) = B¢ = tol’) (=k) = Bpc = 22L (—k)

-DBC — 2v2rd BC — 2\/57‘[(%) BC — 3v2ra
Branch AD: Byp = 222 (k) = Bp = 6 (-k)=>B ol (k)

-Bab =5 50 AD = 2\/—71() AD—3ﬁna

h . llolz _ “0(1) _ kol g
Branc DC'BDC (k)ﬁBDC_ZﬁT[( )( k):BDC_3\/77ta(k).
Resultant magnetic field at point P is By = By + Bge + Bag + Bac = Br = ”01 —(—2k =2k +k+k). 1t
leads to §R =— 33’%‘;:{1 k= §R = —‘F“"I korBgp = f""' entering into the paper, is the answer.
I-49 | Given geometry is detailed in the figure, on i —J plane. Electrically square 5 | B s 7

loop is made of uniform wire. The current I entering node A routes to exit node
C through two paths ABC and ACD of equal lengths 2a and hence will have
equal resistances. Therefore, the current I will get split into two paths equally

1
at-.
2

As per Biot-Savart’s Laws magnetic ﬁeld at a point, due to a wire of length [
at a distance d from the midpoint is B = cos 0 ...(1). Here, 0 is the angle
formed by line joining ends of the wire and the point under consideration, and
current carrying wire. Accordingly, magnetic field due to half-length is B = cos@ .(2). Equation (2) is

useful to determine magnetic field due to wire-lengths AD and BC, while equatlon (1) is useful to determine
magnetic field due to wire-lengths DC and AB.




. —-a 3 -a 2
IntheflgumcosH:#:cosez— y = 2 = oSy = —;
a V13 2 rq V13
(Ga) +G) (Ga) +()
— i _1. _ 3 _ 2
cosaz——:>cosa—ﬁ,cosﬁ—chosﬁ—\/—g
a) +(3)

2 a\2
Ga) +(5)
Direction of magnetic field at point P is determined using Ampere’s Right-Hand Thumb Rule; as per direction

convention magnetic field due to wire ABC, coming out of paper, is assigned (E) direction and magnetic field
due to wire ADC, entering into the plane of paper is assigned direction (—k).

4

Accordingly, magnetic field at point P due to each branch of wire, using the available data, is as under —

Wire AB: Using (1); Byp = ;&( ) (k) = By = 5;‘1’; (k)
4
Wire BC: Using (2) for sections BF and FC; By = Bgp + Bre = By = ( )(k) + MOZ( i3) (k). It
leads to B¢ = £2 [\/g + E] (k)
Wire AD: Using (2) for sections AE and ED; Bap = Bag + Bgp = Bap = ( )( k) + 4 toy ( > )( k).

It leads to Byp = ”01[\/_ r]( k)

Wire DC: Using (1); Bpc = 2”02 ( 13) (=k) = Bpc = 35%1151 (=k).

Thus, resultant magnetic field at P is B = Byg + Bgc + Bap + Bpc = ;;‘;; (k) + f;; [\F r] (k) +
Mol |1 3 o 2ugl o 5 _ 2ol (7 2uol o~
ﬁ [ﬁ + \/T_3] (_k) + 3\/_071(1 (_k) =>B= ﬁ;a (k) + 3x/1_§na (_k)'

= 2ul 2p0l (1 1
Itleadsto B = m‘l’ (\/—g - ?) k,or B = — (\/g w_) coming out of the paper.

N.B.: Solution of this problem could be simplified using geometrical symmetry of sides AD and BC, as well
as asymmetry of sides DC and AB w.r.t. point P. Yet, for clarity of concepts the problem.

1-50

Given system is shown in figure, on i — j plane. The square loop is made of uniform

wire and therefore resistances R, and R, of the path AB and ADC would be R r Jz ,C
proportional to their lengths, accordingly, % = é Further, both the paths are parallel N /'
2 S
between AB and currents in the two paths shall be ;—1 =3 suchthat I, + I, = I. k4 //>‘Ii \EE
2 N
_ _ I 31 I |/ x| T
Applying componen hrlfrrn—=4=>1——n1_— g o N
pplying componendo to the ratio of cu etsl2 5 and I; 2 > ? =

Geometrically, distance of point P, being midpoint, from current carrying branches
AB, BC, AD and DC, each of length a, is d = %

As per Biot-Savart’s Laws magnitude of magnetic field, at a point, due to a wire of length [ at a distance
d from the midpoint is B = d Fol cos 6. Here, i is the current through the wire 6 is the angle formed by line
joining ends of the wire and the point under consideration, and current carrying wire. Geometrlcally, 0 =

459 = cosf = ? Accordingly, magnitude of magnetic field due to half-length is B = —— ...(1).

As per Ampere’s Right-Hand Thumb Rule magnetic field at point P due to wire AD, DC and CB carrying
equal current I, = ﬁwould be equal and entering plane of the figure i.e. along (—IE). Therefore, magnetic




1
. = Hoy 3uol
field at P due to these three branches would be B, = 3 <2ﬁ;d> (-k)=>B, = siama (— k). Likewise, due to

wire AB carrying current I2 = 2would be leaving plane of the figure i.e. along (k) Thus magnetic field due

=g 3#01 ~
to AB would be B, = 2\/_ d(k) B, = 57ama (k).
Thus net magnetic field at Pis 5 = B, + B, = B = ;gj;d (k) + ;/’%—jrld (=k) = B = 0 is the answer.
N.B.: This can be made an objective problem also.

1-51

In the given system magnetic field at O, center of the triangle PQR, as per Biot-Savart’s

Law, resultant of the magnetic fields as under — R s

a) Due to current % through wire section PR, to which point O is symmetrically placed
along its length is Bpg = %cose (—n) , here geometrically 8 = 2RPO = —g,
d= %sin 6 and 7 is unit vector perpendicular to the plane of the figure. In this length
of side of the equilateral triangle PQR is a. Accordingly, §pR =
—z2—cosf (—A) = Bpg = C0t9( ) (1)

27'[( smG)

b) Due to current = through wire section PQ, to which point O is symmetrically placed along its length is
EPQ = 5—dcos 6 (1) , here geometrically 6 = QPO = = and d= Esme where length of side of the
equilateral triangle ABC is a. Accordingly, B1>Q = “—cos 0 (n) = BPQ = ”"l cote(n) .(2).

271'(2 smE))

¢) Due to current % through wire section RS, half the length RQ., magnetic field at O which is symmetrically
placed to RQ, is half of that it would produce, were the current flowing through RQ. Accordingly, in line
with (1), §RS = %ﬁRQ - X —C0t9( n) = BRS = COt 9( n) (3)

d) Similar to that at (c) above, magnetic field at O due to current > " through wire section QS, half the length
QR., magnetic field at O which is symmetrically placed to RQ, is half of that it would produce, were the
current flowing through RQ. Accordingly, in line with (2), Bqs = 5 Bqr =5 X £0° cot §(R). It leads to
Bo— Bl o
Bos = s cotO(n)...(4).

Thus, net magnetic field at O, B = §pR + EPQ + §R5 + §QS .(5). Combining (1) to (5), we have magnetic

fieldatO B = ”"l 22 cot0(~7) + cotH(n) + cotB( ) + 2 Hol 2= cot (). All terms on RHS cancel with

each other and accordmgly B = 0 |s the answer

N.B.: This problem has been solved in full length being a subjective problem. Otherwise, based on

observation of geometrical symmetry and currents through it, the problem can reduced to an objective

solution.
I-52 | Given is a wire of length [, carrying a current i. The problem is in two parts. Given is a wire of length [,

carrying a current i. The problem is in two parts.




Part (a): The wire is bent to form an equilateral triangle ABC of side length

Part (b):

Thus answers are (a)

a= % as shown in the figure. The point O, center of the triangle,

is symmetrical to its three sides with vertices making an angle
6 = 30°. As discussed in Appendix-I, magnetic field at O due to

current in the side AB is Bag = £ cos6 (A)...(1), here d =
%tan 6 is distance of point O from the side AB and 8 = 30° both

determined geometrically, and # is direction of vector

perpendicular to the plane of the triangle ABC. Using (1) and the
available data, it leads By = —a>—cos@ (A) = Bap =

Zn(%tan 6)
A3
Hol—- = CITTY PN
l_lz = BAB = 2_7:1(71)(2)
REN

Current in all sides of the triangle is identical and unidirectional, i.e. anti-clockwise, hence each side
w.r.t. which point O is symmetrical would produce equal and unidirectional magnetic field and

hence at O, B = 3B,g. Accordingly, magnitude of magnetic field at O is B = 3 x =2 9“"‘ =B =
27[[01
21

is the answer of part (a).

In thls case wire is bent in the form of a square ABCD of side length
1 . . . . i
a=, as shown in the figure. The point O, center of the square, is = el C

symmetrical to its four sides with vertices making an angle 8 = 45°. N /
As discussed in Appendix I, magnetic field at O due to current in the N /

side AB is BAB = 2 d Fol 050 (7)...(1), here d = T is distance of point 7 hd

/s N
O from the side AB and 8 = 45° both determined geometrically, and ,;( N
f is direction of vector perpendicular to the plane of the triangle ABC. ‘

Using (1) and the available data, it leads

1

i ~ - UolT= - 2\/_ i
— 0 _0sO (A) @ Bag = T2 = Bag MO
Zn(gtan 9) X1

= -
BAB = H

()...(2).

Current in all sides of the square is identical and unidirectional, i.e. anti-clockwise, hence each side
w.r.t. which point O is symmetrical would produce equal and unidirectional magnetic field and

2\/_;101

- =B =

hence atO, B = 4BAB Accordingly, magnitude of magnetic fieldat O is B = 4 x ——

8\/—1101

— is the answer of part (b).

Ilol 3\/_#01

and (b)

1-53

This problem combines asymmetry of pomt P w.r.t. along wire AB bentat O at an angle « such that the point

P at a distance x from the vertex O, is symmetrical to portions of wire AO and OB as
shown in the figure.

Applying Biot-Savart’s Law magnetic field due current i in wire , as illustrated in
Appendix-1, is dB =
current i, r is the dlstance of the element from the point P at which magnetic field is to be
determined, 6 is the angle of the vector 7 w.r.t. dl in which current i is flowing and 7 is
the unit direction vector of the magnetic field.

Applying (1) to the portion of wire OA wire the angle 6 is clockwise direction and hence
it’s value is (-)ve and at A 6; —» 0 while at O 6, = — (n - —) Therefore, net magnetic

uol sinf

——dl(#)...(1). Here, dl is length of the element of wire carrying




field due to wire is B, = [f (=3 ot sing ) ]ﬁ...(Z). This calculation can be simplified decomposing

4 12
asymmetry of point P with the wire length AO as AO=AN+NO.

Accordingly, field due to wire AN is BAN (“"l)( ), here b = NP oP sm =>b= xsm— is half of

the field due to a long wire. Thus using the available data BAN = (—n).. (3) But, for portion NO it is

half of the length of wire symmetrical w.r.t. P along AO. Thus, BNO = 1 (— cos ) (—7). Using the available

data §NO = %(é‘%;n_)cos )( ) = BNO #OL e COLS ( n)...(4).

Thus, net field at P due to wire AO, combining (3) and (4) is Bao = Ban + Bno = 4mcsm(,,( ) +
Kol Uol (1+Cosg) ~ . . . . .
o cot ( 7). It leads to BAO = 7wa(—n)...(S). Here, a little trigonometric manipulation is needed
2
(1+cos§) _ (1+(2C05 ;—1)) _ 2c0s% _ ﬁ _ a . =
such that S zsnfcos® - zsinToost Sin%—cot4...(6). Combining, (5) and (6), Bag =

:‘r’;cot (—=n)...(7).

It is seen from the figure that magnetic field at P due to the same current i in portion OB is symmetrical and
additive to the magnetic field due to the current in AO. Thus, magnitude of the net magnetic field at P due to

wire AOB is B = 2B, = 2 X &cot =B = ”"' ~ ot is the answer.

N.B.: Complexity in the solution of the problem due to integration involved in application of Biot-Sevart’s
Law can be avoided by using standard formulation of magnetic field due to a long wire and a section of wire
symmetrically placed about a point. It involves systematic observation of the geometry of the problem
combining asymmetry into symmetries.

1-54

Given system is shown in the figure in which a wire in shape of rectangular loop of length [ and width b is
carrying a current i. It is required to determine magnetic field B at point P.

i M

Symmetry in the geometry of the problem reveals that sides AB and CD
each of length [ are carrying current in anti-clockwise direction with the only
difference point P is on the left of the current in the sides AB and CD such

that it is in the middle of the both the wires and at a distance d; = g from
them.

Thus magnetic field at P due to both the wires, as per Biot-Savart’s Law
l

. . - - =4 AK 2
illustrated in Appendix 1, is Bag = Bcp = ’;‘7’: C?:a( f1)...(1), here sina = -— = ==

2

l
= sina =
Vi2+b?

Similar geometry in respect of sides BC and CD leads to magnetic field at P is Bgc = Bpp =

uozsmﬁ
P— n).. (l)heI’ESID,B———m sinf = \[_

2

Here, d, ==

ol sina zuoisinﬁ
d, 2 dy

Thus net magnetic field at the center P is B = BAB + BBC + BCD + BDA = 2 £
Using the available data B = <2 ol ”2“’2 2“°l Vlz‘“bz)( ) = 2ol (i +?) (A) = B = 2ol
2

mVi%+b? mVi12+b2
124b? 2
=B = "01\/ I2 + b2 is the answer.

2




I-55 | Given system of a regular polygon having sides n made out by bending a wire of total length [ = 27mr is shown

in the figure. Length of each side is a = z%r and is carrying current i. Point P, 4 A‘j e
at the center of the polygon is symmetrically placed w.r.t. each side of the Y

polygon at a distance d = AM cos a. Here, AM = E g, where 6 = 27” = ‘ .

a= ;. Therefore, d = Etana >d= Etan;...(l). AT M -

Using Biot-Savart’s Law, as per Appendix-1, amgnetic field at P due current i in first side A1A of the polygon

is B, = ?cow( ) ..

tan¢ = cot; ...(3).

. T T s 1 T
.(2). Here, again from geometry ¢ = ST a> ¢ = 5~ = tan ¢ = tan (E - Z) =

Each branch of the polygon would produce equal and unidirectional magnetic field at P such that magnitude

of the magnetic field would be B = nB; = B = n x %% Using the available data B = "2”: ;:2?5 =
2 n

. -
Nygl . T s Holt . T T .

= —_ e = —_ —_ .

B iy sin—tan—= B =~ ——sin—tan—is the answer of part (a)

Further, when geometry of wire is circular as n — oo = % - 0, then sin% —>% and tan% —>§. Accordingly,

g2
n

B — Ho
2m2r

X % X % It simplifies to B = ”—"i is answer of part (b).

Thus, answers are (a £ °'

—00—
Appendix-I
Magnetic Field due to a Long Current Carrying Wire at a Point P

(Application of Biot-Savart’s Law)

Given system is shown in the figure in £ — j plane, where a wire AB of length [ laid I

along j is carrying a current | from B towards A. It is required to find magnetic field k]

at a point P at a distance d from midpoint O of the wire. !
l

Consider a small element of wire of length Ay — 0at a distance -y from its
midpoint. As per Biot-Savart’s Law magnetic field at point P due to current I in

the element of wire dB = ‘;—‘;;(dyxr) It leads to dB = ”—"'ismedyk = dB = T**}o’-* ------ 3 - SR P

Mol sin 6
4T

——dy, in direction entering the plane of the figure as shown therein.

uol fz sinf

Therefore, magnitude of magnetic field at B due to wire ABis B = d2+y2

Trigonometrically, y= dcota = dy = —d csc?0df. Likewise, I|m|ts would

1 _ yol -0 sin 6 _ 2 . .
change to 5 0 and — (m — 0). Using this substitution B = fg T(ircot0) 9)( d csc” 6 df). Again using
sinf

: 29 2 _ kol
trigonometry (1 + cot® 6 = csc* 6), we have B = =~ [f T8

n—6
(—d csc? 0 de)] . This expression solves into B =
)



I . — I - I I
%[f sin@ do)z % =B = —i%i[cose]g > B = :T—Od[cose —cos(m—0)] 2B = %cos@...(l) Here,
1 l
3 3 l
2 -2 -t
r:>cos€— — :cos@—m.

a2+(;)
The generic expression of magnetic field (1), can be resolved in two specific cases as under -
) . v : _ kol L _ Mol 1

Case 1: When d > . From the figure cos 8 — 1 accordingly B = md X720 > B = o B x T proved.

Case 2: When d « L. From the figure cos 8 — 1, accordingly B = % = B« 3 proved.

cosf =

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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