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Electric Current




26-1 Electric Current
* In the last five chapters we discussed
electrostatics—the physics of stationary charges.

* In this and the next chapter, we discuss the physics
of electric currents—that is, charges in motion.

e Although an electric current is a stream of moving
charges, not all moving charges constitute an
electric current.

Free electrons (conduction electrons) in an isolated length of copper wire

are in random motion at speeds of the order of 10® m/s. If you pass a

\ hypothetical plane through such a wire, conduction electrons pass through it
in both directions at the rate of many billions per second—but there is no net
transport of charge and thus no current through the wire.
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26-1 Electric Current

As Fig. (a) reminds us, any isolated conducting loop—regardless
of whether it has an excess charge — is all at the same potential.
No electric field can exist within it or along its surface.

If we insert a battery in the loop, as in Fig. (b), the conducting
loop is no longer at a single potential. Electric fields act inside (a)
the material making up the loop, exerting forces on internal

charges, causing them to move and thus establishing a current. —
(The diagram assumes the motion of positive charges moving Ti ) lz
. attery
clockwise.) _ _
- |+ —| -—1
Figure c shows a section of a conductor, part of a conducting PR, .

loop in which current has been established. If charge dg passes
through a hypothetical plane (such as aa’) in time dt, then the
current i through that plane is defined as

The current is the same in
any cross section.

a b
C
. dg - | N
I = —— (definition of current). . | BN _
e -~ ep— -
L Ty
We can find the charge that passes through the plane in a time interval S 5

extending from O to ¢ by integration: SET———

q= l dg = '-fdh
J Jo
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26-1 Electric Current

The current is the same in
any cross section.

i (definition of current).

T odr a

We can find the charge that passes through the plane in a time interval
extending from O to ¢ by integration: i

|

|

|

|

. g — |

q = ’ dg = L idt, :
|

|

/

a

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Under steady-state conditions, the current is the same for planes aa’, bb’, and cc’ and indeed
for all planes that pass completely through the conductor, no matter what their location or
orientation.

1 ampere = 1 A = 1 coulomb per second = 1 C/s.
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The current into the

26-1 Electric Current
junction must equal

Figure (a) shows a conductor with current i, splitting i

at a junction into two branches. Because charge is conserved, (charge is conserved). 07
the magnitudes of the currents in the Lio
branches must add to yield the magnitude of the current |

in the original conductor, so that o
g = i; + i,.

Figure (b) suggests, bending or reorienting the wires in space (@)
does not change the validity of the above equation Current | /
arrows show only a direction (or sense) of flow along a V

conductor, not a direction in space.

M

A current arrow is drawn in the direction in which positive charge carriers would
move, even if the actual charge carriers are negative and move in the opposite

direction.
\_/ | . ()
chenkpmnt 1 Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
The figure here shows a portion of a circuit. -—1A
What are the magnitude and direction of the oA 9 A —
current i in the lower right-hand wire? e

2A
-
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The current into the

26-1 Electric Current
junction must equal

Figure (a) shows a conductor with current i, splitting i

at a junction into two branches. Because charge is conserved, (charge is conserved). 07
the magnitudes of the currents in the Lio
branches must add to yield the magnitude of the current

in the original conductor, so that o
g = i; + i,.

Figure (b) suggests, bending or reorienting the wires in space (@)
does not change the validity of the above equation Current | /
arrows show only a direction (or sense) of flow along a V

conductor, not a direction in space.

M

A current arrow is drawn in the direction in which positive charge carriers would
move, even if the actual charge carriers are negative and move in the opposite

direction.
\_/ | . (b)
Ghﬂﬂkﬂﬂllﬂ 1 Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
The figure here shows a portion of a circuit. -—1A
What are the magnitude and direction of the oA 9 A — .
current { in the lower right-hand wire? S '_ A nswer. 8A wit h arrow

2A
-

ol aal pointing right
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Electric Current




26-2 Current Density (Current per unit area)

Current j (a scalar quantity) is related to current density J (a vector quantity) by

i=ff-.:t?i.

where dA is a vector perpendicular to a surtace element of area dA and the
integral is taken over any surface cutting across the conductor. The current density
J has the same direction as the velocity of the moving charges if they are positive
charges and the opposite direction if the moving charges are negative.

Streamlines representing \x

current density in the flow of
charge through a constricted —

conductor. _/f
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26-2 Current Density

Conduction
electrons are
actually moving to

I CODU—— 1 ioht bt the

<=V, conventional
- current j is said to
< E
N move to the left.
1

When a conductor does not have a current through it, its conduction electrons move
randomly, with no net motion in any direction. When the conductor does have a current
through it, these electrons actually still move randomly, but now they tend to drift with a drift
speed vd

For example, in the copper conductors of household wiring, electron drift speeds
are perhaps 10 or 10* m/s, whereas the random-motion speeds are around 10°
m/s
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26-2 Current Density

| Conduction
|
electrons are

ﬁli U a' actually moving to

the right but the

|4 L
|‘ r

—> .

vy conventional

E current j is said to
ﬁ
o

move to the left.

Current is said to be due to positive charges that are propelled by the electric field. In
the figure, positive charge carriers drift at speed v, in the direction of the applied
electric field E which here is applied to the left. By convention, the direction of the
current density J and the sense of the current arrow are drawn in that same direction,
as is the drift speed v,.

The drift velocity v is related to the current density by

I = (ne)v,.

Here the product ne, whose Sl unit is the coulomb per cubic meter (C/m3), is the
carrier charge density.
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26-3 Resistance and Resistivity

If we apply the same potential difference between the ends of geometrically similar rods of
copper and of glass, very different currents result. The characteristic of the conductor that
enters here is its electrical resistance. The resistance R of a conductor is defined as

R = 1 (definition of R). 1 ohm = 1 £} = 1 volt per ampere
i

where Vis the potential difference across the conductor and i is the current through the
conductor. Instead of the resistance R of an object, we may deal with the resistivity p of the

material:

Objects: Resistance . E

Materials: Resistivity P=r {EECI I

The reciprocal of resistivity is conductivity o of the
material:

The Image Works

g = — (definition of o).

A conductor whose function in a circuit is to
provide a specified resistance is called a resistor
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26-3 Resistance and Resistivity

Resistivities of Some Materials at Room

Temperature (20°C) %
Resistivity,p ~ Temperature ‘i' Resistance is a property of an object. Resistivity is a property of a material.
Material (Q2-m) Coefficient
of Resistivity,
a(K™h)
Typical Metals
Silver 1.62 x 1078 41x1072
Copper 1.69 X 1078 43x 103 E
Gold 235 %1078 40 %107 p = — (definition of p).
Aluminum 275 % 108 44%10°3 J

Manganin®  4.82 > 10°%  0.002 x 1073
Tungsten 525 %1078 45x 1077
Iron 9.68 > 10°% 6.5x 1077
Platinum 10.6 X 1078 3.9%x 1073

Typical unit ( E) V/m V

Semiconductors f— = m = \-m.
Silicon, unit (/) A/m?> A
pure 2.5 % 10° —70 % 1073
Silicon,
n-type? 8.7 x 1074
Silicon,
p-type® 281077
Typical
Insulators
Glass 1010—10"
Fused
quartz ~1016

“An alloy specifically designed to have a small value
of a.

"Pure silicon doped with phosphorus impurities to a
charge carrier density of 10 m~2.

“Pure silicon doped with aluminum impurities to a
charge carrier density of 102 m™3.
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26-3 Resistance and Resistivity

Current is driven by
a potential difference.

- I -
"

i i
— —

y 4
A "/| |
V

A potential difference
V is applied between the ends of a
wire of length L and cross section A,
establishing a current i.

= i This equation hold only for isotropic materials—materials
E=p] ! . rials—mate
whose electrical properties are the same in all directions
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26-3 Resistance and Resistivity

The resistance R of a conducting wire of length L and uniform cross section is

L Current is driven by
E=V/IL and J=iA R = p— a potential difference.
A 1 ——
: : _>__l>
Here A is the cross-sectional area. A"

74

[ —-

A potential difference Vis applied

The resistivity p for most materials changes with between the ends of a wire of length

temperature. For many materials, including metals, the L and cross section A, establishing a
relation between p and temperature T is approximated current /.
by the equation O
Lo £
p— m = pa(T —T). Sl
= g!
Z ool 21
. . C e 9 G
Here T, is a reference temperature, p, is the resistivity at Sl P 0
. L. . .. 0 200 400 600 800 10001200
T,, and «a is the temperature coefficient of resistivity for o, TempENTS (K)
the material. The resistivity of copper as a function
of temperature.
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26-4 Ohm’s Law

V

Figure (a) shows how to distinguish among devices. A potential b _
difference V is applied across the device being tested, and the " R -
resulting current i through the device is measured as Vis (a)
varied in both magnitude and polarity.

A+2
Figure (b) is a plot of i versus V for one device. This plot is a \E/ .
straight line passing through the origin, so the ratio i/V (which £
is the slope of the straight line) is the same for all values of V.
This means that the resistance R = V/i of the device is 4 22 0 B ia
independent of the magnitude and polarity of the applied PO‘C“‘ialflj)ff“e“ce ¥

potential difference V.

Figure (c) is a plot for another conducting device. Current can
exist in this device only when the polarity of V is positive and
the applied potential difference is more than about 1.5 V.
When current does exist, the relation between i and Vis not

linear; it depends on the value of the applied potential gl T 95— s Py
difference V. ()

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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26-4 Ohm’s Law

|4
| |
W + -
0 o——— ? e—o0
Ohm’s law is an asserfion that the current through a device is always directly o e
proportional to the potential difference applied to the device. (@)
I~V or I=V/R o
an <
“‘ A conducting device obeys Ohm’s law when the resistance of the device is :g 0
independent of the magnitude and polarity of the applied potential difference. &
=
© 9
-4 -2 0 +2 +4
"l" Potential difference (V)
<" A conducting material obeys Ohm"s law when the resistivity of the material is (b)
independent of the magnitude and direction of the applied electric field.

+
kS
\

Current (mA)
+
N
N—

P

-4 -2 0 +2 +4
Potential difference (V)

(¢)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Bonus slide (not the exam)!

- General relativity: The
current description of
gravitation in modern physics

- Quantum Physics: The
physics that governs the
behavior of matter and light
at the atomic (and
subatomic) scale

Good documentaries to watch: The Schrédinger's cat

Elegant Universe (Nova, PBS)
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General Knowledge

26-4 Ohm’s Law
A Microscopic View

of/r:}: i P
TSR el g Yy, N

. . . ¥ \y7‘:::\\\\

The assumption that the conduction electrons in a VN TR
. . / \
metal are free to move like the molecules in a gas ral X
. c e . rFE N
leads to an expression for the resistivity of a metal: /7 L T
L5} /\//\/”/,’
i 4 IR R
p=—o-. =TT N
E°nT \/é/\\:\\\ \ \\
. . /7 S P X
Here n is the number of free electrons per unit 7 \\\1\ b
~ »
volume and tis the mean time between the collisions 4
of an electron with the atoms of the metal. X <t
E

Metals obey Ohm’s law because the mean free time t The gray lines show an electron
is approximately independent of the magnitude E of moving from A to B, making six
any electric field applied to a metal. collisions en route. The green lines

show what the electron’s path
might be in the presence of an
applied electric field E. Note the
steady drift in the direction

of -E.
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Power, Semiconductors,
Superconductors




26-5 Power, Semiconductors, Superconductors

e st A e Figure shows a circuit consisting of a battery B that is connected by
supplies energy to the ~ wires, which we assume have negligible resistance, to an unspecified
conduction electrons conducting device. The device might be a resistor, a storage battery (a
that form the current. . .
rechargeable battery), a motor, or some other electrical device. The

i

— battery maintains a potential difference of magnitude V across its own
’T ll terminals and thus (because of the wires) across the terminals of the
— unspecified device, with a greater potential at terminal a of the device
T 5 than at terminal b.
B » b
,T ll The power P, or rate of energy transfer, in an electrical device across
which a potential difference V is maintained is

-
]

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

P =iV (rate of electrical energy transfer).
If the device is a resistor, the power can also be written as
P = iR (resistive dissipation)
or, V2

P = —— (resistive dissipation).

R
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26-5 Power, Semiconductors, Superconductors

Semiconductors are materials that have few conduction electrons but can become
conductors when they are doped with other atoms that contribute charge carriers.
In a semiconductor, n (number of free

electrons) is small (unlike conductor) but

increases very rapidly with temperature as the

increased thermal agitation makes more
charge carriers available. This causes a

Tahle 26-2 Some Electrical Properties of Copper and Silicon

Property Copper Silicon
decrease of resistivity with increasing YTy et P
temperature, as indicated s 2
by the negative temperatu re CoefﬂC'ent Temperature coefficient of resistivity, K +43 %1073 -70 X 1073
of resistivity for silicon in Table 26-2. ey e

a

Superconductors are materials that lose all electrical g“ﬁ
resistance below some critical temperature. Most such % 0.08
materials require very low temperatures, but some = :
become superconducting at temperatures as high as room S S

Temperature (K)

temperature. The resistance of mercury drops to zero

at a temperature of about 4 K.
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26 Summary

Current

* The electric current jin a conductor is
defined by

. _ A9 Eq. 26-1
i . q

Current Density
* Current is related to current density by

i=ff-dﬁ,

Drift Speed of the Charge Carriers

 Drift speed of the charge carriers in an
applied electric field is related to
current density by

Eq. 26-4

T = (ne)v,, Eq. 26-7

PHY 201

Resistance of a Conductor

e Resistance R of a conductor is defined
by
V

R=—
L

Eq. 26-8

* Similarly the resistivity and
conductivity of a material is defined by
1 E

e Resistal ¥ & 7 ucting whtk gf-10&12
length L and uniform cross section is

L
R=p;

Change of p with Temperature
* The resistivity of most material

changes with temperature and is given
as

Eq. 26-16

p—m=pedT—T,). Eq.26-17




26 Summary

Ohm’s Law

» A given device (conductor, resistor, or
any other electrical device) obeys
Ohm'’s law if its resistance R (defined
by Eq. 26-8 as V/i) is independent of
the applied potential difference V.

Resistivity of a Metal
* By assuming that the conduction
electrons in a metal are free to move

like the molecules of a gas, it is possible

to derive an expression for the
resistivity of a metal:

P=

e'nt’ Eq. 26-22

Power

* The power P, or rate of energy transfer,
in an electrical device across which a
potential difference V is maintained is

P=iv Eq. 26-26

* If the device is a resistor, we can write

Eq. 26-27828
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Circuits




Electric Current




Emf devices:

emf: electromotive force

27-1 Single-Loop Circuits

To produce a steady flow of charge, you need a “charge pump,” a device that—by
doing work on the charge carriers—maintains a potential difference between a pair of
terminals. We call such a device an emf device, and the device is said to provide an
emf é, which means that it does work on charge carriers.

An emf device supplies the energy for the motion (of charge) via the work it does
and thus maintain a potential difference between its terminal

Battery

Electric generator
Solar cells

Fuel cells

Human beings
Electric eels (600 V)
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27-1 Single-Loop Circuits

Figure shows an emf device (consider it to be a
battery) that is part of a simple circuit

: a
containing a single resistance R. The emf ) :
device keeps one of its terminals (called the ,
positive terminal and often labeled +) at a ' 4

higher electric potential than the other
terminal (called the negative terminal and :
labeled -). We can represent the emf of the ¢ R lZ
device with an arrow that points from the —

negative terminal toward the positive terminal

as in Figure. A small circle on the tail of the

emf arrow distinguishes it from the arrows that o —

indicate current direction.
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27-1 Single-Loop Circuits
An emf device does work on charges to maintain a potential difference between its
output terminals. If dW is the work the device does to force positive charge dg from

the negative to the positive terminal, then the emf (work per unit charge) of the

device is aw

€ = E (definition of €).

emf is the work per unit charge that the device
does in moving charge from its low-potential : '@
terminal to its high-potential terminal. — :

|

An ideal emf device is one that lacks any a’
internal resistance. The potential difference
between its terminals is equal to the emf. R lz

A real emf device has internal resistance. The -

potential difference between its terminals is

equal to the emf only if there is no current

through the device. -

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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27-1 Single-Loop Circuits

Calculating Current in a Single-Loop Circuits

Potential Method

In the figure, let us start at point a, whose potential is V,, and mentally walk
clockwise around the circuit until we are back at point a, keeping track of potential
changes as we move. Our starting point is at the low-potential terminal of the
battery. Because the battery is ideal, the potential difference between its terminals is
equal tog. When we pass through the battery to the high-potential terminal, the
change in potential is € .

The battery drives current
After making a complete loop, our initial potential, as modified  through the resistor, from

for potential changes along the way, must be equal to our final  high potential to low potential.
potential; that is,

— Higher
V +€—iR=V i potential
& fr
s i
. dre( )n3|
The value of V, cancels from this equation, which becomes ;
\Lower
£ — iR =1, -— potential
Which gives us NSO )
_%
"
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27-1 Single-Loop Circuits
Calculating Current in a Single-Loop Circuits

A
‘I-’ LOOP RULE: The algebraic sum of the changes in potential encountered in a
complete traversal of any loop of a circuit must be zero.

Also known as Kirchhoff’ loop rule

RESISTANCE RULE: For a move through a resistance in the direction of the
current, the change in potential is —iR; in the opposite direction it is +iR.

EMF RULE: For a move through an ideal emf device in the direction of the emf
arrow, the change in potential is +%; in the opposite direction it is —%.
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27-1 Single-Loop Circuits

Internal Resistance

l
o—»E B
a b a
. | i My . MW————
= | ro R |
e |
; i = [ . |
T %l : /4 oo
gl v, | v OV
/ Emf device Resistor
Real battery i

(a) (b)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Figure (a) shows a real battery, with internal resistance r, wired to an external resistor of
resistance R. The internal resistance of the battery is the electrical resistance of the
conducting materials of the battery and thus is an unremovable feature of the battery.
Figure (b) shows graphically the changes in electric potential around the circuit. Now if we
apply the loop rule clockwise beginning at point a, the changes in potential give us

€ —ir— iR =0.
Solving for the current we find,

%

R+r

PHY 201
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27-1 Single-Loop Circuits
Resistance in Series

Figure (a) shows three resistances connected in series to an ideal M
battery with emf €. The resistances are connected one after
another between a and b, and a potential difference is maintained 2%

| 4]+
L}
)
1o

=

across a and b by the battery. The potential differences that then '\/\I;v»
exist across the resistances in the series produce identical currents C e
i in them. To find total resistance R, in Fig. (b), we apply the loop (4  p—
rule to both circuits. For Fig. (a), starting at a and going clockwise and thleir i
. . . uiv. t hav
around the circuit, we find hosame
urrent (“ser-i").
€ — iR, — iR, — iRy = 0, [= L _ or ,
R] + RE + R3 o

For Fig. (b), with the three resistances replaced with a single e N §l
equivalent resistance R,,, we find i

a

or ) [ (b)
:8 - Ich = [}1 L= R - Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
cq

Equating them, we get,

R., =R, + R, + R.. ‘ R, = 2 R; (nresistances in series).
=1
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27-1 Single-Loop Circuits

Resistance in Series

b

MW
Ry
A%
When a potential difference V is applied across resistances connected 1n series, %i %-‘ Ry § li
the resistances have identical currents i. The sum of the potential differences
across the resistances is equal to the applied potential difference V. g
—\WWW\
-
7
(a)
% Series resistors
‘ ‘ . . . . . . and their
4" Resistances connected in series can be replaced with an equivalent resistance R, equivalent have
that has the same current i and the same fotal potential difference V as the actual the same
resistances.

current (“ser-i").

R
Oo—
| g+
"l
=
a
2
—=

a
(b)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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27-1 Single-Loop Circuits
Potential Difference

A%

‘J To find the potential between any two points in a circuit, start at one point and
traverse the circuit to the other point, following any path, and add algebraically
the changes in potential you encounter.

The internal resistance reduces
the potential difference between
the terminals.

Potential Difference across a real battery: In the Figure, points a sle T

and b are located at the terminals of the battery. Thus, the ) ..o

potential difference V, - V, is the terminal-to-terminal potential i %"‘:‘“’Q
difference V across the batter and is a}'_%: S

given by: V=% —ir e

Grounding a Circuit: Grounding a circuit usually means connecting one point in the circuit
to a conducting path to Earth’s surface (actually to the electrically conducting moist dirt
and rock below ground)

Power of emf Device: The rate P, . at which the emf device transfers energy both to the
charge carriers and to internal thermal energy is

P.i= i€ (power of emf device).
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27-2 Multiloop Circuits

Py The current into the junction
‘#’ JUNCTION RULE: The sum of the currents entering any junction must be must equal the current out
equal to the sum of the currents leaving that junction. (Charge is conserved).
%l %2
Figure shows a circuit containing more than one loop. If r :{? : g?}: .
we traverse the left-hand loop in a counterclockwise
direction from point b, the loop rule gives us illgR' R“% l“ Rz% TZ?’

I:.E'] - I.]'JE]- + £3R3 = D. Copyright © 2014 John Wiley & Sons, Inc. All rig d

If we traverse the right-hand loop in a counterclockwise direction from point b, the
loop rule gives us

_I.3R3 - IIERE - %1 = (.

If we had applied the loop rule to the big loop, we would have obtained (moving
counterclockwise from b) the equation

EE| _E]Rl _IIQRE_EEE=D.

which is the sum of two small loops equations.
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27-2 Multi-Loop Circuits

Resistances in Pa raIIeI Parallel resistors and their
equivalent have the same
Figure (a) shows three resistances connected in potential difference (*par-V").
parallel to an ideal battery of emf . . The r—» s (_. p

applied potential difference V is maintained by | | |
the battery. Fig. b, the three parallel resistances o g mg e ngl €}
have been replaced with an equivalent t y— L

. ' i + iy b
resistance R,,. (@ (b)

1]+

NE:
|
e

VWA

-

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

To derive an expression for R, in Fig. (b), we first write the current in each actual

resistance in Fig. (a) as v v oy
= ?: = R_z and i, = R_3
where V is the potential difference between a and b. If we apply the junction rule at

point a in Fig. (a) and then substitute these values, we find

it

If we replaced the parallel combination with the equivalent resistance R, (Fig. b),
we would have ;__Y_ and thus substituting the value of i from above equation

R,
we get
- et pe EEE) - S Grsumsipn
—— — T I M TCH1S EDDCEIH.P 5
R] Rz R3 ch f=1Rj

PHY 201
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27-2 Multi-Loop Circuits

Resistance and capacitors

Table 27-1 Series and Parallel Resistors and Capacitors
Series Parallel

Resistors

n 1

R, = ,21 R, Eq.27-7 R

Same current through
all resistors

= 2%— Eq.27-24
eq J=1 5%

Same potential difference
across all resistors

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Series Parallel

l n l n
= 2, — Eq.25-20 Coq= > C Eq.25-19
Cq 216G j=1
Same charge on all Same potential difference
capacitors across all capacitors
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27-3 The Ammeter and The Voltmeter

An instrument used to measure currents is called an ammeter.
R To measure the current in a wire, you usually have to break or
cut the wire and insert the ammeter so that the current to be
ce——  measured passes through the meter. In the figure, ammeter A
is set up to measure current i. It is essential that the resistance
R, % (@ R, of the ammeter be very much smaller than other resistances

in the circuit. Otherwise, the very presence of the meter will
change the current to be measured.

Copyright © 2014 John Wiley & Sons, Inc. Al rights reserved.

A meter used to measure potential differences is called a voltmeter. To find the potential
difference between any two points in the circuit, the voltmeter terminals are connected
between those points without breaking or cutting the wire. In the Figure, voltmeter V is set
up to measure the voltage across R;. It is essential that the resistance R, of a voltmeter be
very much larger than the resistance of any circuit element across which the voltmeter is
connected. This is to insure that only a negligible current passes through the voltmeter,
otherwise, the meter alters the potential difference that is to be measured.
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27-4 RC Circuits

Charging a capacitor: The capacitor of capacitance Cin the _bs*’_'v‘ﬁ/"_
figure is initially uncharged. To charge it, we close switch S on ; |
point a. This completes an RC series circuit consisting of the %13'_ Corm
capacitor, an ideal battery of emf§ and a resistance R.

The charge on the capacitor increases according to
g = C¥(1l — e "R%) (charging a capacitor).
in which C = g, is the equilibrium (final) charge and RC=t is the e [

capacitive time constant of the circuit. During the charging, the 8
current is

q (uC)

4

dq‘ % ) ) & A .4; A A
i — 1 _ | jtRC : . 0 2 4 6 8 10
] dt (R e (charging a capacitor). Tiie, fiis)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

And the voltage is: The plot shows the buildup of

V. = 4q _ €1 — e~'"C)  (charging a capacitor), charge f)n the capacitor of the
C above figure.

The product RC is called the capacitive time constant of the
circuit and is represented with the symbol .

7= RC (time constant).
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27-4 RC Circuits

Discharging a capacitor: Assume now that the capacitor of the 75*‘_'\/‘]/{\"’_
figure is fully charged to a potential V, equal to the emféof the

battery. At a new time t=0, switch S is thrown from a to b so %1
that the capacitor can discharge through resistance R.

When a capacitor discharges through a resistance R, the charge

on the capacitor decays according to

Iy +
|
&
11
i1

—tRC

(=2}

q = gue (discharging a capacitor),

i (mA)

~

where q, (=CV,) is the initial charge on the capacitor.

nNo

0
During the discharging, the current is Tiiiie (iis)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
A plot shows the decline of the

d .
j= ?q = — ( ;::’: )e-f-'-‘ﬂ'- (discharging a capacitor). charging current in the circuit
i of the above figure.

A
!ﬁ‘ A capacitor that is being charged initially acts like ordinary connecting wire
relative to the charging current. A long time later, it acts like a broken wire.
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27-3 RC Circuits

dq(t)

a_
dt

A first order non-homogeneous differential equation:

+ bq(t) + ¢ = 0 where a,b,c are constants

Charging a capacitor

Example:Rle—(tt)+@—£ =0

General solution:

b

b, ¢ b
q(t) = Ke at+z[e a' —1]

Capacitor Discharge

Example: Rd‘(ll—f) +20 _ g

C d C
. dq -
T B g — 6
=a, _C;C_ =a, _C)C_

1 1
Solution: q(t) = Ke rc' — CE[e Re" — 1]

1
Solution: gq(t) = Ke &c"

att=0q=CE - K=CE

a(t) = CE[1 - e e’

T,
q(t) =CEe RC
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27 Summary

Emf Series Resistance
* The emf (work per unit charge) of the * When resistances are in series
device is R,=-3 R Eq. 27-7
j=1

dW
€ = da (definition of €). Ed. 27-1

Single-Loop Circuits
e Current in a single-loop circuit:
& -
. Eq. 27-4 R.

T R+r’
Power RC Circuits

* The rate P of energy transfer to the L
L * The charge on the capacitor increases
charge carriers is ,
according to

— Eq. 27-14
P =iV, q g = CE&(1 — e VRO) Eq. 27-33

Parallel Resistance
* When resistances are in parallel

A Eq. 27-24

* The rate P, at which energy is dissipated

. . * During the charging, the current is
as thermal energy in the battery is g ging

P." — ig.i". . Eq. 27'16 II — % = (% )E HRC Eq. 27'34
* The rate P, at which the chemical :
energy in the battery changes is e During the discharging, the current is
;49 _ _(i)e ke Eq|. 27-40
Poui = i€. Eq. 27-17 d RC
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Wheatstone Bridge




History

* The Wheatstone Bridge was invented in 1833 by
Samuel Hunter Christie

e Later named after Sir Charles Wheatstone for his
many applications of the circuit through the 1840s

* The most common procedure for the bridge
remains the testing of unknown electrical
resistance
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How Does it Work?

e Uses ratio of 3 known resistors
* Measures fourth unknown resistance

* Balanced voltage between point 1 and battery’s
negative, and between point 2 and battery’s
negative allows the measurement
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How Does it Work?

If the ratio of the two resistances (R2 / R1) is
equal to the ratio of the two (Rx / R3), then the
voltage between the two midpoints (B and D)

will be zero and no current will flow through R, R
the galvanometer ETR
Ry

= R, E - R4
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How Does it Work?

Ig—fz—l—fgz[]
II—IE—IG:U

Kirchhoff's rule is used fo
in the loops ABD and BCD

inding the voltage

({3 R3) = (Ig- Rg) — (11
(Iz- Ry) — (I2- Ro) + (Ig- R

When the bril ge is balanced, then
the second se | of equations can be rwritten

as: .
fa-fig =11 - 1t L=l and I, =1,
I.T,'R.'I::IE'RE

Ry-1,-1I5- Ry
R, =
Ri-I- 1,
Rs - Rs
R, =
R,
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How is it used?

* Main focus of the Wheatstone Bridge = applications
using electricity

* The circuit monitors sensor devices like strain gauges
— it reads the level of the strain in the system

* The galvanometer measures whether the gauges are
balanced or not

* Electrical power distributors use the Wheatstone
Bridge to locate breaks in the power lines
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