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Electric Current

An electric current is a stream of moving charges.
However, not all moving charges constitute an electric current.

To have that, here must be a net flow of charge through a
surface.

Consider a flow of water through a garden hose.

¢ The flow of water through a garden hose represents the directed flow of
positive charge (the proton in the water molecules) at a rate of perhaps
several million coulombs per second. There is however no net transport
of charge because there is a parallel flow of negative charge (the
electrons in the water molecules) of exactly the same amount moving in
exactly the same direction!




Electric Current: the most common examg

The 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 secondd but there is no

net transport of charge and thus no 1—

current through the wire. :
I

However, if you connect the ends Ti Battery l

of the wire to a battery, you slightly _ 1

bias the flow in one direction, with -7 B B

the result that there now is a net
transport of charge and thus an
electric current through the wire.

(b)




Electric Current

The figure shows a section of a conductor, part of a conducting loop in which current
has been established. If charge dqg passes through a hypothetical plane (suchas a a 6 )
in time dt, then the current i through that plane is defined as:

The current is the same In
c any cross section.

| = —— (definition of current). | _i
dt

SopE | "
i

The charge that passes through the plane in a time interval extending from O to t is:

f}z‘[dqz‘[}hfr




Electric Current

A Under steady-state conditions, the current is the same for planesa a b b 0,
and c camd for all planes that pass completely through the conductor, no
matter what their location or orientation.

The current is the same In
c any cross section.

| = —— (definition of current). i

SopE | "
i

A The Sl unit for current is the coulomb per second, or the ampere (A):

| ampere = 1 A = 1 coulomb per second = 1 CJs.




‘ Electric Current: Conservation of Charge, and Direction of Curre

: A current arrow 1s 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.

The current into the
junction must equal
the current out
(charge is conserved).

Fig. 26-3 Therelationiy =i; + i, io
Is true at junction @ no matter what the
orientation in space of the three wires.
Currents are scalars, not vectors.




Current Density

The magnitude of current density, J, is equal to the current per unit area through
any element of cross section. It has the same direction as the current. This is a local

property.
i = f J-dA.

If the current is uniform across the surface and parallel to dA, then J is also uniform
and parallel to dA, and then

f':JJdA:J'JdA = JA

Here, A is the total area of the surface.

The Sl unit for current density is the ampere per square meter (A/m?2).




Current Density

Fig. 26-4 Streamlines representing
current density in the flow of charge
through a constricted conductor.

Figure 26-4 shows how current
density can be represented with a
similar set of lines, which we can
call streamlines.

The current, which is toward the
right, makes a transition from the
wider conductor at the left to the
narrower conductor at the right.
Since charge is conserved during
the transition, the amount of
charge and thus the amount of
current cannot change.

However, the current density
changesd it is greater in the
narrower conductor.




Current Density, Drift Speed

A What really happens with an electric current flowing in a
conducting wire?

Current Is said to be due to positive charges that
are propelled by the electric field.

Fig. 26-5 Positive charge carri-
ers drift at speed v;1in the direc-
tion of the applied electric field E.
By convention, the direction of
the current density J and the
sense of the current arrow are
drawn in that same direction.




Current Density, Drift Speed

When a conductor has a current passing through it, the electrons move randomly, but
they tend to drift with a drift speed v, in the direction opposite that of the applied
electric field that causes the current. The drift speed is tiny compared with the speeds
in the random motion.

1 ——
i i
=V,
P —

~| |

In the figure, the equivalent drift of positive charge carriers is in the direction of the
applied electric field, E. If we assume that these charge carriers all move with the
same drift speed v, and that the current density J is uniform across the wi r eds$s
sectional area A, then the number of charge carriers in a length L of the wire is nAL.
Here n is the number of carriers per unit volume.




Current Density, Drift Speed

A The total charge of the carriers in the length
L, each with charge e, isthen ¢ = (nAL)e.

<—
A The total charge moves through any cross < L -]
section of the wire in the time interval T T ———
L DD
[ = . =%
Vg 4_"(1
is the current g WALe <1—£
I = = = FHl.F E?l:d' <}—




Resistance and Resistivity

We determine the resistance between any two points of a conductor by
applying a potential difference V between those points and measuring the
current i that results. The resistance R is then

V L
R=— (definition of R).
[

The SI unit for resistance that follows from Eq. 26-8 is the volt per ampere.
This has a special name, the ohm (symbol W):

[ ohm = 1€ = 1 volt per ampere
= 1 V/A.

In a circuit diagram, we represent a resistor and a resistance with the

symbol
AN\~




Resistance and Resistivity

Fig. 26-7 An assortment of resistors.
The circular bands are color-coding marks
that identify the value of the resistance.
(The Image Works)




Resistance and Resistivity

A The resistivity, r, of a resistor is
defined as:
E —s —»
p = T = [ = p‘f
A This is a local property.
A The Sl unit for r is Wm.
A The conductivity s of a material is
the reciprocal of its resistivity:
1 — —
Sy - J = oFk.

Resistivities of Some Materials at Room

Temperature (20°C)
Resistivity, p Temperature
Material ({2-m) Coefficient
of Resistivity,
a (K™
Typical Metals
Silver 1.62 x 108 41 %1073
Copper 1.69 x 108 43 x 1073
Gold 235 %1078 4.0x 1073
Aluminum  2.75 X 1078 44 x 1073
Manganin®  4.82 x 10°%  0.002 x 107?
Tungsten 525X 1078 45 x 1073
Iron 0.68 x 10~® 6.5x 1073
Platinum 10.6 x 10~% 39 x 1073
Typical
Semiconductors
Silicon,
pure 2.5 x 10° —70 x 1073
Silicon,
n-type” 8.7 x 10~*
Silicon,
p-type® 28 x 1073
Typical
Insulators
Glass 1010—10%
Fused

quartz

~1016



Resistance and Resistivity, Variation with Temperature

10
Fig. 26-10 There- & . E i Resistivity can depend
sistivity of copperasa G < on temperature.
function of tempera- 5 6 £ :
ture. The dot on the “—: g :
curve marks a conve- = B E |
nient reference point at "; ) - :
temperature T = 293 ~ 1 T, Po)
K and resistivity py = Y0 200 400 600 800 1000 1200
1.69 X 108 Q-m. Temperature (K)

The relation between temperature and resistivity for copperd and for metals
in generald is fairly linear over a rather broad temperature range. For such
linear relations we can write an empirical approximation that is good enough
for most engineering purposes:

p— po= poc(T —Tp). j> r=ryd+a(m-T,))




Resistance and Resistivity
Calculating Resistance from Resistivity

3 Resistance 1s a property of an object. Resistivity is a property of a material.

Current is driven by

E=V/[L and J=Ii/A. a potential difference.
——

_ Lt _VIL _?/'"__EF
P J ilA A Vv |

Fig. 26-9 A potential difference

I V 1s applied between the ends of a

R = pP—. wire of length I. and cross section A,
A establishing a current 7.




Ohmos Law

s Ohm’s law is an assertion that the current through a device is always directly
proportional to the potential difference applied to the device.

: A conducting device obeys Ohm’s law when the resistance of the device is indepen-
dent of the magnitude and polarity of the applied potential difference.

a A conducting material obeys Ohm’s law when the resistivity of the material is
independent of the magnitude and direction of the applied electric field.




Ohmos Law

| v | Fig. 26-11 (a) A potential difference V
N _ is applied to the terminals of a device,
o P e establishing a current i. (b) A plot of cur-
! ‘ rent i versus applied potential difference V'
(a) when the device 1s a 1000 () resistor. (¢) A

plot when the device is a semiconducting
pn junction diode.
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Power in Electric Circuits

A Charge dg moves through a decrease in
potential of magnitude V, and thus its
electric potential energy decreases in
magnitude by the amount

dU=dqV=1idtV.

A The power P associated with that transfer
Is the rate of transfer dU/dt, given by
P=1iV (rate of electrical energy transfer).
P =i’R (resistive dissipation)

V2
P = T (resistive dissipation).

The unit of power is the volt-ampere (V
A).

The battery at the left
supplies energy to the
conduction electrons
that form the current.

1

4 — _li

i

Fig. 26-13 A battery Bsetsupa
current / in a circuit containing an
unspecified conducting device.

J C ]
=(1=](1—)=1==1W.
(o) 15)- 14




You are given a length of uniform heating wire made of a
nickel-chromium-iron alloy called Nichrome; it has a re-
sistance R of 72 (). At what rate is energy dissipated in each
of the following situations? (1) A potential difference of 120
Vis applied across the full length of the wire. (2) The wire is
cut in half, and a potential difference of 120 V is applied
across the length of each half.

KEY IDEA

Current in a resistive material produces a transfer of mechani-
cal energy to thermal energy; the rate of transfer (dissipation)
is given by Eqs. 26-26 to 26-28.

Calculations: Because we know the potential V and resis-
tance R, we use Eq. 26-28, which yields, for situation 1,

Example, Rate of Energy Dissipation in a
Wire Carrying Current

P y? B (12[)V)2
R 72 Q)
In situation 2, the resistance of each half of the wire is

(72 Q)12,0r 36 €. Thus, the dissipation rate for each half is

=200 W.

(Answer)

(120 V)2
—— =400 W,
36 Q)
and that for the two halves is
P=2P" =800 W. (Answer)

This 1s four times the dissipation rate of the full length of
wire. Thus, you might conclude that you could buy a heating
coil, cut it in half, and reconnect it to obtain four times the
heat output. Why is this unwise? (What would happen to the
amount of current in the coil?)




Pumping Charges

In order to produce a steady . a
flow of charge through a l

resistor, one needs a
[ charge pump[ , a device
thatdo by doing work on the )
charge carriersd maintains a - ‘
potential difference between

a pair of terminals. e

Fig. 27-1 A simple electric circuit,in

Such devi : led which a device of emf € does work on the
uch a daevice Is Ccalled an charge carriers and maintains a steady

emf device, which is said to current 7 1n a resistor of resistance R.
provide an emf. (emf stands
for electromotive force)




Pumping Charges

A common emf device is the battery. The emf device that
most influences our dalily lives is the electric generator, which,
by means of electrical connections (wires) from a generating
plant, creates a potential difference in our homes and
workplaces.

Some other emf devices known are solar cells, fuel cells. An
emf device does not have to be an instrumentd living
systems, ranging from electric ceels and human beings to
plants, have physiological emf devices.




Work, Energy, and Emf

Fig. 27-1 A simple electric circuit,in
which a device of emf € does work on the
charge carriers and maintains a steady
current 7 1n a resistor of resistance R.

In any time interval dt, a charge dq
passes through any cross section of the
circuit shown, such as aa/ . This same
amount of charge must enter the emf
device at its low-potential end and
leave at its high-potential end.

The emf device must do an amount of
work dW on the charge dq to force it to
move in this way.

We define the emf of the emf device in
terms of this work:

dW
@ —
dq

(definition of €).



Work, Energy, and Emf

An ideal emf device is one that has no internal resistance to
the internal movement of charge from terminal to terminal.
The potential difference between the terminals of an ideal emf
device Is exactly equal to the emf of the device.

A real emf device, such as any real battery, has internal
resistance to the internal movement of charge. When a real
emf device is not connected to a circuit, and thus does not
have current through it, the potential difference between its
terminals is equal to its emf.

However, when that device has current through it, the
potential difference between its terminals differs from its emf.




Calculating the Current in a Sidglep Circuit

P=i°R (dissipationin the

resistor)
The battery drives current A The work that the battery does on
through the resistor, from this charge, is

high potential to low potential.

—I’--- Higher dw — % dq - %f df.

potential
= i . .
dre( S i dt = PR dt.
‘ Lower
_— potential

[ .
| | . € = IR.
Fig. 27-3 A single-loop circuit in
which a resistance R is connected
across an ideal battery B with emf €. %
The resulting current i is the same ] = —.
throughout the circuit. R




Potential Method

[
W LOOP RULE: The algebraic sum of the changes in potential encountered in a
complete traversal of any loop of a circut must be zero,

V. +€—iR=V,

Calculating the Current in a Sidgiep Circuit

The battery drives current
through the resistor, from
high potential to low potential.

Higher

potentnl
T O

Lower
potential

?

Fig. 27-3 A single-loop circuit in
which a resistance R is connected
across an ideal battery B with emf €.
The resulting current / is the same
throughout the circuit.




Calculating the Current in a Sidgiep Circuit
Potential Method

-y
%W RESISTANCE RULE: For a move through a resistance in the direction of the
current, the change in potential 1s —iR; n the opposite direction it is +iR.

W 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 —%€.

— [I-{igher
potential
xO 1*' V +€—iR=V,
‘ Lower
e potential




Other Singld.oop Circuits
Internal Resistance

—_— .

=t
a b a
Wbt 8 MWV i
= | l R l

— |
. ™ Vi | | |
. T i - b L, |
*T R% l 3 : |
e . |
T Icé Sl v e |
/L |

Emf device Resistor

L Real battery i
(a) ()

Fig. 27-4 (a) A single-loop circuit containing a real battery having internal resistance
rand emf €. (b) The same circuit, now spread out in a line. The potentials encountered
in traversing the circuit clockwise from a are also shown. The potential V, 1s arbitrarily
assigned a value of zero, and other potentials in the circuit are graphed relative to V,.

A The figure above shows a real battery, . .
with internal resistance r, wired to an % — r — "R — U
external resistor of resistance R.
According to the potential rule




Other Singld.oop Circuits
Resistances In Series

—




