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An analogy: How much rain
falls in a bucket per second?

Bucket has area A. Raindrops of
mass m, are falling at wwhy?)

There are n drops perdm

Look at the cylinder. It contains:
n*volume = nAL raindrops,

so all this water leaves the cylinder

in atime
t = Liv

(the time taken for the one just entering to get to the other end)

So rate of rain fall in bucket

mass
unit time ~

_ nALmM

| = N = nAvm

cross sectional area of ‘conductor
velocity of carriers
mass of carrier

O oo o

'‘Drag’ on drop depends on size air, etc, and on v

Put Rjrag = KdragV
At terminal velocity,

I:drag

a=0,s0xF =0:
mg Fdrag= mg
vV = RyragKdrag = M3/Kdrag
| mass _ nAmZg
- unit time - Kdrag
O number of mass carriers/cubic metre
0O cross sectional area of 'conductor
. squared because
O (mass of Came?) heavier fall faster
O field that moves them
U mgh
Voray = g =" = gh
AVgray _ LKdrag _pL
| nAmég A
wherep = Karag
nm2
AV L
——J&v - R where R %

number of mass carriers/cubic metre of air



Direct Currents (D.C.)

"drift speed" v in electric field E , #Em

n q V | = \f(dq,dt) = \f(charge
A =S past point,per unit time)

n*vol carriers have charge
n.AL.q
L

E o
Last charge gets to end after time t =Liv
U | = no\l;q = nAqv

VvV = const.*E = const}fK

= nAgv = V.nq.cons%

-1 L
~ n.g.constA

—I< =<

L
= pﬂ =R
R is theresistanceof piece of contdutor,

p is theresitivity of the material

Alternatively

I _ A _
v=0_=6

G is theconductanceof this piece of conductor,
o is theconductivity of the material

_ 1
0 = n.g.const =

P
Units
joules _
voltage - coulomb = volt Vv
current coulombs ampere A
- second ~ P
. volts  _
resistance- ampere~ ohm Q
amperes , | [6)
conductance- volt = ‘mho
resistivity Qm
conductivity O /m
g
- An e.m.f. takes charge in at one terminal and puts

it out at the other, with a different (usually higher) potential. It
converts some energy into electrical potential energy.

|
Power in an emf:

current | flows through an emf for time t and delivers
charge q
work done =AU = AV =¢f
V\_/OI’k @ = |
time
Powerproduced = £l if 1 is -ve P is -ve

Power =



R
—]
Z€ro V' Power in a resistor:
current | flows through a resistor for time t and delivers
charge g over a voltagizop V
energy lost =AU| = |qV| =q|V|

energy _ qV| _
tme ~ t VI

where V is the voltagdrop, in the direction of the

current. Now I =V/R orV = IR, so

Power =

2
Power lost in resistor (P= IV = PR :Vﬁ

Conservation of energy: An electron is unchanged
in one voyage around the circuit, so its potential energy is
unchanged

> rises in U => fallsin U
> risesinV =>fallsinV
& =3 IR Kirchoff's Loop Rule

In this circuit consider
current flowing

clockwise:
Z 8 = 81— 82
-ve because

2 IR = IRR+IRx+IR3 in clockwise sense
it is fall in V

81— 82 = IR1 +IR2 + IR3

| = €1 - &
R1+ Ry + R3

Conservation of charge:
At a circuit junction, charge doesn't disappear or appear,
e.g.

|
Iy 2 1, 2
[: or |:__
I3 I3
1 = b+13 or l1+1l2+13=0

2 iin =2 iout Kirchchoff's Junction Rule



Example: Circuits with more than one loop

Loop a: ZS =2 IR

clockwise 81 = +hR1 —IbR2 (2)

+ve because +ve because -ve because
riseinVin isVdropin is Vrisein
chosen dirn.  chosen dirn. chosen dirn.

Loop b: ZS =2 IR

clockwise —83 = + bRy —1I3R3 (2)
-ve because +ve because -ve because
drop in Vin is V drop in is Vrisein
chosen dirn. chosen dirn. chosen dirn.
2 equations in 2 unknowns. (3rd loop just gives the sum of these
two.) Use the junction rule:
l1+1lo+13 =0 (3)
(2) & (3) eliminate §: —13 = I3 + 1o
0 - &3= LRy +11R3 + 2R3 (2"

- R3(1) + Ry(2) to eliminate {
- Rgsl —R183 = + 9RoR3 + IbR1R2 + 19R1R3
_ Rgsl + R183
R1R2 + RoR3 + R1R3
substitute in (1)-
Iy = ReC1 + RaC1 - RoC3
RiR2 + RoR3 + RiR3
substitute in (2) or (3}
_ RZSS + Rlss - stl units okay
RiR» + RoR3 + RjR3 symmetric with {

But note: this is a case where the problem is easier if one
uses values right from the beginning.

HOMEWORK

15 Qﬁ 120 18Q Find the current in the
12 Q resistor:

12V T 24V

o =

units okay




Resistors in series
L TR TR R

—1

_VAB +VBC +*VCD
- |

IR1 +IR2 + IR3

- |

Rseries= RL+ R2+ R3

Resistors in parallel
Voltage is same for all
)y = h+12+13

Recall G= I/V
I
G/ =
_l1+12+13
- \Y
= Q+Gx+G3

1 1,1 1
G =06+6G+G3 or R/ "R1TRyTR3
Example The starter motor in a car is rated at 1.0 kW
at 12 V. The headlights and tail lights together are
together rated at 200 W at 12 V. The internal resistance
of the 12 V car battery is 0.XD.

ol N\ N .1
r _ | r
el HF’NHF’mHRﬂ”F’uDF’m [ el I Pm

What power do the lights consume running only on the
battery? What power do they consume if left on when
the engine is being started?

what are the resistances of lights and motor? Use rated power.

ideal Circuit used for rating.
e R P=VR OR=\2P
Rl = 0.72Q, Rm = 0.144Q
Lightsonly. | = 8/(R| +71)
A = IR
= 154 W (<200 W)
Motor and lights. R&

Rmarein/l.
_ 1
RII'= 1/Rm + 1ir
= 0.08&2

| = SIRy+1r) =64A M = &—1Ir = 56V

_VI2 _
P =g =44W

e



Example What is R of Cu cable 2 cm diameter and 10
km long? pcy= 17 108 Om

( U

_pL _1.7108104
P=A = 1022

T(107<)
Use 2 such cables to deliver 1 MW at (a) 240 V and (b)
100 kV. What are the efficiencies?

Q = 0.54Q

r R 240V or 1 kV
Q r P=1MW
I
) large
a) i =PIV =1MW/R40V =4 kA magnetic
field
Plostinrandr: P =2%i = ... =17 MW
- _ 1 MW _
efficiency 1T MW + 17 MW — 6%
but large
b) i =P/N = 1MW/100kV =10A electric
field
P lost: P=2%=. =108W

efficiency = ..... = 99.99%



Voltmeters, ammeters and ohmmeters

O_®_O o_@_o _@_ measure

potential difference, current & resistance respectively
Use of meters

AV [0

An ammeter measures that current flowing through the

meter,[] must be connected series It shouldn't
perturb circuit, so its internal resistance shouldble
(Ideal caseq = 0).

An voltmeter measures that potential difference between
the leads of the metédr, must be connected parallel It

shouldn't perturb circuit, so internal resistance should be
high. ('ldeal' case,f = «).

To measure resistance, disconnect the resistor from the
circuit first.

1o

In the old days meters were made using galvanometers
(very senstive meters)

small r

©T%R

arge R

? ¢ ¢

very large R



Internal resistance in emfs.

Experiment: battery
and variable resistor.
Measure terminal
voltage V and output
current.

Assume@ is ideal

If R = o0, (switch open), no current flows. The voltage

measured here is called the emf of the battery. ie,
emf = terminal voltage when | = 0.

As R gets smaller, | gets bigger and V gets smaller

Often the resulting graph is a
straight line. The intercept is

by definition&.

Its slope is negative and has units V/R=This slope
defines the internal resistance, i.e.

lint = — %—Y in this experiment
v
g 8-
oV &-r
s - .
~ | This gives us an equivalent
o g circuit for the battery
max
| —1— - A real emf can be represented
| r. | as an ideal emf in series with
battey| =| ™ an internal resistance
!

Example. What is the value of R for which the power
dissipated in R is a maximum?

Loop rule gives

£ =1Ir+IR
| = 5%
R +r
PR = PR |=R8+r
0 PrR= R
"7 (R+1p
maxwhen?%zo
P _ 282 g2
dr =0 = (R+r)3R+(R+r)2
XxRNIEZ . 0 =-2R+(R+1)
R=r

called the maximum power transfer theorem



How quickly does water flow out of this

h tank?
I —————  volume Q = Ah
P 0 dQ
flow F = “dt
"Resistance"of pipe R g
dQ _ ___P __pgh_ _pgQ
dt R R RA
" , " Q_A _
Capacitance" of tank 65 = — =const.
Pg
aQ _ _Q

i - “RC ] InQ:-Rt—C+const.
t=0,Q0=0Q therefore const. = In Qo
Q = Q)e't/RC

Hydraulic analogy—not in syllabus.

tr



RC circuits

What happens when you close the
qgl c E] R switch? (close switch at t = 0)
C
|

Current flowsoff capacitor, so

itar & = 4 =4
Across capacitor: ¥ = o C=y
Acrossresistor: ¥ = IR = ¢
dg _ _
0 at - I
Y
- R
-_ 49
RC
dg _ _ 1
SO q - RC dt

t=

Ing = —R;[—C + const.
0,0=¢ 0 Inge =const.

_ t
Ing-Ingy = “RC

O q = geRC V = g/cO
Vi V = Ve t/RC
T = RC = time constant

VO

Vole Units: QF:%.V :%.

Vol€ t =s (time)
-
T 21 dq

I

_ % .-t/RC = Yo, -tIRC
- RC® " RE
e | = lpe-t
| | Je?
t
-
T 21

Example
A real C uses dielectric with dielectric const. 4.0 and

conductivity o = 2 10150-1m-1. It is charged then left
disconnected for 1 hour. What fraction of charge remains?

C

1\



Example Electronic appliance requires 20 W at 40 V
DC, with max variation of 10%. What capacitance needed
to store energy between cycles? cirduit not in
syllabus)

+ Vm
C 90%*V,,

AC

AC has 50 cycles per second] turns off 100
times/second, ie every 10 ms.

Vl = et/RC [ 0.90
m
R is the effective resistance of the circuit.

2
We know V and P, souse P Vﬁ

Example the membrane of a "pacemaker” neurone of the
heart has a capacitance of 10 pF and a conductance G =

3.0 @1 Initially the potential difference across this
membrane is80 mV. The neurone begins a pulse when

the potential difference reach€80 mV. How long
before it begins a pulse? Neglecting the duration of the
electrical impulse itself, what is the pulse rate?

The "leakiness" of the membrane is now suddenly
increased by a factor of 2. How long between electrical
impulses? and what is the approximate pulse rate, again
neglecting the duration of the inidividual impulses.



