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Match the following descriptions with the most appropriate 
terms on the right:

1. rate of flow of charge Potential difference

2. A measure of the opposition to current flow current

3.The path of electric current flow circuit

4.The energy stored per coulomb of charge in a circuit load

5.A device that converts electric energy to other forms resistance

27-1 Circuits
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27-2 Pumping Charges
• Electric circuits connect power supplies 

to loads.

• It can be evaluated in two different ways;
1.Electric field is needed to produce electrostatic force, FE, on charges
2.Electrical energy should be supplied (energy is needed to do work on 

charge carriers)

• Emf devices can be considered as a “charge pump’’ that moves charges 
from lower potential to higher one in order to produce a steady flow of charge 
through a circuit. 

• Some emf devices;
- Battery
- Generator
- Solar Cells
- Fuel Cells
- ...

All perform the same function;
They do work on charge carriers 
and thus maintain a potential 
difference between their terminals.

+ ++ +



High 
potential

Low 
potential

How a constant current (steady state 
flow of charge carriers) is maintained 
through the load or device?

The source of energy is called Electromotive force (emf), ξ, and the device 
which supply emf is called emf device.
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27-3 Work, Energy and emf
• Consider a circuit consisting of a battery as emf 

source and resistor of resistance R;
Emf ,ξ, of the device 
is shown by arrow 
(starting from – to + 
terminal)

– 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. 

• 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:

• 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.

U=qV → ΔW/Δq=V=ξ
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27-4 Calculating the Current in a Single-Loop Circuit

Two methods used to calculate current;

1.Energy Method
2.Potential Method

• 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 Single-Loop Circuit: 

Our objective is to calculate the current 

at each circuit element.
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1-Energy Method

27-4 Calculating the Current in a Single-Loop Circuit

 =

• For a time interval dt, charge dq, passed from 
low potential to high potential point of the 
battery, where dq=i dt

• Work done on this charge to move;

• At the same time energy is dissipated in the 
resistor : 

• For ideal battery, from the conservation of 
energy principle:
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2-Potential Method

27-4 Calculating the Current in a Single-Loop Circuit
• The algebraic sum of the changes in potential 

encountered in any loop of circuit must be zero. 
• This is often referred to as Kirchhoff’s Loop Rule

1.Choose a point in the circuit, i.e. Point a, whose 
potential is Va

2.Draw a loop either in clockwise or counter cw
3.As passing the battery (low to high potential) the 

potential change is +;      Va + 
4.In the wires there is no potential change since we 

assume no resistance
5.As we pass through the resistor potential changes 

and decreases by –iR;        Va +  –iR
6.When we complete the loop and reached at the 

same point, i.e. Point a, 
                  Va +  –iR = Va   –iR = 0  i =  /R
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27-4 Assignment + or – sign to potential
For circuits that are more complex than that of the previous figure, two basic 
rules are usually followed for finding potential differences as we move around 

a loop:

We should know these 4 rules!

Same directionSame direction

Opposite direction Opposite direction
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27-5 Other Single-Loop Circuits, Internal Resistance

- ® +

(a) Rightward (EMF is in direction of current)

(b) All tie (no junctions so current is conserved)

(c) b, then a and c tie (Voltage is highest near battery +)

(d) b, then a and c tie (U=qV and assume q is +)

+E -iR

i ®
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27-5 Other Single-Loop Circuits, Internal Resistance

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

cw

V
a
+ξ-ir-iR=V

a
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27-5 Other Single-Loop Circuits, Internal Resistance

(a) Vbatt < 12V (walking with current voltage drop –ir

(b) Vbatt > 12V (walking against current voltage increase +ir

(c) Vbatt = 12V (no current and  so ir=0) 
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27-5 Other Single-Loop Circuits, Internal Resistance
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In Figure 27-5

27-5 Other Single-Loop Circuits, Resistances in Series

cw

What if R
1
>R

2
>R

3
?

==> V
1
>V

2
>V

3



November 16, 2022 15PHY102 Physics II © Dr.Cem Özdoğan

27-6 Potential btw Two Points
Going clockwise 
from a: 

Going counterclockwise 
from a:
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27-6 Potential Across a Real Battery: Grounding a Circuit
• If the internal resistance r of the battery in the previous case were zero, V 

would be equal to the emf ξ of the battery-namely, 12 V.  (Fig 27.6)
• However, since r =2.0 Ω, V is less than ξ. 

• Grounding a circuit usually means connecting 
the circuit to a conducting path to Earth’s 
surface, and such a connection means that 
the potential is defined to be zero at the 
grounding point in the circuit. 

In Fig. 27-7a, the potential at a is defined to 
be Va =0 and the potential at b is Vb =8.0 V.
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27-6 Power, Potential, and emf

internal resistance of 
emf device

• Emf device transfers its energy (stored as chemical) 
to the charge carrier, so it does work on the charge 
carriers to establish a current

• The net rate P of energy transfer from the 
emf device to the charge carriers is given by:

V: potential across the emf device; Vb-Va

Pr: rate of energy transfer to 
the thermal energy within 
emf device or internal 
dissipation rate

Pemf: rate at which emf device 
transfers energy both to the 
charge carriers and to the thermal 
energy (power of emf device)

Resistor

Other 
device
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27-6 Potential between Two Points
Example, Single loop circuit with two real batteries:

cw

ccw

ξ
1
 > ξ

2
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Example, Single loop circuit with two real batteries, cont.:

27-6 Potential btw Two Points
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27-7 Multi-loop Circuits, Resistors in Parallel

where V is the potential difference between a and b.
From the junction rule, 
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27-7 Multi-loop Circuits

 

i =
Vbatt

R
=

12V

8W
=1.5A

E5 =i5R5 =(1.5A)(5.0W) =7.5V

Bottom loop: (all else is irrelevant)
V same in parallel -- PAR-V!

8Ω12V

Which resistor (3 or 5) gets hotter? P=i2R

ExampleExample
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Example, Resistors in Parallel and in Series:

27-7 Multi-loop Circuits

cw
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Example, Resistors in Parallel and in Series, cont.:

27-7 Multi-loop Circuits
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27-7 Multi-loop Circuits
Resistance and capacitors



November 16, 2022 25PHY102 Physics II © Dr.Cem Özdoğan

27-7 Current in Multi-loop Circuits
• There are two junctions; b and d
• There are three branches; bad, bd, bcd
• According to junction rule, which is often called 

Kirchoff’s junction rule or Krichoff’s current law 
currents entering any junction must be equal to sum of 
the currents leaving that junction;

• At junction d; i3+i1= i2    or at junction b; i2= i1+i3 

Loop1 
CCW

Loop2 
CCW

Loop3 
CCW

To find currents i1,i2 and i3 apply LOOP RULE; 

For the loop1,

For the loop2,

and for the entire loop(3), 

3 unknowns (i
1
, i

2
, i

3
) & 3 equations

(2)

(3)

(1)
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27-7 Current in Multi-loop Circuits

Loop1 
CCW

Loop2 
CCW

Loop3 
CCW

For the loop1,

For the loop2,

For the loop(3), 

Solve for  i
1
, i

3

Equations to UnknownsEquations to Unknowns
Continue applying loop and junction rules until 
you have as many equations as unknowns!

Given: ξ1 ,ξ2 ,ξ3 ,i2  ,R1 ,R2 ,R3  

loop1, loop2 and junction, i
2
=i

1
+i

3
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Example, Multi-loop circuit and simultaneous loop equations:
27-7 Multi-loop Circuits

cw ccw

(-) indicates 
opposite 
direction
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Video: Example, Multi-loop circuit and simultaneous loop equations
27-7 Multi-loop Circuits
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27-7 Multi-loop Circuits
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27-8 Ammeter and Voltmeter

• A meter used to measure potential differences is called a voltmeter.
• It is essential that the resistance RV of a voltmeter be very much larger 

than the resistance of any circuit element across which the voltmeter is 
connected.

• Connected in parallel to circuit.

• An instrument used to measure 
currents is called an ammeter.
• It is essential that the 

resistance RA of the ammeter 
be very much smaller than 
other resistances in the circuit. 

• Connected in series to circuit.

So that, all the charge 
could flow  through.

So that, no charge can flow 
through.
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27-9 RC Circuits, Charging a Capacitor & Time Constant

RC CircuitRC Circuit

 In these circuits, current will change for a while, and then stay constant.
 We want to solve for current as a function of time i(t)=dq/dt. 
 The charge on the capacitor will also be a function of time: q(t)
 The voltage across the resistor (V

R
(t)) and the capacitor (V

C
(t)) also change 

with time.
 To charge the capacitor, close the switch on a. 

i(t)
q(t)

V
R
(t)=i(t)R

V
C
(t)=q(t)/C
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27-9 RC Circuits, Charging a Capacitor & Time Constant
Charging a Capacitor:
We know that: 

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

• At time t=  =( RC), the charge on the initially 
uncharged capacitor increases from zero to:

• During the first time constant  the charge has 
increased from zero to 63% of its final value Cξ.

It turns out that:

ξ+V
R
(t)+V

C
(t)=0



exponential charging
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27-9 RC Circuits, Discharging a Capacitor
Discharging a Capacitor:
• Assume that the capacitor of the figure is fully 

charged (switch closed for a long time) to a 
potential V0 equal to the emf  of the battery ξ.

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

Fig. 27-16 (b) This shows the decline of the charging 
current in the circuit. The curves are plotted for R 
=2000 W, C =1 F, and E =10 V; the small triangles 
represent successive intervals of one time constant .

Time constant: = RC
Time i drops to 1/e.

i(t)=dq/dt=(ξ/R)e-t/RC

q(t)/C=ξ=V
C

i(t) V
R
(t)+V

C
(t)=0

exponential discharging

C
+
-

 Stored charges find 
their way across the 

circuit, as  establishing 
a current
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27-9 RC Circuits

ordinary wire charging fully charged

broken wire

fully charged

discharging

fully discharged!
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27 Solved Problems
1. (7) A wire of resistance 5.0 Ω  is connected to a battery whose emf  is 2.0 V Ɛ

and whose internal resistance is 1.0 Ω. In 2.0 min, how much energy is (a) 
transferred from chemical form in the battery,  (b) dissipated as thermal energy 
in the wire, and (c) dissipated as thermal energy in the battery

+
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27 Solved Problems
2. (10) (a) In Figure, what value must R have if the current in 

the circuit is to be 1.0 mA? Take Ɛ1=2.0 V, Ɛ2=3.0 V, and 
r1=r2=3.0 Ω. (b) What is the rate at which  thermal energy 
appears in R?
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27 Solved Problems
3. (29) In Figure, R1=6.00 Ω, R2=18.0 Ω, and the ideal battery 

has emf   Ɛ=12.0 V. What are the (a) size and (b) direction 
(left or right) of current i1? (c) How much energy is 
dissipated by all four resistors in 1.00 min? 

i=1 A
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27 Solved Problems
4. (37) In Figure, determine what ammeter will read, assuming 

Ɛ=5.0 V  (for the ideal battery ), R1=2.0 Ω, R2=4.0 Ω,  and 
R3=6.00 Ω.
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27 Solved Problems
5. (45) In Figure, the resistances are R1 =1.0 Ω and R2 =2.0 Ω, and 

the ideal batteries have emfs Ɛ1=2.0 V and Ɛ2 = Ɛ3 = 4.0 V. What 
are the (a) size and (b) direction (up or down) of the current in 
battery 1, the (c) size and (d) direction of the current in battery 2, 
and the (e) size and (f) direction of the current in battery 3? (g) 
What is the potential difference Va - Vb? 

(1)

(2)
(3)

(2) (3)
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27 Solved Problems
6. (49) A 3 MΩ resistor and 1 µF capacitor are connected to in series with an ideal 

battery of emf =Ɛ 4.0 V. At 1.0 after the connection is made, what are the rates at 
which (a) The charge of capacitor is increasing, (b) Energy is being stored in the 
capacitor, (c) Thermal energy is appearing in the resistor, (d) Energy is being 
delivered by the battery.

charging the capacitor

(iv)      (ii)       (iii)
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27 Solved Problems
7. (65) In Figure, R1 = 10.0 kΩ, R2 = 15.0 kΩ, C = 0.400 µF, and 

the ideal battery has emf =20.0 V. First, the switch is closed a Ɛ
long time so that the steady state is reached. Then the switch is 
opened at time t= 0.What is the current in resistor 2 at t =4.00 
ms?

V
0                  

V at 4 ms
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27 Solved Problems
8.  
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27 Solved Problems
9.  

ordinary wire

broken wire
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27 Solved Problems
10.  

broken wire

acts as a battery
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27  Summary

Emf
•The emf (work per unit charge) of 
the device is

Single-Loop Circuits
•Current in a single-loop circuit:

Eq. 27-1

Eq. 27-4

Series Resistance
•When resistances are in series

Eq. 27-7

Eq. 27-14

Eq. 27-24

RC Circuits
•The charge on the capacitor 
increases according to

•During the charging, the current is

•During the discharging, the current is

Eq. 27-33

Eq. 27-34Eq. 27-16

Eq. 27-17

Parallel Resistance
•When resistances are in parallel

Eq. 27-40
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