
today: dc circuits

mostly current & 
resistance
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not so funny now.

just wait ...
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M
any instructors use conceptual analogies
between water pipes and electrical cir-
cuits, but the isomorphism of related

transport equations is not as commonly appreciated.
The Laws of Fourier, Ohm, and Poiseuille may all be
cast into nearly identical forms for flows of heat, elec-
tric charges, and viscous fluids, respectively. Examin-
ing such formal similarities may enhance student un-
derstanding. 

A rate of flow may be called a current, “things pass-
ing by/time.”  The magnitude of any current depends
on properties of the medium (“barrier”) through
which it passes, and may be described by the basic
equation

current  =  cause/resistance.   (1)

Encompassing both material and geometrical proper-
ties of the barrier, the resistance R is usually of the
form

R =  !L/A, (2)

Current Concepts
Consolidated
Donald E. Rehfuss, San Diego State University, San Diego, CA
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CURRENT CONCEPTS

I = Cause/Resistance
I is the current, or flow rate,
describes different scenes:

(a) Heat flow
through 
a wall

(c) Fluid
flow  
through
a pipe

(b) Charge
flow 
through 
a wire

Resistance R
has the same form in most cases,

R = !L/A

where L is the dimension in the flow direction,
vector A is the cross-sectional area     flow direction, 

 ! is often called the "resistivity."

Fig. 1. Introducing currents for the first time to physics
students. This set of three figures can be chalked out
sideways on a large blackboard, or else presented as a
viewgraph. First the instructor emphasizes that I =
cause/R describes all three cases, then discusses the fac-
tors influencing thermal resistance R: (a) helps to visu-
alize the linear relation (R " L) to barrier thickness L,
and then R may be related to cross-sectional area A by
presenting Fig. 2. The same concepts for R apply to elec-
trical (b) and fluid (c) currents. In fluid flow through a
pipe (c), arrows represent velocity v of moving mole-
cules, a parabolic relation with radial distance r, in
which v = 0 at the walls of the pipe.  

Fig. 1.
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tion for v(r), in m/s:

v(r)  =  (P1 – P2)(!2 – r 2)/4L!. (9)

This is the fluid velocity at radius r, which we note
gives maximum v at the center (r = 0) of the tube,
and features a parabolic (v " r2) velocity profile
[Fig. 1(c)]. Relevance of the area #(!2 – r2) may be
conceptualized by noting that a thin fluid layer at
radius r, moving at velocity v(r), is restrained by a
viscous shearing force caused by the fluid between
radius r and the wall at radius !. Now for concep-
tual similarity to electric and heat currents, we need
the average velocity across the entire cross-sectional
area, obtained by integration as 

vav = !-1 !
!

0 v(r)dr =  (2/3) (P1 – P2)!2/4L!.  (10)

This average rate of fluid transport can also be
described as the drift current of a stream of mole-
cules, “molecular displacement/time,” vav " I in
m/s, where

I =  –$P/R. (11)

Here the molecular fluid resistance R = %L/A if we
define a “fluid resistivity” % = 6!# and total cross-
sectional area A = #!2, as summarized in column 3
of Table I.

Poiseuille Flow

From Eq. (9) and Fig. 4, we may express the vol-
ume rate of flow in cubic meters/second, for a thin
shell of thickness dr, as the product of velocity and
cross-sectional area dA = 2#rdr, or

vdA =  [(P1 – P2)(!2 – r2)/4L!]2#rdr,             (12)

which we may integrate from r = 0 to r = ! (see Fig.
4) to get the total flow rate for all of the liquid in the
tube, and obtain current now in units of volume/
time:

I =  #[(P1 –  P2)!4/8L!, (13)

commonly called Poiseuille’s law. Since here A = 
# !2, we note that Eq. (13) can be written in the
same form as Eq. (11) but with a different %, and A2

in the resistance instead of A:

R =  %L/A2. (14)

Compared to the A-1 dependence for molecular
transport in displacement/time, this A-2 dependence
is due to the fact that volume/time is the product of
velocity times cross-sectional area [Eq. (12)].  

Jean Poiseuille (1799–1869) was a French physi-
cian who in 1840 found Eq. (13) by studying blood
flow in arteries and experimenting with water flow
through tubes. Although it was at first named after

Transport what? Heat Electric charges Displacement Volume of fluid
of a molecule
in a fluid

Current form I = –$T/R I = –$V/R vav " I = –$P/R I = –$P/R
(items/second)

Current units J/s or W C/s or m/s m3/s
amperes

Resistance form R = %L/A R = %L/A R = %L/A R = %L/A2

Detail of % % = 1/heat % = electrical % = 6!# % = 8!#
(resistivity) conductivity resistivity

Table I. Four transport phenomena compared and contrasted.

battery = pump
voltage = pressure

current = flow
resistor = constriction

capacitor = diaphragm / flexible reservoir
diode = check valve

inductor = paddle wheel
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∆V = Vb − Va = −IR
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Va = 0 Vb = −IR

Va = +IR Vb = 0

(a)

(b)
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real V source  = ideal V source + R



actual circuit has a parasitic r

R in series with output
(“steals” V)



real current sources

R in parallel with output
(“steals” I)



THE UNIVERSITY OF ALABAMA CENTER FOR MATERIALS FOR INFORMATION TECHNOLOGY
An NSF Science and Engineering Center

series resistors: conservation of energy
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I I
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voltage divider

R2

R1
Vin Vout

Vout = R2

R1+R2
Vin

signal 
in signal

out

R1

R2

volume
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parallel resistors: conservation of charge

current divider

I

-+

R1

∆V

R2

a bI1

I2

∆V1=∆V2=∆V

-+

Req

∆V

Req   R1    R2

1 11 = +
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rank the currents
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more complex arrangements



measuring voltage



real voltmeters



measuring current



a simple ammeter
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dc Circuits, part II

same thing, just more of it
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Thévenin equivalents

any combination of R’s and V’s
is equivalent to a SINGLE R and V

(Norton equivalent: a single I source in parallel with R)

Vth = V (open circuit)

Rth = 
 V (open circuit)

 I (closed circuit)

disconnect from red dots = open circuit voltage
short red dots, current there is closed-circuit current.

This image: Horowitz & Hill, The art of electronics
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series resistors: conservation of energy

-+

R2

I I

∆V

R1a cb
Req

∆V

a c

-+

source voltage = 
sum of voltages 
on resistors
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parallel resistors: conservation of charge

current divider

I

-+

R1

∆V

R2

a bI1

I2

∆V1=∆V2=∆V

-+

Req

∆V

Req   R1    R2

1 11 = +

source current = 
sum of currents 
in resistors



THE UNIVERSITY OF ALABAMA CENTER FOR MATERIALS FOR INFORMATION TECHNOLOGY
An NSF Science and Engineering Center

so what?

V

R

real sources = 
ideal sources + R

real meter = 
ideal meter with R

VI R

what about 
ammeter?
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V source loading

V

r

source

extra series
resistance

Rload

∆Vload = V - Ir

for r ≪ Rload, 

∆Vload ≈ V

V source wants R high

one solution:
large resistor in parallel with load

I
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Ip

I source loading

source

extra parallel
resistance

Rload

I source wants R low
sourcing currents at high Rload is hard

I
r

Iload

Iload = I
r

r+R

for Rload ≪ r, 

Iload ≈ I
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measuring the meter

Rload

I

Vr

real
meter

Req

I

V

ideal
meter

∆Vload = IReq = R
1+R/r I Rload ≪ r,  ∆Vload ≈ IR
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summary

voltmeter wants R low!
can use a buffer/follower ... later

I source wants R low
transformer pre-amp
consider sourcing V

V source wants R high
large series + parallel resistors
present large R
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Sourcing current

Rwires

Rwires

Rthing
I V

This is what a hand meter does.

Why is it no good?

Vmeter = I(Rthing + 2Rwires) 
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Sourcing current, properly

No problem.
You just need four wires.

Rwires

Rwires

Rthing
I V

Rthing ≪ Rinternal

or add buffer
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Sourcing voltage

Rwires

Rwires

RthingVs

Still have to measure voltage on device

 the wires still use up some of V
What about current?

V
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Sourcing voltage better

R = ∆V / I
 
 


Note we need 4 wires again
current meter - not hard
still problems?

Rwires

Rwires

Rthing

Vs

V

Ι
Ι
=

Rprecise 

V

Rs
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source/meter resistances

voltmeter wants R low
but V source wants R high 

need buffer/amp on V meter 
resistor in parallel with source

if V source is problem, R is too low
consider sourcing I
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what if I want to measure a *really* high R?

Rwires

Rwires

Rthing

Vs V

Ι
=

Rs ≪ Rthing

Rp

Ι

=

V

source voltage
Rp has same voltage as Rthing

Rs has same current

have done >1010 Ohm
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what if I want to measure a *really* low R?

Rwires

Rwires

Rthing
I V

this works just fine ...
so long as your V meter is good or you can tolerate large I
v. good amp / part of a bridge
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what if I want to measure a small change in R?

V

R1 R3

R2 Rx+dR

Vs

balance bridge to V=0
detect small changes from null

make R1-R3 about the same
trimming resistor on R2 = dR

R2 =

≈ R3
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Rules for analyzing
more complicated 

circuits
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+

+

+
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capacitors

frequency-dependent resistor
I and V are 90o out of phase

can’t dissipate power, ideally
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combinations of capacitors
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capacitors with stuff inside

Q0

+-

C0 

∆V0

Q0

+-

Dielectric

C0 

∆V
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rc circuits

R

C

S

V ∝ e-τ/RC

V

E
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RC differentiator
C

Vin (t) Vout (t)R

for small RC, }
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RC integrator

CVin (t) Vout (t)

R

for large RC (V ≪ Vin)}
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so what?

filtering of signals

unintentional capacitive coupling
see from waveform shape

more later 
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ac resistive circuits

nothing earth-shattering happens

except P is lower than you expect
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ac capacitive circuits
I and V 90o out of phase
average power is ZERO

frequency response?
insulating at dc
conducting at high f

voltage “lags” current

176 9.2 Capacitors in ac Circuits

Pav = I2
rmsR =

1
2
I2
maxR (9.11)

When you plug an electrical device into the wall, you are connecting it to an ac voltage source. Normal
power in the US uses an rms voltage of 120 V, which means that the actual peak voltage at the wall outlet is
120 ·

√
2 V, or about 170 V. It is typically rms values of current and voltage that are quoted for ac circuits,

and for the remainder of the chapter, that is what we will quote. One can easily convert between rms and
maximum values if desired – it is just a factor

√
2 in the end.

9.2 Capacitors in ac Circuits

Resistors in ac circuits offered only a few surprises. What about capacitors? Understanding how a capacitor
responds to a sinusoidally-varying voltage requires reminding ourselves how a capacitor responds to any
sort of changing voltage. If we connect a capacitor to a constant voltage source, as soon as the switch to
the voltage source is closed the capacitor begins to charge. A large current flows initially as the capacitor
charges. As the capacitor gains more and more charge, the voltage drop across it increases, which opposes
the change in current. After several time constant’s worth of waiting, the capacitor is fully charged, and
current no longer flows. If we turn off the voltage source, a current again flows while the capacitor discharges,
but again the current goes to zero after a short time. A capacitor therefore restricts current flow to very
short time intervals, depending on its time constant τ =RC.

If we connect a single capacitor to an ac voltage source, Fig. 9.2, what will happen? At t=0 on the graph,
the voltage (blue curve) starts from zero and quickly increases. Ramping up the voltage on the capacitor
means that a large current will flow (black curve), attempting to charge the capacitor. The faster the voltage
increases – the larger the slope of the V (t) curve – the larger the current will be. When V (t) reaches its
plateau one quarter of the way through the cycle, the voltage is nearly constant, and no current flows through
the capacitor. Shortly thereafter, the voltage decreases, and the capacitor responds by discharging, again
at a rate proportional to the slope of the V (t) curve. Once the voltage changes sign, the capacitor begins
charging up again with the opposite polarity, and the whole cycle repeats itself. What is important to realize
is that in ac circuits, current does flow through capacitors – it is just like the RC circuits we studied earlier,
except that now we are effectively turning the voltage on and off continuously.

V ∝   V0   sin !t

(a)

(b)

C

Figure 9.2: A purely capacitive ac circuit. (a) A single
capacitor powered by an ac voltage source, V (t)=V0 cos ωt.
(b) Power P =IV , current I, and voltage V in the resistor.
Current and voltage are also 90◦ out of phase (the voltage
“lags” the current”) for a purely capacitive circuit.

The current on the capacitor reaches its maximum positive and negative values whenever the voltage is

Dr. LeClair PH 102 / Fall 2007
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NameDate

R

V
L

(a)

(b)
R

V
C

©12.Avariable-frequencyacvoltagesource(circles
withsinewavesinside)ishookedupto(a)aresistor
RandaninductorL,and(b)aresistorRanda
capacitorC.Theresistoristhesameinbothcases.
Avoltmetermonitorsthevoltageontheinductorin
circuit(a),andonthecapacitorincircuit(b).

Makearoughsketchoftherelativevoltagereadby
themeterasafunctionofthesourcefrequencyineach
case(Vversusf).Identifywhichoneofthesecircuits
thevoltmeterpreferentiallyreadslowfrequencies
(“low-passfilter”),andwhichonethevoltmeterpref-
erentiallyreadshighfrequencies(“high-passfilter”).

Hint:howdoeseachcomponentrespondtohighand
lowfrequencies?Whichone(s)dislikefastchangesin
voltage,whichone(s)likeit,andwhichone(s)don’t
care?

(a)isthehigh-passfilter.Athighfrequencies,theinductorrepresentsalargeresistancepath,sohigh
frequencieswanttogotothevoltmeter.Atlowfrequencies,theinductorhasverylowresistance,solow
frequencieswanttogobacktothesourceandnottothevoltmeter.

(b)isthelow-passfilter.Acapacitorhasaveryhighresistanceatlowfrequencies,solowfrequencieswant
togotothevoltmeter.Athighfrequencies,thecapacitorhasalowresistance,sothehighfrequencieswant
togobacktothesource.
Thefigurebelowshowsalow-passfiltersketch.Thehighpassfilterwouldessentiallythesame,butwiththe
frequencyaxisinverted(sothecurveflattensathighfrequencies,and“rollsoff”atlowfrequencies.

low-pass filter
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Name Date

R

V
L

(a)

(b)
R

V
C

© 12. A variable-frequency ac voltage source(circles
with sine waves inside) is hooked up to (a) a resistor
R and an inductor L, and (b) a resistor R and a
capacitor C. The resistor is the same in both cases.
A voltmeter monitors the voltage on the inductor in
circuit (a), and on the capacitor in circuit (b).

Make a rough sketch of the relative voltage read by
the meter as a function of the source frequency in each
case (V versus f). Identify which one of these circuits
the voltmeter preferentially reads low frequencies
(“low-pass filter”), and which one the voltmeter pref-
erentially reads high frequencies (“high-pass filter”).

Hint: how does each component respond to high and
low frequencies? Which one(s) dislike fast changes in
voltage, which one(s) like it, and which one(s) don’t
care?

(a) is the high-pass filter. At high frequencies, the inductor represents a large resistance path, so high
frequencies want to go to the voltmeter. At low frequencies, the inductor has very low resistance, so low
frequencies want to go back to the source and not to the voltmeter.

(b) is the low-pass filter. A capacitor has a very high resistance at low frequencies, so low frequencies want
to go to the voltmeter. At high frequencies, the capacitor has a low resistance, so the high frequencies want
to go back to the source.
The figure below shows a low-pass filter sketch. The high pass filter would essentially the same, but with the
frequency axis inverted (so the curve flattens at high frequencies, and “rolls off” at low frequencies.

low-pass filter

vo
lt
ag

e 
o
n
 v

o
lt
m

et
er

11

filters

C

R
Vin Vout

low-pass

C
Vin Vout

R

high-pass
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familiar?

low-pass filter

C

R
Vin Vout

C
Vin Vout

R

high-pass filter

differentiatorintegrator

frequency domain
⇕

time domain



high-pass

Vout

f

L

R
Vin Vout



Vout

f

C

R
Vin Vout

low-pass
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audio crossovers
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Lab 2: Op Amp Circuits
U.C. Davis  Physics 116A

INTRODUCTION

This lab introduces the operational amplifier
or "op amp".  The circuit is already constructed
for you on a single IC (integrated circuit) and in
this lab we will use the IC in several of its most
popular configurations.  For an introduction to
op amps, see section 2.4 in Bobrow.

-V

+V  

offset
null

offset
null

no
connect

output

+15V-input

+input

-15V

+

_

1

2

3

4 5

6

7

8

cc

cc

Figure 1:  Pinout for the 741 op amp.

1.  INVERTING AMPLIFIER

The pinout diagram for the LM741 op amp
IC is shown in figure 1.  Use this to construct
the inverting op amp circuit shown in figure 2.

_

+

in
 v

out

R
 2

R
 1

Figure 2:  The inverting amplifier.

At first, use R1 1= kΩ  and R2 33= kΩ .

Derive the gain formula A R RV = − 2 1  and

experimentally verify the gain for a 100Hz sine
wave.  Also calculate and measure the gain with
R2 10= kΩ and R2 100= kΩ.  For your lab

report, give your derivation and compare the 2
calculated and measured gains.  Why is this called
an inverting amp?

2.  NONINVERTING AMPLIFIER

     Construct the noninverting amplifier shown
in figure 3 with R1 1= kΩ  and R2 33= kΩ.  For

your report, derive and experimentally verify the
gain relation

A
R R

R
V = +1 2

1

.

Vin

R2
1R

+

–
Vout

Figure 3:  The noninverting amplifier.

3. CURRENT-TO-VOLTAGE CONVERTER

An op amp can be used to produce a voltage
proportional to a given current.  Construct the
circuit in figure 4.

_

+
 V

out

R
 2

R
 1

= 100k

= 1M

I
in

3-15V

   Ω

 Ω

+

Current Source Current-to-Voltage Converter

Figure 4:  Current source with current-to-voltage converter.

Verify that V I Rout in= − 2  for this circuit.

(That is, do the following for several voltage
settings on the variable power supply:  Measure
the supply voltage and from this calculate I in .

Use the formula to calculate a theoretical Vout and

compare this to a measured Vout.  Include these

measured values and calculations in your report
along with a brief discussion of the agreement
between theory and measurement.)

+
-

+Vcc

-Vcc

100k

photo-
diode

+Vcc

741

741 pinout

output

Today:
amplify photodiode signal


