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COMPILATION: electromagnetic field in a circuit, & conservation of energy 
 
Date:    Thu, 27 Oct 2016  
From:    David Ennis, in Connecticut  
Subject: Interesting dc circuit question 
     I like questions that push my understanding of what terms and relationships in physics really 
mean…Here is another one: We know that there is a voltage drop across a lamp's filament in a 
simple dc circuit.  So what is the difference, physically, if any, between the electrons entering the 
filament and those leaving it? 
 ----------------------- 
Date:    Thu, 27 Oct 2016  
From:    Nicholas Park, long-time Modeling Workshop leader in Texas 
    There is no difference between the electrons as single-particle systems. 
    The groups of multiple electrons, on the other hand, have less electrical field energy. This is 
associated, I think, in a small change in their average separation distance. 
 ------------------------------ 
Date:    Thu, 27 Oct 2016  
From:    Matt Greenwolfe  
    The field the electrons are moving in is created by a very slight excess of charge on the surface 
of the filament, creating a charge gradient, which creates a uniform field in the wire.  The flow rate 
throughout the filament is the same, and the bulk of the wire is electrically neutral, so the 
electrons actually flowing through the bulk of the wire have uniform average separation 
throughout.  The potential energy changes are due to the motion of the charges through the field 
created by the surface charge gradient.  This is described in more detail in Matter and 
Interactions. 
 ---------------------------- 
From: David Ennis 
Sent: Friday, October 28, 2016  
    I have several problems with the model as summarized above.  But rather than try to resolve 
them here, I'll obtain the text, thanks.  I will mention the biggest problem, though.  The electrons 
flowing in the conductors after the filament have less voltage, or less energy per unit charge, than 
those in the conductor before the filament.  What does that look like if you zoom in?  I agree with 
Nicholas Park.  There must be slightly more separation between them.  What other condition 
would account for them having less potential energy?  With fewer of them per unit length, they 
must have a slightly higher drift speed in order to constitute the required current.  And there must 
be a slight positive bulk charge.  This is all inescapable, isn't it? 
 -------------------------- 
Date:    Fri, 28 Oct 2016  
From:    Matt Greenwolfe, long-time Modeling Workshop leader in No. Carolina, PhD in physics  
     Rather than get in a lengthy one-on-one exchange on the list serve, anyone who is interested 
can read a longer explanation of what I described in Matter and Interactions, including 
experimental evidence for the model. 
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 ------------------------ 
Date:    Fri, 28 Oct 2016  
From:    Nicholas Park  
   Thank you, Matt, for the correction. M&I does indeed explain it in a lot of detail. To answer 
your objection, David: I was wrong that the mobile electrons have a varying volume density. 
However, there *is*, as you and I have both inferred, a net charge gradient along the wire. 
But the relevant excess charges reside on the surface of the wire, just as usually occurs with 
excess charge in a conductor. So the potential energy of the system consisting of the mobile 
electrons and the nearby surface charges will in fact vary with location on the wire. I hope I have 
correctly summarized this - it is many pages in the M&I book. 
 ------------------------------ 
From: Paul J. Camp 
Date: Sat, 29 Oct 2016  
    Yes of course. There is a density gradient, otherwise the field inside the wire is zero. 
    If you have the right equipment, there is a nice experiment you can do to demonstrate the 
reality of the surface charge. If not, M&I has a video of the experiment. 
    You need a high voltage power supply capable of producing something on the order of 10-
20,000 V. Make a circuit using 10 or so megaohm size power resistors. That will generate 
sufficient surface charge that you can detect it with an electroscope. 
 --------------------------------- 
On Sunday, Oct. 30, 2016, Paul Camp posted this: 
     Battery is certainly the source of work but the field around it causes charges in the wire to 
move to the edges of the wire, creating a surface charge distribution. This continues to 
equilibrium, where you achieve constant current. 
     Charge speed does in fact vary. Consider a constriction in the circuit (fat wire to skinny wire). 
In order to keep a constant # coulombs/sec, the individual electrons must move faster. What 
makes them do that is a buildup of charge at the constriction, creating something similar to a 
capacitor in the circuit. 
     This was all sorted out in the 19th century and then people forgot about it. 
 
 --------------------------------- 
Date:    Sat, 29 Oct 2016  
From:    John Clement  
     One must be careful about the difference between a macroscopic and a microscopic model.  
Also remember that there are both magnetic and magnetic fields.  "Potential" energy is always a 
property of a system interaction.  Granted, the system might be just a spring, but in the case of 
gravitational energy the system is both the ball and the Earth, not the ball alone.  Similarly, the 
potential in an electrical circuit is a property of the system and not just individual 
electrons. 
     For students in an introductory class, an appropriate model might not resemble the advanced 
models based on elaborate considerations of E&M.  For lower level classes, a model based on the 
idea of electrons carrying energy and depositing it on the way provides a good analogy, even 
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though it is not correct.  Of course the word correct here is referring to the fact that an advanced 
model does not describe things in that way. 
     In either case, students need to acquire the idea of conservation.  Both models describe the 
flow as uniform which is one of the important ideas that needs to be stressed.  In an advanced 
model the energy is "transmitted" by the fields, not the electrons.  This is what Lawson 
would call a very advanced theoretical concept.  Lawson has shown that when a concept 
involves something you can not see, the students below the "theoretical" level have 
extreme difficulties applying it.  I would submit that fields are more theoretical than 
electrons, which can be visualized by some simple analogies.  Analogies bring theoretical 
concepts down to a more concrete level which makes visualization and prediction easier, 
but not always "correct". 
    One of the difficulties is that you should not use a freeway traffic analogy for electrical 
circuits.  A train analogy is probably much more appropriate.  The idea that you have to have a 
slight excess of charge is relying on the electric field, but remember there are also magnetic fields.  
Advanced physics considers them as one interaction, but from the elementary point of view they 
look like 2 separate interactions.  Gaining an advanced model you have to consider both and stop 
looking at just one or the other.  We know that students tend to look at just one thing and not 
consider other connections.  Actually even experts do this when outside their area of expertise.  I 
have seen this when physicists are first exposed to McDermott tutorials.  They go through the 
same steps as novices, but they do it quickly. 
 --------------------------------- 
Date:    Mon, 31 Oct 2016  
From:    Mark Lenfestey  
Subject: Interesting dc circuit question 
 
I don't have access to M&I.  I'm assuming we are talking about ideal wires and after the transient. 
 
"The field the electrons are moving in is created by a very slight excess of charge on the surface of 
the filament, creating a charge gradient, which creates a uniform field in the wire.   . . .  The 
potential energy changes are due to the motion of the charges through the field created by the 
surface charge gradient." 
 
Is there an E-field inside the wire?  I agree that there is a field outward from the wire's surface or 
inward toward the wire's surface and I agree that this causes a potential gradient from one end of 
the filament to the other through which the charges move but I'm wondering if there is an E-field 
inside the ideal wire. 
 
If so then that would mean that the charges are accelerating.  If they are accelerating they are 
radiating (loss of energy) even though it is an ideal wire. 
 
I'm pretty sure that there is an E-field inside the filament.  But are the charges accelerating in the 
filament?  I don't think so because that would lead to different charge densities from one end of 
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the filament to the other.  Is the speed of the charges in the filament faster compared to the ideal 
wires connected to it?  I don't think so, but if they are, wouldn't that cause the charge density to 
be less than the charge density in the ideal wires connected to the filament? 
 --------------------------------------- 
Date:    Mon, 31 Oct 2016  
From:    Matt Greenwolfe  
     For the most part, the electrons have an average drift velocity, which is constant and quite 
slow.  In actual fact, they are moving around quite quickly in seemingly random directions and 
just gradually drifting along the axis of the wire.  All that moving around creates interactions with 
the atoms in the metal lattice causing dissipation of energy.  This makes a net force opposing the 
force from the electric field driving the flow, so that on average they have zero net force. 
    The charges accelerate when changing directions, or when entering a resistor from a low-
resistance wire. Picture the resistor as simply made from a thinner wire.  To maintain the same 
flow rate, the electrons must accelerate to a faster velocity inside the resistor, and then slow 
down again to a slower velocity as they exit the resistor.  This acceleration is caused by a buildup 
of charge at the wire-resistor interface in the bulk of the wire at that point, not just on the 
surface. 
 --------------------------------------- 
 
Date:    Thu, 8 Mar 2018 
From:    Paul Lulai <paul.lulai@GMAIL.COM> 
Hey Folks. 
I'm wondering about some aspects of applying conservation of energy to a circuit, and what 
constitutes our system in this case.  I've been going with the charge as the system. The battery 
gives energy to the charge. Lamps, LEDs, and motors take energy from the charge. 
 
I feel there is a subtle conflict here. 
Electrical potential energy would only exist if the system includes the charges that move & the 
source of the field that causes the charge to move (like gpe exists only if we include the earth & 
'ball').  Removing the battery (the source of the field) would make there be no electrical potential 
energy. 
So... If our system is the charge alone, what type of energy does the charge have as it moves 
throughout the circuit? 
 
Related... 
We (physics teachers) often talk about electrical potential as energy per charge. Does electrical 
potential require the source of the field to be included in the system as well? 
  -------------------------- 
A teacher replied: Why can't it be kinetic?  The charges are moving with constant velocity, while 
energy is added by the battery and removed by the load - analogous to  a block being dragged at 
constant velocity across a horizontal floor with friction. 
  ------------------------- 
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Date:    Fri, 9 Mar 2018 
From:    Nicholas Park  
    Consider a 3mm diameter copper wire carrying 500 mA of current. Suppose it is connected to 
a 20-ohm resistor, so that the potential difference across the power supply is 10 V. 
    The power dissipated in the resistor is then 5 J/s. 
    The drift speed of the electrons is 0.5 x 10^-5 m/s, so the kinetic energy of one electron is 1.1 x 
10^-41 J. 
     One meter of this wire carries roughly one mole of electrons, for a total KE of 6.83 x 10-18 J. 
     So at any given time, the KE comes nowhere close to accounting for the energy being 
transported in the wire. It is all electrical energy. 
     Also, consider the direction of flow... Charges flow in only one direction around the circuit, 
but the energy is carried in both directions, from the battery to the resistor, through a wave-like 
propagation in the electric field. 
 ------------------------------- 
Date:    Mon, 12 Mar 2018 
From:    "Nathan Harada  
Subject: Re: Conservation of Energy & Circuits 
     I think it is helpful to think about this from a GPE perspective, since we are usually more 
comfortable with objects falling vs. invisible charges moving through a wire.  When we lift a ball 
from the ground up into the air, we say that the energy that was put into the system via Working 
from you (since you exerted a force through a distance) is now stored in the stretch of the 
gravitational field between the ball and the Earth (aka GPE).  Note that the energy that is stored 
in the gravitational account is not stored in the ball, but in the field.  When you let the ball go, the 
gravitational field snaps back and collapses resulting in less energy stored in the field and more 
energy stored in motion (KE) of the ball.  If you exclude the gravitational field (and Earth) from 
your system, it doesn't mean that the field doesn't exist - it just means that we can't account  
for the energy stored in the field in our system.  The field still exists and since it is now external 
to the system, we say that the gravitational field is Working on the system (ball) since it is  
applying an external force through a distance. 
 
    Now let's switch to a circuit with a battery, wires, and a lightbulb. A circuit is similar to our 
gravitational example in that a field (electric field) is setup in the wire by the battery.  If we 
include the battery in our system, we can say that the energy is initially stored chemically in the 
battery (the battery maintains the charge separation to maintain the electric field, if not the field 
would collapse as charges move through the circuit like what happens in a static shock).   
   Also, just like the gravitational example, the charges moving through the wires do not store any 
energy in the electric potential account - that energy is stored in the electric field.  Any changes in 
Echem when a circuit is shining can be accounted for by Radiating (emitting light) and Heating 
(due to the temperature gradient between the hot bulb and the surroundings).  As Nicholas 
highlighted, the energy stored in motion of the charges is negligible.   
    If you remove the battery (and the electric field) from the system, it doesn't mean that the 
electric field doesn't exist - it just means that we can't account for the energy stored in the  
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battery (Echem) or the electric field in our system.  The charges move because they are in an 
electric field that pushes on them. Since the field is external to the system, the field pushes the  
charges through a distance and transfers energy to the system via Working.  This energy is then 
transferred out like before via Radiating and Heating. 
    So just like in the gravitational example, we wouldn't say that ball stores GPE, just like the 
charges don't store EPE.  By removing the field from the system, there is no change in our 
treatment of energy except that now the field transfers energy to the particle via Working. 
 
     On another note, this discussion about circuits and energy brings up something that I recall 
Dan Caldwell, a former colleague, shared with me with regards to representing energy.  Dan said 
that he found the types of energy diagrams in Swackhamer's energy paper more useful to 
represent these energy flow situations (I think the diagrams were called "flow diagrams").  Has 
anyone used this type of diagram to represent energy in your classes? 
 ------------------------------------ 
From: "Paul J. Camp"  
Date: Fri, 16 Mar 2018  
 
Nicholas Park wrote,  “Is there really an electric field inside an ideal wire after the transient?” 
 
Sure they do. Superconductors. Chabay and Sherwood go into some detail about this. Yes, there 
is an E  field inside an ideal wire because that conductor is not in equilibrium.  A surface charge 
distribution is being maintained out of equilibrium by  the power source that prevents the charges 
from rearranging themselves to make the field go to zero. 
 ------------------------------ 
Date:    Wed, 14 Mar 2018 
From:    Fernand Brunschwig, President. STEMteachersNYC - by teachers, for teachers, about 
teaching  
Subject: Energy flow diagrams 
    Nathan Harada cited Swackhamer's energy flow diagrams and asked if anyone had developed 
more of them. 
     I've worked out a number of energy bar charts and flow diagrams that were inspired by 
Swackhamer. They include battery & bulb, boiling water, candle, car braking, condensation, 
dissolving, girl pushing crate, human respiration, hurricane, light bulb & thermometer, loop-the-
loop, photosynthesis spring & g-field, Sun & Earth, vaporization, and others. Some teachers have 
found them useful. Please let me know if you use them how students react. 
    [copy/paste into your browser:] 
drive.google.com/drive/folders/0B4DOcd8W4Sk2ZjY2MDJlYjItMWRlZC00N2E2LWI2NGQt
MDRjNWRhMWRhYWFm 
 
Jane's note: A permanent weblink is at the ASU modeling legacy website, on the page called 
<weblinks for modelers>.  modeling.asu.edu/modeling/weblinks.html 


