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ELECTRICAL ENGINEERING REVIEW COURSE
LECTURE VI
April 7, 1952
Ee Martinelli

(Notes bys H. Gordon, P, Hernandez)

STEADY. ELEGTRIC CURRENT
T, GENERAL

The vectors and equations which are valid for Electrostatic and Electro-
magnetic processes are:

- >
Electric Field Vector E volts/meter

: - - _
Flectric Displacement Vector D = K E where:s
> o : : :
Div D w 4T @ B : (9 = Electric Charge Density
>3 ' ‘ .
um 1 BD : . = Electrical Energy
8w o Density ‘

Relations belonging only to Electrostaticss
E=z-~grad Ve~ V V irrotational field

Potential V is constant in énndﬁétqr.,

IT, OHMIS LAW

Congider a charged condenser with potentials V1 and Vo on the plates and the
switch open. This is the Electrestatic case and the potential V is constant all
along the conductor. -

/' C+—'—V

=
—AN VY
, When the switch is closed the potential is'no longer'cbnstant in the conductor;

it now has values V3 and V, at the ends, and we have given up one of the Electro-

static relations (potential V is constant in a conductor), The charges + e and —e
neutralize each other by passage of current in the conductor of strengths

T~ _de Equilibrium is re-established when the charges have
dt . ‘
neubralized each other; current has stopped flowing; and the electrical fields have
campletely collapsed. :
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It is not possible to produce a perfectly steady current by electrostatic
means ; but it can be approximated by taking C and R very large. A large value of
C provides a great mumber of charges, and a large value of R retards the flow of
current, then _d e approximates a steady current, and the field of E remains

-dt
approximately irrotational if the current changes very slowly, that 1s, we assume
that the field is not changing with time, : :

Ohm's Law is established by measuring the rate of discharge (a d e )
- - ' dat
I=_"2" "
R

This is the integral form and applies to stéédy.currents only, ‘This form

cannot be used in field theory since only results which refer to a single point
can be used,

R is the resistance of the wire and depends only on its dimensions and
_materlalo

R =

1l £ = e L. Wheres
B - 8 _
: R & resistance, ohms

J = specific conduction,
mho/unit length,

A = length

-,Ul
n

. cross seftion area of conductor.

|

specific resistance; and is equal
to the resistance of a 1 cm cube,
units ohm~cme

(9 R (ohmg) S j, 2) & ohm ~ em
£ (cm)

The dlfferentlal form of Ohm's Law can be applled to field theory since it
refers to gmall general elementso '

Agsume that the same relation as has been found in the first instance for the
wire as a whole now holds for any arbitrary element of its volume,

R | o
= = AV -Vz
Re 1 44 dt-dv
7 as _L__L_ |
Ie - 4 dVds Vi
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iy n I
= e o’gradV;:—(VV o N _ ' gr‘adv.g dV::VV

N al
= ¢ B _
» . Field component along
= ¢ E (differential form) ’ conductor. Vectgrs I and
E are parallel, i = I is the
‘ - . ‘current density = ds

This form is suitable for process varying with time, Holds only for iso-

tropic substances, that is, those that do not depend on direction.

o

III, JOULE'S LAW

_ Joule's law defines the quantity of heat developed in a wire transversed by
a current, and all energy disappearing is lost in form of heat.

In the short circuited condenser cases

Q== (Vo -Vy) de

S Tat
= (Vp = T) I ‘ S Is T2~V
| .v R
'; °R integral form . o .V, =V.=1IR ‘
Translaté into the different forms
Rz 1 d£ S "I =i current density

¢ ds C ds
‘I&3ds = & Eds
AV e d4 ds

Joule heat per unit volume -

Q=I2R=‘o’2E2_d32Ej_;__dj_:( e s B2 av

s ds
: _ S = > = | > -
Q = ;s ¥ i BFai°E | isg B
dv hod | - -
-> - : : = 1
Tt can also be shown that i ¢ E is also the heat A

developed per unit time,
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IV, CONDUCTION, DISPLACEMENT, AND POLARIZATION CURRENT
N B
~ A) Conduction current, i
Consider a steady cuirrent in conductors

(T )—

- e

Within the conductor the div i = ¥V ° i = O, which says that charge

neither ends nor begins in a unit volume (conservation of charge), It behaves
like an incompressible fluid in a pipe,

-
i is continuous at the boundary between two conductors and is the true
current actually measured.

y/}

Lo

>
A

i
T\

A

/

Bourory —z-] D N

At the boundary of two conducters the normal component of i =¢ E is
continuous which means all current crosses the boundary, Also the tangential
component of ® is continuous which says that the voltage on both sides of the

boundary at any point is identical, = -
.. B) Displacement current, D

. - Consider a non~-steady current in a media, This has a time rate of
change of charge density, £ » ' ' ‘

By Gauss's Theprum

divie iz~ 220 . rate at which current is created in
- 2%t unit volume, :
.—)
and € - v °D
- — : —>
Veia-2f =~-3¥V°*D== ¥V * 2D
o 2% 2t

-

/ -\
Veli+ 2D =0
t

The diéplacement current is made up of

—
(1) The displacement current in Vacuo, _2FE , and

5t

(2) The polarization currenty; 2P ,

Y



Theniﬂ

2 ->
Veli+ _2E ;4 3P 0
26 2%
-2 > -
Where: 14 _2E 4 _ 2P is
2%t 2%t

tinuous across a boundary.

UCRL 1802

the solenoidal total current which is con-

There i: one more current dae to magnetlc induction which has not yet been

covered in this course,

- — =
i 2 E 2P
2% 2t
Steady Conductor High 0 0
 Garrent Insulator | Low 0 0
- Time :
Varying - | Conductor | High Low Low
Current
60 Mo Insulator | Low High High
Time Conductor || High Low Low
Varying ' - -
Current:. } L ; o -
Light Insulator Low High- High
Varying Conductor Low High Low
Current .
200 XKV -
X-Ray Insulator Low .High Low

Displacement current in Vacuo is the current that flows in

the electric field

of a vacuum condenser as the charge builds up on the platess or as the condenser
discharges and the field collapses.

Polarization current is the current that appears to flov when dipoles in a
dielectric rotate and orient themselves when a condenser with a dielectric is
being charged or discharged,
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V. TMPRESSED FORCES AND ELECTIROMOTIVE FORCE

For non—hcmqg’neous conductors and in the tran31tlon layer between one
conductor and another 1.}{ JE

)Y I"n.‘é

An example of the electric field built up at the transition layer of
two dissimilar metals is a thermocouple which builds up a potential V1 and Wzon
the conductors9 The electric field is present withoub current flow,

There are electric fields in dlsconnented batterles but no current flow,

- To account for this force Om's Law can be extended to i -d’(E-+ Ee)
where E® is the impressed or applied force and in a battery is equal and opposite
to Eo

Another example of impressed force is an electrolytic cell where the
conductor 1s the electrolyte in the cell,

DiwvTe HeL'

Porous C ue

. The electrolyte dissociates into gt and CL” ions which diffuse inde=
pendently of each other; form a difference in concentration on each side of the
cup; and cause a current to flow,

The diffusion current causes the dilute parts of the solution to
positively charge and the concentrated parts negatively.

: The electric field checks the diffusion of HT ions and accelerates the
CLE . iOnS ° ‘

When equilibrium is reached the two kinds of ions are compensated by the
field and current has stopped flow1ngo

Then B+ E = 0  and £ = - £°

This is the case of the open circuited batterye

The impressed fieldige is presenf only in the interior of the electrolyteo
Outside E is determined by thg'pr1n01ples of electrostaticg; that is; con-

tinuity of the tangential component of E and the normal component of I at the bou&dn
arys hence it is irrotational,
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>
fEeds_-:O

'Under the conditions:

(1) Impressed forces are so distributed that they can be compensated
within the conductor by an electrostatic field, ;

(2) Path of integration lies wholly within the electrolyte.
Vi, VOLTAIC CIRCUTT Ze
. 2 —-—

Vio =V =Vq = ~j//\ E® ds with switch open.
1-2 2 1= ‘

/ z

A ~e

E” ds = E ds = E12 switch closed. 7;
1

2e ‘ - . . .
E{, cannot be counterbalanced by an electric field, therefore
‘ - = 3 :
current i = ¢  (E + E°) must flow to develop steady conditions,

The characteristic pquerty of a steady current is thét4it is everyvhere
SOlenoidal,_;hat isy, V° i = O¢, For the field E then VXE<zcurl E = 0,
When 4~ and EC are given, 1 and E can be calculated,

N - > R
Integrate: i = ¢  (E+ Ef) ’ et s = cross section area
' - i : of conductor,
o L, 5r
- i=_1I
s
- - -
I = (E+ E®) o : R = Total resistance
r _ .

- - . —>—>e -
1f_q_s_ = (E+ E®) ds
. sg

-
e e
;[E dS;Elz
—

Since the line integral of E must vanish, since E® cannot be counterbalanced
by an electrostatic field, thens ' '

. -=> e
¢ ds =R ~ and IRz B,
qs . v
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The product of the current strength and the resistance of the whole

ring-shaped closed circuit is equal to the line integral of the impressed electric

force,

ES, is called the electromotive force, EMF,

-

L -3 —

When I has been found, the i and E can be found.
- >
E =z - B®

N lH-\L

VII, KIRCHHOFF'S LAWS:

'FIRST LAW: ;Ef i =0 for any junction of wires in a circuit,

SECOND LAW: Z i, Ry & E for any circuit (or branch)

"For series resistorss

1 (Ry+ Ry +Ry) = E

or iR, F-E

wheres Ry = Ryt Ry + Ry =

For parallel resistorss

K.
e AAAAN—

K\ zz 23
_AAAA- AAAA AAA—

— -

Equivalent resistance,

iail'-r i2+ 5.3

o
o
u
1\5—’-
i
0
o
u’e'U
i

t=

1)

[N
(D’QU
5

[N

)
L]
[n
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WHEATSTONE BRIDGE:

Using the first and second laws in
conventional manner, the conventions
for assumed current flow and the
order for taking the wvoltage drops
around the circuit meshes are set up
as shown in the diagram and used as

followss
(1) |
- (2)
(3)
Dt d5-di)-ip=0 | (4)
ZiRz0 | | -

For AGD:  ijRy + Lr = igRy = O B S )
.AV»BG; i3R3 - 4R ~ir=0 - (6)
EDCB: iR, + LR, + »:1535 <E=0 @
EDAB: 1jR) + isB3 + LsRg =B @ O | (8)

NOTE: All variables appear once in six of the eight equations, therefore two
equations may.be neglected. '

- For the bridge in balance:
'ig‘= 0
Thences
From Equation (1)

1 = i | | (1a)
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Fram Equation (3)
From Equations (2) and (4)
i5 = iy + iy = i34 4 (2a)

From Equation (5)

IRy = Ry | | (52)
Frdm Equation (6)
iRy = LR, . o (6a)

Equation (7) may be written:

E = iRy + LR + iR, (1)

And substitufing (3a), (2a), and (5a) into (7a):

B @

or, the desired solutions becomes _
, . 1

(10)

(11)
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Using Maxwellls Methods
Let iy, iy, and iz be the

currents in each mesh,

Then current in
By =g

EEICEED

By = 1
AROUND THE CIRCUITS: |
iRy + (i = i)r + (i3 ~ 1) B, = 0 ' - (1)
iRy + (12 - °3)RL+ (i2 - il)r =0 (2)
igRy + 4Ry + 1R3 = B | - | (3)
For the brldge in balance 11 oo 12 O
And equations (1) and (2) become
iR 4 (i = il)R2 =0 _  (la)
iRy + (1, - iB)R' =0 (20)

- Equations (la) and (2a) may then be solved for i and i4 which arefhen sub-
stituted into Equation (3) and solved in turn for i tc ylelg

Ry = R
i) wE -Rg (=2 Po)-r, (R~ Ro 4 (4)
/l L5t - m A (e |
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Then ip and i3 are found and the currents through each resistance obbtained
from the original conventions assumed for the mesh circuits,

POWER TRANSFER
o ' Power dissipated in load

P o= g;al_', Bt 1

' 2
Qr P = E__ | R

Then, for maximum -

4P & E2r_w_2E'ZRL‘3;O
d Ry, (B + Bg)® (Ry+ Bp)

or .
2RL§ (RL“f‘ RB)
and
Ry = Rp
then
Po B
4 Rp

However, power delivered to load is not a particularly sensitive function of
the load, o

If R, =1/2 Ry

Py

]

i

If Ry, = 0.1 Ry

"0 120

ples 5/13/52





