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Unit 9 : Fluid Flow, Bernoulli’s Principle

Curl of a vector, Fluid Mechanics / Electrodynamics, etc.



Unit 9: Fluid Flow, Bernoulli’s Principle

Definition of circulation, me vorticity,

irrotational flow.

Steady flow.
Bernoulli’s equation/principle, some illustrations.
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Unit 10: Fluid Flow, Bernoulli’'s Principle.
Equation of motion for fluid flow. Definition of
curl, vorticity, Irrotational flow and circulation.
Steady flow. Bernoulli’s principle, some
llustrations. Introduction to applications of Gauss’
law and Stokes’ theorem in Electrodynamics.

Learning goals: Learn that both the divergence and
the curl of a vector field are involved (along with the
boundary conditions) in determining Iits properties.

Learn how a rigorous treatment of the velocity field is
necessary to explain quantitatively the observed
phenomena in fluid dynamics.

Get ready for a theory of electrodynamics 5
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ds

... Sr dr

u=Ilim —=—
550 S S

53:5‘,tiny

Increament
ds = ‘d_r" differential

INcreament

Gradient: direction In
which the function varies
fastest / most rapidly.

F=—Vy

Force: Negative gradient of
the potential

‘negative’ sign is the result
of our choice of natural
motion as one occurring
from a point of ‘higher’
potential to one at a ‘lower’
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C ~ | Is it obvious that the ‘force’ defined by these |F = —V

two equations is essentially the same?

Consistency in
these relations
exists only for
‘conservative’

Compatibility of the two expressions forces.

holds if, and only if, CJS Fedr=0

the potential V is defined in such way S
that the work done by the force given by I Fedris
- a
—Vy in displacing the object on which this| |\NDEPENDENT
force acts, is independent of the path of the path
along which the displacement occurred. 2 t0 b
PCD. STICM PATH INTEGRAL

“CIRCULATION”



CFE ° E =0 It is only when the line integral of the work done is
path independent that the force is conservative

Il_f ° ﬁ IS and accounts for the acceleration it generates
when it acts on a particle of mass m through the

INDEPENDENT ‘linear response’ mechanism expressed in the

of the path principle of causality of — —
Newtonian mechanics: F =ma

atob

The path-independence of the above line integral is
completely equivalent to an alternative expression which
can be used to define a conservative force.

This alternative expressmn employs what s known as CURL of a
VECTOR FIELD F denoted as V X F e

PCD_STiCM



Definition of Curl (iaﬁvector: §>< |_:’ is a vector point function
of the vector field () such that,
for an orthonormal basis Mean (average) ‘circulation’

set of unit vectors {lji (F), =12, 3}, per unit area taken at the

— —~ —. | point when the elemental
NN o = i Cﬁ F(I’) o dr area becomes infinitesimally
U (r)eVxF(r)=Ilim ,

AS—>0 AS small.

where the path integral is taken over a closed path C, taken
over a tiny closed loop C which bounds an elemental vector

surface area AS = AS (. ().

The direction of the unit vector U, (r) is such that a right-hand

screw would propagate forward along it when it is turned

along the sense in which thegathcintegral is determined. 7




e F(r)edr
ui(r)onF(r):Alérl]OC'f} " ,
where the path integral is taken over
a closed path C, taken over a tiny
closed loop C which bounds an

elemental vector surface area C traversed
AS = AS 0.(r). one way

right-hand-screw

convention. C traversed
A the other way



In general, the unit
vectors may depend

0.(r) eV x F(r) = lim

AS —0 AS _ !
on the particular point
{Gi (r),1=12, 3} under discussion, and
Cartesian unit vectors, of course, hence written as

do not change from point to point.

functions u.(r) of r.
They are constant vectors.

The above definition of CURL of a VECTOR is independent of
any coordinate frame of reference; it holds good for any

complete orthonormal set of basis set of unit vectors.

Mean (average) ‘circulation’ per unit area taken at the point

when the elemental area becomes infinitesimally small.
PCD_STiCM 9




AR cir<fson . ACY4T ¢ /")
C

Consider an open surface S, bounded by a closed

curve C.

Circulation depends on the value of the vector at all
the points on C; it is not a scalar field even if it is a
scalar guantity. It is not a scalar point function.

98 A(F).dl

5S—0 oS
= (V x A)eh

lim =< —

‘Limiting’ circulation
per unit area

Shrink the closed path C; in the limit,
the circulation would vanish;

and so would the area S
bounded by C.
However, the ratio itself is finite In
the limit;
It mdasal quantity at that point. 10




circulation = ¢ A(F)-dI
C

9& A(F).dl
lim < — (V x A)eh
50S—0 OS

‘Limiting’ circulation C
per unit area

This limiting ratio defines a component of the curl

of the vector field; the curl itself is defined through

three orthonormal components in the basis {ﬁl, n,, ﬁS}
PCD_STiCM
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Curl measures how much
the vector

“cUYLS” around at a point

PCD_STICM
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2curl of a vector field at a point represents the net
circulation of the field around that point.

*=the magnitude of curl at a given point represents
the maximum circulation at that point.

#the direction of the curl vector is normal to the
surface on which the circulation (determined as
per the right-hand-rule) is the greatest.

it VxF=0 in a region then there would be no
curliness/rotation, and the field is called irrotational.

PCD_STiCM 13



95 A(F).dl
Remember! lim < = (V x A)h

5S—0 oS
The criterion that a force field i1s conservative Is that Its

path integral over a closed loop (i.e. “circulation”) is

zero. This Is equivalent to the condition that ﬁx F :6

If VxF=0 in a region, then there would be no
curliness (rotation), and the field is called irrotational.

Conservative force fields: IRROTATIONAL

Examples for irrotational fields: electrostatic,
PCD_STICM gravitational 14



Curl in Cartesian Co-ordinate
Consider a point P(X,, Y,, Z,)-

Consider a vector field A(r) in some region of space.

add up
A(F).dl

to which the normal is €, is

Circulation over the peremeter of an elemental surface

Ax(xo,yo——,zoj—Ax(xo,yo+

5—y,20ﬂ5x+
2

O X O X
Ay(xo"' 2 y Yor £o _Ay(xo_ 2 ’YO’ZOJ:|5Y '7

4

Y 3" leg
\,_OX
FHH nd
45y J 5y |
Ieg m=m = eg
A OX
€, 1st leg
> X
3" leg
4th J 2nd
Ieg ::::ﬂ:: Ieg
15t e

Closed path C
which bounds

an elemental

surface

. o) .
= (curl A)«€, = _9A + aAy = (curlA),
X

oy

PCD_STiCM

Make sure that you
understand the signs

I+




. B} %
Cj)A(F)-dI =—@i5y5x+ﬂ5x5y
. oy OX

Determining now the net circulation per unit area:

A.A__ap& aAy__.Xﬁ
(curl A)ee, = ay+ ~ =(VxA),

/] Color coded arrows are unit vectors
)_, L]/ 7 orthogonal to the three mutually
—7/ orthogonal surface elements bounded
by their perimeters.
Similarly if we get circulation per unit area along other two

orthogonal closed paths and add up, we get:

CurI_A':éx[a'A‘Z _5ij+é (aﬁ& _aAszré (aAy _5'%)
oy oz \oz ox) “Lox oy

W _N O AN A

PCD_STICM 16




CUF|_A>=éX(aAZ —aij+é (%_%j_l_é (aAy _a'A&)
ay 07 y Z

The Cartesian expression for curl of a vector
field can be expressed as a determinant; but it

IS, of course, not a determinant! éx Ay éz
curl A= VxA= 0 0 E

oXx oy 0z

Can you interchange the 2" and the A A A

3'd row and change the sign of this
‘determinant’? The curl is not a cross product of
two vectors; the gradienkds axector operator! 17




examples of rotational fields, nonzero curl

V (X, y)=—Y&, + X6, AXY)=(X-Y)8, + (X +Y)8,

—

%XV :Zé VXAZZGZ

curl : along therposive z-axis 18



rotational fields, nonzero curl

— —
«— +— <« “— — —

-+ > > /> > > 5 Y

PCD_STiCM
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What is the DIVERGENCE and the CURL of the following
vector field?

Reference: Berkelgy.Physics Course, Volume |




What is the DIVERGENCE and the CURL of the following

Reference: Berkeley Physics Course, Volume |



curl of a gradient is zero §¢_ _¢+e _¢+e_¢

/\

ex Ay é\z
= = o o o
VxV¢p=— — — The final result will be
o o

X oy 02 independent of the

op O¢ 09 coordinate system.
OX oy 0z

¥ xVip =

0'p 0 e Tp o (09 O
"\ oyor &W 070x oxoz )\ oxoy wm

22
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Recall: from Unit 5

Motion In a rotating coordinate
system of reference.

PCD_STiCM
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db = b(t+dt) b(t) = db|

Whereu—
\nxb\ £ = /(f,b)
\dB\:(bsmg)(dw)

— Axb
dbz(,(dm

These two terms are equal and hence cancel.

db =dyrhixb
062(@dt) % b / d \
sinceézd—wﬁ — b:a) X b

dt PCD_S*@\dt @ 24



Remember! The vector D itself did

d) - = =
(—j b=|lw x b| not have any time-dependence in
I

the rotating frame.

If b has a time dependence in the rotating frame,
the following operator equivalence would follow:

268 [2)
dt ), dt ).

Operator d) |d —
Equivalence: a N At u &
| R

PC

ox!
+
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Recall: from Unit 5

PCD_STiCM

26



V

:((SXF

e
ﬁxV:ﬁx(a)Xr) =Vxlo, o, o

Py
e, z

y

X y

e
z
X 'y Z

=V x[ (0,2- 0,8, +(0,x-0,2)8, +(@,y— 0, %8, ]

Py

€

X

9
OX

9
oy

€,
9
0Z

(a)yZ -,y) (o,X—w,17) (a)xy—a)yX)

VXV = 2(0))(6)( + a)yey + a)zez) =20

PCD_STiCM

The ‘curl’ of the
linear velocity
gives a
measure of
(twice) the
angular
velocity; thus
justifying the
term ‘curl’. 27



Remember:

(e T E) - tim L

AS—0 AS

The component of the curl of a vector field in the
direction (i (r) is the circulation about the axis
of the vector field per unit area.

It measures the extent to which a particle being
carried by the vector field is being rotated about (, (r)

PCD_STiCM 28



We shall see in the next class that we are now
automatically led to the STOKES THEOREM:  \yijliam Thomson,

1st Baron Kelvin

C#/Z\(F) odl = j I (6 < '&) e dS (1824-1907)

Note!

tis STOKES?

THEOREM
not STOKE'S THEOREM

0
K terpperature

fe {7z | This theorem is named after George Gabriel Stokes
(1819-1903), although the first known statement of

George Gabriel the theorem is by Willlam Thomson (Lord Kelvin) and
Stokes | f hi Stok ly 1850.
(1819-1903) appears in a etteIE 3 IS to Stokes in July 185

Reference: http [lwww.123exp-math. com/t/01704066342/



http://en.wikipedia.org/wiki/Image:Stokes_George_G.jpg
http://en.wikipedia.org/wiki/Image:Lord_Kelvin_photograph.jpg

We shall take a break here.......
Questions ? Comments ?

pcd@physics.iitm.ac.in http://www.physics.iitm.ac.in/~labs/amp/

pcdeshmukh@iitmandi.ac.in

Next: L30
Unit 9 — Fluid Flow / Bernoulli’'s principle

..... but which Bernoulli ?

PCD_STiCM 30
30
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() e T - tim L

AS—0 AS

The component of the curl of a vector field in the
direction U (F) IS the circulation about the axis
of the vector field per unit area.

ABOVE RELATION: provides complete
DEFINITION

of CURL of a VECTOR.

{Gi (r); i:1,2,3} orthonormal basis

PCD_STiCM
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Proof of Stokes’ theorem follows from the very definition of the curl:

cﬁA(f).dF
Definition: (curl A)en = lim < =(VxA)en
6S—0 oS

For a tiny path 8C, which binds a tiny area &S,
<_f>,51- dl =S5Sx (curl A)en =curlA5S Q
S5C ’

(a)

We can split up a finite area S into infinitesimal

bits 6S; bound by tiny curves o6C, @

n

@K(F)'m:iq‘)_A’(F%d_l’:ijcurl_A'(F).d_s’ &

=l sC. i=1 G

—— e —— P oo '
A(r)edi = [[curlA(r)eds )

0= [fen0-os) &

PCD_STiCM SIS

Stokes’ theorem



&
consider a surface S enclosed by a curve C Stokes’ theorem /

TA(r)edi = || curl A(r) » dsn

%
The Stokes theorem relates
the line integral of a vector
about a closed curve
to the surface integral of its
curl over the enclosed area
that the closed curve binds.

Any surface bound by the closed curve will work; you
can pinch the butterfly net and distort the shape of the
net any which way F#Pwoi't matter! 34



consider a surface S enclosed by acurve C ~ Stokes’ theorem ﬂ

TA(r)edi = || curl A(r) » dsn

“ The direction of the vector
surface element that appears in
the right hand side of the above
equation must be defined in a
manner that is consistent
with the sense in which the
closed path integral in the left
hand side is evaluated.

! 4

way

The right-hand-screw

C traversed
convention must be follgwed.

the other way



Non-orientable surfaces

@ The surface under

consideration, however, better
be a ‘well-behaved’ surface!

A cylinder open at both ends is

Q not a ‘well-behaved’ surface!

A cylinder open at only one end @

Is ‘well-behaved’; isn't it already
like the butterfly net?

.
{
y
= )
NT\ & .
™\
N “'
) ~ =3
N o .
.
Q
\
D
\
~

PCD_STiCM




Consider a rectangular The surface under
strip of paper, spread flat at | considegmation, however, bette
first, and given two colors bi&]aved’ Surf%:ée!\’\7
on opposite sides. 7 A

Now, flip it and paste the
short edges on each other
as shown.

Is the resulting object
three-dimensional?

How many ‘edges’ doeg
It have?

How many sides’ does it have?

PCD_STiCM




Expression for ‘curl’ in cylindrical polar coordinate system {é é é}
pl el Tz

VxA=

. 0 .10 . O R R R

{ep$+e(p;£+ez§}<[epAp(p,go,Z)+eq)A¢(p,go,Z)+eZAZ(p,gp,Z)}

VxA= |&

D>
|
X
1
D>

A (0.0, 27)+8,A (p,0,2)+8,A (p,0,7) |

PCD_STiCM 38



0z

R

k)
%\@

I_I
D>

<!

X

|

||

|

D>
ke
L 1|

X

& A

(10 E

&, A

(p’(o’ Z)+égp

A (p,p,7)+€,

A (.. 2)+&,A (p,0,7) |+
A(p.0.2)+6,A(p.0.2) |+

(0,0, et 0,0, 2) +8,A (0, 0,2) | 2o



Expression for ‘curl’ in cylindrical polar coordinate system {é g @ }
pl el Tz

VxA=[8, |x——8,A (0.0.2)+&,A,(0,0.2) +&,A (0,0, 2) |+

.
&, ] v 8,A(0,0.2)+8,A(0,0,2) +&,A(p,0,2) |+

s (LoA oA (A 0A) . 1 o(pA,) oA,
Ll pop o1 "\ oz op “p| oOp O

PCD_STiCM 40



Expression for ‘curl’ in spherical polar coordinate system {é é é }
®Q

Vx A=

~ 10l ~ 1 0| A 1 - A A A
- era+e(,?£+e(p rsiné 8¢]X(erA(r"9’¢)+e‘9A9(r’9’¢)+e¢A")(r’e’¢))

.. 1 (o, OA,

VxA=g —— 4 (S|nHA¢)—i>

rsing | 06 0P |

S 1( 1 8A 06 \

+e, —< — Ar——(rA¢)>

r(sin@ op or )

1

A >
’ pCDrS{C@r (")~

41



An important identity: divergence of a curl is zero
Gauss’ divergence theorem V- (VxAdr=qb(VxA .dS
i J5(9A)

S

S2

. S1
Surface enclosing a volume

Applying Stoke’s theorem
ﬁ(ﬁx/&).ds” =jj (VxA)-A,dS, +jj (VxA)-A,dS,
S S, Sy

C, C, PCD_STiCM 42




some definitions.....

To understand the term ‘ideal’ fluid, we first define
(1) ‘tension’, (ii) ‘compressions’ and (iii) ‘shear’.
Consider the force E on a tiny elemental areaé_A) passing
through point P in the liquid.

—_—

Stress at the point P is S.

Sel, = ‘S‘ — S Tension

§.0N — (0 — S: Shear

|
>

Se ON :gtg‘ — §:; Compression | The unit normal U, can take any
orientation.

An ideal fluid is one in which stress at any point is
essentially one of TORMPRESSION. 43



The curl of a vector is an important quantity.

A very important theorem in vector calculus is the
Helmholtz theorem which states that given the
divergence and the curl of a vector field, and
appropriate boundary conditions, the vector field is
completely specified. You will use this to study
Maxwell's equations which provide the curl and the
divergence of the electromagnetic field.

Besides, the 'curl’ finds direct application also in the

derivation of the Bernoulli's principle, as shown below.
PCD_STiCM 44



2 sons of |
Nicolaus Bernoulli
Bernoulli’s brOthei
Bernoulli | 7~

Famlly Jacob I

Math/Phys Tree 63T

Posed the
brachistrocrone
problem

Jacob HERMANN Nicolzns 1 Micolzus T
1678-1733 1687-1758 1695-1726

Tohann II
1710-17%0

Johann's work was assembled by the
Marquis de I;Hospital (1661-1704) under a
strange financial agreement with Johann in
1696 into the first calculus textbook. The
famous method of evaluating the
Indeterminate form 0/0 got to be known as

I'Hospital's rule. PCD_STICM " TosmnTrr

Reference: 1744-1807
http://www.york.ac.uk/depts/maths/histstat/people/bernoulli_tree. htm

Jacob II 15
17361789



References to read more about the Bernoulli Family:

http://www.york.ac.uk/depts/maths/histstat/people/bernoulli_tree.htm

http://library.thinkquest.org/22584/temh3007.htm

“...it would be better for the true physics
If there were no mathematicians on
earth”.

Quoted in The Mathematical
Intelligencer 13 (1991).

http://mwww-groups.dcs.st-and.ac.uk/~history/Quotations/Bernoulli_Daniel.html

Daniel Bernoulli
1700 -1782

http://www-groups.dcs.st-and.ac.uk/~history/PictRispjayBerpoulli_Daniel.html 46



%:[%}7( r® ’):[i}(/(x(t),y(t),Z(t),t)
v dx oV dy | ov dz 6\7
- ox dt 6y dt 0z dt ot

dv [dxév dyov dzov| ov

dt ldtox dtoy dtoz) o

vev 4+ 2
ot

V

“CONVECTIVE DERIVATIVE OPERATOR"” The term ‘convection’

o

D

IS a reminder of the fact that in the
convection process, the transport

-S0FY material particle is involved. 4



Result of the previous unit, Unit 8: N
VeV + a}v(r t)_iv(r t) = VP ~Vo
ot dt o(r)

Use now the
following v( o B )

vector . . . — —
identity: (AOVT ( 0V)K+A><(V><B)+B><(V><A)
V(v-v)—
VeV s (vev rvx(Vixv)svx(Vxv)

. -~ -\ [~ = - (= -
1.e. %V(v-v): \VOVF+V><(V><V)

48







16(;)/0;;) v (§x§)+%——§< pg) ¢>

Recallthat:(ij F:(ij r+ oxr
at ) Ldt ),

V,=V. + @Xr, ,wherev, isjust the
velocity that is employed in the equation
of motion for the fluid.

VXV, =VXV, + Vx{a)x FR}
To determine V x {Z) X FR} we now use another vector

|dentity, for the curl of cross-product of two vectors:

%’x(_A’XE):(_B’ﬁ)A (A-v B+A(VeB)-B(VeA)

PCD_STj
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VxV, =VxVv, + Vx{a)x I‘R}

§x(_A>><_B>)= (§o§ A—(K0§)§+A(Vo B)— B(VoA)

)W(a)ov)r +a)(Vor)W

xTy)=—(@eV )i +B(VeT,) =20

V x
V x

o

—~ ~
&
ﬁi

s  —

XV, =VXV_+20

<l

In the rotating frame,T/R =0,
hence,theVORTICITY,§><\7, :}=223

DD CT M 51
L \JLI_\.) 1o 1Vl




Vo

'

Hence, 0 = \7-§<

Vo

52




=VeVi—=+gd+—17+
Jo, 2
L )
:%’4%+¢+V—&mustbeORTHOGONALtO\?,
: » )
i.e.,@%+¢+V7>mustbeORTHOGONALtoSTREAMLINES

0)
Jo,

where

— V¥ must be ORTHOGONALto streamlines,

—= 40+

2

—

Vv

—>Y= p(r)+¢+
Jo,

= copsfant,along a given streamline

Daniel Bernoulli’s Theorem



—|2
‘v
+ @+ P = constant for a given streamline

()
Yo,

We derived the above result for a ‘STEADY STATE’ and made use of the relation

~2)
L~ _l|npn(r Y% >
—Vx;(:—V<w+¢+—> 6\/ =0
p ° ot
If the fluid flow is both ‘steady state’ and ‘irrotational’,
: Vxv=y=0
r ‘V
=Y = p( )+¢+—
Yo, 2 Daniel Bernoulli’s Theorem

IS constant for the entlreT\'fglomty field in the liquid.



WORK — ENERGY Theorem

Conservation of Energy

PCD_STiCM
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Mass Current Density Vector _j(F,t) _ p(F, t)(/(?,t

For Steady State Flow,
PVA = constant, BT . :
A :cross -sectional area
since,

m df{g * 3(r)} = ” J(r)edS =0, for STEADY STATE as %p —0

volume surface
region enclosing
that
region
Work done on the fluid by the pressure Net work done on the fluid in the
that the fluid exerts on Face 1 is: parallelepiped by the pressure
oW, = K5 = p, A = p/AV,AR that the fluid exerts on Faces 1
& 21S:
Work done by the fluid on Face 2 is:
SW. = E.& — 5 — é\/\/l—é\sz plAivla_pZAZVZ&
» = F05 = p,A05 = P, AeV sekem 56




Net work done on the fluid in the
parallelepiped by the pressure é\/\ll —5\/\/2 = plAlvlét — pzAZVZ&

that the fluid exerts at Faces 1 & 2 :

Energy gained per unit mass by the B
fluid as it traverses the x-axis of the E, —E, = [plAivl P2AV, ]5[

parallelepiped across the Faces 1 & 2. om
[ p]_A&Vl o p2A2V2]5t . E E
Sm — =2 |

— |:l V2 + ¢+Uinternal:| _|:l V2 + ¢+Uinternal:|
2 , L2

1

[ p1A1V1 R p2A2V2]§t
P (OsA)

— |:1 V2 + ¢+Uinternal:| _l:l V2 + §D+Uinternali|
2 |2

1

PCD_STiCM 57



[ PLAV — P, szz]
P (IsA)

1 1
|:2 \4 +§D+U|nternal:|2 _I:E V2 +§D+Uinternal:|

1

[P%}{_p(%gt\\j)zﬁ{}&_[zv +¢+U|nternal:|2 [;v +¢+U|nternal:|

|:pl p2:| |:1V +(D+U|nternal:| _|:1V2+§D+Uinternal:|
PP 2 2 L2 .

O |:1V +¢+U|nternal+£:| |:1V +¢+U|nternal £:|
2 Pl, |2 ye,

1

1

i.e. %vz +@+U,  + 1 = COnstant From slide 53:
Daniel Bernoulli’s Theorem r ‘V‘
Y= p( ) ——=+@Q+—
Jo, 2

IS constant for the enpﬁ?ésT\'/eloc:|ty field in the liquid.




‘—»2

+ ¢+ 5 = = constant

p(r)

The swing of a ball is
governed by Bernoulli's
theorem.

A swing bowler rubs only
one side of the ball. The ball

= |

;'2 IS then more rough on one Ishant Sharma

= side than on the other. Inswing / Outswing
bowler

A white ball has a thin lacquer that is applied to its surface to avoid discoloring
the ball. During play, the shiny surface of the white ball remains shinier than
that of a red ball, which has a rougher surface to begin with.

The difference between the rough and shiny surface of a white ball is

much more, and thus it swings more than the red ball.
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rOlympic — HMS Hawke collision: 20 September
1911, off the Isle of Wight. Large displacement of

water by Olympic sucked in the Hawke into her

side. one crew member of the Olympic, Violet Jessop, survived the

collision with the Hawke, and also the later sinking of Titanic , and the

e class.

o,

The Hole in the “ Olympiec,” the Damage Below the The Bow of the “Hawke,"” the Damage being so Great
* Waterline being Much Greater Than That Above That the Ram Has Been Mashed Flat

"Popular Mechanics" Magazine December 1911
http://en.wikipedia.org/wiki/File:Hawke,_stéelympic_collision.JPG 61
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Next: Unit 10

Classical Electrodynamics

Charles Carl Freidrich Andre Marie Michael

Coulomb Gauss - Ampere Faraday
1736-1806 1777-1855 PCPSTi4M75 1836 1791-1867°°


http://en.wikipedia.org/wiki/Image:Carl_Friedrich_Gauss.jpg

Electrodynamics & STR

The special theory of relativity is intimately linked to the
general field of electrodynamics. Both of these topics belong
to ‘Classical Mechanics’.

James Clerk Maxwell

: Albert Einstein
1831-1879 PCD_STiCM 63
1879 - 1955



Divergence
and Curl of

E.8)

VxB=u, dJ 1 0E e shall take a break here.

Questions ? Comments ?

Helmholtz Theorem

Curl & Divergence;

+ boundary conditions
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