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Introduction

The goal of my thesis project is to investigate what the influence of an electromagnetic field inside
a fluid is. Since a fluid cannot withstand any stresses and it is known that an electromagnetic field
exerts stresses on matter, it is expected that the fluid will start to flow. It are these induced flows
that are the main interest of this project.

As first part of my thesis project I have completed this literature review. The first aim was to
investigate the Maxwell equations, and see how they behave inside matter. Since we are interested
in the stresses exerted on the fluid, it is important to determine what kind of currents there are,
and as a consequence how the Maxwell stress tensor looks like. Because of the movement of the
fluid, there will be feedback to the electromagnetic field itself. The aim here is to determine this
feedback.

The second part consists of a study of the Navier-Stokes equations. First the general equations are
stated, after which simplifications are made. Since, for now, the fluid of main interest will be water,
and the flow velocities are expected to be small compared to the speed of sound, the incompressible
equations are used. It is expected that heat dissipation of the electromagnetic field to the fluid
will significantly contribute to the flow, so the equations need to be modified in order to allow
temperature driven flows to exist.

In the final part a brief summary of the relevant equations can be found, as well as the research
questions for the second stage of this project.
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Chapter 1

Electromagnetic field

It is well known that the electromagnetic fields satisfy the Maxwell equations. In this chapter
we will first consider the Maxwell equations in vacuum and derive conversation of energy and
momentum for the electromagnetic fields. After this we will consider the so-called macroscopic
Maxwell equations in matter, where polarization and magnetization play a roll.

We will first derive the equations for the fields in a stationary linear medium, and expressions for
the constitutive relations. Later on we consider a non-stationary fluid, where we assume a certain
velocity field is known. It turns out that the use of contra-variant formulation of the Maxwell
equations simplifies the equations when we are dealing with a fluid in motion and we need to
transform between different reference frames, that is the lab frame in which the fluid was originally
at rest and the instantaneous rest frame. The consequence of this formulation is that all equations
satisfy the framework of special relativity. At some point we can make assumptions about the
non-relativistic fluid velocity to simplify the expressions.

1.1 Maxwell equations in vacuum

From [3] we have the Maxwell equations in vacuum given by

OE

-V x B+/L()E()E = 7#().], (11)
0B

E+— = 1.2

VxE+ 5 0, (1.2)

where E = E(x,t) is the electric field, B = B(x,t) is the magnetic field and J = J(x,t) is the
(total) electric current density. The constants ey and po are the permittivity of free space and
permeability of free space respectively.

The current density consists of the movement of charged particles. Later on, when we consider the
equations in matter, we see that it can be split in a free and an induced part. Furthermore we have
an external part, which acts as source of the initial fields.

From these two equations we can derive two compatibility equations. To derive them we will use
the (local) conservation of charge, which can be formulated as the continuity equation



Ope
ot

where p. = po(x,t) is the (total) electric charge density. Taking the divergence of (LI and (2]
respectively, and noting that the divergence of a curl is zero, we end up with the equations

= —divJ, (1.3)

. OE .
sodlva = —div]J, (1.4)
0B
div— = 0. 1.
Vo 0 (1.5)

Using the first equation we can derive

t t t t
d OE 9
godiszgo/ —divEdt:/ eo div (—) at = —/ didet:/ 9Pe qt = pe,
o dt - ot . . Ot

where we assume by causality that there exists ¢o such that p, = 0 for t < ¢q.

Interchanging the order of differentiation in the second equation and assuming that at some point
in time there exists no magnetic field (yet), we immediately see that the divergence of the magnetic
field is zero. So we get the two compatibility equations

dvE = P (1.6)
€0
divB = 0. (1.7)

Note that the first equation is usually known as Gauss’s law.
In subscript notation the Maxwell equations are given by

— €ijk0; By + pocodi By = —podi, (1.8)
€k0; B +0:B; = 0, (1.9)

where €5, is the Levi-Civita symbol. The compatibility relations are given by

0B = P (1.10)
€0
0;B; = 0, (1.11)

where a repeating index implies summation over that index. The continuity equation for electric
charge will become

é)tpe = —aiJi. (1.12)

It turns out that this notation is more convenient when considering energy and momentum conser-
vation in the next sections.



1.1.1 Conservation of energy

By manipulating the Maxwell equations we can derive a conservation of energy statement for the
electromagnetic fields. It turns out we can define a certain volumetric energy density and an energy
flux density.

If we multiply (I8) with E; and (L9) with B; and add the results, we get as left-hand side

E; (—€ijx0; B + pocoO0cE;) + Bi (€,j1 0 Ey + 0, B;)
= pocoki0E; + BiOyB; — €, E;0; Bi + €ijx Bi0; Ey,

= O |z (noeoEiE; + B;iB;) | — €1 Ei0; By, + €451, Bi0; E,

1T
N[ —

= 0|z (noeoBiE; + B;B;) | + €ijx E;0; B, + €ix BrO Ej

1
| 2

1
—_

= O

5 (,LL()E()EZ'Ei + B,LBi) + 8i(eijkEjBk),

where we have used €, = —¢jik, and relabelled the dummy indices. As right-hand side we get

—poFs J;.

If we now divide both sides by p and define the electromagnetic energy density as

1 1
Uem — = (EOEiEi + _Bsz) s (113)
2 Ho
and the Poynting vector
1
Si = —e€ijk E;j Br, (1.14)
Ho
we can write the equation as
é?tuem = —6151 — EiJi, (1.15)
or in vector notation
a em .
gt = —divS—E-J. (1.16)

This is the conservation of electromagnetic energy in vacuum.

1.1.2 Conservation of (linear) momentum

It is well known that a charged particle in an electromagnetic field experiences a force, the Lorentz
force. This force is given by

F=gBtvxB, (147)

where ¢ is the electric charge of the particle and v its velocity.



When we consider a continuous charge density and current density, we can express the Lorentz
force as a force density, given by

f=p.E+J xB. (1.18)
Switching to subscript notation the force density is given by

fi = p i + EiijjBk. (1.19)

We can rewrite this force density as function of the fields only. We can substitute (LI0) to eliminate
pe, and (L) to eliminate J;. This results in

1
fi = ¢c0(0;E;)E; + €iji <M_€jlmale - antEj) By,
0
1
= goE0;E; + M_eijkejlmBkale — eo€ijx BrOi By,
0
1
= €0EiajEj + M—ijiEjlmBkale — EOat(eijkEjBk) + €0€ijkEjatBk. (120)
0

If we use the identity

€jki€jim = OkiOim — OxmOil,

we can write

€jki€jtm BkO By = 01(€jki€jim Br Bm) — BmOi(€jki€jim Bi),
= 01((0ki0im — Okm0it) B Bim) — BmOi((ki0im — Okmdit) Br.),
= O1(0k10im BrBm) — 01(0km6u Bk Bim) — BmOi(0k10im Br) — BmO(0kma Br),
= On(BrB;) — 0;(BrBy) — B;Oy By, + B10; By,

1

1
8i(BkBk).

= BypokB; — 3

Substituting in (L20) and using (L.I4)) results in
1

1
fi= €0EiajEj + H—Bkasz- — ﬂaz(BkBk) — ,LL()antSi + €0€ijkEjatBk.
0 0

The last term on the right-hand side can be rewritten using (I9). This results in

c0€ijk Ej0Br = eo€ijnEj(—€rimOiEn),
= €o€kji€kim ;01 Em,

1
soch?jEi — 55()&- (EjEj),



where we have used the identity we have just derived in terms of B. Substituting this expression,
adding a term

1
—B;0;B; =0,
Ho
and rearranging and relabelling the terms results in the expression
1 1 1
fi = &0 (Eié)jEj + Eja]EZ)—FM— (Bié)ij + BjajBi)—§8i (EoEjEj + ;L_Bij) —MQEQatSi. (1.21)
0 0

We want to write this force density as divergence of some stress tensor. This can be accomplished
by defining the symmetric Maxwell stress tensor 7', with components

1 1 1
Tij = €0 (E,L'Ej — §5ijEkEk) + % (B,L'Bj — §5ijBkBk) 5 (122)

with respect to the standard basis. We see that for the divergence of the stress tensor we have

1 1 1
é)jTij = 6j (EQ (EiEj — §5ijEkEk) + % (BiBj — §6ijBkBk)) s

1 1 1

1 1 1
€0 (EZ-E)]-EJ- + ch‘)jEz- — 581EJEJ) + 'u— (Bz(?]B] + BJ&BZ — 581B]B]) .
0

Comparison with (L2]) results in

fi = 0;T55 — pog00:Si, (1.23)

the conservation of electromagnetic momentum. Note f; can be interpreted as the time derivative
of the momentum density. Then 0;T;; is the momentum density flux in the different directions,
and ppepS; the momentum density.

In vector notation we would write the Maxwell stress tensor as

1 1 1 >
T —eBoE+ LBoB_ L <€0||E|2+ —|B|2) T
Ho 2 Ho

—
with I the identity tensor. Then the conservation of momentum can be expressed as

f= dlv? — /_Logoaa—i. (124)

1.2 Maxwell equations in matter

When we consider electromagnetic fields in matter, it is convenient to work with a different set of
equations. Matter reacts in a certain way to electromagnetic fields. The reaction is a combination
of polarization and magnetization. We are not interested in the microscopic properties of these
reactions, but will consider them from a macroscopic point of view.



1.2.1 Polarization and magnetization

For the analysis of the effect of polarization and magnetization we follow [3] and define two new
quantities, the volumetric polarization density P and the volumetric magnetization density M.

A polarization density gives rise to a bounded volume charge and a bounded surface charge. The
bounded volume charge density is given by

pp = — div P, (1.25)

and the bounded surface charge density is given by

op =P -n, (1.26)

where n is the outward pointing normal unit vector. The surface is the boundary of the medium
in which polarization takes place. Furthermore, changing polarization gives rise to a polarization
current, because of the bound charge moving around. The corresponding polarization current
density is given by

_oP

T

A magnetization density gives rise to a bounded volume current and a bounded surface current.
The bounded volume current density is given by

(1.27)

J, =V xM, (1.28)

and the bounded surface current density is given by

K, = M x i, (1.29)

where again n is the outward pointing normal unit vector. The surface is the boundary of the
medium in which magnetization takes place.

Together with the polarization density and magnetization density, we can define two new fields, the
electric displacement field

D=¢E+P, (1.30)
and the auxiliary magnetic field
1
H=—B-M. (1.31)
Ho

In order to determine the electromagnetic field we have to know how the matter will react on
applied fields, that is we need to know the constitutive relations.

Using the Maxwell equations for vacuum, we will derive a new equivalent equation, in terms of the
fields D and H. The (total) current density can now be split in three parts, the current densities
induced by the polarization and magnetization respectively and the free current density. That is
we have



J = P+ 4J
oP

— +VxM+J.

Bn + +

Likewise the charge density can be written as the sum of the charge density caused by the polar-
ization and a free charge density. We have

Pe = pPptpy
= —divP + py.

Substituting ([30) and (L3I) into () and rearranging terms results in the so-called Maxwell
equations in matter,

oD
- H+— = -Jf 1.32
V xH+ ot 5 ( )

0B
E+— =0 1.33
VxE+ = : (1.33)

with compatibility equations

divD = py, (1.34)
divB = 0. (1.35)

To be able to solve this system we need so-called constitutive relations for the displacement field,
the auxiliary field and the free current density. These will be discussed in the next section.

1.2.2 Constitutive relations for fluids

The simplest way to model how matter reacts to applied electromagnetic fields, assumes linear
polarization and magnetization. For now we assume the fields have a low frequency, so that the
medium can be regarded non-dispersive. For linear materials we have

P = cox.E (1.36)
M = yuH, (1.37)

with the constants x. and x,, which are called the electric susceptibility and magnetic susceptibility
respectively. Substituting these relations in (I30) and (L3I) results in the constitutive relations

D = ¢E (1.38)
B = uH, (1.39)

where € = £¢ (1 + Xxe) is the electric permittivity and g = p (1 + xm) the magnetic permeability.

10



For conducting media we assume Ohm’s law applies, which says that

J' = oE, (1.40)
where the constant o is called the electric conductivity.

It is interesting to note that these constitutive relations are only valid in reference frames where
the medium is in rest. For non-fluid media this will usually be no problem, but when considering
fluids, different material parts in general have different velocities. We will need to find the expres-
sions for the constitutive relations in the stationary lab frame. That is we need to transform the
constitutive relations from the instantaneous rest frame, to the lab frame. Following [4] we will use
the four-vector framework of special relativity to determine these transformations. The notation
and different tensors are defined in Appendix [Al

To determine the correct constitutive relations, we will determine tensor equations, which in the
instantaneous rest frame of a certain fluid particle reduce to the ordinary constitutive relation for
linear media. Since by definition all the tensors obey the transformation rules, these equations will
be correct in all (inertial) reference frames, in particular in the lab frame.

From ([A.2]) we notice that when the regular velocity is zero, the velocity four-vector is equal to

VE=(c 0 0 0),

suggesting that the correct form for the polarization is

D"V, = e FWYV,.

In vector notation this is equal to

0 cD —yc \ _ o 0 %E —vc
-cD -xH v —cF —iE - xB w o)

Writing out the two equations results in

1
veD-v = c*e-qE-v, (1.41)
c
YD +9v xH = 2eyE + 2eyv x B. (1.42)

Clearly this reduces to linear polarization if we substitute v = 0. Likewise for the magnetization
we have a similar expression in terms of the dual field tensors,

pH"V, = GV,

In vector notation this is equal to

(oo ) ()= e ) (V)

Writing out the equations results in

yuH - v

B v, (1.43)

1
vyucH —yuev x D = ~v¢B — VoV X E. (1.44)

11



Again we see that the equations reduce to the expected equations when v = 0 is substituted.
Rewriting (L42)) and (L44)) results in the constitutive relations

1
D = cE+evxB-—5vxH, (1.45)
c
1
B = ,uH—,uvxD—l—c—vaE. (1.46)

Rewriting (L42) and ([L44) results in the corresponding compatibility relations

D-v = ¢E.v, (1.47)
B-v = pH-v. (1.48)

We see that ([45) and (L40) are coupled. They both depend on three fields. If we assume the
fluid velocity is not too large, we can simplify the expressions by neglecting higher order terms. At
this point we will only consider the first correction term and neglect all terms much smaller than
Hogo = =. Substituting (C4H) and (L46) into each other results in

2’

1 1
D = EE—i—va(,uH—,uvxD—l——vaE)——vaH
c c

eE + (ue — pogo) v X H — pev X + eppeev X (v X E) |

( ) (v x D)
eE + (ue — pogg) v x H— pev x (v x D),
1
= eE+ (ue — pogo) v x H — pev x <v>< <5E+5v><BC—2v><H>),
~ ¢cE+ (pue — pogo) v x H.

Likewise we get the same result for B,

B ~ pH — (ue — pogo)v X E.

At this point our assumption seems somehow arbitrary. From the numerical results obtained later
on we will see whether they are valid for the situations we will consider.

Finally we need the free current density. In non-conducting media this will of course be zero.
When we have positive electric conductivity, we again construct a tensor equation that reduces to
the correct equation for v = 0. It is clear that the correct expression is given by

GFHV, = (Jp).

In vector notation this is equal to

0 i1E —yc \ [ cps
(e 5 ) (W)= (F

Working out these equations results in

12



1

y—cE-v = cpg
c
yoE+4+~yovxB = Jb
Rewriting results in the in the equations
1
pr = Y50E-v,
c
J' = AoE+~0v x B,

We see that for v = 0 this reduces to Jf = ¢E and ps = 0. For low velocities we have v ~ 1, and

\4 .
”6—2” =~ 0, so we can write

P = 0;
J ~ o(E+vxB).

Finally we want to know the induced current in terms of the H field instead of the B field. If we
substitute for B and only keep the largest term we get as result

Ji =0 (E+pv x H).

So to conclude we have the constitutive relations

D = eE+ (ue — pogo)v x H, (1.49)
B = puH— (pe — poco)v X E, (1.50)
J = o(E+pvxH), (1.51)
pr = 0. (1.52)

where we have changed the approximations to equalities. Later on we will justify this by quantitative
estimations of the approximation errors.

1.2.3 Modified Maxwell equations in fluids

We will now substitute all the constitutive relations in the field equations to derive the final equa-
tions governing the electromagnetic field inside a (possibly) moving fluid. If we substitute the

relations (L49) and (LE]) into equation (L32) we get

0
—VxH—i—E[EE—i—(,us—,uogo)va] =—0(E+pvxH).
Rewriting results in

OE OE 0
*VXH+€OE :*(E*E())E *(/L&*/L()E())E(VXH)*O’(E#’ILLVXH).

13



Likewise, if we substitute (LB0) in (L33) we get
0
\% xE+§(uH—(u57uoso)vxE):0,
which results in
OH OH 0
E — = — (U — o) & - = E).
VX E+ o (1 = po) 7 + (e = hoco) 5, (v X E)

We now define the induced electric and magnetic current densities. They are minus the right-hand
sides of the modified Maxwell equations we have just derived. So we have

—Jnd = (e - 50)—%];] — (ue — pogo) —gt (vxH)—o(E+pv x H), (1.53)
. OH o)
_Kind _ _ _ —

K (10— o) T + (pe uoso)at (vxE). (1.54)

In addition to the induced currents there will be external currents. These are controlled currents,
independent of the fields. It are these currents that deliver the field’s energy and momentum in the
first place. The final Maxwell equations governing the fields are given by

OE ,
~VxH+teo = —Jind _ goxt, (1.55)

OH ,
VXE+pg—s = —Kind _Rgext, (1.56)

We will also derive the corresponding compatibility relations. Taking the divergence of [[55] results
in (TA4) so we get the corresponding compatibility equation

divE = 22

€0

Although magnetic monopoles do not exist, we have seen that in matter magnetic currents can be
induced, and we need (induced) magnetic charge to keep the framework complete. Stipulating local
conservation of magnetic charge, we define

pm = — divK, (1.57)
which is a continuity equation like ([L3]). Now taking the divergence of (50 results in
OH
o divﬁ =—divK. (1.58)

Following the exact same derivation for the first equation and assuming, by causality, that K = 0
for t <ty for certain tg, we arrive at the compatibility relation

divH = 2m (1.59)
Ho

14



1.2.4 Boundary conditions

In order to determine the electromagnetic field in a certain region of space, we need appropriate
boundary conditions.

We have boundaries where the material properties are not continuous or there are surface currents.
We assume the boundaries are fixed in space and time.

The derivation of the boundary conditions can be found for example in [3]. They follow directly
from the Maxwell equations. Here we will only state the results.

At a boundary we can write the electric and magnetic field as the sum of a orthogonal and tangential
component,

E = Eort + Etam
H = Hort + Htan-

Furthermore at a boundary we have two separate regions A and B, each on one side of the boundary.
We denote by n the unit normal vector pointing from region B to A. On the boundary itself we
have possibly electric and magnetic charge densities o, and oy,, and current densities Jq, .t and
Kgurt- The four boundary conditions for the field components are then given by

EA,tan - EB,tan = Kyur X ﬁ, (160)
a
Eaot —Eport = —, (1.61)
€o
HA,tan - HB,tan = Jsurf X ﬁa (162)
Om
Hpot —Hpot = —. (1.63)

Ho

These four boundary conditions together with the Maxwell equations and the charge and current
densities completely determine the fields.

Of course in cases with certain symmetries we can consider different boundary conditions, so that
we can reduce the geometry.

1.3 Energy and momentum inside a fluid

We have derived the field equations inside a (possibly moving) fluid. We will now derive equations
for the energy and momentum conservation. We proceed as in the vacuum case.

1.3.1 Energy equation

For simplicity we will use subscript notation here. If we multiply (IL53) with F; and (I56) with
H; and add the results, we get as left-hand side

15



FE; (7€ijkaij + EOatEi) + H; (eijkajEk + ,LtoatHi)
= eoEBiOE; + poH;0 H; — €3, E;0;Hy, + €35, H;0; By,
- -
= O 3 (eoEiE; + poHiH;) | — €iju B0 Hy, + €35, H; 05 By,
1
| 2

= 0O (EoEiEi + ,U'OHsz) + GijkEjain + GiijkaiEj

1 _
= O B (oL Ei + poHiH;) | + O;(€in ki Hy),
where we have used €;;; = —¢€jix, and relabelled the dummy indices. As right-hand side we get

If we now define the energy density as

1
Uem = 5 (EoEiEi + ,LLoHiHZ') , (1.64)
and the Poynting vector
Sz' = éijkEij, (165)
we can write the equation as
Ostiern = —0;S; — By J; — Hi K, (1.66)
or in vector notation
OUem .

This is the conservation of electromagnetic energy in matter. Although the expression does not
explicitly depend on the velocity v, the currents do, so the energy density also depends on the fluid
velocity.

1.3.2 Momentum equation

We can also derive the momentum equation, from which the force density follows. Multiplying
(CE5) by po and taking the cross product with H results in

—10€ijk €kimH;OL H p, + poco€ijnH;0 By = —po€ijrHjJy.
Rewriting using the identity

1
€ijh€imHi01Hpy, = —H,OLH; + §ai(Hka),

results in

16



1
toHKOH; — §ﬂoai(Hka) + poco€ijrH;0 By = po€ijrd Hy.

Using (59) we have

poHROKH; = poOk(HpH;) — pioH;Op Hy,
woOk(HiH;) — pmH;.

Rearranging terms and relabelling results in the equation

1
0; |poH; H; — §No5injHj — poco€ijk (O Ej)Hy, = pumH; + po€ijiJ;jHy.

Likewise multiplying (I58) by ¢ and taking the cross product with E results in

€0€ijk kim0 01 B + pogo€iji B0 Hy = —co€ijnllj Ky,

which we can rewrite to

1
—eoELOLE; + §€oai(EkEk) + ,LL()EoeijkEjatHk = 50€iijjEk-
Using (L58) we have
coEvOE; = coOk(ExE;) — e0EiORE,
= ank(EkEz) — peEi~

Rearranging terms and relabelling results in the equation

1
— 0 |eolj B — §€o5ijEjEj + pogocijn B0 Hy = —pe ko + o€ K B

Defining the stress tensor T;; by
1 1
Tij = po(HjHi) + eo(E; Ei) — 50035 (Hj Hj) — S00i; (E; Ej),
subtracting (69 from (L68)) and using (LEH) we can write

fi=0;Tij — OuS;

where f; is the force density given by

fi = peBs + pmH; + po€ijreJj Hy, — o€ K By,

In vector notation this force density is equal to

f=pE+ pnH+ poJ x H—¢)K x E.

17
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1.4 Frequency domain

Up until now we have only considered the fields and equations in the time domain. Using Fourier
transforms in the time variable we can switch to the frequency domain. This transformation works
well with the Maxwell equations because they are linear in the field components. In the frequency
domain we can investigate the interesting phenomenon of the electric permittivity being a function
of the frequency. As we will see this leads to distortion of a wave and dissipation.

1.4.1 Fourier transform

We define the Fourier transform of a quantity y(x,t) as

+oo )
J(x,w) = / y(x,t)e”“dt.
—o0

We denote this integral operator as F, so we can write

?j(wi) =F [y(X,t)] :

For this expression to make sense the integral has to convergence, so we have certain restrictions
on the function y(x,t). At this moment we will not dig into the details of this convergence issue,
but since we are working with physical fields we expect them to be smooth and bounded. In terms
of the field components we get the transforms

Ei(x,w) = / Ei(x,t)e” ™" dt, (1.74)
A 7+OO .
H;(x,w) = / Hi(x,t)e ™" dt, (1.75)
A 7+OO .
D;(x,w) = / Di(x,t)e ™" dt, (1.76)
A 7+OO .
Bi(x,w) = / Bi(x,t)e ™" dt, (1.77)
and corresponding inverse Fourier transforms
L[t .
Ei(x,t) = —/ Ei(x,w)e™! dw, (1.78)
2 J_ o
I .
Hi(x,t) = —/ Hi(x,w)e™! dw, (1.79)
2 J_ o
1ot . :
D;(x,t) = —/ D;(x,w)e™" dw, (1.80)
2 J_
L[t :
Bi(x,t) = 2—/ Bi(x,w)e™! dw. (1.81)
™ —0o0



Likewise we can determine the Fourier transforms of other quantities such as the electric and
magnetic current densities.
One important property of the Fourier transformation that we will use is that

oy e
so it converts derivatives to ordinary multiplication, that is, it transforms a differential equation
into an algebraic equation. If we take the Fourier transformation on both sides of the Maxwell

equations (L5A) and (5G], we get

_ jind _ jext (1.83)
—Kind _ fgext, (1.84)

— Eijkajﬁk + iw€0Ei

eijk0; By, + iwpoH;

We see that there are only spatial derivatives left. In certain situations this form is easier to solve,
although if we need the field components for further analysis we of course need to take the inverse
transform.

1.5 Dispersion of the permittivity

Up until now we have assumed that matter reacts the same to any applied electromagnetic field,
regardless how fast the fields change in time. One of the consequences of this property is that polar-
ization and conduction occur instantaneously, that is, given a certain change in the electromagnetic
fields, the matter instantaneously rearranges itself to retain the linear relationships D = ¢E and
Jf = oE. Of course such an instantaneous reaction cannot occur on physical grounds, so a more
complex mechanism has to govern the polarization. Following [4] we assume the polarization is not
only a function of the present electric field strength but of all values in the past. In general this
means we can write

D;(x,t) = eoFi(x,t) + €0 /OOO f(T)Ei(x,t —7)dr. (1.85)

This means that the polarization is not local any more in the temporal variable. In the space
variables we assume it still to be local. The precise way in which the medium reacts depends on
our choice of f(7). Note that for the special choice

f(7) = xe6(7),
we get the original model with instantaneous response back.

To further analyse the dispersion relation, we consider the frequency domain, by taking the Fourier
transform of the fields. If we substitute (L80) and (LT7]) into (L8] and interchange the order of
integration we get as result
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1 [t

— Dj(x,w)e™t dw =
2 J_

1 +oo R ) e} 1 +oo . )
= 502—/ Ei(x,w)e™? derso/ f(’l')|: / Ei(x,w)e“t ) dw| dr,
TJ—c0 0

2r ) o

1 [T , o0 .
= Eo—/ Ei(x,w)e™! {1+/ f(r)e ™" dr} dw,
2 J_ o 0
1 [t o0 . _
= EoEi(X,w) |:]. +/ f(r,—)e*“dT dT:| eiwt dw,
0

2 ) o

so we see that for the complex field vectors we have the relation

D;(x,w) = é(w)E;(x,w), (1.86)

where we have defined the complex electric permittivity by

éw) = g [1 + /OOO f(r)e ™ dr} . (1.87)

We see that when we assume the permittivity is local in the space coordinates we get a linear
complex permittivity relation. Through the function f(7) this relation depends on the specific
media. We will not dig in the microscopic properties of matter to determine f(7), instead we will
take the values of £(w) for the media of our interest from the literature.

It is interesting to see how we can relate the real permittivity and conductivity to the complex
permittivity. Consider (LE0) together with (LE3) and assume v = 0. Then we

—Gljkaij + 90 By = —(E — Eo)atEl — ok — JleXt.
Rewriting and taking the Fourier transform w.r.t. ¢ results in
et ios (e — i) By = —jo
€O, + 1w | € Zw E; = Jl .
Comparing with (86 we can identify

Bw) = €' (w) — ie" (W) = e(w) — iUEZu),

where we made the frequency dependency explicit. We see that the imaginary part of the complex
permittivity can be associated with conductivity. This suggests intuitively that it is associated with
energy dissipation from the electromagnetic fields to the medium.

If we now consider general v, and assume i = p, we have the equations

— aljké)jﬁk + iwéEl = —iwlo (é — EQ) eljkvjf{k — AleXt, (1.88)

EljkajEk + iWMOI:[l = iw,uo(zs — Eo)qjk’UjEk — kleXt. (1.89)

Notice that at the right-hand of (I.89)) we only need the real part of the permittivity. We see that
a non-zero velocity field, can result in a loss or gain in energy, through the complex permittivity.
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1.6 Time-averaged quantities

Considering the fields in the frequency domain, we see them as the superposition of all the modes
with frequencies w € (—o0, +00). If we want to determine specific properties of the field, such as the
value of the Poynting vector or the Lorentz force density for a specific location x, we usually are not
interested in the highly oscillatory behaviour, but in the time-averaged values of such quantities.
In this section we will derive some results using time-averaging in the frequency domain, although
these results are not derived firmly, and are only established on an intuitive basis. When used in a
later stage of this research project, more thorough arguments are needed.

If we consider the Lorentz force as divergence of the stress tensor, we have from (1)) the equality

fi = 0;11; — 0S4,

with the stress tensor given by (L70),

1 1
Tij = po(H; Hi) +eo(EjEr) — 5p001; (HjHj) — Se0di; (E5Ej),

where we change the label i to [ because i will now be the imaginary unit. To determine the time-
averaged force per frequency, we need the time-averaged values of E;E; and H;H,. Using (L78)
and the fact that E; is real we can write

1 [t - :
Ei(x,t) = Py Re{El(x,w)emt} dw,
— 00
1 [t 1r. ; . ;
= 5 3 [El(x,w)e“”t +El(x,w)e_“”t] dw,

so we see that the field frequency density is equal to

1 r iwt » —iwt
e {El(x,w)e + Ej(x,w)e } , (1.90)

which is periodic in t with period T' = %’T Likewise for the auxilary magnetic field we have frequency
density

i ) iwt 7 —iwt
i [Hl(x,w)e + Hj(x,w)e } . (1.91)

The time-averaged of a periodic function f(¢) is equal to

) =7 [ s

If we want to determine the time average of Ej E;, we multiply the corresponding frequency densities,
and integrate over a period. This results in
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(B Ej) = %[

r 1
2
11 (% . _ _ )
= 16772?/,1 ( 1(x,w)Ej (%, w) +El(x,w)EJ(x7w)) dt +
2
1 1 % 5 ; 24wt - = —2iwt
62T | » (EI(X7(U)EJ(X,M)6 + Ej(x,w)E;(x,w)e ) dt,
2
1 /- — — A
= 162 ( (%, w)Ej(x,w) + Ej(x,w)E,; (X,w)) ,
1

= gahRe {Ez (x,w) Ej(x, W)} :

Doing the same for all the other terms results in a time-averaged stress tensor

<le> = 8_71r2 [HORG {ﬁlﬁj} +eoRe {EIE_j} - %513‘ (Mo|f{z|2 - 50|El|2>:| )

where we dropped the dependency on x and w. If we determine the time-average of 9,5}, the result
is zero. If we apply differentiation w.r.t. ¢ to the product of (L90) and (L9 we end up with

T
2

1 1 A _ ) A - )
<8t5l> = TFEUk/ O |:(Ejelwt+Ej€_th) (erzwt_’_er—wt)} dt,
U _T

2

1 1 L _ ) L _ .
— Uik ( jezwt +Ej€71wt) (erzwt +erfzwt)

T
2
11 nin s W n il & —2iw
= ZTecun (Ej we2et 4 B + By Hy, + B Hye™? t)
= 0’

where the last step follows because all terms are periodic in ¢ and vanish. So we now see that for
the time-averaged Lorentz force we have

1 - A 1 . .

<fl> = a]<le> = @8] |:,LLORG {HlHj} + ggRe {EIE]'} — 55” <N0|Hl|2 + €0|El|2)] .

This expression can be used to determine the force density on the fluid, averaged over time. Since
the electromagnetic field oscillates on a time-scale much smaller than we expect in our flow problems,
this approach makes sense. Of course we will still need to determine whether this approach is valid,

using for example numerical experiments.
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Chapter 2

Navier-Stokes equations

In this chapter we will outline the different equations governing the flow of a fluid. All the equations
follow from the different conservation laws. In particular we use the conservation of mass, linear
momentum, angular momentum and energy.

We have v the velocity of the fluid, which in general is a function of position and time, so v = v(x, t).
We will now determine the equations for v in terms of the material properties and other variables.

2.1 Conservation of mass

For the fluid in motion we assume that mass is (locally) conserved. From [I] we have the continuity
equation given by
Op + div (pu) =0, (2.1)

where p(x,t) is the mass density and u(x,t) the velocity of the fluid. In subscript notation this
becomes

5‘tp + 5']- (pu]) =0. (22)

Expanding the differentiation results in

atp + p&'juj + Ujajp =0. (23)

This equation can be simplified using certain assumptions on the flow, such as incompressibility. If
we introduce the operator

D 0

— == -V 24

Dt ot Y (2.4)
called the material derivative, we can write the continuity equation as

1D

“2L — _divu (2.5)

p Dt
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The material derivative is the derivative along the path of a fluid particle. It can be applied to field
variables, that is variables that are functions of u and ¢. In subscript notation we will write Dy, so
we can write

1
;Dtp == —61"()1'. (26)

We see that if the material derivative of the mass density is zero, the divergence of the velocity
vanishes.

2.2 Conservation of (linear) momentum

Using conservation of (linear) momentum and following the derivation from [I], we arrive at the
general expression for conservation of linear momentum,

pDyv; = 0;T;5 + fib, (2.7)

where fP(x,t) is the volumetric body force density and T;; the stress tensor.
Writing out the material derivative results in

p (Orvi +v05v;) = 0;Tij + f. (2.8)
We have to determine the relation between the stress tensor and the other quantities that describe

the flow of the fluid. First of all we write the stress tensor as the sum of an isotropic part and a
non isotropic part

Tij = —pdij + T, (2.9)

with p the mechanical pressure and Tz’] the non-isotropic part of the stress tensor or the deviatoric

stress tensor. If we consider the fluid to be a Newtonian fluid, the deviatoric stress tensor can be
written as

1
Tj; =2u (eij - §A5ij) ; (2.10)
where p is the viscosity, e;; is given by

1
eij = 5 (O5us + iuy),

and A = egr = Oxvg, with summation over k implied. In general the viscosity is a function of the
temperature.

Substitution of ZI0)and 29) in (Z.8) results in

1
p (Opvi +v0vi) = 0, [—p&j +2u (@ij - §A5ij)] + £
2
= —0ip+20;j(peij) — gai(MA) +f7

2
= —0ip+ 0; (1 (95v; + Oyvy)) — gai(uaj”j) +fP
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This is the most general form for Newtonian fluids. If we assume temperature differences are small,
then the viscosity is homogeneous and can be taken out of the derivatives. This results in the
simpler form

1
p (6{(}1' + ’Ujaj’ui) =—0ip+ u@?vi + g,uai(aj’()j) + fzb7 (2.11)

where we have interchanged the order of differentiation to combine two terms.
A final important simplification is to consider the flow incompressible. This means that the material
derivative of the mass density of the fluid is zero. From (20]) it follows directly that

81-1)1- =0.

If we substitute this in (2I1]) we have as result the incompressible Navier-Stokes equations with
constant viscosity,

p (Opv; +v;0v;) = —0;p + u@?vi + fib. (2.12)
We can write this slightly different if we use

vjﬁjvi = 8j(vjvi) - vzﬁjvj = 8j(vjvi).
The result then is

p (Owv; + 0 (vv;)) = —0ip + u@?vi + fP. (2.13)

In general the Navier-Stokes equation together with the continuity equation are four equations in
five unknowns, v;, p and p, so our system is not complete yet. In the incompressible case, the
equation D;p = 0 is this final equation. When we consider compressible flow we need to look at the
energy equation and the thermodynamic relation.

2.3 Conservation of energy

When the fluid contains heat sources, and heat transfer plays a role we have to take conservation
of energy into account. On a particular control volume S there are two forces acting. The work

done by the body force is
/ vifPdV.
s

The work done by the surface forces are given by

/ viTijﬁj dA = / aj (vaz]) dS,
oS S

where we have used the divergence theorem. Equating them, the change of internal energy by the
forces is equal to

aj(UiTij) + 'Ulfzb =V (ajTij + fzb) + T3;0;v;.
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To derive the corresponding equation, we define E = E(x,t) the (total) energy density. Consider
a (time dependent) volume V(¢). Changes in the total energy density can occur because of forces
doing work, and the production and flow of heat. The forces involved are the body force, with
density fib7 which acts over the volume V(t) and the force resulting from the stress tensor which
acts over the boundary 0V(t). The work done by a force f; is given by W = f;u;. The force
resulting from the stress tensor over the surface of V(t) is given by T; = T;;n;, where 7; is the
outward pointing normal vector. We can then write for the conservation of energy

d
— EdV = fPudv + / Tyv; dA + Q, (2.14)
dt Jyu O aVv(t)

where @ is the sum of the heat production and heat flux, which we can write as

Q= [ qav- [ gaaa
V(t) aV(t)
with ¢ the heat source density and ¢ the heat flux. The heat flux is usually given by Fourier’s law,

q: = ka)Z-T,

with T the temperature and k > 0 the heat conduction coefficient. In general k = k(T'), but in
practice the temperature differences are small enough so we can consider k constant.
From the transport equation we have

d EdV :/ (O.E + 0;(Ev;)) dV.
dt Jy V(t)

If in (ZI4) we transform the area integrals over dV(t) to volume integrals over V(t) by use of
the divergence theorem, all terms are volume integrals over the arbitrary volume V(¢) and we can
conclude the integrands must be equal. So the conservation of energy in differential form states

O FE + (i‘)i(E’Ui) = fzb’UZ + 6j(Tij’Ui) +q— 81'(];,
= fPoi+8;(Tyjvi) + kOIT +q,

where we consider k constant. Using (277) we can write

fPvi + 05(Tijvi) = fvi +v:i0;Tij + TijOvi = pviDevi + Ti;05ui,

so we arrive at the equation

O E + az(EUZ) = pv;Dyv; + Tijajvi + k:c?fT +q. (215)

This is the conservation of energy equation, where still have to substitute the stress tensor. Note
that we can write the energy density as the sum of the internal energy and the kinetic energy for
each particle,

1
E=p (e + Evivi) , (2.16)

with e the specific internal energy (per unit mass).
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2.4 Thermodynamic relations

Up until now we have three major equations, the continuity equation, the result of conservation of
mass, the Navier-Stokes equation (this is a vector equation, so we can consider this three separate
equation, one for each component), the result of conservation of momentum and the energy equation,
the result of the conservation of energy. The number of unknown quantities is give, we have the
velocity u (technically this are three unknowns), the mass density p, the pressure p, the temperature
T and the internal energy e. This means we need two more equations, that give the relation between
the state variables p, p and T and the specific internal energy e. In general we need an equation of
state

p:p(paT)a (2'17)

and the relation

e=-e(p,T). (2.18)

The functional form of those equations depend on the specific fluid that is considered and the
assumptions that are made. From these two relations we can determine p = p(e, p) and T' = T'(e, p).
If we assume that the temperature differences in the fluid are relatively small, we can use the specific
heat capacity. We have to distinguish between the specific heat capacity at constant volume and
constant pressure. Since the compressibility of water is relatively small we will use the specific
heat capacity at constant volume, and because the temperature varies only little we consider it a
constant, despite its dependence on the state variables such as temperature and pressure. This way
we get as relation for the internal energy

e=cpT, (2.19)

where ¢, is the specific heat at constant pressure, for a certain reference temperature.

2.5 Overview of equations

We have derived a number of equations that governing the flow of a fluid. In general we have the
differential equations

Oip + 0i(pvi) =0,
p (Bpvi +v05v:) = —0ip + pdjv; + 5u0;(95v5) + 7,
8tE + 81(Ev1) = p”UZ'DtUi + ﬂjﬁjvi + ka?T + q,

where E is given by (2.16]) and T;; by (Z9), together with the relations p = p(e, p) and T' = T'(e, p).
We still need to specify f}’ and ¢, the (body) force density and heat source. As we will see, in our
application, these quantities follow from the Maxwell equations, where flb is the force exerted by
means of the Maxwell stress tensor, and ¢ is the heat source resulting from the dissipation of the
electromagnetic field.

For our analysis, we will assume the flow is incompressible. In this case the first equation reduces
Furthermore, we assume the temperature to vary only slightly. In the momentum equation we will
assume that the density depends on the temperature, so that temperature differences can induce
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flow. In order to allow this, we follow [5] and write the density and the temperature as the difference
between a reference value and a small deviation, p = po + p’ and T'= Ty + T". Since p’ is small, we
can write it as

dpo

/ — “FY T/ — _ T/

p ( 6T ) » pOﬁ Y

with £ the thermal expansion coefficient. Using this expression we have for the density the expres-
sion

p=po+p =po(l-B(T-Tp)). (2.20)

Finally we need an equation in the temperature T'. In the energy equation we assume the density
to be constant, and we use e = ¢,T". The left-hand side of the energy equation can now be written
as

8tE + 81(Ev1) = 8tE + ’U,La,LE + FE+ &-vi,
= DtEa

1
= pDie + pDy <§vivi) ,
= pcpDiT + pv;Dyv;,

where in the last line we applied the chain rule. Cancelling equal terms, we arrive at the temperature
equation

PCp (c%T —+ ’UzalT) = Tijc?jvi + k@fT +q. (221)
So the final set of equations we will start our analysis with is given by
&w = O7

p (Bpvi + v;Ojvi) = —0ip + pdivi + fP,
PCp (8,5T + UZ&T) = Tijé)jvi + k@fT +q,

where p is given by (Z20).

2.6 Boundary conditions

So solve the equations stated earlier we need boundary conditions for the velocity and temperature.
Information about the boundary conditions can be found in [2]. For the velocity at a solid boundary
there are two common possibilities. In the inviscid case we assume the velocity is parallel to the
boundary, that is, no fluid particle penetrates the boundary,

v-n=20,

with n the unit normal vector. In case of a viscous fluid, we assume the no-slip boundary condition,
which says that the fluid ‘sticks’ to the boundary and its velocity is zero,
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v =0.

For the temperature we can either assume the boundary is perfectly insulated, or that a certain
heat flux is present. The latter is implemented by using a reference temperature and a certain heat
conductivity coefficient.

For boundaries where fluid is allowed to cross we need different boundary conditions. The most
common situation we will consider is a domain with an inflow and an outflow boundary. At the
inflow we prescribe a certain velocity and temperature. At the outflow we assume the normal
gradient of these quantities is zero.

Notice that we did not specify the pressure. The value of the pressure will usually follow from the
equations. In case that the velocity at an inflow is not known we can prescribe the pressure. The
velocity at the boundary then follows from the equations.
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Chapter 3

Research questions

We start the analysis with the assumption that there is no feedback from the moving fluid to the
electromagnetic fields. This means that we assume that the coupling between the Maxwell equations
and the Navier-Stokes equations is one-way. We can solve the Maxwell equations, either in the time
or frequency domain, using the material properties. From the resulting fields the force density can
be determined. In case we are working in the frequency domain, we determine the time-averaged
value of the force density. Furthermore if we assume the material has a positive conductivity, we
determine the dissipation.

After determining the electromagnetic fields, we solve the Navier-Stokes equations, using the force
density and dissipation term determined earlier in the stage.

Analytical solutions can only be determined in the most trivial case, one dimensional. The incom-
pressible Navier-Stokes equations will lead to zero velocity in this case. For higher dimensional
problems with more interesting geometries and dispersion we will need numerical methods.

The first step will be to investigate which software packages are suitable for these particular equa-
tions. Here we will both look at time-domain and frequency-domain methods. Interesting open
source packages are OpenFOAM for the Navier-Stokes equations and Meep for the time-domain
Maxwell equations. Also the commercial package COMSOL will be investigated. The advantage of
the open source packages is that there is more flexibility. With these packages we will first investi-
gate several simple cases, in particular the ones with analytical solutions, to validate the numerical
methods used.

It is important part to investigate how accurate it is to neglect the effect of the flow on the elec-
tromagnetic fields. Since the complete coupled system is likely to hard to solve simultaneously, an
iterative process is most likely to be suitable. We will first determine the electromagnetic fields
and the corresponding force density and dissipation, considering the velocity field constant. From
this we can we can determine the new velocity field, which in turn leads to new solution for the
electromagnetic fields. In this process it is important to determine appropriate time stepping, so
that the computations are still feasible, but the significant phenomena are not suppressed.

The next step will be to consider more complex geometries and electromagnetic sources. This will
hopefully lead to more interesting flow phenomena. Our fluid of main interest is water. For water
there are two regions in the electromagnetic spectrum that are of interest for us. It is well known
that the absorption in the microwave region is large, which we expect to lead to relatively large
temperature induced flow. Another interesting source is that of lasers. Although water is highly
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transparent at the frequency of common lasers, because of their ability to deliver high power it is
still an interesting source of heat.
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Appendix A

Four-vector notation

In order to determine the right constitutive relations, and energy and momentum equations, we
will use the four-vector notation from special relativity. Since the Maxwell equations are Lorentz
invariant, we can get compact notation in this way. Once we have the correct expressions for the
constitutive relations and energy and momentum equations, we will make assumptions about the
fluid velocity being non-relativistic, in order to simplify things

We change to the coordinates z° = ¢t and 2 = z; for i = 1,2,3. We use the notations of [3] and
[6]. The partial derivatives are now given by

0= (10, & 9 85).

We will use the so-called (— + ++) convention, meaning that the metric tensor is given by

-1 0 0 O

0 1 00
S g— —

0 0 0 1

We will need the four-vectors for the velocity and the electric and magnetic current densities. For
the velocity we have

VH = ( ye  yvp Yvs  YUs ), (A.2)

where v is the famous gamma factor, given by

For ordinary velocities we have v ~ 1, and we will use this simplification later on. We define the
electric current density four-vector

J# = ( CpPe J1 Jg Jg ), (A3)

and the magnetic current density four-vector
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K“:(Cpm K1 K2 K3 ), (A4)

where J; and K; are the components of the normal current densities. If we separate the vector in
a time and space part, we can write the space part in vector notation. We then get

Vi= (e v ). Ji=(cpe 3 ) andKF = (cpu K ).

We can now define the field tensor F** as

0 B By By
E (& c (&
v —=t 0 poHs  —poHs
= A5
*% —poHs 0 poH1 (A-5)
= poHy  —poHi 0
and the dual field tensor G¥* as
0 moH1  poHz poHs
1 —poHy 0 - &
WY _ Z _PVPO PO c c
“ o —poHy B2 o - (A.6)
—poHs -2 & 0
In vector notation these tensors are equal to
0 i1E
FYF = c
( —E - x (uoH) )
and
0 /.LoH
v
“ (—mH-x@m ’
where - X E means that vector with which is multiplied is inserted in the curl operator.
The Maxwell equations can now be stated as
o, F* = JH, (A7)
0,G" = K", (A.8)
Conversation of electric and magnetic charge are expressed as
OuJt" =0, (A.9)
9, K" = 0. (A.10)

Further expression can be derived for the Lorentz force and Poynting theorem as the gradient of
the energy-stress tensor. At this point we will not need these results since we already derived them
directly from the Maxwell equations.
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