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Dielectric and Geometric Dependence of Electric
Field and Power Distribution in a Waveguide
Heterogeneously Filled with Lossy Dielectrics

Lhoussain Outifa, Michel Delmotte, and Henri Jullien

Abstract— In microwave processing of dielectric materials fe  Cutoff frequency.
which completely fill a waveguide, the distribution of the elec- ko  Wave propagation constanity = /w2equq Or 3\_77
tric field within the material needs to be known. This paper P, Input microwave power. ©
presents the theoretical conditions for the microwave cure of

large pieces, the size of which is more than the wavelength. P Transverse pmpagat'.on constant 'n I'and Il (see text).
The mathematical description of heterogeneously multilayer-filled ¢ Transverse propagation constant in Il (see text).
waveguides presents certain difficulties because of the involved ¢ 14_9(%%)

transcendental equations. A computer treatment to determine . A

the electric-field spatial distribution is developed. The influence <  Wave impedanceZ = /£ 5e.

of the dielectric constants and the thickness of the dielectric

materials on the spa?ial distribution of the electric fie]d and power Il. INTRODUCTION

flow in each layer is studied. In particular, the field strength

is enhanced in the dielectric with the highest permittivity. A HE USE of microwave energy for the processing of
numerical resolution of the transcendental equations defining the Curing organic or inorganic Composite materials requires

cutoff frequencies of propagation modes allows one to enumerate 5 4,44 efficiency of the electric system and a total uniformity
the modes, which can successively appear in a dielectric-loaded

waveguide as functions of dielectric and geometric parameters. of th?_ spatial distribut_io_n of temperature [1]__[5]' To realize
The attenuation constant and the microwave power dissipated conditions of both efficiency and homogeneity, the control
in each material are determined. A balance sheet of energy is of heat source spatial distribution must be established. This

established. control first requires the control of electric-field distribution
[6]-[9]. This paper describes the basic data of this control

I. NOMENCLATURE in a dielectric-loaded traveling-wave applicator, in which the

o Attenuation constant. dominant modél'E; is realized. This mode allows the largest

B Phase constant § = 2), volumes with a homogeneous field distribution of the electric
field [6], [7] to be obtained.

Theoretical treatments of dielectric-loaded waveguides can
be found [10]-[15] because of the technologic interest of their
impedance characteristics in complex propagation systems
(phase shifters, for instance), but are restricted to nondissipat-
ing materials (absorption factor is equal to zero) and concern
telecommunication applications (waveguide devices). This pa-
per is outside of this area, but it appears that the question
of energy transfer to dielectric lossy materials by means of

icrowave systems requires the study of the electromagnetic

EM) propagation in specific applicators used for material

~ Propagation constantyf: a+ jf).

go  Permittivity in vacuum.

e Relative complex dielectric permittivity: (= ¢’/ —j¢").

€ Relative dielectric permittivity.

€ Relative absorption factor (or loss factor).

Ao Free space wavelength.

A Cutoff wavelength.

Ay  Wavelength in waveguide.

o Magnetic permeability in vacuum.

a Length of the wider side of the waveguide cros

section. .
b Length of the shorter side of the waveguide crodyocessing.. L .
section. In convenient apphgaﬂons of the microwave power, the load
. Central part thickness in the dielectric filling of Wave_materlals, and especially the material to be transformed, are
guide dissipating so that the microwave power is converted into

d J = a=c heat. In such a case, electric-field and microwave-power spatial
distributions are not well known and, as it might be expected,
present certain difficulties which do not arise with lossless
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Fig. 1. Cross-sectional and longitudinal view of the applicator loaded Wi{ﬂg' 2. Cross section of the applicator loaded with two dielectrics.
the curing composite inserted inside a mold made of two dielectrics.

only TE modes are to be considered [13]-[15], [19]. Thus,
be performed is sandwiched between a number of dielectf® TEo. modes, the development of Maxwell's equations
layers above and below) in order to obtain both a satisfactdfy the three dielectric layers of Fig. 2 leads to the following
homogeneity of the transformation and the energy optimizatiétfferential equations thak, satisfies:
of the process. It must be noticed that the dielectric absorption" regions I and II:

factors of mold materials used in the process are weak; the d?Ex(y) ) o )
material to cure is the dielectric with the highest absorption dy? +(e1ks — ) Ex(y) =0 (1)
factor. . . .
In this paper, the electric-field and microwave-power spatial in region Ii:
distributions are studied versus the size and the permittivities d*Ex(y) P 9 _
of materials. The conditions for only the dominant mode to dy? +(e2ko = 7)Ex(y) =0 @

be selected are determined. The attenuation constant and thﬁ] .
. . o ith k3 = w?poe0 = (27/00)? andj = 27/ )4, and according
density of absorbed power in a waveguide |nhomogeneou§‘£{/the fact that the global expression of the electric field is

filled with lossy dielectrics are established. '
Ex(y,z,t) = Eg.Ex(y)e *%ei(t=52)

lll. THEORETICAL ANALYSIS OF THE STRUCTURE Assuming thate} /¢, < 1, the electric field is always

The experimental microwave applicator studied in this work sinusoidal function ofy in 1l, while it can be either a
consists of a rectangular guide, standard or nonstandaghusoidal, linear, or exponential function ¢fin 1 and llI
oversized or not, related to the size of the objects to cuigepending on the sign of the quantitykZ — 32. The three
The guide is loaded with a number of dielectric layers asises are detailed as follows:

shown in Fig. 1, such as the interfaces between dielectric Ao ] . ]
layers are parallel to the electric-field vecldr The material to Ag > W sinusoidal function
be transformed is placed in the middle of the applicator, where !

the electric field is maximum, and inside a dielectric layer the Ay = Ao linear function
permittivity €5, of which is the same as the permittivity of the \/?1

material to be transformed. This dielectric layer is typically Ao

Ag < exponential function

the mold Above and below this median part, dielectric layers \/g

are characterized by their permittivity, with i/e; <lac- = Jio ao _

cording to the electric-field focusing considerations develop&dfo — - andexky — 3° are the squared normalized trans-
below. It follows that in a first step the simplified Fig. 2 carYerS€ Propagation constanigd in | and Il and 2g/c in 1,

be considered. respectively, where
L (p/d)* = e1k5 — B ©)
A. Electric-Field Distribution (2q/c)? = e}k — 2. (4)

In this section, the electromagnetic (EM) wave propagatior;]_he boundary conditions are thiL, (i.e., E) and H
an Ty X tan

in the structures shown in Figs. 1 and 2 will be analyzed, H i functi t the interf defined
starting with the following Maxwell's equations: I.e., H,) are continuous functions at the interfaces defined as

. y = (a—c)/2 andy = (a + ¢)/2. It follows that

VxE=—pu ot (tanp—i—%tanq)(tanptanq—%):0.
IE
VxH= e The TE,,, modes are separated infftEg cyen, and TEq odd

. o ..modes. Hence, one gets
In general, the propagation modes in this structure are neither

TE nor TM, but a combination of both, hence their name  '31P _ _thlﬂ’ for TEq,, modes ¢ even)  (5)
of hybrid modes [10]-[12]. However, considerations of the p q
boundary conditions lead to the fact that when there is no ~ 'anP _ TCth’ for TE,,,, modes £ odd). (6)

variation of the electric-field component in tligz-direction, p q
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Fig. 3. Electric-field modulus profile along the larger side of the applicatoFig. 4. Electric-field modulus profile along the larger side of the applicator,
as a function of the permltthlty in the dlelectrics I and IHy(= 4 in the as a function of the permittivity’, in the dielectrics | and Il £} = 10 in
dielectric II; ¢/a = 0.27). 1: ¢} = 1.1; 2: &} = 4. the dielectric Il;¢/a = 0.27). 1:&} =1; 2: ¢} =6; 3:¢] =8; 4: ¢} =10.

; ; ; TABLE |
Usmg (6) for the dominant mOdEEOI’ and with (3) and (4)’ VARIATION OF THE RELATIVE POWER FLOW IN THE MATERIAL TO CURE, AS A

one obtains FUNCTION OF THE PERMITTIVITY &) IN THE OUTER PART (¢, = 4;¢/a = 0.27)

tan <7r(a —¢) i—% - )}§> cotb (7rc4 /;g —2) & 1 2 3 4
0 0 (7)

>
o

P, 0.65 0.59 0.52 0.44
P+ P,
Solved by means of a computer treatment, this transcendental
equation gives the propagation wavelengtfy so that the

normalized eigenvalues and ¢, which are the key to all the o
previous field expressions, are determined. Substituting the values dE,;1| and|Ey;11| from the above

Finally, the electric-field distribution inside the completelquations for the different regions, and evaluating the integral,
and heterogeneously filled waveguide is given by the followiri§e total power flow becomes
expressions:

>
o)
> @
SO

S|Eo|?
Py=———(p1+p2)
region I: Ex(y) = Eo smh('Z| y) 4Z(1+7)
. ) . . 2q q with
region Il: Ex(y) = jEo(sinh |p|cos(—y — =)
C T
|plr (29 q pL= sh2lpl _
+ ——cosh |p|sin| —y — = 2|p|
q c 7 )
. p|r sin 2q
region lll: Ex(y) = Eosmh('Z'(a—y)). D2 :7l<%) (COSh|p|)2<1— % )
Of course, these expressions satisfy the boundary conditions +(sinh [p2 (1 + sin 2q
of continuity, becausg andq are calculated values satisfying P 2q
these conditions. . cos 2
. : : o | : q
Typical representations of these functions are given in Fig. 3 +T cosh [p|sinh [p[{ 1 - 2

with ¢, = 4 in the central part Il, and in Fig. 4 with
&5 = 10. For low values of the permittivity] in the peripheral in which S is the cross section area of the guige = a.b)
dielectric, the energy is largely concentrated in the middle ghd Z is the wave impedance:
the applicator, where the material to cure is located.
g |k Ag
B. Microwave Power Flow in the Structure €0 Mo’

Since the structure is symmetrical with respect to the pla

fh the expression of»,, some numerical applications show
y = a/2, the power-flow expression can be reduced to P b, PP

that the terms irsin 2¢/¢ and incos2¢/q can be neglected

a2 when the electric field is focused in region I, as described by
2 curves 1 in Figs. 3 and 4.
/ [Esct["dy + / [Exrl*dy |. The expressions of the power flaf in region Il containing

the material to cure, and the power fla# in the remaining
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TABLE 1|
VARIATION OF THE RELATIVE POWER FLOW IN THE MATERIAL TO CURE, AS A FUNCTION OF THE PERMITTIVITY &) IN THE OUTER PART (¢}, = 10; ¢/a = 0.27)
£'y 1 2 4 6 8 10
P, 0.84 0.82 0.77 0.70 0.59 0.44
P+ P,
fc (GHz)
part of the guide (regions | and IlIl) are NG = 4= 4
P = P1 P, T —
1+ D2 35 ] ™
P2 e
2 = 0. \ ~.._ TED3
p1+Dp2 b5 1 \\\ —220
The relative power flow?, in region Il, expressed as a ratio T~ Tro2
of the total power flow/y = P, + P» and as a function of/ 151 —
is shown in Tables | and Il for two values ef. T TEOT |
Since a good efficiency for the utilization of the incident 0.5 e B ]
power is obtained with the rati@ /(P + P,) as high as 0.0 02 04 06 08 1.0
possible, it is clear that the parametérshould be as low as c/a

pOS.SIble. The same conc_lusmn asin the.prgcedmg paragrapﬂds5_ Variation as a function of/a of the cutoff frequencies of the
again found for the focusing of the electric field. It is importangropagation mode¥Eq:, TEq2, andTEos. ¢} = 1, ¢, = 4.

to emphasize that this information is necessary for the buildup

of a homogeneous and optimal process. fe (GHz)
5.5+

C. Higher Order Modes

Considering the question of higher order modes, the con- 4.5 - £1 = s e =0
ditions of transmission of thd'Eq, and TEy3 modes (first \
and second higher modes) are examined. The consideration of 354 e
these conditions allows the realization of a dielectric mold, —_ N
which eliminates the ability for a higher order mode to travel 2.5 \ R
in the applicator, (i.e., which makes vanishing higher order N \\\Eos
modes eventually excited by the interfaces). Thus, the cutoff 159 T~ tR02
frequencies ofl'Ey, andTEq3; modes must be higher than the ] \\,\\ \TE? ‘
frequency of the incident wavg (commonly 2.45 GHz). The 0y o2 oz o6 o8 1o
cutoff frequency relations are easily found by setting- 0 c/a
in (3) and (4); using (5) and (6), the transcendental equations
which give the cutoff frequencies of the modes are Fig. 6. Variation as a function of/a of the cutoff frequencies of the

propagation mode¥'Eq;, TE¢2, andTEgs. ¢} = 1.5, &}, = 10.

TEOQ :
1 oL <7ra - c\/;,) _ 1 o <7r£\/€—/) ®) is_ Iower.than the wave frequency (2.45 GHz, in this e@mplg).
\/a ¢ A 1) = \/g ¢ A, Y2 Fig. 7 gives the 'result.s for seyeral values of the permittivity in
TEq; andTEg; : the peripheral dlglectrlc material and, therefore, the gondltlons
0 1 . for the_ propagatlc_m of th@?]_Eo_g _mod(_a related to the_ thlc_kness
tan <7r \ \/¥> = —=cot <7r)\— 5’2>. (9) of region Il of high permittivity withe, = 4, which is a
¢ \/5 ¢ usual value in organic matrix composite materials. Taking into
account these conditions, one can determine the limit load of
The cutoff frequencies calculated from (8) and (9) for ththe applicator(c/a)..;; according to the value of permittivity
TEo1, TEg2, and TEqg3 modes are shown in Figs. 5 and @n regions | and Ill. Thus, Fig. 8 shows the nonlinear variations
as functions of three variableg/a, 7, and 5. The curves of this limit load. It follows that beyond the value of 1.8 for
show that a weak value for the ratiga provides a very small ¢{, the variation ofc/a (and, therefore, of the thickness of
variation of the TEq,-mode cutoff frequency and a strongcuring material) leads to hazardous conditions; conversely, a
variation of the TEqs cutoff frequency. Secondly, one canpermittivity of 1.4 is already a good solution because the ratio
discriminate the mode transmitted by the applicator wlign (c¢/a).: IS almost constant down to the permittivity 1.0.

/
€1
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tion mode, withe, = 4. 0
OP  bwey [
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(c/a)ecrit €2 = 4 or=- =" /6”(y)lEx| dy
0.40 ——— —
— 0
T TROT 4 TEO2 with ¢’ constant along)z too. Considering that electric and
0.30 1 \\ magnetic fields are exponentially decreasing functions a$
A exp(—«az), the attenuation coefficient is such as
0.20 P
TEOT 5, = 2o
Z
0.10 To perform the optimization of the thermal process, the
mold material must be less absorbent than the material to cure.
Consequently, one has to separate the power dissipated inside
0.00 , ' , - . the material and the power dissipated inside the dielectric
1.0 1.2 1.4 1.6 1.8 2.0 2.2 . . : X -
&1 mold material. Fig. 9 shows the dielectric characteristics of
this central layer (permittivity, loss factoref, thicknesse),
Fig. 8. Variation of {/a)c.it as a function of), with ¢}, = 4. which represents the material to cure, alike on Fig. 1. The
power flow through this layer is
p=—_p,
p1+p2

D. Wave Attenuation S . .
. . ___ expression in whictps is
It is assumed that the waveguide walls are of infinite

conductivity. Thus, the wave attenuation is only caused by p3 = L ((Sinh |p|)2(E + sin (qg) COSQ(2 - E))
dielectric loss in load materials. The energy transfer in a 1 5 ¢ ¢ ¢
multilayer system must be analyzed. Indeed, the wave atten- +<m> (cosh [p))?(¢ = sin (qf) COSq(2 _ E)
uation along the applicator governs the dissipation of power q c c c
in the material to cure, but the wave attenuation depends on
the geometric and dielectric characteristics of the multilayer
system.

Prior to determining the attenuation constaraf the whole
system, one has to understand the physical significance

—i—2m cosh |p| sinh |p| sin (qg) Sinq(2 - E))
q c c

These expressions allow to determine the powerlost in

tk(l)? structure

this quantity. The wave carries an available EM power. In an P = |8P|'
elementary volume, the length of whichdg, an elementary o 9z
part 9P of this power is absorbed. Considering the electric-z is given by
field constant alon@z, the expression o F is a2
- Pu=boso [ & WIEx(y) .
0P =0z [ [ 2202 w0) Bty P dudy "
e 2 Using the electric-field expressions and after mathematical

developments, it becomes

for each value of the propagation coordinate 2
Assuming that only the fundamental modi&; is selected, ) — M

(e1p1 +€5(p2 — p3) + €3p3)
with E parallel to Oz-axis andE, constant alongxz, 8 P 4(L+7) . 2 °



OUTIFA et al. DIELECTRIC AND GEOMETRIC DEPENDENCE OF ELECTRIC FIELD AND POWER DISTRIBUTION 1159

TABLE I
BALANCE SHEET OF ENERGY. INFLUENCE OF THE THICKNESS OF MATERIAL TO BE TRANSFORMED
Thickness of o 1 Pa Pa Pa Prransm(*)
the material to 2a Po Py Py Py
cure (m™ (m)
1 mm 0.865 0.58 0 17 % 13 % 71 %
3 mm 1.46 0,34 0 14 % 30 % 56 %

(*) Pransm IS the power transmitted through a 200 mm long applicator.

and the final expression of the attenuation constant due " Waveguide WR34C)  (Ehie 1:8%= 0] (£ = By B
dielectric loss is 3
o — 1A 27 (1p1 + " (p2 — p3) + s p

2 X0 Mo p1t+p2 ' : :

The power dissipated in a lengih of loaded waveguide or Merowaves & :
Fufm -«3_;%5_3& G

applicator is assamz W
a/2 L TR
Py = weob / / ¢'|E[(y,z)dydz '[ ;
or 00 compasite  [C5 L)
abweg|Eol? 1
= 4(107_!_7?%(1 — 2L (el py 4y (pa—p3)+€5p3).  Fig. 10. Scheme of the final applicator (from [21]).
Inside the three-layer system, the same definition of the Temperature (°C)
dissipated power by means of detailed equations can be 200
applied. Consequently, one obtains
150
abweo|Eg|? 1 oal
P it . B 1 _ lo% 1
dl 4(1+7,) 2a( 2 )(51]71) 100
abweo|Eg|? 1 _
Pap = = 08 (1= (e (p2 — ps)) —— z=2tem
( —;_7)|2 a S0-g5 e z=18cm
_abweg|Eg|* 1 —oalns - z=10cm
Pd3 - 4(1 —+ 7’) %(1 -¢ )(531)3)- 0 1 1 t 1 L 1 1 L 1 — z=5¢cm
0 4 8 12 16 20
P, corresponds to the power dissipated i#}, to the power Time (min)
dissipated in Il, and;s to the power dissipated in the curing
material. Fig. 11. Temperature—time variations in four points along the longitudinal

. . axis of a DGEBA/DDA/glass fiber composite sample during microwave
Table I reports the influence of the thickness of th@uring: all the points were cured with the same temperature—time profile,

material to cure on the power dissipated in each layer of theh only a time lag due to wave attenuation (from [21]).
system, and on the power transmitted through a 200-mm-long

applicator. A scheme of the microwave applicator is shown in Fig. 10.

V. EXPERIMENTAL To maintain the traveling wave under fundamental mode

This paper is devoted to a detailed electrical descripti(;laE01 from the waveguide into the applicator, the operating

of a microwave curing process of epoxy-based composﬁgrt described in Fig. 9 was inserted between two tapered

materials, completed with thermal considerations. Using aw_atched transition made of Silirite Silicone. The length of

other more simple description, an experimental verificatidh€Se {ransitions was 110 mm. A mechanical pressure of 10
was given in previous papers [7], [21]. bar was applled. to the system. _

The composite material to be cured was made of an epoxy! "€ sample size was 250 33 x 3 mm. The microwave
resin reinforced with glass fibers. The epoxy resin was Rewer was settled to 400 W for 20 min.
stoichiometric mixture of diglycidyl ether of bisphenol-A Temperature measurements were made by means of a four-
(DGEBA) with dicyanodiamide (DDA) as a curing agent. Thavay Luxtron Fluoroptic thermometer, in four points on the
mold material was a silicone—glass composite Silirite Silicongedian line of samples. An example of the temperature—time
The external dielectric of low permittivity was a honeycomlprofile is given in Fig. 11. A satisfactorily homogeneity of
polyimide material. temperature was obtained: every point of the sample was
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Fig. 12. Electric-field modulus profile along the larger side of an applicator
filled up with a dielectric of permittivitys’. 1: &' = 1; 2: &' = 2; 3: ¢’ = 4;
4: ¢ = 10.

[1]

cured with the same temperature—time profile, with only g2]
time lag due to wave attenuation. This assertion was con-
firmed by qualitative observations on thermosensitive papgg
replicas, showing the homogeneous temperature distribution,
which suggested a homogeneous electric-field distribution, arid
by quantitative glass transition-temperature measurements [&)
cured composites [21].
6]
V. CONCLUSION

The analysis presented in this paper shows the importance pf
an EM modeling for the buildup of a homogeneous optimized
microwave curing process. It is shown that the efficiency 0{8
the microwave process depends on the achieved realization
of the applicator loading. The conclusion of this theoretical®l
work is that one can now manage the energy focusing and
optimize the homogeneity of treatment by a suitable choi¢e]
for the dielectric mold materials. This work shows that th
dimensions and the dielectric characteristics of the matenaf
to be cured are the main elements determining the optlmal
thickness and dielectric characteristics of the mold material&?!
Moreover, since the power dissipation in a multilayer system
can be determined, it is now possible to establish a balariéd
sheet of energy in the applicator for the microwave processing

of manufactured materials. [14]
APPENDIX [15]
In a homogeneously filled rectangular waveguidé, = [16]
gy = €' (relative permittivity); for the dominant mod&E;
the vector components of the EM field are [17]
Ex = E() sin (W—y) [18]
a4 [19]
)\ !
Hy = E()—O £o¢ sin (W—y)
Ag | Ho a [20]
/
H,=Eq(,— Ao [e0e cos (@)
Ag V| o a

The transverse electric profile is typically sinusoidal, as i%ll
Fig. 12, for different values of . From the Poynting theorem,
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the power flow through the cross section is given by

= % / / (ExAH, dS).

Substituting the values dE| and |H,| and the propagation
wavelengthh ;, and evaluating the integral, the final expression
of the power is

1 606 )\0 2
Py=- 1-(— }|E b.
T4 Ho < (2 )' ol
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