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ABSTRACT 

Since most oj the systems to which microwaves are applied are heterogeneous, the dielec
tric p~oferties oj hete_rogeneous rµixtures are treated, and especially the properties ojmixtures 
contammg water. Tins approach elucidates many oj the phenomena which contribute to the 
general behaviour oj many systems when they are brought into a microwave jield. Some pos
sible applications and some implications oj the theory are treated. · 

INTRODUCTION 

Microwave equipment is being used now
adays for all kinds of applications, from the 
microwave heating of foods to the determi
nation of moisture content in building ma
terials and soils. To obtain a good insight 
into the dielectric behaviour of the different 
materials to which microwaves ore applied 
it must be stressed from the very beginning 
thotmostofthesesystems are heterogeneous. 
The fact that they usually contain water 
complicates matters since water appears in 
such systems in different forms (bound, 
free water). A good understanding of the di
electric properties of heterogeneous mix
tures is therefore of paramount importance in 
the study of such systems and hos proven 
ol ready to be a vol uob I e tool in the deter
min oti on of the way in which water appears. 
The following will therefore give o general 
description of the dielectric behaviour of 

heterogeneous mixtures and especially of 
mixtures containing water, together with 
some implications and applications of the 
theory. 

DIELECTRIC PROPERTIES OF HETERO
GENEOUS MIXTURES-GENERAL 

For o description of the macroscopic 
dielectric behaviour of o mixture consisting 
of o granular material with dielectric con
stant e i dispersed in o continuum with 
dielectric constant e0 derivations con be 
made analogous to those given in the lit
erature for non-polar liquids by Debye(l929), 
Onsoger(l936), Bottcher(l952), etc. In such 
derivations one gronule(molecule resp.) is 
considered. To its immediate surroundings on 
effective 'internal' dielectric constant e* is 
attributed, in which quantity oil interactions 
and spatial irregularities of the other gron
ules(molecules resp.) are accounted for. 
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Assuming the granules ·to be ellipsoids of 
about equal size and eccentricity it can 
thus be shown(de Loor 1956) th~t the mac
roscopic dielectric constant of the mix
can be expressed in the form 

3 

clearly demonstrates. The situction A+ Bis 
further illustrated in Fig. 2, where em/e 0 , 

em/ei, resp. is given as a function of e;/e
0

, 

_e 0 /Ei resp. for Vi= 0.5, together with the 
boundaries. Bi:ittcher's formula (Bottcher 

s 
m 

s 
0 

+ (v./3) (s.-s) Z 1/(l+((s.fs>',)-l)A.) 
i i o j=l i J (1) 

where vi is the volume filling factor of the 
dispersed granules and Ai, A2 and A3 are 
the depolarization factors along the main 
axes af the ellipsoid. 

In this form this fonnula can~ot ·be used 
as no information is available ·on e*. A 
thorough investigation of all the available 
material, however, has taught that e* al
_ways lies in between_ Em and e

0 
(de Loor 

1956). Then limits can be given for the value 
of the dielectric constant em of the mixture, 
when A is known, ofter the introduction in 
( 1) of e * = em and e * = e O • Even when the 
form of the granules (and thus A) is not 
known such limiting values for .en, can be 
given (which limits now lie further apart). 
One is found after substituting in \l): Aj = 
O; O; l (drsc-shaped granules) wrth e' = 
em,, the other ~y substituting: Aj = 1/3 ; 
1/3 ; 1/3 (spherical granu I es) and e * = e 0 • 

Since formula (1) is not symmetric we can 
now distinguish several regions as fig. l 

AinB 
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Fig. Di.fferent regions far heterogeneous 
mixtures. 

1945, 1952) is also introduced (Aj = 1/3 ; 
1/3; 1/3, e* =em, broken line). It fits the 
different points fairly, thus illustrating the 
relative success ofone of the many relations 
in common use, which all give results some
where between the boundary values. 

The above limits also apply when losses 
occur. In that case complex permittivities 
have to be used in the above formula(]). 
Losses can be due to conductivity in one or 
both of the components of the mixture or can 
be ·of polar origin (relaxation losses). In the 
first case the mixtures can show conductivi
ty losses as a whole and conductivity losses 
of the Maxwell-Wagner type. They occur at 
the lower frequencies, although Sillars(l937) 
showed of the Maxwell-Wagner losses that 
they strongly depend on the shape of the 
granules, and that a distribution of shapes 
tends to 'smear' the losses over a large ·fre
quency band. When one of the components of 
a heterogeneous mixture shows losses of 
polar origin (which for ice are at audio fre
quencies, for water at microwave frequencies) 
the theory of mixtures as given above teaches 
that the relaxation frequency (frequency where 
the dielectric loss e" has a maximum) of the 
mixture is always the same or higher than 
that of the relaxing component. This is fur-

. ther illustrated in Fig. 3 and 4. Fig. 3 gives 
the results of dielectric measurements on 
water at 20° C (Poley 1955, Hasted 1961) 
and on a model mixture of waterdroplets-··· 

· (spheres) in perspex (de Loor 1964). The 
maximum value for e';,, of the mixture is 
shifted to a higher frequency than that of 
water e;" Fig. 4 gives the relaxation fre
quency asa function of 1/T for Water (Grant 
et al. 1957, Hasted 1961) and as calculated 
for a mixture containing water with formula 
(1) assuming e* = e0 and Aj = 1/3; 1/3; 
1/3, which is an extreme case. We observe a 
shift in the relaxation frequency for the mix
ture but also a slight change in the slope of 
the line obtained, which slope is always used 
as a measure for the activation energy of the 
relaxation mechanism. As soi d, the exam ole 
is an extreme case for illustrative purpos~s. 
For shapes of the granules other than spheres 
the shifts are much smaller (de Loor 1956, 
1964). 

THE INFL.UENCE OF INTERFACES 
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between the constituents were 
assumed either to be absent 
or to have negligible effects 
on the calculations. For mix-
tures containing water this is 
usually not the case, and the 
theory as giveri has to be ex
tended. 

Two new effects now come 
in to play. First, charged 

1+---,-----,--,----r---r---r--.----,.,----.------' 

double layers can occur due to 
the counter · ion atmosphere 
around a granule by an external 
field (Schwan et al. 1962, 
Schwarz 1962). This effect 
causes extremely high dielec
tric constants,much higher than. 
that af water. These very high 
electric con slants are encoun
tered in biological systems 
(Schwan 1957), building ma
terials (de Loor 1962, 1963, 
Paquet 1964), soils (Smith
Rose 1933, 1935), etc. at low
er frequencies. The theory as 
sketched can now be extended 

I 

Fig. 

2 3 5 6 

2 Em/Eo vs Ei/Eo- Em/Ei VS Eo/Ei 
resp. for vi = 0.5 with boundaries. 
Bcittcher' s (1945, 1952) formula 
(E* = Em, Aj = 7/3; 1/3; 1/3). For 
references to measuring points vide 
de Loor ( 1956). 

10"'-+--~~-~-~~~~-~~--l 
,08 TO' 70M ,oll 

---,;;>frequency Hz. 

Fig. 3 Dielectric properties of water and a 
model mixture as a function of fre
quency. 

In all the derivations given up till now, 
it has always been assumed that the con
stituents of the mixture do not influence 
each other's· properties, and boundary layers 

by the introduction of a dipole moment of the 

rd +SO +40 +20 0 -20 ·c 

1011 
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2.8 10 12 3.4 3.6 3.8 4.0 4.2x10-3 

Fig. 4 Relaxation frequency vs. 1/T for 
water and as calculated with (1 )for 
vi= 0.1 and 0.2 with E* = Eo, Aj= 
1/3; 1/3; 1/3. 
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gronule in the same way as Debye ( 1929) and· 
Onsager (1936) extended the theory for nan
polar liquids to that of polar li•quids. Size 
and shape of the granules Qr inclusions (con
crete, racks, sandstones) influence the re
laxation time associated with this effect 
(Schwarz 1962). Since many sizes ond shapes 
usually are present a large spread in relaxa
tion ti mes is ta be expected. 

The same (large spread of relaxation 
times due to variable size and/or shape) 
applies for the second phenomenon: a high 
surface conductivity of granule or inclusion 
(O'Konski 1955, 1960). At the lower fre
quencies the granule or inclusion must even 
be considered as a conducting inclusion. 

Of both phenomena mentioned the first is 
effective only at frequencies lower than 
under consideration here, but the effects 
of the lost can extend into the microwave 
region. 

SURVEY OF LOSSES 

Fig. 5 summarizes all the losses which 
~ can occur in heterogeneous. _systems contain

);.i~g water, as we have discussed them. Dif
.. ;:.!-.';;).1ent regions can be distinguished. At the 

·' · lower frequencies many effects are inter-
, woven which make unraveling of the dif

ferent phenomena nearly impossible. At 
microwave frequencies, on the other hand, 
only the relaxation losses due to the polar 
loss of the free water are of importance. 

In the region in between 107 to 109 Hz 
ju st below the microwaves, conductivity 
phenomena play an important role, al though 
there are also indications for losses of polar 

ice ; relaxation 
-~ E> 

Maxwell/1Nagner 
..a 

losses 
i,J,, 

origin of an intermediate form of bound water 
(intermediate between the free water and the 
very tightly bound water with a more or less 
'i ce-1 i ke' structure; Hasted 196 l). Know
ledge of the interplay of these losses with 
the conductivity losses and the polar !assess 
of the free water are of great importance for 
a good understanding of the phenomena 
occurring in this frequency region and at 
microwave frequencies. 

MIXTURES WITH A VERY HIGH WATER 
CONTENT 

In Fig. 6 an example is given of measure
ments obtained for water (Poley 1955. Grant 
et al. 1957, Hasted 196 l) and some hetero
geneous systems with a very high water 
content (de Loar and Meyboom 1966). The 
measurements are presented in the form of 
Cole-Cole arcs (Cole and Cole 1941) after 
correction of e" for d.c. conductivity to 
obtain the dipole losses, e'd' ·1p only ( em" 

II II Th ' • Ema = Em diP, • ). e example concerns 
systems for which semi-circles are found for 
the function e~ = f(e~) from which fact it 
can be concluded rnat al I materials involved 
show relaxation in the microwave region and 
have one relaxation time within the measuring 
accuracy (Sottcher 1952). This relaxation is 
due to the free water present. This result 
gives us two possibilities for application: 
(l) The first possibility is the determination 
of the total amount of bound water present in 
the system. This can be effected by a method 
indicated by Buchanan et al. (1952) and 
Hasted ( 196 l ). From measurements made at 
different frequencies in the microwave region 
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<Ii Ii> 

relaxation 

conductivity · x) ------------~---~ - - - - - - - - - ---;;,. 

0 

crystal water 
•"'4;!---------'E> 

relaxation 

bound forms of 
water, relaxation 

~ 

surface x) 

charged double 
-Ec;lii------------i:J:>i?>. - - - -~ 

conductivity 

layers 

2 3 5 6 7 8 9 10 11 

--;.:pi,,,,.. log frequency 

b 

12 

Fig. 5 · Origin of dielectric losses in heterogeneous mixtures conta,n,nq water.a. No surface 
effects. b. Losses due to sur_face effects. x. Extension for water containing ions. 
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Measurements on water O, agar ( 4%) 1:.. ,potato • and starch (2% agar + 25% starch)'<;J!i:,' ,. 
T 20° C. Frequencies indicated at the measuring points in GHz. f} 

a Cole-Cole arc is obtained in the same ·way 
as in Fig. 6. The intersection with the E' 
-axis at the low frequency end gives the 
'static' dielectric constant, Ems, of the same 
system for this amount of free water. T~e 
intersection at the high-frequency end, Emoo, 
can be taken as 5.5 (Hasted 1961). Having 
thus determined Ems and assuming for Ei a 
value of say:, 3, a reasonable assumption. 
for the dielectric constant of the organic 
material in the example of Fig. 6, we can 
determine vi with the aid of (l). Subtracting 
this value from the known value for the total 
amount of water present, the difference gives 
us the total amount of bound water, assuming 
that the bound water has a dielectric con
stant of approximately ·the same value at 
these higher microwave frequencies as that 
of the organic material (compare with ice: 
E ""3.2). This last assumption is reasonable 
since in practice a variation in the calcula
tions of Ej for example from 2.5 to 5 gives 
variations in the results which remain within 
the general accuracy of this procedure for the 
determination of the total amount of bound 
water. 
(2) Another application is the possibility to 
design model systems wi.th a preplanned 
Em = E;,, - j e;;, • Agar, with eventually the 
addition of fillers to vary the dielectric 
constant, can be a useful material for this 
purpose. In this case we follow the reverse 
orocedure than just described. We determine 

. v•~ 

Ems with the aid of equation (1), leaving 
aside this time the influence of the bound 
water and determine E:i, and E~ with 

E: II 

m,dip (3) 

where Emoo can betaken as 5.5, w = 21Tv with 
v the frequency in Hz, and T the relaxation 
time of water (21TvmaxT = 1), since large 
deviations from this relaxation time ore not 
to be expected for these high water contents. 
To obtain the real value of E ~ we must add 
E ;;a to E ;;,dip· e ;;a, the conductivity loss, 
is determined with 

E: 11 = 60AO. 
ma (4) 

with A the wavelength in cm and a the con
ductivity iri Mho/cm. An example is given 
in Fig. 7 for 2.45 GHz, where e~ and 
E "m dip are given for Vi = 0.1 and 0.2 as 
a fu'nction of temperature assuming E i = 2.5. 
When the conductivity losses are added to 
Em,dip the negative temperature coefficient 
of EN-, will become smaller since E~a has 
a positive temperature coefficient because a 
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increases with temperature. 
The accuracy of this procedure for the 

·design of a model system is sufficient for 
many applications. 

TEMP ERA TURE COEFFICIENTS 

In the end of the last section the tem
perature coe.fficient was introduced. Micro
waves are applied· to the systems under 

· consideration for (1) heating and (2) moisture 
· .determination. 
·'(l) In microwave heating the power absorbed 

·. is i.mportont. It is expressed as 

p E2v Watts/cm3 

(5) 

with E the field .strength in V /cm and v the 
frequency in Hz. When E and v ore kept 
constant, the variation of e~ as a function 
of temperotu're determines the'change in heat 
absorbed . 

. (2) For moisture determi notion the attenuation 
of power in ·a moferial is, assuming free 

__ wave, or T EM Mode, propagation: _ 

and of Deeg and Huber (1955) on clays. The 
last two authors suggest a relaxation mech
anism of di polar nature between 107 and ·10'9 
Hz. 

The measurements of Gui lbot et al.(1960) 
on starch and of Tropp and Pungs (1956) on 
wood clearly show a fairly strong relaxation 
mechanism.in the intermediate region of 107 
to 109 Hz. Only for the very high water 
contents is this relaxation mechanism over
ruled by the dipolor losses of the free water. 
This explains the fact that positive tem
perature coefficients are found for said and 
related materials with microwave moisture· 
meters working in the 3 cm band (Taylar 
1965). 

Freezing of the free water offers a pos
sibility to study those intermediate forms of 
bound water. Effects due to supercooling of 
some free occluded water have ta be token 
into account in this case since they can in
fluence the measurements to -500 C (La
fargue and Babin 1964, de Loar 1964). Both 
phenomena, however, offer an explanation 
for the success of the application of micro
waves in freeze drying. The theory as sketch
ed in the first paragraphs, which does not 
yet take surface effects into account, would 

A= 17.37Z(2Tr/'A) .J/sT sin(o/2) db/cm (6) 

with ),.the wavelength in cm, Isl= ·/s' 2 + s 11 2 

Looking back to the Cole-Cole ores of 
Fig. 6 and keeping in mind that the relaxa
tion frequency associated with phenorrcna of 
dipolor origin increases when the temperature 
increases (vide Fig. 4) it is easily under
stood that P as well as A have a negative 
temperature coefficierit when the working 
frequency remains smol ler than the rel axa-. 
tion frequency (compare Fig. 7), whereas 
they become both positive when the working 
frequency i~ higher than the relaxation fre
quency. 

SOME REMARKS ON MIXTURES WITH 
LOWER WATER CONTENTS AND ON FRO
z EN MATERIALS 

Measurements on soils (Strait~n and
Talbert 1948) and concrete (de Loar 1962, 
Hosted and Shah 1964) at microwaves show 
dielectric losses which at the higher fre
quencies ·are primarily governed by the 
losses of the free water. This is further 
confirmed by the fact that the temperature 
coefficient of the attenuation of microwave 
power in such materials is negative (Taylor 
1965). For somewhat lower frequencies 
measurements ore scarce. We con mention 
those of Cownie and Palmer (1952) on soil 

and tan o s"/s' 

exclude any result since ice has practically 
no losses in the microwave region. 

CONCLUSION 

The microwave equipment now avai I able, 
of which the working frequenices seem to be 
determined primarily by allocated frequencies 
and available power sources, has proven· to 
be a valuable tool for many applications. 

Equipment is produced for the frequencies 
between 109 and 1010 Hz. In heterogenous 
materials containing water, conductivity 
losses ploy an important role at the low fre-· 
quency end of this range. Losses due to the 
di pol or relaxation of the free water become 
of growing importance going to the high fre
quency end, where losses due to intermediate 
forms of bound water (intermediate between 
the free water and the very tightly bound 

water wirh a more or less 'ice-like' structure) 
. have to be taken into account over the whole 
range. Only the freewater causes the absorp
tion to have a negative temperature co
efficient due to the fact that the relaxation 
frequency of the free water lies above the 
frequency region mentioned. The other two 
effects bring about a positive temperature 

4 
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Fig. 7 Calculated values of E 'and E "as a 
function of temperature for a material 
with Ej = 2.5 dispersed to v; = 0.1, 
fl.2 resp. in water at 2.45 GHz (°A = 
72.2 cm). 

coefficient for the absorption. 
Further studies in the wider frequency 

rcnge of 107 tO 109 Hz. wili be of utmost 
importance for ci- better understanding of 
bound water. 
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