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Abstract

A new equation was developed to describe quantitatively the dielectric loss
of materials that is a key parameter in the fields of microwave chemistry and
microwave processing of materials under microwave irradiation. This
equation can be applied to explain the complicated thermal runaway
phenomenon that has relations with dielectric relaxation and to simulate the
dielectric loss under microwave irradiation. It was also found that the
simulation results based on this equation are in good agreement with the
Volge—Fulcher law. The new equation has potential application in the study
of microwave interaction with solid materials, especially in materials’
processing which involves microwave chemistry, synthesis, sintering,
melting, joining, surface-modifications, quality improvements, etc and it is
hoped that the dynamic process of material under microwave irradiation

could be explained.

1. Introduction

Since the early 1980s, microwaves have been widely used
in chemistry [1-3] and also used to process a wide variety
of absorbing materials [4-8]. A few possible mechanisms
were proposed to explain the microwave interaction with
absorbing materials. An initial explanation was the rotation
of polar molecules [9]. The molecular dipoles are induced by
microwave to rotate. This rotation causes molecular collisions
that generate heat. Unfortunately this mechanism does not
explain the intensity of the observed microwave effects. Other
possible mechanisms are superheating effects [10], formation
of hot spots [11], the presence of ionic molecules [12],
photochemical focus [13] and the induction losses caused by
eddy current [14]. However, mechanistic details of these
microwave-driven processes are still far from understood,
particularly, since few theoretical calculation was conducted
to simulate these dynamic processes.

On the other hand, for polar molecules, the traditional
approach [15] to the interpretation of the frequency dependence

0022-3727/06/102255+04$30.00 © 2006 IOP Publishing Ltd  Printed in the UK

of the dielectric loss is based on the Debye relaxation
mechanism for which the time domain response is given by

F(t) = exp(—1/7), )

where 7 and ¢ are relaxation time and observation time,
respectively.

The dielectric loss does not obey equation (1) except in
some liquid dielectrics and departs seriously from it in most
solids [16—18]. It is shown that some relaxation processes,
particularly, chemical reaction kinetics, would follow the time
domain response law [19]:

F(t) = expl— (%) ]

While o equals 0.5, F(¢) is called slow relaxation, the slow
response [20] or non-Debye relaxation for which the relaxation
mechanism is governed by the bound charges. Equation (2)
was obtained in the absence of microwave irradiation, and it is
very important to develop an equation, which can be used to

O<a<l. ?2)
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calutate the dielectric loss of non-Debye dielectric relaxation
under microwave irradiation. However, so far there is no report
on the equation that need to find.

Here we report that an equation was deduced to calculate
the dielectric loss mechanism for non-Debye dielectric
relaxation. To the best of our knowledge, this seems to be
the first equation used to describe the non-Debye relaxation
phenomena in solids under microwave irradiation. Based on
this equation and experimental results, which are the relation
between the imaginary permittivites (¢”) and temperature of
two different materials, we simulated the relation between
relaxation time t and temperature of these materials. More
interestingly, the simulation results indicate that the relation
between dielectric relaxation time t and temperature of
the materials is in good agreement with the Volge—Fulcher
law [17].

The new equation successfully explained the thermal run-
away phenomenon of material under microwave irradiation.
Based on this equation, the higher the temperature of material
is, the smaller the relaxation time t will be, and more power
will be absorbed by the material. The equation also has poten-
tial application in the study of microwave interaction with solid
materials, especially in sintering of important ceramics, pro-
cessing of metallic materials, microwave-assisted organic syn-
thesis, nano-chemistry, etc. Moreover, the dynamic process of
material under microwave irradiation could be explained using
the equation.

2. Dielectric loss computation methods

2.1. Dielectric loss per unit volume

From Maxwell’s differential equations, Ohm’s loss in

dielectric medium of materials is given by

_ —_ s _ a~k
/E~Jdv=/E~ vx 7 -22)ay
v v

at
-~ 0 n
E ~—D]dv.

=/U[H-(V><E)—V'(E><H)— y

Taking time derivatives of E . B and 1; . E, we have

g2 = @D - BE

iy " = — —_—

Bt(E D) =E T B Y,

. 5y =p 2By 5 .00

ot - ot or
Finally, we obtain

~ 9B = 9D = -

%(ExH)ds_/[H-a—+E-T+E-J]dv

10 -y
—/[Mt(E D)+——(H B)]dv+ :
12 Y T )%
17 = & 9 H
+/U[E<H'W—B'T)i|dv.

The term on the left-hand side of this equation represents the
power flowing on closed surface s. The first term on the right-
hand side represents the electric energy and magnetic energy
stored within the volume v. The second term on the right-
hand side represents the power dissipated within the volume
v. The third term on the right-hand side represents electric
losses of material within the volume v. The fourth term on
the right-hand side represents the magnetic losses of material
within the volumev. Therefore, for electric dielectric material,
the dielectric loss per unit volume is

oD — 0E
o P ) @
, H is

R :
, D is electric flux

where E is electric field intensity vector, in Vm!
magnetic field intensity vector, in Am™
density vector, in C m2, Bis magnetic flux density vector, in

Wbm~2, J is volume current density vector, in A m~2 and the

volume v is bounded by the surface s.

2.2. Debye dielectric relaxation

If Debye dielectric relaxation mechanism is followed and
governed by equation (1) and the process occurring under an
electric field with E () = E cos wt would still follow the linear
superposition principle, we obtain

g .0 [ t—t ,
D(t) =£/1E(t)+£1/ E(t')— —exp(— )]dr
6 at T

= &(w)E cos(wt) — je"(w) sin(wt),

Py = %E cos(wt)%[s’(a))E cos(wt) — je"(w)E sin(wt)],

Py = 1" Eo, (4)
where Py is the dielectric loss per unit volume based on the
Debye relaxation, ¢ is the high frequency permittivity of
the material, & is the low frequency permittivity or static
permittivity of the material, &'(w) is the real part of the
dielectric permittivity of the material and &' = &, + &/(1 +

272), & (w) is the imaginary part of the dielectric permittivity
of the material and &” = wte/(1 + w?t?), the electric field
E(t) is switched on at t = ¢’ and w is the angular frequency of
microwave.

Equation (4) indicates that the dielectric loss per unit
volume is in agreement with the traditional law [8].

2.3. Non-Debye relaxation

If non-Debye dielectric relaxation mechanism is followed and
governed by equation (2) and the other conditions are the same
as 2.2, we obtain

t
d
D(t) = e E(1) +a,/ E(t’)g{—exp[—‘/(t —t)/t]}dt’

aE [! (t—t\T?
= E(t) + — cos(wt’)
27 J_ T

x exp[—+/(t — t')/z]dt’

= ¢, E cos(wt) + ¢/ E sin(wt),
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1 2 " Ez 2, 88; : ;/
P = —E“we; + —| cos (wt)E + cos(wt) sm(a)t)? s

2 2
©)
where
g [ 1"\
& =én+— (ﬁ) exp(—+/t'/7) cos(wt”) dt”,
2t Jo T
e [ [1"\ "2
& = — (—) exp(—+/t'/7) sin(wt”) dt”
2t Jo %
t// = t _ t/

and P, is the dielectric loss per unit volume based on the non-
Debye relaxation.

Comparing equations (4) and (5), the first term on the
right-hand side of equation (5) is a little similar to equation
(4), but g is different from &”, and the second term on
the right-hand side of equation (5) is a function of 7 and
d/dt.  Therefore, the dynamic processes of non-Debye
dielectric under microwave irradiation could be simulated
using equation (5).

3. Results and discussion

The dielectric loss per unit volume P, in equation (4) is a time
independent quantity, while P, in equation (5) is a function of
t and 7. The characteristic of material under power microwave
irradiation is variable, which is the foundation of microwave
chemistry and materials’ processing. Therefore, equation (5)
could be used to explain the dynamic processes under power
microwave irradiation.

The frequency of microwave irradiation is 2460 MHz, the
interaction between material and microwave is about 2.46 x 10°
times per second and temperature rise of the material under
microwave irradiation is less than 0.1 °C per second [21];
therefore, the electric dielectric characteristic of the material is
invariable within less than a second, and we can get that d¢; /3t
and d¢; /9t is equal to zero, respectively.

Substituting de, /3t = 0 and d¢;' /9t = 0 into equation (5)
would yield

P = %Ezws,”(r, ),

(6)

Using equation (6), the dependence of the power absorbed
by material on time ¢ at different t(7; > 70 > -+ > 1; >
Ti+1) is shown in figure 1, which indicates that the smaller
the relaxation timer, the greater the power absorbed by the
material.

Figure 2 shows the imaginary permittivites (¢”) of
nickeliferous limonitic laterite ores measured by Pickles [22]
at frequencies of 2460 MHz at temperature up to about 1000 °C
using the cavity perturbation technique.

It can be seen from figure 2 that imaginary permittivites
(¢”) of nickeliferous limonitic laterite increases while the
temperature is increasing, and ¢” is the function of temperature,
which can be written as €” (7). Therefore, it can be obtained
from equation (4) that the power absorbed by material increases
while the temperature is increasing. The temperature of
nickeliferous limonitic laterite is a function of irradiation time,
and T = g(t), then using equation (4) the microwave power
absorbed by dielectric would be directly proportion to &”(7'):

Py =t/ (T Ew. @)
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Figure 1. The dependence of the power absorbed by dielectric on
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Figure 2. The imaginary permittivities (¢”) of nickeliferous
limonitic laterite as a function of temperature at 2460 MHz. @, data
from [22]; dashed line is the fitting curve.

In order to use equation (6) to explain the power absorbed by
nickeliferous limonitic laterite under microwave irradiation,
we suppose that equation (6) is directly proportional to
equation (7) with a coefficient k, and we have

e/ (z, 1) = ke"(T). (8)

Supposing that time 71, 12, ..., t9 is corresponding to 600 °C,
650°C, ..., 1000°C, respectively, and dielectric relaxation
time 7 is invariable in the time interval At(Ar — 0), then
from equation (8), the followings can be obtained:

HeAt s, 4 N\ =172
. (_f d ) exp(—y/(t —)/m)de = ke (600),
I

2—T| T

n+AL g4y -3
= ( 2) expl—/ (7 — )/ m21dt = ke (650),
o) (%)

21 )

& to+At (t — 1
219 19 Ty

)_5 exp[—+/(t — 19)/T9]dt = ke”(1000),
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Figure 4. Simulation result of relaxation time versus the
temperature of alumina. x, the value of relaxation time from
simulation; dashed line is the fitting curve.

where 71, 12, ..., Tg is the relaxation time that is corresponding
to microwave irradiation time ty, t2, ..., f9, respectively.

Solving the preceding equations by any standard
method, we obtain the relation between relaxation timerand
temperature 7" showed in figure 3.

Using the same simulation procedure and the experimental
result of dielectric loss in alumina as a function of temperature
that had been measured by Westphal and Sils [23], the relation
between relaxation time and the temperature of alumina was
also obtained and shown in figure 4.

In the two examples above, the simulation results
show that the relaxation time t is inversely proportional to
temperature, which is in good agreement with the Vogle—
Fulcher law, and is confirmed by the good linear fit.

4. Conclusions

(1) It was found that under sinusoidal microwave irradiation
the dielectric response is not sinusoidal again, the response

2258

of non-Debye dielectric time dependent power absorbed
by the dielectric exists and the power absorbed by material
between O—7 is variable.

(2) The results calculated using equation (6) are in good
agreement with the Vogle—Fulcher law, which show that
the relaxation time 7 has an inverse ratio to the temperature
of the material.

(3) The new equation has potential application in the study
of the microwave interaction with solid materials, and
it is hoped that the dynamic processes of material under
microwave irradiation could be explained.
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Abstract

The moisture content of a sulphide mineral concentrate was measured by the microwave cavity perturbation technique. Comparative
experiments were performed using this technique and by oven drying. It was found that the deviation in the measurement of the moisture
content of the concentrate was less than 0.5%, indicating that this would be a suitable technique for moisture content determination of

sulphide mineral concentrates.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Moisture determination has been a major problem in
many branches of industry for many years. In the metallur-
gical industry, the exact moisture content of a specified
material has to be determined in order to allow control
of the water dosage, of the quality of the product, and of
the reduction of applied energy.

Moisture determination by microwaves is applied in
many branches of industry (Kraszewski, 1996). However,
few applications (Cutmore et al., 2000; Klein, 1981) have
been reported in the metallurgical industry. It has been
shown that the penetration depth of microwaves is
much greater than that of infrared radiation, and micro-
wave methods can measure the volume moisture content
of the materials. In addition, microwave methods are much
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safer and faster than ionizing radiation methods (Kupfer,
2005).

The objective of this paper is to apply the microwave
cavity perturbation technique (Carter, 2001; Harrington,
1961) for the rapid measurement of the moisture content
of sulphide mineral concentrates containing sphalerite,
chalcopyrite and nickel sulphide minerals.

2. Experimental techniques
2.1. Materials

Three different materials, sphalerite concentrate, chalco-
pyrite concentrate, and nickel sulphide concentrate were
used in the microwave moisture determination experi-
ments. These samples were obtained from a smelter in
Yunnan (China). The composition of the sphalerite con-
centrate was: Fe 7.24%; SiO, 3.48%; S 28.47%; Zn
50.18% other elements 10.63%, respectively. The composi-
tion of the chalcopyrite concentrate was: S 31.13%; Fe
30.17%; Cu 20.10%; Zn 2.99%; SiO, 5.28%; Ni 0.012%;
Pb 0.63%; Bi 0.09%; AlL,O; 0.68%; CaO 0.44%; MgO
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0.39%; As 0.56%, respectively. The composition of the
nickel sulphide concentrate was Ni 2.86%; Cu 2.36%,
respectively.

2.2. Measuring equipment

The mechanism for this technique is the measurement of
resonant frequency and the output voltage of the resonant
sensor (Radmanesh, 2002) unloaded and loaded with sam-
ples, as resonant frequency and output voltage of the reso-
nant sensor are very sensitive to moisture content.

The main parts of the equipment include resonant sen-
sor (Huang et al., 2002), sweeping signal, detector and
DSP, interface circuit, and computer. The software control
of the set-up was performed by Windows XP operating sys-
tem, and programmed by Visual Basic 6.0.

2.3. Method

To obtain the samples with different moisture content,
each sulphide concentrate (typically 5kg in weight) was
dried at 105 °C for at least 2 h, and the samples of the three
different concentrates were each divided into 10 shares,
every share weighing 0.5 kg. Subsequently, samples with
different moisture content were obtained by adding differ-
ent proportions of water. Finally, the moisture contents
of the samples were obtained by putting the samples into
the resonant sensor one by one.

3. Results and discussion

A series of 10 tests were carried out with sphalerite con-
centrates of different moisture content, the testing time per
sample being about 5s. The results are plotted as a func-
tion of moisture content in Fig. 1. It can be seen that the
output voltage of the resonant sensor decreases as the
moisture content increases. Interestingly, their relationship
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Fig. 1. Plot of output voltage and resonant frequency of the resonant
sensor against moisture content of sphalerite concentrates.

follows a nonlinear fitting equation: ¥ = —0.0007x> —
0.0385x + 2.0497. The resonant frequency of the resonant
sensor shows a gradually decrease as moisture content
increases, and follows a nonlinear fitting equation:
/= —0.0004x" + 0.0010x + 2.4250, where x is the moisture
content of the samples. Based on the fitting equation,
the measurement deviation of sphalerite concentrates is
less than 0.42%. Using the same method, the measure-
ment deviations of chalcopyrite concentrates and nickel
sulphide concentrates are less than 0.37% and 0.41%,
respectively.

Microwave cavity perturbation measurement is an indi-
rect technique, which must be calibrated against a reference
method (e.g. oven drying) for different materials. The ini-
tial temperature of the material influences the measured
moisture content of the material, so the temperature at
set-up and the material needs to be compensated for. Gen-
erally, the natural inhomogeneity of the samples used (par-
ticularly at large particle sizes) influences the moisture
content measurement, and it is difficult to assess accurately
the moisture content of the sample (Cutmore et al., 2000).
However, for sulphide mineral concentrates used in our
experiments, the particle sizes were smaller than 0.07 mm,
so that this did not affect the measured results.

4. Conclusions

(1) Using the microwave cavity perturbation technique,
it is possible to determine the moisture content of sul-
phide mineral concentrates.

(2) The measurement deviation is less than 0.5% under
laboratory conditions.

(3) The commercial prototype of the microwave cavity
perturbation technique for measuring the moisture
content of sulphide mineral concentrates is now
under development (Huang et al., 2005) and patents
are pending.
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Abstract

A novel microwave sensor for measuring the properties of a liquid drop has
been invented, its analytical theory established and a working prototype has
been constructed and tested. It was also found that the theory based on the
microwave sensor is in good agreement with the experimental results.
Excellent linearity is achieved by optimizing the design, with an accuracy of
distilled water drop volume measurement of approximately 0.5 ul, and this
microwave sensor has been used to measure surface tension, species
concentration and the microwave absorption properties of a liquid drop
simultaneously, which are the key parameters in the fields of physical

chemistry and microwave chemistry.

Keywords: liquid drop, microwave sensor, surface tension, absorption

properties

1. Introduction

The formation of drops is a phenomenon ubiquitous in daily
life, science and technology [1]. It is found that a great
deal of information on liquid properties is contained in
the process of drop formation. This makes it possible to
measure several physical parameters of a liquid by using drop
analysis. The development of a fibre drop multianalyser has
been reported over the last 15 years [2]. It has proved to
be a powerful analytical tool for determining the physical
and chemical characteristics of liquids. More recently,
capacitive tensiography has been reported [3, 4]. It has
been demonstrated that the capacitive transducer gives a direct
measurement of the volume in the pendant liquid drop, with a
resolution of 1 ul.

It is well known that microwave and infrared form a
continuous electromagnetic spectrum that extends from RF
frequency to optical wave. It has been shown that the RF
capacitive sensor and fibre sensor can measure the parameters
of a liquid drop [2, 3]. Therefore, it is possible to measure
the parameters of a liquid drop by a microwave sensor. The

0957-0233/07/071934+05$30.00 © 2007 IOP Publishing Ltd  Printed in the UK

objective of this paper is to apply the microwave sensor for the
measurement of the parameters of a liquid drop. Preliminary
experiments have been carried out and these show that the
microwave sensor is capable of measuring drop volumes
with an accuracy of down to 0.5 pl. It can also measure
microwave absorption properties, species concentration and
surface tension simultaneously.

2. Theory

Microwave sensors based on cavity perturbation techniques
have been studied by many researchers [5, 6]. Measurements
of a liquid drop are performed by inserting a small,
appropriately shaped liquid drop into a cavity and determining
the properties of the liquid drop from the resultant change
in the resonant frequency and loaded quality factor which is
given by [7]

1 ’ - *
fo—fi = 50, = DLW, ‘/ E - Ejdv (1)
vs
1
o' -0y = Ew(;‘s;’/ E - E} dv. )
vs

1934
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Figure 1. Sketch of the microwave sensor for measuring the properties of a liquid drop.
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Figure 2. 3D graph detected by the microwave sensor in the process
of the formation of three distilled water drops.

Here ¢, = ¢, — je! is the complex permittivity of the liquid
drop; &’ and &” are the real part and the imaginary part; Eg
is the field in the unperturbed cavity and E is the field in the
interior of the liquid drop; vy is the volume of the liquid drop;
Qo and f are the quality factor and resonance frequency of
the cavity in the unperturbed condition respectively and Q,
[ the corresponding parameters of the cavity loaded with the
liquid drop; W is the total energy stored in the cavity.

Under the quasi-static approximation, the electric field
within a liquid drop sphere placed in a uniform external electric
field Ey is given by [8]

3Ey

E= s 3
el +2 &

Substitution of this expression into (1) yields the usual
expression for the perturbation of the frequency by a small
liquid drop sphere,

3E2(e, — D fy

A =i~ T =

- Vi (@), 4)
where V;(¢) is the volume of the liquid drop which grows in
the process of drop formation. Equation (4) indicates that
the resonant frequency change Af of the cavity is directly
proportional to V(7).

The microwave cavity is a two-port network. The
insertion loss and half power width of this network can be
written as [9]

2V B1B2

T = —— 5
T+ 6+ B Bl

fY
0. =% ©

where 7 is the insertion loss of the network, and T =
(Pin — Pout)/ Pin. Pin and Py, are the microwave input power
and the microwave output power of the cavity respectively.
B1 and B, are the input coupling coefficient and the output
coupling coefficient of the network respectively, and g; =
Yoi/n3G, B» = Yp/n3G. Yy is the equivalent input
admittance of the network. Y, is the equivalent output
admittance of the network. n; and n, are the turns ratio of the
input ideal transformer and the turns ratio of the output ideal
transformer, respectively. G is the equivalent conductance of
the networks. B is the half power width of the network.

Suppose that ny, ny, Yo, Yoo are constant, and R =
1/G = ke!Vi(1), where R is directly proportional to V,(z)
with a coefficient k, 81 < 1, B2 < 1, then from equation (5),
the following can be obtained

2VBiB
Py =1— « P
out 1 +B1 +ﬂ2 m
~1—2y/BiB2 - Pn
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=1—-—"721": Vi (t
ik (1) @)

where kK’ = k+/Y01Y02. Equation (7) indicates that the larger
the volume V;(7) of the liquid drop, the smaller the output
power P, of the cavity. Therefore, the smaller the Py, the
smaller the output voltage of the cavity, and the output voltage
of the cavity is inversely proportional to V(7).

Substituting equation (3) into (2) would yield

3e/E}
2Wole, +2)

Equation (8) indicates that the larger V;(¢) is, the smaller Oy
will be, and Qj; of the cavity is inversely proportional toV (7).

0;'=0y"+ Vi (o). ®)
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