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Preface

The application of microwave energy for thermal processing of dif-
ferent materials and substances is a rapidly growing trend of mod-
ern science and engineering. Successful design and optimization 
of microwave heating applicators is impossible without theoretical 
studies of the physical processes of electromagnetic wave interac-
tion with dielectric lossy media. Mathematical modeling and ex-
perimental measurements are the main tools for investigation of 
such processes. Many analytical and numerical models are used 
today for predicting temperature distribution in the interaction 
domain. Most of these models are based on the coupled system of 
differential equations for electromagnetic and thermal fields with 
corresponding boundary conditions. Scientists and engineers who 
are engaged in modeling microwave heating processes know how 
important the information about dielectric and thermal proper-
ties of microwave exposed samples is. This information can be ob-
tained either experimentally by direct measurements or found in 
the literature, where such data is quite odd. First, it is very difficult 
to find both the dielectric and thermal properties of one material. 
Second, dielectric properties of materials are usually represented 
at room temperature while the temperature-dependent properties 
are the most interesting. Third, the necessary information on the 
complex dielectric permittivity of media is not always published 
at so-called industrial, scientific, and medical (ISM) frequencies, 
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which are 430 MHz, 915 MHz, 2.45 GHz, 5.8 GHz, and 24.125 GHz 
allocated for microwave heating purposes.

The general objective of this book was to compile a survey of 
dielectric and thermal properties of microwavable materials as a 
function of temperature (or moisture) at ISM bands or at frequen-
cies close to these bands.

Data represented in this book was collected for seven groups: 
food materials (Chapter 3), biological tissues (Chapter 4), fibrous 
materials (Chapter 5), polymers, resins and plastics (Chapter 6), 
ceramics (Chapter 7), soils and minerals (Chapter 8), and pure and 
composite chemical substances (Chapter 9). Some of dielectric me-
dia can belong to different groups; for example, many foods are 
biological tissues (meat, eggs, fish, etc.), or the water that we drink 
every day is made up of chemical substances.

One more peculiarity of this book is that temperature and 
moisture dependencies of physical parameters are given in the 
form of analytical equations, mainly polynomial expressions, 
which sometimes agree with experimental data very well and 
sometimes only approximately. In this case, the reader is recom-
mended to look at the reference where initial dependencies in the 
form of figures are represented. But in most cases such approxima-
tion can be useful when the reader plans to employ some commer-
cial packages—for example, COMSOL for numerical modeling 
microwave heating processes.

This book is intended mainly for engineers in the industry 
and researchers in universities who are engaged in applied elec-
tromagnetics, microwave power engineering, numerical model-
ing, and computer-aided design (CAD) of different microwave 
devices, food and agricultural engineering, physical chemistry, 
material science, and so forth. I also hope that this book will be in-
teresting to students with corresponding backgrounds in physics.

The following organizations are acknowledged for the finan-
cial support of this research from 1997 to 2011: Swiss Academy 
of Engineering Sciences, Switzerland; Swedish Institute, Sweden; 
Industrial Microwave Modeling Group, Worchester Polytechnic 
Institute, Worcester, MA; US Army Natick Soldier Center, Natick, 
MA; German Academic Exchange Service (DAAD), Germany; 
Ministry of High Education and Science of Russian Federation. 
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I would be grateful for any remarks or notification of errors 
from the readers of this book.
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1
Mathematical Modeling of Microwave 

Heating Processes

Presently, along with traditional methods of heating diverse ma-
terials, microwave energy is widely utilized for the thermal treat-
ment of food, ceramics, wood, polymers, chemical substances, 
biological tissues, and so on. Deep penetration of microwaves in 
dielectric media improves uniformity and intensifies the heating 
process. The variety of microwave heating devices such as kitchen 
ovens, industrial plants, medical applicators, and laboratory set-
ups is very large. 

The development of applied electrodynamics, the theory of 
numerical modeling, and computational software and hardware 
has led to the appearance of different mathematical models for 
simulating electromagnetic and thermal fields in microwave heat-
ing systems. The most well-known among them is the coupled 
electromagnetic heat transfer problem, which takes into account 
the influence of temperature on distribution of microwave power 
sources in an interaction domain. Few modifications of this prob-
lem for solid samples have been considered in [1–8]. But as it has 
been shown in [9–11], formulation of the coupled problem for liq-
uid media is more complicated and includes electromagnetic heat 
transfer problem as a particular case.
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Propagation of electromagnetic waves in linear, isotropic, 
and homogeneous solid or liquid media is described by Maxwell’s 
equations:

	  ( ) 0 cmrotH j T E Jωe e= +  

 		  (1.1)

	 0rotE j Hωm= -  	 (1.2)

	 ( )0 cmdiv T Ee e r=′  	 (1.3)

	 0divH = 	 (1.4)

where E  and H  are the complex amplitudes of the E- and H-field 
in space and E(τ) = Re(Eejωτ), H(τ) = Re(H ejωτ), r cm is the specific 
density of source charge; Jcm is the source current density; w is 
the angular frequency, e0, m0 are the dielectric and magnetic con-
stants, e e e= -′ ′′ j  is the complex dielectric permittivity of material, 

1j = - , T is the temperature; t is the time. The magnetic perme-
ability m′ = 1 and magnetic loss factor m′′ = 0 for dielectric media. 

Equation (1.3) can be rewritten as 

	 ( ) ( ) ( )0
0

, cmdiv T E T divE E grad T
r

e e e e
e

 = + =′ ′ ′ 


   	 (1.5)

	 ( ) ( ) ( )
r

e
e e e

 
+ =′ ′ ′ 







0

, cmE
divE grad T

T T 	 (1.6)

And combining (1.1) and (1.2), we obtain

	 ( )2
0 0 0 cmrotrotE T E j Jω e m e ωm= -  

 	 (1.7)

	 ( )ω e m e ωm- ∇ = -   



2 2
0 0 0 cmgraddivE E T E j J 	 (1.8)
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	 ( ) ( ) ( ) ( )
2 2

0 0 0
0

1
, cm

cm
E

E T E grad grad T grad j J
T T

r
ω e m e e ωm

e e e

   
∇ + + = +′   ′ ′  





  

       (1.9)

Introducing the wave number of free space 2 2
0 0 0k ω e m=  and 

using the equation of continuity

	 cm cmdivJ jωr= -

 	 (1.10)

we can rewrite (1.9) as

	 ( ) ( ) ( ) ( )
2 2

0 0
0

1
, cm

cm
divJE

E k T E grad grad T j J grad
T j T

e e ωm
e ωe e

   
∇ + + = -′   ′  



  





	 (1.11)

When 0cmJ = , (1.11) is transformed in the well-known [1, 3] 
homogeneous Helmholtz equation for temperature dependent di-
electric media

	 ( ) ( ) ( )2 2
0 , 0

E
E k T E grad grad T

T
e e

e

 
∇ + + =′ 

 



 





	 (1.12)

Solutions of (1.11) must satisfy Neumann and Dirichlet 
boundary conditions on metal walls, the condition of continuity 
of tangential components of electromagnetic (EM) field on media 
interfaces, and scattering boundary conditions in lossy media.

The absorbed microwave energy is computed from the elec-
tromagnetic field distribution

	 ( ) ( ) 2
0, 0.5vq r T Eτ ωe e= ′′  	 (1.13)

where e′′ is the loss factor. 
In some simple cases, as for example thin dielectric rod in 

rectangular waveguide, power density is defined as:

	
2 1

0 1
1

1
N

v n d
n

q P S V -

=

 
= -  ∑ 	 (1.14) 

where Vd is the sample volume, P0 is the input power, and Sn1 is the 
absolute value of n-parameter of the scattering matrix.
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The system of momentum, continuity, and energy conserva-
tion differential equations for temperature and flow velocity fields 
in Boussinesq’s approximation and with several assumptions 
done in [9–11] is utilized for simulation of microwave heating of 
non-Newtonian liquids

	 ( )( ) 2
t x x t xW W W W p xr τ m∂ ∂ + ∇ = ∇ - ∂ ∂ 	 (1.15)

	 ( )( ) 2
t y y t yW W W W p yr τ m∂ ∂ + ∇ = ∇ - ∂ ∂ 	 (1.16)

	 ( )( ) ( )2
t z z t z t t aW W W W p z g T Tr τ m r β∂ ∂ + ∇ = ∇ - ∂ ∂ - - 	 (1.17)

	 0divW = 	 (1.18) 

	 ( ) ( )2 ,t t t v
T

C W T T q rr λ τ
τ

∂ + ∇ = ∇ + ∂ 
 	 (1.19) 

where μt is the dynamic viscosity, g is the acceleration due to the 
gravity, βt is the volume thermal expansion coefficient, p is the 
pressure, Wx, Wy, Wz are the components of the velocity vector W  
in Cartesian coordinates, Ta is the ambient temperature.

Solutions of Navier-Stokes’s equations (1.15) to (1.17) must 
satisfy Marangoni’s and zero slip boundary conditions together 
with initial condition T = T0, t = 0. Equation (1.19) must be also 
completed by the initial condition and boundary conditions for 
temperature. The Newton’s boundary condition is used the most 
frequently: 

	 ( ) ( )intt t
T

T T T
n

λ a
∂- = -
∂

	 (1.20) 

where Tint is the interface temperature, rt, Ct, λt are the density, 
heat capacity, and thermal conductivity of media respectively, at 
is the heat transfer coefficient, depending on many parameters 
including sample sizes and surrounding media determined from 
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Nusselt’s number Nu = f(Pr, Gr), where Pr, Gr are the Prandtl and 
Grashof numbers, respectively, for liquid media. Heat convection 
intensity depends on the Grashof number.

Temperature distribution in an interaction zone for solid me-
dia is defined from solution of heat transfer equation

	 ( ) ( ) ( ) ( )2 ,t t t v
T

T C T T T q rr λ τ
τ

∂ = ∇ +
∂

	 (1.21)

which is a particular case of (1.19) for W  = 0. The heat transfer coef-
ficient for solid samples is calculated from Bio’s number.

The generalized coupled electromagnetic, heat transfer, and 
natural convection problem for microwave heating of liquids is 
formed by (1.11), (1.13), and (1.15) to (1.19) with corresponding 
boundary conditions. The coupled EM-heat transfer problem usu-
ally utilized in the modeling microwave heating processes is based 
on (1.11), (1.13), (1.20), and (1.21). 

In many cases not only the aggregate state of irradiated sam-
ple but also the operating temperatures, possible chemical or bio-
logical reactions, peculiarities of particular technology realization, 
and other factors have an influence on mathematical model formu-
lation [12]. 

For example, sometimes thermodiffusion and pressure inside 
the sample along with internal moisture transfer must be taken 
into account. In this case, the so-called coupled electromagnetic, 
heat, and mass transfer problem [13, 14] will additionally include 
differential equations for moisture and pressure. A successful solu-
tion to this problem requires information about such parameters 
as the specific moisture capacity of vapor phase, the coefficient of 
phase transformation air-vapor, the thermal diffusitivity, the diffu-
sion coefficients describing the changes of mass and pressure, the 
specific heat of evaporation, and so forth.

Sometimes interaction of electromagnetic waves with lossy 
media is accompanied by variations of aggregate state (melting, 
thawing, etc.) of a specimen [15, 16]. Then enthalpy formulation 
of the energy balance equation with a superficial mushy region 
around the melting point [16] and Stefans’s boundary conditions 
for moving front [15] can be successfully utilized for predicting 
temperature patterns in an interaction domain.
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When microwave radiation is used for the heating of biologi-
cal tissues, the heat transfer equation (1.21) is transformed in the 
Pennes’s bioheat equation [17, 18] that contains the specific pow-
er density caused by biochemical processes in human body, the 
volumetric flow of blood, the blood heat capacity, and some other 
parameters.

An additional term in the heat transfer equation also appears 
when the temperature of heated material exceeds 300ºC [19]. In this 
case, the power density of thermal radiation will be determined by 
the Stefan-Boltzmann constant, the coefficient of radiation energy 
directivity, the emission coefficient, and the size of the surface.

A similar situation takes place for exothermic chemical reac-
tions [20]. Here, variations of temperature will depend on not only 
microwave power density but also on exothermic reaction itself 
and the following parameters: the gas constant, the thermal energy 
produced by one mole reactant, the initial concentration of the so-
lution; these factors must be taken into account.

Coupled electromagnetic, heat transfer, and thermal stress 
problems must be solved when internal thermal stress is observed 
in microwave-exposed solid materials. The system of coupled dif-
ferential equations for this problem is formed by many thermal 
and mechanical parameters—in particular, the vector of volumet-
ric forcers, the tensor of deformations, the variation of the specific 
volume, the coefficient of specific volume variations in the area of 
elastic deformations, the shift module, the function of relative shift 
of the material, the components of mechanical stresses tensor, and 
the derivatives along space coordinates [21].

Variations of dielectric and thermal properties of materials 
versus temperature impact the uniformity of microwave heating. 
One of the serious reasons for uneven distribution of the thermal 
field in lossy media is known as the thermal runaway phenome-
non. A given effect is characterized by the uncontrolled rise of tem-
perature in the local area inside a sample. If microwave power is 
not changed, thermal runaway can be explained by a rapid increas-
ing of the loss factor e′′(T). Such dependence is observed for some 
ceramic and polymer materials [13]. According to (1.13), the higher 
e′′ more energy is absorbed. And if dependence e′′(T) is strong, a 
microwave-exposed sample will be overheated and damaged. 
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Thermal runaway also takes place if microwave power is 
slightly changed during the heating process. This phenomenon is 
described by the so-called S-shaped curve [22, 23]. There are sever-
al theoretical models explaining the unstable behavior of the ther-
mal field. One of them is based on the resonance nature of thermal 
runaway when the phase constant and the attenuation coefficient 
affect power dissipation in different materials [24, 25]. But some 
others prove the key role of e′′(T) [26] or the thermal conductivity 
[27] in this phenomenon. The analytical 1-D electrothermal model 
described in [28] has shown that not only the thermal conductivity 
but geometrical sizes and temperature of a sample can influence 
microwave heating uniformity.

Different 1-D [1, 3, 4, 28], 2-D [11, 15], and 3-D [2, 5, 10] cou-
pled models are successfully utilized today for numerical simu-
lation of EM waves interaction with lossy media in microwave 
applicators using mainly numerical techniques: the finite element 
method (FEM) [2–5, 11, 15], finite difference time domain (FDTD) 
method [7, 10, 19], finite volume time domain (FVTD) method 
[29], transmission line matrix method [8], and others. Examples 
of a successful numerical solution of the coupled problem for mi-
crowave heating processes by means of commercial software are 
represented in [30–32].

Linear or nonlinear character of the coupled problem is de-
fined by functions e′(T), e′′(T). Nonlinear problem takes place when 
dependence of complex dielectric permittivity e e e= -′ ′′( ) ( ) ( )T T j T  
is strong. Weak dependence e(T) leads to the linear or quasi-linear 
coupled problem. In both cases duration of thermal processes is 
much longer than EM ones and it is necessary to use either two 
time scales [4] or so-called adiabatic approximation according to 
which physical properties of material are not changed during sev-
eral periods of EM field oscillation [29]. 

For linear coupled problem qv(r , τ) = const and for nonlinear 
qv(r , τ, T) = var. That is solution of nonlinear microwave heating 
problem requires application of iterative algorithm with subse-
quent solution of EM and thermal differential equations for small 
time steps during which we can neglect variations of e(T). In this 
case, the coupled problem solution is more accurate but computa-
tional time will essentially increase.
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Nonlinear coupled problem formulation is necessary in 
most simulations of microwave heating systems because of quite 
strong dependencies of e(T) for many media. In particular, nonlin-
ear analysis is very important for food and ceramic materials for 
which thermal runaway phenomenon is observed. 

However, in many practical cases variations of dielectric 
properties of some microwave-exposed materials are not strong 
and it is difficult to predict if it is necessary to solve the nonlinear 
problem or if it is enough to restrict analysis by linear problem and 
hence save computer memory.

Comparison of dielectric and thermal parameters of differ-
ent media shows that temperature dependencies of thermal con-
ductivity, heat capacity, and density for them are much weaker 
than e(T) in most cases when phase transitions are not considered. 
Among materials that demonstrate relatively weak variations  
e(T) at industrial, scientific, and medical (ISM) frequencies one can 
mention resins [13], low moisture content wood [33], liquid poly-
mers [34], some minerals and soils [35], human blood [36], and 
silver oxide [37].

Independently on the behavior of functions e′(T), e′′(T) during 
microwave heating, we can introduce a dimensionless parameter 
that characterizes variation rate of complex dielectric permittivity

	 jη η η= -′ ′′ 	 (1.22)  

where min max min max/ , /η e e η e e= =′ ′ ′ ′′ ′′ ′′ . Here min minje e-′ ′′  and max maxje e-′ ′′  
are the minimum and maximum values of dielectric permittivity 
and the loss factor of a heated specimen in operating temperature 
range at fixed frequency.  

So, for all dielectric materials 

	 { }0 , 1η η< ≤′ ′′ 	 (1.23)

and when { , } 0η η →′ ′′  we deal with a nonlinear coupled problem 
and when { , } 1η η →′ ′′  with linear one. Then in the real practice of 
mathematical modeling of microwave heating processes it is im-
portant to know the left limit of range (1.23) that allows obtaining 
an adequate solution of the coupled problem in linear approxima-
tion without significant loss of accuracy.
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Sometimes it is necessary to find the depth at which the mi-
crowave power decreases to e-1, where e is the Euler’s constant, of 
its value at the surface of lossy media. The given parameter, known 
as penetration depth, can be calculated [13] using data about e′ and 
e′′: 

	
0.5

2

2 2 1 1

pD
λ

e
π e

e

=
 ′′  + -′   ′  

	 (1.24)

Here λ is the operating wavelength of microwave source. The 
distance at which the incident microwave power is decayed to 
one-tenth of its initial value: 

	 1.15129
pZ

a
= 	 (1.25)

	   

2
81.48 10 1 1f

e
a e

e
-

 ′′ = ⋅ + -′     ′ 
	 (1.26)

where α is the attenuation coefficient.
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2
Dielectric and Thermal Properties of  

Microwaveable Materials: 
Parameters, Measuring Techniques, 

and Some Theoretical Aspects

2.1  Complex Dielectric Permittivity 

Theoretical fundamentals and mechanisms of electromagnetic 
waves interaction with lossy dielectric media are well described 
in the literature [1–7]. Most microwave technologies (aside from 
some specific trends such as sintering of metal powders) [8] are in-
tended for thermal processing of diverse dielectric materials such 
as food, wood, ceramics, polymers, and so forth. All these materi-
als absorb microwave energy due to the dipole polarization phe-
nomenon when their polar molecules try to align themselves to the 
external electromagnetic field. Since the field reverses with high 
frequency, energy produced when going from an ordered form to 
a random form is converted into heat. 
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The polarization ability of materials is characterized by the so-
called relative dielectric permittivity:

	
0

1 pN
a

e
e

= +′ 	 (2.1) 

where αp is the polarizability of the medium, and N is the particles 
concentration.

There are several mechanisms of polarization including elec-
tronic, ion (atomic), dipolar, and interfacial (Maxwell-Wagner). All 
these mechanisms also contribute to one more important param-
eter: dielectric loss factor, which is determined in the microwave 
range as:

	
0

d
σ

e e
e ω

= +′′ ′′ 	 (2.2)

where de′′ is the dielectric loss due to the dipole polarization, and σ 
is the ionic conductivity. 

Electronic and atomic types of polarization are observed main-
ly at infrared and optical frequencies; that is, they can be neglected 
in (2.1) and (2.2).

So, the dielectric properties of materials are described by the 
complex dielectric permittivity:

	 e e e= -′ ′′ j 	 (2.3)

The ratio of the imaginary part of (2.3) to the real one is called 
the tangent of loss angle:

	 etg
e

δ
e
′′=
′

	 (2.4)

Both parameters e′ and e′′ are affected by frequency, temper-
ature, moisture, and pressure [6]. Taking into account that most 
microwave applicators operate at normal pressure and fixed fre-
quencies, e  depends on two dominant factors: temperature and 
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moisture. Influence of these factors on e  for various media are 
well-studied [1, 2, 6, 7].

The majority of dielectrics subjected to microwave process-
ing are composite systems consisting of two or more components 
forming spatially disordered statistical mixtures. The physical 
properties of composite media are most frequently studied experi-
mentally by measuring their dielectric parameters. However, in 
some cases, such measurements prove to be impossible due to the 
absence of the required equipment or the material specimen. In 
this case, the physical properties of materials may be simulated 
using the theory of dielectric mixtures (DMs). The key element in 
implementation of this approach consists of the initial information 
about the properties of all the components in the composite media 
under consideration, and in particular of water whose polar mol-
ecules interact with the microwave field in the moist-containing 
media.

Currently, the DM theory is widely used in engineering electro-
dynamics for calculation effective complex permittivity of bioelec-
tromagnetic phantoms, shielding elements, radar absorbing mate-
rials, and so forth. Inhomogeneous media described by this theory 
are usually classified into three classes [3].

The first class includes dispersive media in a continuous phase 
that are the mixtures where one component is considered as a uni-
form medium with a permittivity ε1 in which particles of another 
uniform medium ε2 are distributed in a regular or random way. In 
the general case, these particles may have any shape (spherical, el-
liptical, disclike, needlelike, etc.).

The second class (continuous media in a continuous medium) 
contains inhomogeneous media consisting of “layers” of two ma-
terials that are distributed (or interwoven) in such way that in each 
of the media every two points are connected by a continuous path.

The third class contains dispersive media in dispersive media 
consisting of separated particles of materials 1 and 2, which do 
not depend on other parts of the same material, with the possible 
inclusion of air pores.

Many DM formulas are represented and analyzed in books [9, 
10]. Some examples of the implementation of the DM theory appli-
cation to microwave heating processes and materials are present-
ed in [11–15]. In some cases, the formulas of the DM theory were 
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tested. Study [11] was devoted to the applicability of the formulas 
by Wiener, Fricke-Madgett, Böttcher, Lichtennecker, and Landau-
Lifshitz for the description of the permittivity of mixtures (εm) of 
aqueous emulsions and suspensions at a frequency of 2.45 GHz. 
It was found that the values of εm for emulsions of water-oil type 
are best described by the Fricke-Madgett formula and εm for emul-
sions of lime-water type, by the Lichtennecker formula. The values 
of εm were measured in [11] at T = 20ºC.

In study [12], the DM formulas were derived for εm of two- and 
three-component mixtures, which may be adapted for spherical, 
ellipsoidal, cylindrical, and needlelike inclusions. The formula 
that takes into account ellipsoidal inclusions of water yielded ap-
proximate agreement with the experimental data for εm of pine-
wood at 2.45 GHz and at room temperature.

Several formulas of the DM theory for assessment of εm of 
moist wood at different temperatures were tested in [15]. Seven 
DM models that yielded the minimal error were tested. Calcula-
tions were made for three frequencies using published experimen-
tal data and the values of the permittivity for the tap water at the 
frequency 915 MHz.

The most reliable source of information about dielectric prop-
erties of pure and composite materials of any aggregate state is 
direct experimental measurement. There are many techniques de-
veloped for such measurements [16–18].

2.1.1  Open-Ended Coaxial Probe Method

The open-ended coaxial probe (OCP) method is currently one of 
the most popular techniques for measuring of complex dielectric 
permittivity of many materials. Nondestructive, broadband (RF 
and microwave ranges), and high-temperature (up to 1,200°C) 
measurements can be carried out with this method using commer-
cially available instrumentation. Its well-developed theory makes 
it possible to obtain sufficiently accurate results both for medium-
loss and high-loss media [19–21].

A typical OCP system consists of an automatic network ana-
lyzer (ANA) with a calibration kit, custom built test cell, program-
mable circulator, coaxial cable, and personal computer connected 
to the ANA through a special bus (Figure 2.1). The material un-
der study is placed in a steel pressure-proof test cell. The probe is 
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kept in a close contact with the sample during the measurements 
via a steel spring and piston. A thin rigid stainless thermocouple 
probe passes onto the center of the sample to measure sample 
temperature.

The sensing element of an OCP system is an open-ended cy-
lindrical coaxial line that is excited by transverse electromagnetic 
(TEM) wave. Parameters (amplitude and phase) of incident and 
reflected signals are detected by the ANA. The complex dielectric 
permittivity is determined according to the reflected coefficient 
( )jΓ = Γ - Γ′ ′′  as follows [22]:

	 ( )
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( )
( )

2 2
1 1

2 22 2

2 1
;

1 1
e eA f A fe e
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where Ae is the empirical coefficient dependent on characteristic 
impedance of the probe and sample size. In order to eliminate the 
influence of reflections caused by transmission line discontinuities, 
a calibration procedure is utilized. The EM characteristics of mea-
surement system are analyzed using three standard terminations 
(open, short, and 50 W). Then any material with well-known di-
electric properties such as deionized water, for example, is tested. 
The actual reflection coefficient differs from reflection coefficient 
measured using ANA (Γm) [20]:

	 ( )
11

22 11 12

m

m

a
a a a

Γ -
Γ =

Γ - + 	 (2.6)

Figure 2.1  Schematic diagram of experimental setup: computer (1), ANA (2), measure-
ment cell with the sample (3), and thermometer (4).
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where a11 is the directivity error, a12 is the frequency response error, 
and a22 is the source match error. Taking into account propagation 
constant (γ) and distance from the connector to the probe head (z), 
we can calculate aij in terms of S-parameters of the connector: 

	 2 2
11 11 12 12 21 22 22; ;z za S a S S e a S eγ γ- -= = = 	 (2.7)

In the inverse coaxial probe model, it is assumed that a sample 
has a semi-infinite size.

A few additional conditions must be satisfied to avoid mea-
surement error in the OCP method:

• Minimize thermal expansion of both conductors of the coaxial 
line at high temperatures;

• Intimate contact between the probe and the sample: a liquid 
sample may flush the probe and the surface roughness of solid 
sample should be less than 0.5 μm [23];

• Minimize disturbance caused by temperature, vibration, or 
any other external factors after calibration and during the mea-
surement.

The OCP method is very well suited for liquids or soft solid 
samples. It is accurate, fast, and broadband (from 0.2 to up to 20 
GHz). The measurement requires little sample preparation. A ma-
jor disadvantage of this method is that it is not suitable for measur-
ing materials with low dielectric property (plastics, oils, etc.).

2.1.2  Transmission Line Method

The transmission line method (TLM) belongs to a large group of 
nonresonant methods of measuring complex dielectric permittiv-
ity of different materials in a microwave range [1, 24]. There ex-
ist several modifications to this method including the free-space 
technique [25], open-circuit network method (see Section 2.1.1), 
and short-circuited network method. Usually three main types of 
transmission lines are used as the measurement cell in TLM: rect-
angular waveguide, coaxial line, and microstrip line.
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An analyzed sample is placed near the short-circuited end of 
a transmission line [7]. The dielectric properties of the sample are 
determined using the following expressions:

	 ( )
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d d

λ λ λ
e e

π λ π
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where λ is the free-space wavelength, λqc is the quasi-cutoff wave-
length, d is the sample thickness; x = Re(Zin), and y = Im(Zin); Zin is 
the input impedance of the short-circuited line.
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where l is the distance between the dielectric surface and the first 
minimum of the standing wave, λa is the wavelength in unloaded 
part of transmission line, and Kt is the traveling wave coefficient 
which is calculated when Kt ≥ 0.4 as: 
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and when Kt < 0.4 as:
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where Emin and Emax are the minimum and maximum values of the 
electric field amplitude and 2Δx is the distance between two points 
along the transmission line on both sides of minimum where mea-
sured data are equal and determined from: E = m2Emin (2 < m < 10 
is the empirical coefficient found from the calibration procedure).

A schematic diagram of a typical experimental setup realizing 
the transmission line method is represented in Figure 2.2.

Dielectric permittivity of lossy media may be also success-
fully measured employing a two-port coaxial cell with a sample 
placed in the middle of transmission line, so that the TEM wave 
could propagate from the input port to the output port. Impedance 
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changes and propagation characteristics (S-parameters) of TEM 
wave measured by means of ANA in an empty and partially load-
ed transmission line leading to the determination of the dielectric 
properties of lossy material. The basic principles of this technique 
are given in [26].

In general, a TLM measurement system is more expensive for 
the same range of frequency than the open-ended coaxial probe 
system, and the measurements are more difficult and time-con-
suming. The method described above gives good accuracy for 
high lossy materials but has rigid requirements on sample shape 
and sizes. In particular, the sample shape needs to precisely fit the 
cross section of the transmission line. In some cases, in order to 
increase accuracy it is necessary to measure several samples of 
various thicknesses. Despite these drawbacks, TLM is still widely 
used in microwave measuring engineering due to its simplicity. 
Using of coaxial line as a basic unit of measurement cell makes 
this method sufficiently broadband. The accuracy of this method 
is generally between that of the OCP method and that of the reso-
nance cavity method.

2.1.3  Resonant Cavity Method

Resonant cavity methods are also widely utilized in measur-
ing complex dielectric permittivity of lossy materials. The most 
popular resonant cavity method is the perturbation method (PM), 
which is based on a comparative analysis of certain EM character-
istics between empty and partially loaded rectangular or cylindri-
cal resonance cavity [27–29] (Figure 2.3).

Figure 2.2  Microwave system for measuring dielectric properties of materials using the 
transmission line method: computer (1), microwave oscillator (2), detector (3), short-
circuited piece of coaxial slotted line with specimen (4), and carriage with probe (5).



	 Dielectric and Thermal Properties of Microwaveable Materials	 21

According to PM theory [28, 29], dielectric permittivity and 
losses of a sample under study are determined as following: 

	
1 1

0 1 0

1 1
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V f V Q Q
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where f0 and Q0 are the resonance frequency and Q-factor of the 
empty cavity, f1 and Q1 are the resonance frequency and Q-factor of 
the cavity with a sample, Vc is the cavity volume, Vs is the sample 
volume; Δf = f0 - f1. A and B are the coefficients that depend on 
several parameters: shape, sizes, and location of the sample in the 
cavity and configuration and excited operating mode of the cav-
ity. In some cases, A and B may be found analytically for a lossy 
sheet material placed in a rectangular cavity with operating mode 
TE103 [27] or they may be determined empirically with calibration 
of the experimental setup. Equation (2.12) is valid when three main 
assumptions are satisfied [28]: the dielectric sample does not dis-
turb the general distribution of EM field in the cavity; metallic wall 
losses do not influence the resulting losses in the cavity; Q0 and Q1 
are measured at the same frequency. Appropriate location of the 
sample is also a very important factor, which affects the accuracy 
of the measurement. Preliminary numerical modeling of the mi-
crowave setup with lossy dielectric material inside the cavity may 
be a useful approach for determining an optimum sample posi-
tion in this case [27]. Sometimes, measurement errors are possible 
when there are air gaps between the specimen and the conducting 
parts of the metallic resonator.

Figure 2.3  Schematic diagram of experimental setup: computer (1), microwave oscilla-
tor (2), detector (3), cavity resonator with a sample (4), and heating unit (5).
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There are also some restrictions in using conventional resonance 
PM for measuring the dielectric loss tangent of low-loss media. If 
conduction losses in cavity walls are higher (or comparable) than 
dielectric losses of specimen, the resonator Q-factor may change 
and one will not obtain the correct values of the e′′. In this case, 
application of hybrid high-order modes called whispering-gallery 
modes [30] or the special calibration procedure of Q-factor charac-
terization as a function of frequency [28] can help to eliminate this 
drawback of this method.

PM is more accurate than the waveguiding methods. It is 
particularly suited for medium-loss and low-loss materials and 
substances. Precise shaped small-sized samples are usually used 
with this technique. But PM provides dielectric properties mea-
surements only at a fixed frequency. Commercial systems from 
Hewlett-Packard are more expensive than the open-end coaxial 
probe system.

2.2  Thermal Conductivity

Thermal conductivity (λt, [W/(m·K)]) is a very important param-
eter responsible for estimation of molecular transfer of heat in con-
tinuous media caused by temperature gradient. It is determined 
from the Fourier equation:

	 tq gradTλ= - 	 (2.13)

where q is the heat flux density. Different units utilized for λt defi-
nition in different countries are given in Table 2.1 [31]. 

Table 2.1 
Thermal Conductivity Units

Parameter
Equivalent Parameter, 
 λt [W/(m·K)]

1 calIT/(cm·c·ºC) 418.68
1 calth/(cm·c· ºC) 418.4
1 BtuIT/(ft·h·ºF) 1.73073
1 BtuIT·in/(ft2·h·ºF) 0.144228
1 Btuth/(ft·h·ºF) 1.72958
1 Btuth·in/(ft2·h·ºF) 0.144131
1 CHU/( ft·h·ºF) 3.1152
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Here, 1 calIT = 4.1868 J is the international calorie, 1 calth = 4. 184 
J is the thermo chemical calorie, 1 BtuIT = 1055.05 J is the British 
thermal unit, and 1 Btuth = 1054.35 J; 1 CHU = 1899.1 J. 

The given parameter is affected by temperature, pressure, sub-
stance aggregate state, purity, and other factors. The thermal con-
ductivity of many liquids is increased when the temperature rises, 
except water and glycerin. In the temperature range –50 < TºC < 
50 temperature dependence λt(T) for liquids can be approximately 
calculated using expression [31]:

	 ( ) ( )λ λ
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= ° + -  
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where Tb is the boiling temperature of aqueous substance; λt(0ºC) is 
the thermal conductivity at T = 0ºC, and also:

	 ( ) 0.250 0.009t a b t pC N T Cλ r-° = ⋅ 	 (2.15)

Here Na is the number of atoms in liquid molecule, ρt is the 
density, and Cp is the specific heat capacity at constant pressure. 
For most liquid substances 0.1 ≤ λt, W/(m·K) ≤ 1.

Thermal conductivity of solid media is defined by its structure: 
porous materials have lower λt than continuous ones, because for 
air λt = 0.025 W/(m·K). Then it has been found [32] that for denser 
solids thermal conductivity is greater. Moisture also causes an in-
crease of the given parameter.

2.3  Heat Capacity, Density, and Viscosity

Heat capacity characterizes the ability of media to accumulate heat 
by increasing its temperature. For liquid substances, two param-
eters—specific heat capacity (Ct, [J/(kg·K)] and volumetric heat 
capacity (Cv, [J/(m3·K)]—are applied, and are also linked as [31]:

	 t v t
t

TV
C C

k
β= + 	 (2.16)
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where βt is the volume thermal expansion coefficient, V is the sub-
stance volume, and kt is the isothermal compression. For solid ma-
terials, Ct ≈ Cv and always Ct > Cv.

We can also define heat capacity employing one more well-
known equation:

	 ( )0tQ MC T T= - 	 (2.17)

where Q is the amount of heat transmitted to the media, M is the 
mass, and T0 is the initial temperature. 

Density is the ratio ρt = M/V [kg/m3]. Parameter at = λt/(Ct·ρt) 
[m2/s] is called thermal diffusitivity. 

Dynamic viscosity (μt, [Pa·s]) is one more important parameter 
that must be known for analysis of processes of microwave heating 
of liquids. It is determined from Newton’s friction law:

	 x
x t
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where Fx is the internal friction force directed perpendicular to the 
gradient of velocity of aqueous media. In some handbooks, one 
can find another parameter: kinematical viscosity vt = μt/ρt [m2/s]. 
Dynamic viscosity almost always does not depend on pressure but 
strongly depends on temperature.

Experimental methods of λt determination are based on the so-
lution of the heat transfer equation. So-called steady-state methods 
are used for measuring λt at a fixed temperature. Different tran-
sient techniques—the transient plane source (TMS) method, modi-
fied TPS method, transient line source method, thermoreflectance 
method, Searle’s bar method, and Lee’s disc method—are utilized 
for investigation of λt as a function of temperature. These methods 
demonstrate good accuracy and flexibility in measuring λt of solid, 
liquid, powdered, and thin-film materials. There is a large variety 
of experimental tools for these purposes, including special calori-
metrical devices and needle-type sensors [33, 34].

Calorimeters can be used also for experimental studies of the 
heat capacity. There are various modifications of these instru-
ments: adiabatic, bomb, isothermal titration, constant-pressure, 
differential scanning, calvet-type, reaction, and so forth [35]. The 
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measuring technique implemented in these calorimeters is based 
on (2.17), which is very well known in academic teaching. The 
same is true about the measuring of density and viscosity.
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3
Foodstuff and Agricultural Products

General aspects and practical examples of using microwaves for 
thermal processing different food materials are well described in 
many publications including [1–5]. As it is known, the physical 
properties of food and agricultural products depend on moisture, 
salts, fats, proteins, and the content of various chemical substanc-
es. Temperature is another factor, which impacts on the complex 
dielectric permittivity (CDP), density, heat capacity, thermal con-
ductivity, and viscosity of foods. Values of all these parameters can 
vary in wide ranges because of essential heterogeneity of food and 
agricultural products. As well, different groups of foodstuff dem-
onstrate different physical properties, as shown below.

3.1  Meat

Meat is one of the most well-studied foods. For example, CDP val-
ues of meat with various moisture and fat content at ISM frequen-
cies are given in Tables 3.1 and 3.2.
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Table 3.1 
Dielectric Properties of Different Meat Samples at T = 20°C

Meat W%
Fat 
Content%

433 MHz 915 MHz 2,450 MHz

e′ e′′ e′ e′′ e′ e′′
Beef 75.4 2.2 53.7 33.5 51.7 27.8 48.7 17.6
Pork 76.5 2.4 54.6 34.4 52.5 28.4 49.5 18.1
Mutton 76.6 1.5 53.9 33.6 51.6 28 48.9 18
Hen 74.6 0.9 52.6 37.6 49.4 30.1 46.2 20
Duck 74.3 1.2 52.1 35.3 47.8 30.1 46 20.2
Goose 74.2 1.8 53.9 34.5 48.4 29.7 47.6 19.2

From: [3].

Table 3.2 
Dielectric Properties of Beef (Shoulder Part) at T = 20°

Moisture%

433 MHz 915 MHz 2,450 MHz

e′ e′′ e′ e′′ e′ e′′
30 10.5 7 8.7 5.2 7.5 3.5
40 24.5 26.5 20.6 21.8 16.1 12
45 31.5 28.6 30 25.1 25.5 15.3
55 44 31 43.1 26.3 36 16.6
70 53 32.3 50.5 27 46.6 17.1
75 53.7 33 51.7 27.4 48.5 17.6

From: [3].

This data corresponds to room temperature, but in microwave 
tempering and defrosting technologies it is more important to 
know the CDP of meat at low temperatures (see Table 3.3).

Table 3.3 
Dielectric Properties of Frozen Meat at T = -20°C 

Meat sample

300 MHz 915 MHz 2,450 MHz

e′ e′′ e′ e′′ e′ e′′
Beef 5.4 0.7 4.8 0.54 4.4 0.51

Pork 5.5 1.14 4.4 0.63 4.0 0.56
Chicken 5.3 1.31 4.6 0.87 4.0 0.51
Turkey 5.3 1.21 4.5 0.73 4.1 0.61

From: [3].
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Temperature is a very important factor that influences the phys-
ical characteristics of meat. Dielectric permittivity and loss factor 
values as a function of temperature for beef, turkey, ham, and so 
forth are represented in Tables 3.4 to 3.9.

Table 3.4 
Dielectric Properties of Beef (Shoulder Part)

Temperature
Frequency 
(MHz) Expression R2

30 ≤ T°C ≤ 90 433 e′(T) = 4·10–5T3 - 0.006T2 + 0.1397T + 52.726 0.9952

e′′(T) = -0.0045T2 + 0.4468T + 27.012 0.9964
915 e′(T) = -4·10-5T3 + 0.0085T2 - 0.7389T + 

67.025
0.9980

e′′(T) = -0.0043T2 + 0.4504T + 20.221 0.9810
2450 e′(T) = -10-6T3 + 0.0003T2 - 0.1717T + 51.269 0.9974

e′′(T) = -0.003T2 + 0.3266T + 14.182 0.9959

From: [3].

Table 3.5 
Comparison of Dielectric Properties of Beef at 2,450 MHz 

5 ≤ T°C ≤ 95
Beef Expression R2

Fresh, W = 75.4% e′(T) = -4·10-5T3 + 0.0052T2 - 0.3471T + 
51.561

0.9972

e′′(T) = 8·10-6T3 - 0.0031T2 + 0.2483T + 13.438 0.9731

Cooked, W = 72.4% e′(T) = -10-5T3 + 0.0017T2 - 0.1715T + 49.806 0.9902

e′′(T) = 2·10-5T3 - 0.0031T2 + 0.1895T + 7.0384 0.9851

From: [3].

Table 3.6 
Dielectric Properties of Some Meat Samples in Temperature Range  

40 ≤ T°C ≤ 100 at 433 MHz

Sample W %
Fat 
content % Expression R2

Ham 69.1 4.7 e′(T) = 30.293ln(T) - 51.735 0.9970

e′′(T) = 15.535ln(T) - 13.498 0.9919
Liver paste 55 20 e′(T) = -0.0008T2 + 0.0628T + 39.77 0.9935

e′′(T) = -0.0007T2 + 0.149T + 10.788 0.9838

From: [3].
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Table 3.7 
Dielectric Properties of Raw Meat in Temperature Range 5 ≤ T°C ≤ 65

Raw Meat f (MHz) Expression R2

Beef 915 e′(T) = 57.39 - 0.10716T 0.9999

e′′(T) = 17.333exp(0.0099T) 0.9987
2450 e′(T) = 53.2 - 0.7133T 0.9999

e′′(T) = 3·10-5T3 - 0.0005T2 - 0.1087T + 17.762 0.9367
Turkey 915 e′(T) = 60.358 - 0.071666T 0.9999

e′′(T) = 22.217 + 0.43666T 0.9999
2450 e′(T) = 2·10-5T3 - 0.0032T2 + 0.0854T + 52.499 0.9944

e′′(T) = -9·10-5T3 + 0.013T2 - 0.4955T + 
27.622

0.9936

From: [6].

Table 3.8 
Dielectric Properties of Meat at 2,450 MHz

Meat Temperature Expression R2

Chicken 
breast

15 ≤ T°C ≤ 65 e′(T) = 2·10-5T3 - 0.0034T2 + 0.1126T + 54.969 0.9957

e′′(T) = 0.0018T2 - 0.0976T + 19.479 0.9982
Chicken 
thigh

15 ≤ T°C ≤ 55 e′(T) = -0.0013T2 + 0.012T + 56.039 0.9982

e′′(T) = 0.0019T2 - 0.1119T + 17.301 0.9964
Beef 15 ≤ T°C ≤ 60 e′(T) = 3·10-5T3 - 0.0051T2 + 0.1437T + 53.616 0.9983

e′′(T) = 0.0018T2 - 0.1216T + 18.363 0.9831

From: [7].

Dielectric properties of meat were measured using the wave-
guide method [3] and the open-ended coaxial probe method [7, 8]. 
In [8], one can find predictive equations for the CDP as a function 
of temperature, moisture, and ash at 2,450 MHz for various fruits, 
vegetables, and meat samples (Table 3.9).

Table 3.9 
Dielectric Properties of Ash Turkey at 2,450 MHz  

in Temperature Range 25 ≤ T°C ≤ 125 
Ash% Expression R2

6 e′(T) = 10-5T3 - 0.0032T2 + 0.1142T + 54.516 0.9971

e′′(T) = -10-5T3 + 0.0023T2 + 0.0907T + 20.428 0.9966
15 e′(T) = -8·10-6T3 + 0.0022T2 – 0.177T + 52.757 0.6617

e′′(T) = 0.0032T2 + 0.16T + 33 0.9849

From: [8].
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According to [9], the CDP of ground beef is determined as:

	 ( )2 2 1
0 1 2 3 4 5 6j u u T u T u FT u F u F u Te e -- = + + + + + +′ ′′ 	 (3.1)

where F is the fat content and the values of coefficients u0 ÷ u6 are 
given in Table 3.10. 

Table 3.10 
Dielectric Properties of Ground Beef with Fat Content 4 < F% < 20 at 915 MHz

and 2.45 GHz in Temperature Range -20 < T°C < 74
DP f (MHz) T°C u0 u1 u2 u3 u4 u5 u6 R2

e′ 915 < Tf -3.07 -0.24 NS 0.026 1.24 -0.03 -12.73 0.87

> Tf 57.08 -0.1 0.0009 -0.001 -1.49 0.045 NS 0.94
2,450 < Tf -4.19 -0.24 NS 0.021 1.33 -0.035 -12.62 0.86

> Tf 50.69 -0.08 0.0005 NS -1.23 0.03 NS 0.95

e′′ 915 < Tf 3.12 0.66 0.2 0.009 0.59 -0.2 NS 0.86

> Tf 20.34 0.05 0.001 -0.002 -0.88 0.03 NS 0.93
2,450 < Tf -2.17 NS NS 0.004 0.57 -0.02 -4.93 0.87

> Tf 16.7 -0.05 0.0007 NS 0.22 NS NS 0.83

From: [9].
NS = not significant; Tf = freezing point. 

Thermal properties of meat are also well described in the lit-
erature [10, 12]. Along with meat, animal fats are widely used in 
the food industry. Temperature dependencies of the main thermal 
parameters of animal fats are shown in Table 3.11. According to [6], 
the CDP of bacon fat, for example, at room temperature is quite 
low: e′ - je′′ = 2.6 - j0.16 (1 GHz); e′ - je′′ = 2.5 - j0.13 (3 GHz). In-
formation about ρt(T), Ct(T), λt(T) in Table 3.11 has been collected 
in [10] from different sources both at low and high temperatures. 
Deviation of some parameters is explained by different measuring 
methods and volume fractions of free and bound water, salt, and 
other chemical substances content in food samples. The same is 
true for the raw meat parameters represented in Table 3.12. 
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Table 3.11 
Thermal Properties of Animal Fats

Fat Temperature Parameters Units
Raw beef 
fat

278 ≤ T°K ≤ 303 ρt(T) = 1377 - 1.5T kg/m3

313 ≤ T°K ≤ 363 ρt(T) = 1076 - 0.5T
75 ≤ T°K ≤ 273 Ct(T) =  308.37exp(0.0076T); R2 = 0.9805 J/(kg·K)

298 ≤ T°K ≤ 338 Ct(T) = 0.3048T3 - 292.79T2 + 93538T - 107

R2 = 0.9802
243 ≤ T°K ≤ 273 λt(T) = 0.8888 - 0.0025T, R2 = 0.9952 W/(m·K)

313 ≤ T°K ≤ 363 λt(T) = -9·108T3  + 10-4T2 - 0.0341T + 4.175
R2 = 0.9905

Raw mutton 
fat

323 ≤ T°K ≤ 363 ρt(T) = 1124 - 0.75T kg/m3

283 ≤ T°K ≤ 343 Ct(T) = -0.0028T3 - 0.3329T2 + 998.74T 
- 187932; R2 = 0.8957

J/(kg·K)

254 ≤ T°K ≤ 311 λt(T) = 10-6T3 - 0.0009T2 + 0.2544T - 22.969
R2 = 0.9957

W/(m·K)

Salted 
pork fat

77 ≤ T°K ≤ 273 ρt(T) = 1052 - 0.377T kg/m3

283 ≤ T°K ≤ 333 ρt(T) = 1133 - 0.63T
333 ≤ T°K ≤ 353 ρt(T) = 1642 - 2.21T
283 ≤ T°K ≤ 298 Ct(T) = 5.64T2 - 3144.4T + 440897 J/(kg·K)

303 ≤ T°K ≤ 338 Ct(T) = -0.1235T3 + 121.03T2 - 39509T
+ 4·106; R2 = 0.971

243 ≤ T°K ≤ 273 λt(T) = -10-4T2 + 0.0498T - 5.6071
R2 = 0.9968

W/(m·K)

Grease 323 ≤ T°K ≤ 373 ρt(T) = 1069 - 0.555T kg/m3

75 ≤ T°K ≤ 253 Ct(T) = 0.0005T3 - 0.2027T2 + 30.72T 
- 691.92; R2  = 0.9864

J/(kg·K)
253 ≤ T°K ≤ 273 2850 ≤ Ct(T)  ≤ 5240
283 ≤ T°K ≤ 298 Ct(T) = 7.96T2 - 4484.1T + 634518 

R2  = 0.9995
303 ≤ T°K ≤ 333 Ct(T) = -0.3524T3  + 341.48T2 - 110253T +107; 

R2  = 0.9777
77 ≤ T°K ≤ 323 λt(T) = 0.65 - 0.0015T W/(m·K)

323 ≤ T°K ≤ 373 λt(T) = 0.031 + 0.0004T

From: [10].

Sometimes the mathematical function of temperature depen-
dence of this or that thermal parameter is not known but one can 
mention minimum and maximum values of a given parameter in 
some temperature range. Several examples of such an approach 
are represented in Table 3.12.
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Table 3.12 
Thermal Properties of Raw Meat

Parameter Units T°K Value Comment
Thermal 
conductivity

W/(m·K) 293 ÷ 333 λt(T) = 0.422 + 0.00019T Beef

λt (T) = 0.430 + 0.00016T Mutton

λt (T) = 0.250 + 0.00087T Pork
Thermal  
diffusivity 
×108

m2/s 273 ÷ 303 11.7 ÷ 12.5 Beef (W = 74%) and 
pork (W = 76.8%)

293 ÷ 343 12.2 ÷ 12.5 Beef 
380 ÷ 430 at(T) = 6·10-5T3 - 0.0822T2

+ 37.509T – 5595.7
R2 = 0.9806

Density kg/m3 278 ÷ 303 1066 ÷ 1130 Beef
1070 Pork
1265 ÷ 1247 Bird

Heat capacity J/(kg·K) 273 ÷ 285 3700 ÷ 4100 Beef
285 ÷ 310 4100 ÷ 3590
310 ÷ 320 3590 ÷ 3570
320 ÷ 373 3056 ÷ 3224

From: [10].

3.2  Fish

Microwave energy is widely utilized for defrosting, tempering, 
heating, and sterilization of fish and marine products. Most pub-
lications on dielectric properties of fish contain information about 
e′ - je′′ at room temperature (Tables 3.13 and 3.14). Both dielec-
tric permittivity and loss factor mainly depend on moisture and 
fat content at a fixed temperature; moreover, sometimes density 
should also be taken into account (Table 3.14). Temperature depen-
dencies of CDP for different fish and caviar samples are shown in 
Tables 3.15 to 3.17. 
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Table 3.13 
Dielectric Properties of Some Fish Samples 

at 2,450 MHz and T = 20°C

Fish
Water 
Content (%)

Fat 
content (%) e′ e′′

Herring 61.3 17.4 42 10.2
Cod 76.3 0.5 52 18
Paltus (halibut) 75 5 48 17.5
Hake 74.5 1.5 43.3 17.8
Tuna 72.3 3.4 42 15
Soodak (pike-perch) 69.9 1.9 44 16

From: [3].

Table 3.14 
Dielectric Properties of Hake Stuffing at T = 20°C

Density 
(kg/m3)

433 MHz 915 MHz 2450 MHz

e′ e′′ e′ e′′ e′ e′′
920 49.3 31.1 45.7 25.5 40.5 16.8
960 51.1 31.5 49.9 26.1 43 17.4
990 54 32.4 52.3 26.6 47.3 18.1
1,010 56.8 33.2 54 27.5 49.6 18.7
1,025 57.6 33.7 56.7 28.3 51 19.3

From: [3].

Table 3.15 
Dielectric Properties of Cod and Paltus (Halibut) at 433 MHz in  

Temperature Range 10 ≤ T°C ≤ 100
Fish Expression R2

Cod e′(T) = -0.0025129T2 + 0.1154T + 56.255 0.9993

e′′(T) = -2·10-5T3 - 2·10-5T2 + 0.258T + 
29.186

0.9979

Paltus (halibut) e′(T) = -0.0015T2 - 0.0192T + 54.997 0.9993

e′′(T) = -10-5T3 - 0.001T2 + 0.2741T + 25.408 0.9991

From: [3].

Complex dielectric permittivity of cooked (boiled) cod at 2,450 
MHz in temperature range 20 ≤ T°C ≤ 100 [3]:
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	 ( ) 248.0825 0.07125 , 0.9999T T Re = - =′ 	 (3.2)

	 ( ) 2 20.00117 0.2012 4.5684, 0.9988T T T Re = - + + =′′ 		  (3.3)

Table 3.16 
Dielectric Properties of Fish at 2,450 MHz

Fish Temperature Expression R2

Cod 15 ≤ T°C ≤ 50 e′(T) = -0.0011T2 – 0.0493T + 63.548 0.9985

e′′(T) = -7·10-5T3 + 0.0093T2 - 0.3828T + 
21.289

0.9945

Salmon 15 ≤ T°C ≤ 50 e′(T) = 53.583exp(-0.0018T) 0.9193

e′′(T) = -8·10-5T3 + 0.009T2 - 0.2997T + 19.249 0.9547
Perch 15 ≤ T°C ≤ 40 e′(T) = 61.616exp(-0.0021T) 0.9854

e′′(T) = 0.0028T2 - 0.1491T + 20.193 0.9759

From: [7].

Table 3.17 
Dielectric Properties of Fish Products at 915 MHz in Temperature Range 

20 ≤ T°C ≤ 80
Fish product Expression R2

Unsalted caviar e′(T) = 0.0004T2 + 0.0035T + 32.25 0.9879

e′′(T) = -6·10-5T3 + 0.0099T2 - 0.3867T + 13.15 0.9947

Salted caviar e′(T) = -5·10-5T3 + 0.0097T2 - 0.4387T + 30.379 0.9968

e′′(T) =  24.64exp(0.0177T) 0.9965
Unsalted salmon e′(T) =  0.0071T2 - 0.8767T + 44.414 0.9627

e′′(T) = -4·10-5T3 + 0.0131T2 - 0.9021T + 31.736 0.9894
Salted salmon e′(T) =  0.0054T2 - 0.5945T + 38.864 0.8869

e′′(T) = -2·10-4T3 + 0.0405T2 - 2.1038T + 68.114 0.9954

From: [11].

Data about thermal characteristics of various marine products 
taken from [10] and [12] are shown in Tables 3.18 to 3.23. Param-
eters Xf and Xw in Table 3.19 are the fat and moisture content (dry 
basis), respectively. As noted in [10], the thermal parameters of fish 
stuffing are approximately the same as for the fish itself. Moisture, 
fat content, and temperature are again general factors defining 
thermal conductivity, heat capacity, and density of fish.
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Table 3.18 
Thermal Conductivity of Fish

Fish Temperature Moisture Thermal Conductivity (W/(m·K))
Frozen tuna 243°K 70 ≤ W% ≤ 73 λt = 1.417

253°K λt = 1.333
263°K λt = 1.167
273°K λt = 0.444

Bream 273 ≤ T°K ≤ 303 75 ≤ W% ≤ 78 λt = 0.47
Mallotus villosus 278 ≤ T°K ≤ 303 78 ≤ W% ≤ 80 λt(T) = 0.003T–0.449
Cod 275 ≤ T°K ≤ 293 75 ≤ W% ≤ 79 0.45 ≤ λt ≤ 0.54

293 ≤ T°K ≤ 313 λt(T) = 0.001T + 0.18
323 ≤ T°K ≤ 373 λt(T) = 0.002T - 0.15

Pike-perch 273 ≤ T°K ≤ 288 76 ≤ W% ≤ 80 0.47 ≤ λt ≤ 0.52
Tuna 273 ≤ T°K ≤ 278 73 ≤ W% ≤ 76 0.5 ≤ λt ≤ 0.58
Salmon 293 ≤ T°K ≤ 299 75 ≤ W% ≤ 79 0.54 ≤ λt ≤ 0.56
Mackrel 318 ≤ T°K ≤ 323

78 ≤ W% ≤ 80
0.57 ≤ λt ≤ 0.6

283 ≤ T°K ≤ 373 λt(T) = -5·10-7T3 + 0.0005T2 - 
0.1464T + 15,783; R2 = 0.9915

From: [10].

Table 3.19 
Thermal Conductivity λt, [W/(m·K)], and Diffusivity at × 107 [m2/s] of Fish

at 0 ≤ T°C ≤ 40
Fish Xf Xw Expression R2

Salmon 0.0046 0.77 λt (T) = 2·10-6T3 - 8·10-5T2 + 0.0016T + 0.4091 0.9997

at (T) = -5·10-5T3 + 0.0031T2 - 0.0284T + 1.6746 0.9981
Sole 0.0046 0.77 λt (T) = 2·10-6T3 - 0.0002T2 + 0.0067T + 0.3956 0.8844

at (T) = 2·10-5T3 - 0.0009T2 + 0.0328T + 1.9026 0.9999
Hilsa 0.05 0.463 λt (T) = -10-6T3 + 8·10-5T2 - 10-4T + 0.4092 0.9991

at (T) = -5·10-5T3 + 0.0026T2 - 0.0097T + 2.1285 0.8975

From: [12].
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Table 3.20 
Thermal Conductivity of Fish Mince, Sausages, and Caviar 

Product ρt (kg/m3) Temperature λt (W/(m·K))
Pollock mince 940 283°K 0.63 ≤ λt ≤ 0.7

980 273 ≤ T°K ≤ 343 0.45 ≤ λt ≤ 0.47
343 ≤ T°K ≤ 373 0.75 ≤ λt ≤ 1.3

Pike mince 995 353 ≤ T°K ≤ 401 0.46 ≤ λt ≤ 0.57

Perch mince 0.41 ≤ λt ≤ 0.43
Cod mince 0.43 ≤ λt ≤ 0.52
Pike sausage 970 353 ≤ T°K ≤ 401 0.43 ≤ λt ≤ 0.49
Perch sausage 0.38 ≤ λt ≤ 0.45
Black caviar 900 269 ≤ T°K ≤ 333 λt(T) = 0.442 - 0.0139(T-273) + 1.3·10-5(T-

273)2

From: [10].

Table 3.21 
Heat Capacity of Fish

Fish Temperature Moisture Heat Capacity (J/(kg·K))
Cod filet 20 ≤ T°C ≤ 25 78 ≤ W% ≤ 80.3 3,434 ≤ Ct ≤ 3,740

2 ≤ T°C ≤ 18 80.3% 3,642 ≤ Ct ≤ 3,684
Sheatfish 4 ≤ T°C ≤ 25 78% 3,433 ≤ Ct ≤ 3,685
Sazan 20 ≤ T°C ≤ 25 74 ≤ W% ≤ 78 3,659 ≤ Ct ≤ 3,726
Pike-perch 0 ≤ T°C ≤ 25 76.8 ≤ W% ≤ 78.4 3,538 ≤ Ct ≤ 3,798
Sea perch 20 ≤ T°C ≤ 25 79.1% 3,600
Sturgeon 20 ≤ T°C ≤ 25 70.8% 3,643
Haddock 2 ≤ T°C ≤ 18 83.6% 3,684 ≤ Ct ≤ 3,726

From: [10].

Table 3.22 
Density of Fish at 15°C 

Fish Mass (g) Density (kg/m3)
Herring 390 ≤ m ≤ 726 1066 ≤ ρt ≤ 1109
Bream 386 ≤ m ≤ 811 1015 ≤ ρt ≤ 1033
Pike-perch 350 ≤ m ≤ 3400 955 ≤ ρt ≤ 996
River perch 228 ≤ m ≤ 369 987 ≤ ρt ≤ 1097

From: [10].
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Table 3.23 
Thermal Parameters of Fish

Fish T°K W% ρt (kg/m3) Ct (J/(kg·K)) λt (W/(m·K))
Cod 293 80 1,020 3,684 0.46

83 997 3,684 0.54
Salmon 293 73 980 3,517 0.5
Pike-perch 273

293
80 1,070 3,475 0.52
80 1,064 3,810 0.47

Sazan 293 80 1,060 3,864 0.44
Sturgeon 293 80 1,059 3,643 0.43

From: [10].

3.3  Eggs

Dielectric and thermal parameters of eggs are represented in Ta-
bles 3.24 to 3.26.

Table 3.24 
Dielectric and Thermal Properties of Eggs at 915 MHz in 

Temperature Range 20 ≤ T°C ≤ 60
Product Parameter Expression Units
Egg white e′ -0.257T + 75.6

e′′ 0.117T + 19.6
λt 0.00096T + 0.545 W/(m·K)
Ct 0.761T + 3890 J/(kg·K)
ρt -0.567T + 1047 kg/m3

Egg yolk e′ -0.149T + 35.5

e′′ -0.006T + 11.1
λt 0.00056T + 0.38 W/(m·K)
Ct 1.75T + 2930 J/(kg·K)
ρt -0.641T + 1042 kg/m3

Personal communication. Wang, S., WSU, WA, May 2003.
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Table 3.25 
Dielectric Properties of Eggs at 2,450 MHz and Different Temperatures 

T°C

20 40 60 80

e′ e′′ e′ e′′ e′ e′′ e′ e′′
Egg white 46 4.5 40.8 3.75 37.5 2.5 35 2.5
Egg yolk 52.5 8.75 47.5 7.5 44.3 6.25 40.5 6.3

From: [3].

Table 3.26 
Thermal Properties of Eggs 

Egg part Temperature Parameters Units
White 0 ≤ T°C ≤ 80 ρt(T) = -2·10-5T3  + 0.0001T2 - 0.2699T

+ 1047.8; R2 = 0.998
kg/m3

Yolk ρt(T) = -0.0001T3  + 0.015T2 - 0.9476T +
+ 1039.1; R2 = 0.9766

Mélange ρt(T) = 3·10-5T3 - 0.0076T2 - 0.0384T + 1041.7
R2 = 0.9928

White 
W=80%

2.5 ≤ T°C ≤ 37.5 Ct(T) = 0.4524T2 - 16.143T + 3725 J/(kg·K)

278 ≤ T°K ≤ 323 λt (T) = 0.117 + 0.00142T W/(m·K)

Yolk 
W=50%

273 ≤ T°K ≤ 323 Ct(T) =  2326 + 2.2T J/(kg·K)

279 ≤ T°K ≤ 323 λt (T) = 0.3455 + 0.0002T W/(m·K)

Mélange 273 ≤ T°K ≤ 323 3433 ≤ Ct(T) ≤ 3688 J/(kg·K)

λt (T) = 0.11 + 0.00125T W/(m·K)

From: [10].

3.4  Cheese, Butter, and Milk

Physical properties of milk, cheese, and butter depend on several 
factors as shown in Tables 3.27 to 3.33. 
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Table 3.27 
Dielectric Properties of Milk at 2,450 MHz and T = 20°C

Milk product Fat (%)
Protein 
(%)

Lactose 
(%)

Moisture 
(%) e′ e′′

1% Milk [13] 0.94 3.31 4.93 90.11 70.56 17.61
3.25%Milk [13] 3.17 3.25 4.79 88.13 67.98 17.63
Milk [3] 0 — — 81 69.8 15.7
Milk [3] 0 — — 87 66.4 17.3
Milk [3] 0 — — 83 63 18.8
Milk fat (solid) 100 0 0 0 2.613 0.153

Table 3.28 
Dielectric Properties of Cottage Cheese at 915 MHz and 2.45 GHz 

f (MHz) T°C

Fat-Free 
Fat 
Content = 2%

Fat 
Content = 4%

e′ e′′ e′ e′′ e′ e′′
915 5 67.4 32.9 62.6 26.8 57.7 26.2

25 63.5 36.7 62.8 31.9 55.9 30.1
45 64.5 43.5 61.9 38.6 57.2 38.6
65 55.2 51.2 54.9 58.2 50.4 55.1

2,450 5 61.3 26 58.1 22.7 52.7 21
25 59.9 22.4 59.8 20.6 54.6 19.5
45 62.5 24.2 60 21.2 55.8 20.9
65 52.4 23.1 52.6 24.8 50.2 24.2

From: [14].

Table 3.29 
Dielectric Properties of Butter and Albumen

Foodstuff Temperature f (GHz) Dielectric Permittivity and Loss Factor
Albumen–milk 
concentrate [15]

20 < T°C < 70 2.45 e′(T) = 55 - 0.17T

e′′(T) = 17.89 - 0.1T
Butter [3] 5 < T°C < 40 2.45 e′(T) = 0.0002T2 + 0.0052T + 4.1567

R2 = 0.9962

e′′(T) = -9·10-6T3 + 0.0007T2 - 0.0099T + 0.556
R2 = 0.982

Butter [6] 5 < T°C < 40 2.45 e′(T) = 2·10-5T3 - 0.0011T2 + 0.0179T + 3.9886
R2 = 0.9932

e′′(T) = 5·10-6T3 - 0.0002T2 - 0.0038T + 0.3822
R2 = 0.9965
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Whey protein mixture/gel (see Table 3.30 for the dielectric 
properties) is a specific substance used in food science to study the 
uniformity of microwave heating by means of a chemical marker 
method [16]. It consists of whey powder, sodium chloride, glucose, 
and distilled water. 

Microwaves are often employed for thermal treatment of mixed 
products, like macaroni and cheese or cheese sauce prepared by 
mixing melted margarine, cheese powder with milk, and water 
[16].

The CDP of all these foods is represented in Table 3.30.

Table 3.30 
Dielectric Properties of Some Foods at 915 and 1,800 MHz 

in Temperature Range 20 ≤ T°C ≤ 121 
Food f (MHz) Expression R2

Whey protein 
gel

915 e′(T) = 0.0004T2 - 0.1494T + 61.986 0.9945

e′′(T) = 0.0015T2 + 0.3963T + 26.008 0.9998
1,800 e′(T) = 59.386 - 0.121T 0.9969

e′′(T) = 19.417exp(0.0081T) 0.9988
Liquid whey 
protein 
mixture

915 e′(T) = 5·10-6T3 - 0.0004T2 - 0.1445T + 64.854 0.9973

e′′(T) =  0.0017T2 + 0.4172T + 24.231 0.9997
1,800 e′(T) = 0.0004T2 - 0.184T + 62.833 0.9971

e′′(T) = 19.12exp(0.0087T) 0.9991
Cheese
sauce

915 e′(T) = 0.0002T2 - 0.1298T + 45.096 0.9966

e′′(T) = -9·10-6T3 + 0.0032T2 + 0.6006T + 
32.466 

0.9996

1,800 e′(T) = 10-5T3 - 0.0024T2 + 0.0614T + 38.949 0.9966

e′′(T) = 0.0009T2 + 0.3036T + 20.916 0.9993
Macaroni and 
cheese

915 e′(T) = 40.871 - 0.0081T 0.7381

e′′(T) = 6·10-6T3 - 4·10-6T2 + 0.2637T + 
15.898

0.9994

1,800 e′(T) = 40.201 - 0.0328T 0.8826

e′′(T) = 0.0009T2 + 0.0119T + 16.814 0.9991

From: [16].

Thermal characteristics of milk as a function of temperature and 
fat content (n) are listed in Tables 3.31 and 3.32. Less information 
is available in the literature about temperature-dependent thermal 
properties of cheese and butter. One example of the heat capacity 
of cheese is shown in Table 3.31. Whey protein gel properties were 
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defined in [17] up to the temperature T = 80ºC (Table 3.33) neces-
sary for providing pasteurization processing of food [2]. 

Table 3.31 
Heat Capacity of Cheese and Milk 

Food Temperature
Fat Content 
(Dry Basis) Heat Capacity, J/(kg·K)

Cheese [12] 40 ≤ T°C ≤ 100 0.135 Ct(T) = 1.65T + 2679.8
0.345 Ct(T) = 1.3179T + 3026.5

Milk [10] 273 ≤ T°K ≤ 308 Fat-free Ct(T) = 15.9T - 3353
313 ≤ T°K ≤ 353 Fat-free Ct(T) = 11.3T - 1712
303 ≤ T°K ≤ 353 Fat-free Ct(T) = 16.8T - 3242

Table 3.32 
Thermal Properties of Milk 

Parameter Units T°K Value Comment
Thermal 
conductivity

W/(m·K) 293 0.52 ÷ 0.59 Different fat content
353 0.612 ÷ 0.643

Density kg/m3 274 ÷ 343 ρt(T) = 1055 - 0.179T + 3.14n 0.082 ≤ n ≤ 0.102
Thermal diffusivity 
×108

m2/s 273 12.6 ÷ 12.8 Different fat content
293 13.4 ÷ 13.5
313 14 ÷ 14.2
333 14.6 ÷ 14.8
353 15.1 ÷ 15.3

From: [10].

Table 3.33 
Thermal Properties of Whey Protein Gel

Parameter Temperature Expression R2

Volumetric specific 
heat MJ/(m3 ·K)

0 ≤ T°C < 50 Ct(T)·ρt(T) = -0.0002T2 + 0.0095T + 3.8444   0.926

50 ≤ T°C < 80 Ct(T)·ρt(T) = -0.0004T2 + 0.0521T + 2.2407   0.999
Thermal 
conductivity  
W/(m·K)

0 ≤ T°K ≤ 80 λt(T) = 0.0009T + 0.5158 0.993

From: [17].
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3.5  Vegetables, Fruits, and Nuts

Microwaves are successfully used for postharvest treatment, dry-
ing, pasteurization, sterilization, defrosting, and cooking of such 
agricultural products as vegetables and fruits [2, 3]. Chemical 
substances, moisture, and temperature influence much on CDP 
of many agricultural foods. Moreover physical properties of fresh 
and cooked vegetables and fruits are different. Potato is one of the 
most popular foods in the world and information about its proper-
ties is available in the literature. Temperature dependences of CDP 
of both fresh and cooked potato are given in Tables 3.34 to 3.36. Di-
electric properties of different vegetables and fruits are represented 
in Tables 3.37 and 3.38. Predictive equations in Tables 3.35 and 3.38 
have been obtained in [18] and [19], respectively. The open-ended 
coaxial probe method was used in [18–20]. 

Table 3.39 shows dielectric permittivity and loss factor of some 
fresh fruits and nuts measured in [20] at 915 and 1,800 MHz. Ad-
ditional data on given parameters at 27 and 40 MHz can also be 
found in [20].

Table 3.34 
Dielectric Properties of Potato at 20 ≤ T°C ≤ 95 and W = 77.8% 

Frequency 
(MHz) Expression R2

433 e′(T) = -10-6T3 – 0.0003T2 - 0.1387T + 69.332 0.9968

e′′(T) = 2·10-5T3 – 0.0079T2 + 0.6603T + 22.692 0.9951
915 e′(T) = -0.0008T2 - 0.1118T + 68.005 0.9985

e′′(T) = -8·10-7T3 - 0.0024T2 + 0.3024T + 21.483 0.9893
2450 e′(T) = -0.0011T2 - 0.0834T + 65.3 0.9994

e′′(T) = 10-5T3 - 0.0035T2 + 0.3012T + 12.085 0.9468

From: [3].
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Table 3.35 
Dielectric Properties of Mashed Potatoes at 433 and 915 MHz in 

Temperature Range 20 ≤ T°C ≤ 121 
f (MHz) Expression R2

433 e′ = -68.4 + 0.94M + 115S – 0.00138T·M – 61.6S2 + 9.42S3 0.92

e′′ = 14.9 + 0.583T·S 0.91
915 e′ = -90.2 + 1.17M + 112S – 0.087T·S – 10-5T2·M + 6.72·10-4T2S 

+ 59.6S2 + 9.16S3
0.91

e′′ = 12.4 + 0.267T·S 0.88
From: [18].
M is the moisture content (%,w.b.); S is the salt content (%,w.b.).

Table 3.36 
Dielectric Properties of Cooked (Boiled) 
Potato with W = 78.7% at 433 MHz and

W = 79.2% at 915 MHz 

Temperature  
(ºC)

433 MHz 915 MHz

e′ e′′ e′ e′′
20 54.2 57.6 53.3 20.8
60 49.3 70.4 49.2 25.0
80 44.1 82.9 45.8 28.8
100 42.4 99.5 42.6 34.8

From: [3].

Equations in Table 3.38 describe only temperature dependenc-
es of vegetable and fruit properties. But authors [19] also propose 
some kind of generalized expressions for CDP of all studied agri-
cultural products as a function of temperature, moisture, and ash 
content. 

Table 3.37 
Dielectric Properties of Some Vegetables at 2,450 MHz 

in Temperature Range 20 ≤ T°C ≤ 100
Vegetable Expression R2

Carrot 
W = 88.2%

e′(T) = 0.001T2 - 0.3166T + 79.007 0.9991

e′′(T) = 0.0012T2 - 0.1993T + 17.018 0.9843
Pease 
W = 82.6%

e′(T) = -0.2064T + 66.398 0.9967

e′′(T) =  0.0008T2 - 0.1332T + 13.739 0.8841

From: [3].
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Table 3.38 
Dielectric Properties of Vegetables and Fruits at 2.45 GHz 

in Temperature Range 5 ≤ T°C ≤ 120 
Vegetable 
and Fruit Expression R2

Broccoli e′(T) = -0.0005129T2 - 0.1208T + 74.18 0.989

e′′(T) = 0.001174T2 - 0.0242T + 20.89 0.915
Carrot e′(T) = -0.2068T + 77.94 0.906

e′′(T) = 0.0016T2 - 0.104T + 21.68 0.927
Garlic e′(T) = -0.001143T2 + 0.1743T + 43.47 0.848

e′′(T) = 0.00125T2 - 0.09577T + 19.62 0.957
Parsnip e′(T) = -0.1323T + 65.31 0.928

e′′(T) = 0.001332T2 - 0.1385T + 22.4 0.893
Radish e′(T) = -0.2166T + 77.31 0.909

e′′(T) = 0.001517T2 - 0.1825T + 20.36 0.846
Turnip e′(T) = -0.1528T + 66.93 0.727

e′′(T) = 0.001471T2 - 0.1965T + 17.99 0.907
Apple e′(T) = -0.0005831T2 - 0.0524T + 64.63 0.960

e′′(T) = 0.001348T2 - 0.2407T + 17.23 0.974
Banana e′(T) = -0.0005706T2 - 0.08229T + 68.73 0.994

e′′(T) = 0.00145T2 - 0.1536T + 21.28 0.895
Corn e′(T) = -0.0005502T2 - 0.03792T + 60.86 0.950

e′′(T) = 0.001004T2 - 0.1355T + 19.02 0.883
Cucumber e′(T) = -0.2136T + 77.82 0.992

e′′(T) = 0.001746T2 - 0.2474T + 18.41 0.916
Pear e′(T) = -0.0008304T2 - 0.05229T + 71.06 0.896

e′′(T) = 0.001453T2 - 0.2498T + 20.95 0.854

From: [19].
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Table 3.39 
Dielectric Properties (Mean ± STD of Two Replicates) of Fruits and Nuts 

Sample f (MHz) T°C 20 30 40 50 60
Golden Delicious 
apple

915 e′ 74.3±0.8 72.3±0.7 70±0.8 67.8±1.0 65.6±1.0

e′′ 8.5±0.0 8.5±1.1 8.2±0.9 8.3±0.6 8.7±0.3
1,800 e′ 67.4±0.9 66±0.9 64.1±0.9 62.1±1.0 60.1±1.0

e′′ 9.9±0.1 8.7±0.0 7.6±0.0 6.9±0.1 6.7±0.1
Red Delicious 
apple

915 e′ 77±0.0 74.5±0.2 71.5±0.1 68.9±0.2 67.1±0.5

e′′ 10.0±1.4 9.4±1.8 10.0±2.5 9.8±2.8 8.9±1.9
1,800 e′ 70.4±0.5 68.3±0.4 66.1±0.5 64.0±0.5 62.0±0.8

e′′ 10.8±0.2 9.4±0.7 8.3±0.7 7.4±0.8 6.7±0.7
Almond 915 e′ 5.7±0.5 6.4±1.8 6.0±1.3 5.7±0.1 6.4±1.3

e′′ 1.7±0.9 3.2±2.3 3.3±2.0 3.4±0.5 3.1±1.4
1,800 e′ 5.8±0.2 3.4±2.3 3.6±2.1 4.2±1.6 3.9±2.3

e′′ 2.9±0.8 3.4±0.9 3.5±0.7 3.4±0.2 3.0±1.2
Cherry 915 e′ 73.7±0.1 72.0±0.3 69.6±0.7 66.7±1.6 64.1±1.8

e′′ 16.4±0.0 17.2±0.5 18.3±1.0 19.3±1.4 20.4±1.9
1,800 e′ 70.9±0.1 69.7±0.3 67.8±0.6 65.2±1.5 62.8±1.6

e′′ 16.0±0.2 15.1±0.6 14.6±0.9 14.2±1.1 14.1±1.4
Grapefruit 915 e′ 72.7±2.5 70.8±2.3 68.5±2.1 66.1±2.1 63.7±2.0

e′′ 12.1±0.0 12.5±0.2 13.3±0.4 14.2±0.3 15.5±0.3
1,800 e′ 72.1±1.2 70.2±1.1 68.2±1.1 66.0±0.9 63.7±0.8

e′′ 12.6±0.1 11.5±0.2 10.9±0.2 10.7±0.2 10.7±0.2
Orange 915 e′ 72.9±1.9 70.6±1.8 68.0±2.1 66.1±0.6 63.2±0.7

e′′ 16.5±2.8 17.8±2.7 18.7±3.0 17.5±1.2 18.4±1.2
1,800 e′ 72.5±0.1 70.7±0.3 68.6±0.4 65.6±0.2 62.7±0.3

e′′ 14.8±0.5 13.9±0.5 13.1±0.5 12.3±0.2 12.2±0.2
Walnut 915 e′ 2.2±1.6 2.1±0.3 3.0±0.1 3.4±0.0 3.8±0.0

e′′ 2.9±0.1 2.6±0.1 2.3±0.1 2.0±0.0 1.8±0.0
1,800 e′ 2.1±0.7 2.7±0.2 3.2±0.0 3.5±0.0 3.7±0.0

e′′ 1.8±0.2 1.6±0.2 1.3±0.2 1.1±0.1 1.0±0.1

From: [20].

Thermal parameters of vegetables and fruits are well studied in 
[10, 12, 21]. For most of them three main parameters: heat capac-
ity, thermal conductivity, and density are known as a function of 
temperature and moisture. This data for potato, beet, and carrot 
are shown in Tables 3.40 to 3.43. Some parameters in Table 3.41 are 
defined over n and q, where n is the volume fraction of dry matter 
and q is the moisture content (wet basis). 
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Table 3.40 
Thermal Parameters of Fresh Potato with Moisture Content 0.723 ≤ Xw ≤ 0.836 (Wet Basis) 

Parameter
Temperature (°C)
25 40 50 60 70 80 90 105 130

λt, W/
(m·K)

0.533 0.411 0.470 0.460 0.510 0.560 0.561 0.639 0.641

ρt, kg/m3 1040 1127 1117 1121 1105 1107 1103 — —
Ct, J/(kg·K) 6398 4196 4439 3842 3737 3477 2921 2536 —

From: [12].

Table 3.41 
Thermal Parameters of Potato Food Products

Product Temperature Parameters Units
Frozen  
potato 
garnish

233 ≤ T°K ≤ 268 ρt(T)  = 0.0011T3 - 0.7834T2 + 191.07T - 14,530;
R2 = 0.9886

kg/m3

1,880 ≤ Ct(T) ≤ 15,400 J/(kg·K)

λt(T)  = -0.0004T2 + 0.1874T – 20.819; R2 = 0.8928 W/(m·K)
Fresh  
potato

T = 283°K ρt(n)  = 987 + 465n; 0.1 < n < 0.35 kg/m3

273 ≤ T°K ≤ 313 Ct(q,T) = 68 + 4119q + 4.2T - 4.2qT; 0 ≤ q ≤ 1 J/(kg·K)

283 ≤ T°K ≤ 333 λt(T)  = 0.00525T - 0.896 W/(m·K)

293 ≤ T°K ≤ 343 at·108(T)  = 0.0751T - 7.3 m2/s
Dried  
potato

293 ≤ T°K ≤ 343 λt(T)  = 0.0033T - 0.42 W/(m·K)

273 ≤ T°K ≤ 313 Ct(T) = 68 + 4.2T J/(kg·K)
Sweet  
potato

283 ≤ T°K ≤ 313 933 ≤  ρt(T) ≤ 1037 kg/m3

1675 ≤ Ct(T) ≤ 2790 J/(kg·K)

303 ≤ T°K ≤ 363 at·108(T) = 13.3 m2/s

363 ≤ T°K ≤ 393 at·108(T) = 31.45 - 0.05T

From: [21].

Thermal properties of root crops like potato, beet, and carrot 
depend not only on temperature and moisture but also on porosity 
(gases content in cells) and type of vegetable. As well, the core part 
of the vegetable differs slightly from the cladding part. Defrosted 
root crops demonstrate almost the same heat capacity and ther-
mal conductivity as the fresh ones. Lower values of main thermal 
parameters are observed for dried root crops in comparison with 
fresh vegetables (Tables 3.42 and 3.43).
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Table 3.42 
Thermal Parameters of Beet

Vegetable Temperature Parameter Units
Sugar beet 293 ≤ T°K ≤ 333 863 ≤ ρt(T) ≤ 1,258 kg/m3

293 ≤ T°K ≤ 353 Ct(T) = 3862 – 3,900n + 1.3T + 3.3nT; 0 ≤ n ≤ 1 J/(kg·K)

278 ≤ T°K ≤ 333 λt(T) = 4·10-5T2 - 0.0199T + 3.092; R2 = 0.9989
λt(T) = 0.0022T - 0.1

W/(m·K)

273 ≤ T°K ≤ 333 at·108(T) = 13.4 + 0.032(T - 273) m2/s
Dried beet 288 ≤ T°K ≤ 298 1,550 ≤ ρt(T) ≤ 1,650

ρt(n) = 992 + 418n; 0.2 < n < 0.4
kg/m3

293 ≤ T°K ≤ 353 Ct(T) = 4.6T – 38 J/(kg·K)

300 ≤ T°K ≤ 328 0.13 ≤ λt(T) ≤ 0.36
λt(q) = 0.47q + 0.174; 0.7 < q < 0.82

W/(m·K)

Beet marc 293 ≤ T°K ≤ 353 Ct(T) = 17.08T – 355
λt(T) = 0.0056T – 1.176
at·108(T) = 0.268T - 40.7

J/(kg·K) 
W/(m·K) 
m2/s

From: [21].

Table 3.43 
Thermal Parameters of Carrot

Vegetable Temperature Parameter Units
Carrot 273 ≤ T°K ≤ 373 1,022 ≤ ρt(T) ≤ 1,034

3,650 ≤ Ct(T) ≤ 3,950
kg/m3

J/(kg·K)
293 ≤ T°K ≤ 363 λt(T) = 0.181 + 0.00097T; W = 89%

at·108(T) = 0.098T – 16.75
W/(m·K)
m2/s

Dried 
carrot

T = 297°K ρt = 833
Ct = 3140

kg/m3

J/(kg·K)

268 ≤ T°K ≤ 300 Ct(T) = 7.9T - 1087
λt = 0.3

 
W/(m·K)

From: [21].

Both root crops and solanaceae vegetables (Table 3.44) consist 
of many chemical substances: proteins, fats, carbohydrates, acids, 
starch, salts, and so forth. Volume fractions of these substances de-
fine their chemical and physical properties. Thermal parameters 
of some cooked and fresh vegetables are shown in Tables 3.45 and 
3.46. For most of them only the deviation intervals in various tem-
perature ranges are known, but Table 3.44 is the exception, where 
the mathematical expressions for density, thermal conductivity, 
and heat capacity of tomato juice are shown. 



	 Foodstuff and Agricultural Products	 51

Table 3.44 
Thermal Parameters of Tomato, Pepper, and Eggplant

Vegetable Temperature Parameter Units
Tomato 
88 ≤ W% ≤ 95

273 ≤ T°K ≤ 293 990 ≤ ρt(T) ≤ 1,064 kg/m3

3,726 ≤ Ct(T) ≤ 4,019 J/(kg·K)

0.46 ≤ λt(T) ≤ 0.53 W/(m·K)

T = 343°K 3,730 ≤ Ct(T) ≤ 3,752 J/(kg·K)

0.5 ≤ λt(T) ≤ 0.54 W/(m·K)
Tomato juice 292 ≤ T°K ≤ 403 ρt(T) = 1143 + 475q - 0.5T 

0.07 < q < 0.37
kg/m3

273 ≤ T°K ≤ 373 ρt(T) = 1,161 + 440q - 0.53T 
0.05 < q < 0.55

293 ≤ T°K ≤ 433 Ct(T) = 4,187 + 7.1326qT – 4,407q, 
0 < q < 0.8

J/(kg·K)

293 ≤ T°K ≤ 353 Ct(T) = 4,187 + 3T - 3,726q;
0 < q < 1
λt(T) = 0.26 + 0.0011T - 0.43q 
0.05 < q < 0.4

W/(m·K)

273 ≤ T°K ≤ 353 λt(T) = 0.114 + 0.00144T; q = 0.316
Pepper 
90 ≤ W% ≤ 93

273 ≤ T°K ≤ 293 1,000 ≤ ρt(T) ≤ 1,014 kg/m3

3,936 ≤ Ct(T) ≤ 3,960 J/(kg·K)

0.42 ≤ λt(T) ≤ 0.52 W/(m·K)
Eggplant 
79 ≤ W% ≤ 92

273 ≤ T°K ≤ 293 990 ≤  ρt(T) ≤ 1,026 kg/m3

3,930 ≤ Ct(T) ≤ 4,030 J/(kg·K)

0.35 ≤ λt(T) ≤ 0.38 W/(m·K)

From: [21].

Table 3.45 
Thermal Parameters of Cooked Vegetables 

Vegetable Temperature Parameter Units
Boiled cabbage 363 ≤ T°K ≤ 383 3,930 ≤ Ct(T) ≤ 4,103

0.9 ≤ λt(T) ≤ 1.3
J/(kg·K) 
W/(m·K)

Stewed cabbage,  
78 ≤ W% ≤ 89

303 ≤ T°K ≤ 343 858 ≤  ρt(T) ≤ 892
0.12 ≤ λt(T) ≤ 0.42

kg/m3

W/(m·K)
Mashed pumpkin with rice 293 ≤ T°K ≤ 353 ρt(T) = 1,348 - 0.467T

Ct(T) = 3,503 + 0.45T
kg/m3

J/(kg·K)
Mashed tomato 293 ≤ T°K ≤ 353 1,089 ≤ ρt(T) ≤ 1,100

3,342 ≤ Ct(T) ≤ 3,720
λt(T) = 0.115 + 0.00144T

kg/m3

J/(kg·K) 
W/(m·K)

Navy beans 299 ≤ T°K ≤ 395 at·108(T) = 18 m2/s

From: [21].
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Table 3.46 
Thermal Parameters of Different Fresh Vegetables 

Vegetable Temperature Parameter Units
Turnip,  
85 ≤ W% ≤ 92

273 ≤ T°K ≤ 321 940 ≤ ρt(T) ≤ 984
3,760 ≤ Ct(T) ≤ 3,890
0.48 ≤ λt(T) ≤ 0.54

kg/m3

J/(kg·K) 
W/(m·K)

Celery,  
W = 88%

293 ≤ T°K ≤ 313 840 ≤ ρt(T) ≤ 1,002
3,665 ≤ Ct(T) ≤ 4,232
0.51 ≤ λt(T) ≤ 0.58

kg/m3

J/(kg·K) 
W/(m·K)

Black radish,  
W = 93%

293 ≤ T°K ≤ 313 800 ≤ ρt(T) ≤ 950
Ct(q) = 1,388 + 2,799q
0 < q < 1

kg/m3

J/(kg·K)

White cabbage,  
91 ≤ W% ≤ 97

273 ≤ T°K ≤ 293 400 ≤ ρt(T) ≤ 850
3,890 ≤ Ct(T) ≤ 3,970
0.3 ≤ λt(T) ≤ 0.4

kg/m3

J/(kg·K) 
W/(m·K)

Lettuce,  
W = 95%

273 ≤ T°K ≤ 293 480 ≤ ρt(T) ≤ 550
3,978 ≤ Ct(T) ≤ 4,070
0.1 ≤ λt(T) ≤ 0.2

kg/m3

J/(kg·K) 
W/(m·K)

Onion, 
81 ≤ W% ≤ 87

273 ≤ T°K ≤ 293 795 ≤  ρt(T)  ≤ 1,010
2,638 ≤ Ct(T)  ≤ 3,832
0.17 ≤ λt(T)  ≤ 0.57

kg/m3

J/(kg·K) 
W/(m·K)

Garlic, 
62 ≤ W% ≤ 64

273 ≤ T°K ≤ 293 936 ≤  ρt(T)  ≤ 1,096
Ct(q) =  1,420 + 2,767q
0 < q < 1
0.4 ≤ λt(T)  ≤ 0.6

kg/m3

J/(kg·K) 
W/(m·K)

Pumpkin, 
89 ≤ W% ≤ 95

273 ≤ T°K ≤ 293 942 ≤  ρt(T)  ≤ 861
3,850 ≤ Ct(T)  ≤ 3,982
0.47 ≤ λt(T)  ≤ 0.52

kg/m3

J/(kg·K) 
W/(m·K)

Squash,  
87 ≤ W% ≤ 95

273 ≤ T°K ≤ 293 855 ≤  ρt(T)  ≤ 917
3,580 ≤ Ct(T)  ≤ 4,040
0.48 ≤ λt(T)  ≤ 0.52

kg/m3

J/(kg·K) 
W/(m·K)

Cucumber, 
95 ≤ W% ≤ 97

273 ≤ T°K ≤ 293 904 ≤  ρt(T)  ≤ 1,019
4,057 ≤ Ct(T)  ≤ 4,103
0.74 ≤ λt(T)  ≤ 0.85

kg/m3

J/(kg·K) 
W/(m·K)

Melon, 
95 ≤ W% ≤ 97

273 ≤ T°K ≤ 293 930 ≤  ρt(T)  ≤ 1,022
3,840 ≤ Ct(T)  ≤ 3,981
0.48 ≤ λt(T)  ≤ 0.57

kg/m3

J/(kg·K) 
W/(m·K)

From: [21].

Moisture is one of the most important factors influencing both 
the dielectric and thermal properties of fruit. For example, the CDP 
of apples at room temperature is expressed [22] as:

	 e = + +′ 21.9307 1.7208 10.296W W 	 (3.4)

	 20.4585 1.26 2.7W We = + +′′ 	 (3.5)
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The thermal parameters of some fruits are listed in Tables 3.47 
to 3.51.

Table 3.47 
Thermal Properties of Pears

Product Temperature Parameter Units
Fresh pears 283 ≤ T°K ≤ 293 989 ≤ ρt(T) ≤ 1,144, 0 < W% < 87.5 kg/m3

3,584 ≤ Ct(T)  ≤ 3,810, 76 < W% < 86 J/(kg·K)

296 ≤ T°K ≤ 303 0.595 ≤ λt(T) ≤ 0.92, W = 85% W/(m·K)
Pear juice 283 ≤ T°K ≤ 293 3,590 ≤ Ct(T) ≤ 3,610, W = 83.5% J/(kg·K)

0.476 ≤ λt(T) ≤ 0.56, W = 85% W/(m·K)

From: [21].

Table 3.48 
Thermal Properties of Apples 

Product Temperature Parameter Units
Fresh 
apples

273 ≤ T°K ≤ 293 780 ≤ ρt(T) ≤ 890 kg/m3

293 ≤ T°K ≤ 363 840 ≤ ρt(T) ≤ 950
273 ≤ T°K ≤ 333 Ct(T) = 7.5T + 1,312, q = 0.127 J/(kg·K)

Ct(T) = 4.9T + 2,062, q = 0.142
293 ≤ T°K ≤ 363 3,739 ≤ Ct(T) ≤ 3,820

0.41 ≤ λt(T) ≤ 0.5 W/(m·K)
Dried 
apples

273 ≤ T°K ≤ 293 ρt(q) = 1,520 - 522q, 0 < q < 1 kg/m3

Ct(q) = 1,220 + 6170q – 4,580q2, 0.24 < q < 0.76 J/(kg·K)

λt(q) = 0.033 + 0.0565q + 0.411q2, 0.24 < q < 0.76 W/(m·K)
Frozen 
apples

233 ≤ T°K ≤ 272 799 ≤ ρt(T) ≤ 810 kg/m3

258 < T°K ≤ 263 Ct(T) = 0.76T - 182.6, q = 0.585 J/(kg·K)

Ct(T) = 0.79T - 191.5, q = 0.873
263 < T°K ≤ 272 Ct(T) = 390.3 - 1.42T, q = 0.585

Ct(T) = 406.2 - 1.48T, q = 0.873
248 < T°K ≤ 272 λt(T) = 13.3q – 0.0103T - 7.488, 0.856 < q < 

0.873
W/(m·K)

233 ≤ T°K ≤ 272 0.4 ≤ λt(T) ≤ 1.66

From: [21].
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Table 3.49 
Thermal Properties of Apple-Based Products 

Product Temperature Parameter Units
Apple pulp 273 ≤ T°K ≤ 293 990 ≤ ρt(T) ≤ 1,058 kg/m3

3,881 ≤ Ct(T) ≤ 3,927 J/(kg·K)

298 ≤ T°K ≤ 333 λt(T) = 0.02T - 5.47 W/(m·K)

T = 302°K 0.4 ≤ λt(T) ≤ 0.6
Apple mash 293 ≤ T°K ≤ 302 990 ≤ ρt(T) ≤ 1,050 kg/m3

3,420 ≤ Ct(T) ≤ 3,726 J/(kg·K)

0.513 ≤ λt(T) ≤ 0.692 W/(m·K)
Apple with 
apricot mash 

293 ≤ T°K ≤ 353 ρt(T) = 1,244 - 0.467T kg/m3

Ct(T) = 3,211 + 0.251T J/(kg·K)

Apple with 
cherry mash

293 ≤ T°K ≤ 353 ρt(T) = 1,178 - 0.282T kg/m3

Ct(T)  = 2,026 + 4.3T J/(kg·K)
Apple jam, 
W = 32.5%

273 ≤ T°K ≤ 293 1,294 ≤ ρt(T) ≤ 1,341 kg/m3

2,258 ≤ Ct(T) ≤ 2,262 J/(kg·K)

0.3 ≤ λt(T) ≤ 0.32 W/(m·K)
Apple syrup 293 ≤ T°K ≤ 343 ρt(T) = 1,503 - 0.57T kg/m3

Ct(T)  = 1,044.2ln(T) - 3,156.8,
R2 = 0.9743

J/(kg·K)

273 ≤ T°K ≤ 373 0.42 ≤ λt(T) ≤ 0.55 W/(m·K)
Apple juice 273 ≤ T°K ≤ 363 ρt(T) = 1,084 + 600n - 0.308T - 0.407nT,

0.12 < n < 0.74
kg/m3

293 ≤ T°K ≤ 363 Ct(T) = 4,187 - 3,526n + 3.6nT,
0.1 < n < 0.7

J/(kg·K)

303 ≤ T°K ≤ 323 0.49 ≤ λt(T) ≤ 0.56, n = 0.21 W/(m·K)

From: [21].

Table 3.50 
Thermal Properties of Peaches and Apricots 

Product Temperature Parameter Units
Fresh peaches 273 ≤ T°K ≤ 300 950 ≤ ρt(T) ≤ 1,010 kg/m3

3,848 ≤ Ct(T) ≤ 3,936, 88 < W% < 92 J/(kg·K)

0.49 ≤ λt(T) ≤ 0.59 W/(m·K)

at(T)·108 = -9 + 0.085T m2/s
Frozen peaches 233 ≤ T°K ≤ 266 920 ≤ ρt(T) ≤ 970 kg/m3

1,717 ≤ Ct(T) ≤ 7,704 J/(kg·K)
Fresh apricots 283 ≤ T°K ≤ 293 886 ≤ ρt(T) ≤ 1,109 kg/m3

2,500 ≤ Ct(T) ≤ 3,768 J/(kg·K)

0.475 ≤ λt(T) ≤ 0.525 W/(m·K)

From: [21].
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Table 3.51 
Thermal Properties of Oranges and Orange-Based Products 

Product Temperature Parameter Units
Fresh orange 283 ≤ T°K ≤ 293 791 ≤ ρt(T) ≤ 919, 80 < W% < 85 kg/m3

283 ≤ T°K ≤ 293 2,937 ≤ Ct(T) ≤ 3,920,
58 < W% < 89

J/(kg·K)

T = 293° Ct(q) = 1,520 + 2,667q, 0 < q < 1
293 ≤ T°K ≤ 313 0.41 ≤ λt(T) ≤ 0.58, 80 < W% < 85 W/(m·K)

Orange juice 283 ≤ T°K ≤ 293 ρt(q) = 1,418 – 420q, 0 < q < 1 kg/m3

288 ≤ T°K ≤ 305 3,680 ≤ Ct(T) ≤ 4,150, W = 89% J/(kg·K)

293 ≤ T°K ≤ 353 0.559 ≤ λt(T) ≤ 0.631, W = 87.4% W/(m·K)

0.389 ≤ λt(T) ≤ 0.436, W = 36% 
Orange syrup 293 ≤ T°K ≤ 343 ρt(T) = 1,549 - 0.67T kg/m3

Ct(T) = 1,820 + 3.52T J/(kg·K)

303 ≤ T°K ≤ 343 0.406 ≤ λt(T) ≤ 0.563 W/(m·K)

From: [21].

3.6  Berries, Mushrooms, and Beans

Information about the physical properties of berries, mushrooms, 
and beans is quite limited. A few examples of experimental stud-
ies from the literature are represented in Tables 3.52 to 3.58. The 
dielectric measurements were performed in [23] with a cavity per-
turbation technique. Interpolation expressions for CDP of different 
berries, fruits, and mushrooms (about 150 samples) as a function 
of temperature, moisture, and density have also been derived from 
[23].
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Table 3.52 
Dielectric Properties of Some Agricultural Products at 2,800 MHz 

Agro 
Product W%

T = 20°C T = 40°C T = 60°C

e′ e′′ e′ e′′ e′ e′′
Mushroom 72.2 64 ± 0.1 27 ± 0.8 54 ± 1.4 21 ± 0.5 55 ± 0.6 23 ± 0.4

38.65 31 ± 6.5 20 ± 3.0 39 ± 7.0 22 ± 2.5 44 ± 7.7 20 ± 4.5
Apple 75 48 ± 1.5 16 ± 0.5 48 ± 1.7 13 ± 0.8 48 ± 3.0 11 ± 1.4

50 18 ± 5.0 9.5± 2.5 21 ± 5.0 10 ± 2.4 26 ± 7.0 10 ± 1.5
Parsley 88 62 ± 0.7 18 ± 1.6 49 ± 0.1 17 ± 0.2 45 ± 1.1 18 ± 0.5

46.8 36 ± 2.2 21 ± 1.6 37 ± 1.8 23 ± 1.1 43 ± 5.9 26 ± 0.8
Chervil 93 63 ± 0.3 18 ± 1 63 ± 0.2 18 ± 1 62 ± 0.3 19 ± 1

57.9 40 ± 8.7 26 ± 1.9 43 ± 6.4 27 ± 0.7 38 ± 8.5 28 ± 0.5
Strawberry 79.1 62 ± 4.9 18 ± 0.7 62 ± 6.6 15 ± 0.4 60 ± 4.4 16 ± 0.5

50 33 ± 9.4 17 ± 0.4 43 ± 8.7 16 ± 0.4 43 ± 7.7 15 ± 0.8

From: [23].

Table 3.53 
Dielectric Properties of Some Berries 

at 2,450 MHz and T = 20°C 

Type of Berry W% e′ e′′
Raspberry 73.4 54 13.4
Black currant 76.3 56.2 14.2

79.9 58 14.3
Gooseberry 80 58.1 14.5

From: [3].

Table 3.54 
Thermal Properties of Coffee Beans and Cocoa Beans 

Beans Temperature Parameters Unit
Coffee, 
W = 12%

20 ≤ T°C ≤ 140 Ct(T) = -2·10-4T3 + 0.0149T2 + 6.2896T + 1257.9;
R2 = 0.9968

J/(kg·K)

λt(T) = -10-5T2 + 0.0026T + 0.3329;
R2 = 0.9963

W/(m·K)

ρt  = 1,450 kg/m3

Cocoa 20≤ T°C ≤ 110 Ct = 2,261 J/(kg·K)

λt(T) = 0.105 ÷ 0.093 W/(m·K)

ρt  = 560 kg/m3

From: [10].
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Table 3.55 
Thermal Characteristics of Beans and Peas 

Vegetable Temperature Parameter Units
Navy beans, 
10 ≤ W% ≤ 13

273 ≤ T°K ≤ 293 1,180 ≤ ρt(T) ≤ 1,360 kg/m3

303 ≤ T°K ≤ 343 Ct(q) = 1,480 + 2,710q, 0.1 < q < 0.35 J/(kg·K)

283 ≤ T°K ≤ 295 0.139 ≤ λt(T) ≤ 0.174 W/(m·K)
Green peas 273 ≤ T°K ≤ 293 1,110 ≤  ρt(T) ≤ 1,370 kg/m3

303 ≤ T°K ≤ 343 Ct(q) = 1,232 + 4,650q, 0.05 < q < 0.14 J/(kg·K)

273 ≤ T°K ≤ 373 1,620 ≤ Ct(T) ≤ 3,684
273 ≤ T°K ≤ 293 λt(T) = 0.00224T - 0.2425, q = 0.745 W/(m·K)

276 ≤ T°K ≤ 290 0.18 ≤ λt(T) ≤ 0.3, q < 0.15
Beans 273 ≤ T°K ≤ 293 1,215 ≤  ρt(T) ≤ 1,310 kg/m3

303 ≤ T°K ≤ 338 Ct(T) = 7.1T - 351, q = 0.115 J/(kg·K)

318 ≤ T°K ≤ 338 Ct(T) = -951 + 5,138q + 8.06T - 8.06Tq, 
0 < q < 1

273 ≤ T°K ≤ 302 0.356 ≤ λt(T) ≤ 0.7 W/(m·K)

From: [21].

It is well known that mushrooms are very porous products. 
Fresh mushrooms contain up to 30% air. When pores are filled 
with water, the density and thermal conductivity of mushrooms 
are increased (Table 3.56). The porosity of fresh cherries is much 
less (about 2%) and moisture content is much higher. Cherries are a 
type of berry that contains pits. The physical properties of cherries 
(Table 3.57) in the literature are usually given without taking into 
account the pit parameters. Additional data on the density, heat ca-
pacity, and thermal conductivity of various berries are represented 
in Table 3.58. The deviation of the thermal parameters of berries 
in accordance with geographical position is not essential [21]. The 
thermal conductivity of frozen grape juice is higher at low tem-
peratures because of the crystallization process. A large variety of 
mushrooms and berries makes derivation of universal mathemati-
cal equations predicting their physical properties very difficult.



58	 Handbook of Dielectric and Thermal Properties of Materials at Microwave Frequencies	

Table 3.56 
Thermal Parameters of Mushrooms 

Product Temperature Parameter Units
Fresh 
mushrooms

273 ≤ T°K ≤ 293 840 ≤ ρt(T) ≤ 960 kg/m3

273 ≤ T°K ≤ 373 3,840 ≤ Ct(T) ≤ 3,940 J/(kg·K)

273 ≤ T°K ≤ 293 0.23 ≤ λt(T) ≤ 0.49 W/(m·K)
Dried 
mushrooms

T = 293°K ρt(n) = 1,000 + 517n; 0 < n < 1  kg/m3

303 ≤ T°K ≤ 373 Ct(T) = 0.64T + 1376; q = 0.01 J/(kg·K)

273 ≤ T°K ≤ 293 0.01 ≤ λt(T) ≤ 0.03 W/(m·K)
Boiled 
mushrooms

290 ≤ T°K ≤ 293 1,000 ≤  ρt(T) ≤ 1,100 kg/m3

3,580 ≤ Ct(T) ≤ 3,780 J/(kg·K)

0.58 ≤ λt(T) ≤ 0.64 W/(m·K)

From: [21]

Table 3.57 
Thermal Properties of Cherry and Cherry-Based Products

Product Temperature Parameter Units
Fresh cherries 283 ≤ T°K ≤ 293 1,053 ≤ ρt(T) ≤ 1,083; 80 < W% < 85 kg/m3

3,349 ≤ Ct(T) ≤ 3,850; 71 < W% < 82 J/(kg·K)

0.465 ≤ λt(T) ≤ 0.515 W/(m·K)

298 ≤ T°K ≤ 348 at(T)·108 = (5T - 628)-1 m2/s
Cherry juice 293 ≤ T°K ≤ 353 1,011 ≤  ρt(T) ≤ 1,285; 0.1 < n < 0.6 kg/m3

283 ≤ T°K ≤ 293 3,490 ≤ Ct(T) ≤ 3,808; W = 86.7% J/(kg·K)

0.52 ≤ λt(T) ≤ 0.57, W = 86.7% W/(m·K)

From: [21].
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Table 3.58 
Thermal Properties of Berries 

Product Temperature Parameter Units
Fresh grapes 283 ≤ T°K ≤ 293 1,070 ≤ ρt(T) ≤  1,137

3,559 ≤ Ct(T) ≤ 3,840; 74 < W% < 84
0.49 ≤ λt(T) ≤ 0.52; 79 < W% < 85

kg/m3

J/(kg·K) 
W/(m·K)

Grape juice 273 ≤ T°K ≤ 343 ρt(T) = 1,037 + 686n – 0.25T – 0.42nT, 
0.15 < n < 0.75

kg/m3

293 ≤ T°K ≤ 353 2,901 ≤ Ct(T) ≤ 3,718 J/(kg·K)

273 ≤ T°K ≤ 333 0.509 ≤ λt(T) ≤ 0.626 W/(m·K)
Frozen 
grape juice

233 ≤ T°K ≤ 273 0.28 ≤ λt(T) ≤ 0.952; 0.1 < n < 0.4 W/(m·K)

233 ≤ T°K ≤ 268 at(T)·108 = 94.1 - 0.349T; n = 0.3 m2/s
Red currant 283 ≤ T°K ≤ 293 1,016 ≤  ρt(T) ≤ 1,077

3,609 ≤ Ct(T) ≤ 3,684; 81 < W% < 87
kg/m3

J/(kg·K)
Cranberry 283 ≤ T°K ≤ 293 1,060 ≤  ρt(T) ≤ 1,064

3,810 ≤ Ct(T) ≤ 3,831; 87 < W% < 89
kg/m3

J/(kg·K)
Raspberry 283 ≤ T°K ≤ 293 950 ≤  ρt(T) ≤ 1,030; 80 < W% < 82

3,475 ≤ Ct(T) ≤ 3,750; 79 < W% < 84
0.49 ≤ λt(T) ≤ 0.51

kg/m3

J/(kg·K) 
W/(m·K)

From: [21].

3.7  Oils

The dielectric properties of corn oil at 3 GHz in temperature range 
10 ≤ T°C ≤ 60 [24, 25] are:

	 ( ) 6 23.998 10 0.001313 2.587T T Te -= ⋅ + +′ 	 (3.6)

	 ( ) 6 21.454 10 0.00172 0.1214T T Te -= ⋅ + +′′ 	 (3.7)

Available information about various oils shows that both the di-
electric permittivity and loss factor are quite low at ISM bands. This 
property is used often in scientific investigations of electromagnetic 
and temperature fields in microwave heating systems [25].

The thermal parameters of food oils are more widely studied 
than many other foods. In Table 3.59 one can see mathematical ex-
pressions (linear functions) describing temperature dependencies 
of density, thermal conductivity, and heat capacity of oils, taken 
from [10]. Pressure does not influence significantly on the density 
of sunflower oil during technological processing [10]. The heat 
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capacity of refined oil is less than that of unrefined oil (see Table 
3.59).

Table 3.59 
Thermal Properties of Food Oils

Oil Temperature Parameters Units
Refined 
sunflower oil

293 ≤ T°K ≤ 458 ρt(T) = 1,107 - 0.6175T kg/m3

313 ≤ T°K ≤ 413 Ct(T) = 551 + 4.19T J/(kg·K)

Unrefined 
sunflower oil

293 ≤ T°K ≤ 458 ρt(T) = 1,098 - 0.605T kg/m3

253 ≤ T°K ≤ 413 ρt(T) = 1115.7 - 0.68T
293 ≤ T°K ≤ 373 Ct(T) = 1,031 + 3.025T J/(kg·K)

298 ≤ T°K ≤ 343 λt(T) = 0.3397 - 0.00057T W/(m·K)
Refined 
cottonseed oil

263 ≤ T°K ≤ 423 Ct(T) = 500 + 4.21T J/(kg·K)

273 ≤ T°K ≤ 413 λt(T) = 0.207 + 0.000136T W/(m·K)
Unrefined 
cottonseed oil

253 ≤ T°K ≤ 413 ρt(T) = 1120.6 - 0.68T kg/m3

298 ≤ T°K ≤ 353 ρt(T) = 1,106 - 0.62T
313 ≤ T°K ≤ 423 Ct(T) = 507 + 4.26T J/(kg·K)

173 ≤ T°K ≤ 218 Ct(T) = 7.2T - 115  
Refined 
olive oil

293 ≤ T°K ≤ 458 ρt(T) = 1098.8 - 0.636T kg/m3

283 ≤ T°K ≤ 323 Ct(T) = 1,639 + 1.05T J/(kg·K)

293 ≤ T°K ≤ 373 λt(T) = 0.178 - 0.0000375T W/(m·K)
Unrefined 
olive oil

293 ≤ T°K ≤ 458 ρt(T) = 1108.6 - 0.6725T kg/m3

283 ≤ T°K ≤ 333 ρt(T) = 1,110 - 0.678T
Corn oil 253 ≤ T°K ≤ 413 ρt(T) = 1,119 - 0.68T kg/m3

283 ≤ T°K ≤ 333 ρt(T) = 1,130 - 0.701T
323 ≤ T°K ≤ 423 Ct(T) = 795 + 3.14T J/(kg·K)

253 ≤ T°K ≤ 413 λt(T) = 0.192·10-4(1,130 - 0.701T)4/3 W/(m·K)
Soy oil 293 ≤ T°K ≤ 458 ρt(T) = 1,115 - 0.633T kg/m3

273 ≤ T°K ≤ 353 Ct(T) = 1,149 + 2.65T J/(kg·K)

353 ≤ T°K ≤ 483 Ct(T) =  957 + 3.1T
253 ≤ T°K ≤ 458 λt(T) = 0.194·10-4(1119.6–0.68T)4/3 W/(m·K)

Sesame oil 253 ≤ T°K ≤ 413 ρt(T) = 1117.7 - 0.68T kg/m3

283 ≤ T°K ≤ 333 ρt(T) = 1,120 - 0.68T
273 ≤ T°K ≤ 353 Ct(T) = 1051 + 3.04T J/(kg·K)

363 ≤ T°K ≤ 413 Ct(T) = 935 + 3.35T
253 ≤ T°K ≤ 413 λt(T) = 0.1985·10-4(1117.7 - 0.68T)4/3 W/(m·K)

From: [10].
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3.8  Some Thermal Parameters of Different Foods

The thermal properties of some foods are listed in Tables 3.60–3.63. 
The essential inhomogeneity of these products in most cases again 
does not allow us to derive predictive mathematical equations of 
the thermal parameters. Sometimes information about separate 
food components helps to obtain such equations (Tables 3.64 and 
3.65). The important parameter of the viscosity of liquid foods is 
shown in Table 3.66.

Table 3.60 
Heat Capacity Ct [kJ/(kg·K)] of Frozen Solid and Liquid Food Products 

T°K 233 243 253 263 265 267 269 271 272
Fish 1.8 2 2.5 4.1 5.3 7.7 15.3 67.4 108.6
Meat 1.93 1.93 2.47 4.6 5.02 8.16 15.9 77.8 233.9
Orange juice 1.9 2.09 2.55 5.19 7.16 11.4 23.5 40.6 89.16

From: [12].

Table 3.61 
Thermal Diffusivity of Different Foods

Food
at·107 
m2/s Temperature

Moisture 
Content, 
Wet Basis

Meat gravy 1.46 60 ≤ T°C ≤ 112 0.773
Meat croquette 1.98 59 ≤ T°C ≤ 115 0.74
Cooked seaweed 1.9 56 ≤ T°C ≤ 110 0.76
Frankfurters 2.36 58 ≤ T°C ≤ 109 0.734
Cooked lentil and rice 1.98 60 ≤ T°C ≤ 114 0.8
Chicken and rice 1.93 65 ≤ T°C ≤ 113 0.75
Chicken, potato, and rice 1.7 72 ≤ T°C ≤ 109 0.737
Beans, corn, and squash 1.83 56 ≤ T°C ≤ 113 0.683
Meat, tomato, and potato 1.57 65 ≤ T°C ≤ 106 0.664
Meat, potato, and carrots 1.77 56 ≤ T°C ≤ 113 0.821

From: [12].
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Table 3.62 
Thermal Parameters of Candy Food Products

Product Temperature Parameters Units
Candied 
fruit jelly

298 ≤ T°K ≤ 358 1,361 ≤ ρt(T) ≤ 1,411
2,784 ≤ Ct(T) ≤ 3,500
0.25 ≤ λt(T) ≤ 0.39

kg/m3

J/(kg·K) 
W/(m·K)

Chocolate 273 ≤ T°K ≤ 343 1,234 ≤ ρt(T) ≤ 1,320
1,482 ≤ Ct(T) ≤ 2,123
0.214 ≤ λt(T) ≤ 0.29

kg/m3

J/(kg·K) 
W/(m·K)

Monocrystal 
sugar

273 ≤ T°K ≤ 288 ρt(T) = 1638 - 0.17T kg/m3

273 ≤ T°K ≤ 363
293 ≤ T°K ≤ 353

Ct(T) = 4T + 58
Ct(T) =  5.44T - 396

J/(kg·K)

273 ≤ T°K ≤ 363 λt(T) = 1.04 - 0.00178T W/(m·K)
Amorphous 
sugar

288 ≤ T°K ≤ 293 1,508 ≤ ρt(T) ≤ 1,554 kg/m3

295 ≤ T°K ≤ 298 Ct(T) = 176 + 4.19T J/(kg·K)
Sugar sand 284 ≤ T°K ≤ 303 879 ≤ ρt(T) ≤ 990

712 ≤ Ct(T) ≤ 1,365
0.13 ≤ λt(T) ≤ 0.4

kg/m3

J/(kg·K) 
W/(m·K)

From: [10].

Table 3.63 
Thermal Parameters of Bread and Pastries

Product Temperature Parameters Units
Bread crust, 
W = 5%

284 ≤ T°K ≤ 387 417 ≤ ρt(T) ≤ 476
1,675 ≤ Ct(T) ≤ 2,050
0.056 ≤ λt(T) ≤ 0.195

kg/m3

J/(kg·K) 
W/(m·K)

Bread crumbs, 
40 ≤ W% ≤ 55

289 ≤ T°K ≤ 302 340 ≤ ρt(T) ≤ 690
2,448 ≤ Ct(T) ≤ 3,428
0.211 ≤ λt(T) ≤ 0.398

kg/m3

J/(kg·K) 
W/(m·K)

Cooked macaroni 283 ≤ T°K ≤ 298 740 ≤ ρt(T) ≤ 760
3,870 ≤ Ct(T) ≤ 3,912
0.3 ≤ λt(T) ≤ 0.405

kg/m3

J/(kg·K) 
W/(m·K)

Biscuit dough, 
W = 37%

293 ≤ T°K ≤ 299
293 ≤ T°K ≤ 373

1,024 ≤ ρt(T) ≤ 1,034
0.12 ≤ λt(T) ≤ 0.2

kg/m3

W/(m·K)

Wafer sheet 288 ≤ T°K ≤ 358 1,040 ≤ ρt(T) ≤ 1,154
Ct(T) = 1088 + 1.38T 
λt(T) = 0.0017T - 0.0054

kg/m3

J/(kg·K) 
W/(m·K)

Baked cookies 298 ≤ T°K ≤ 358 520 ≤ ρt(T) ≤ 700
1,624 ≤ Ct(T) ≤ 2,181
0.1 ≤ λt(T) ≤ 0.283

kg/m3

J/(kg·K) 
W/(m·K)

Cookie dough 288 ≤ T°K ≤ 313 1,280 ≤ ρt(T) ≤ 1,300
2,490 ≤ Ct(T) ≤ 2,530
0.31 ≤ λt(T) ≤ 0.35

kg/m3

J/(kg·K) 
W/(m·K)

Cake dough 288 ≤ T°K ≤ 313 1,325 ≤ ρt(T) ≤ 1,340
2,659 ≤ Ct(T) ≤ 3,182
0.385 ≤ λt(T) ≤ 0.43

kg/m3

J/(kg·K) 
W/(m·K)

From: [10].
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Table 3.64 
Thermal Parameters of Some Components of Food Products

Component Parameters Units Temperature
Protein ρt(T) = 1.33·103 - 0.5184T kg/m3 0 ≤ T°C ≤ 150

λt(T) = 0.179 + 0.0012T - 2.72·10-6T2 W/(m·K)

Ct(T) = 2.0082 + 1.2089·10-3T - 1.3129
·10-6T2

kJ/(kg·K)

Fat ρt(T) = 9.2559·102 - 0.41757T kg/m3 0 ≤ T°C ≤ 150
λt(T) = 0.181 - 0.00276T - 1.77·10-7T2 W/(m·K)

Ct(T) = 1.9842 + 1.4733·10-3T - 4.8008
·10-6T2

kJ/(kg·K)

Gelatin λt(T) = 0.303 + 0.0012T - 2.72·10-6T2 W/(m·K) 0 ≤ T°C ≤ 100

From: [12].

Table 3.65 
Density of Some Components of Food Products at T = 20°C

Component Density (kg/m3) Component Density (kg/m3)
Glucose 1,544 Protein 1400
Fructose 1,669 Fat 900 ÷ 950
Maltose 1,540 NaCl 2163
Gelatin 1,270 KCl 1988
Cellulose 1,270 ÷ 1,610 Glycerol 1260

From: [12].
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Table 3.66 
Specific Density and Kinematical Viscosity of Some Liquids 

Liquid T ºC Density (g/cm3) T ºC Viscosity (10-6 m2/c)
Beer 15.6 1.01 20 1.8
Coconut oil 15.6 0.925 37.8 29.8 ÷ 31.6

54.4 14.7 ÷ 15.7
Cod oil 15.6 0.928 37.8 32.1

54.4 19.4
Corn oil 15.6 0.924 54.4 28.7

100 8.6
Lard 15.6 0.96 37.8 62.1

54.4 34.3
Lard oil 15.6 0.91 ÷ 0.93 37.8 41 ÷ 48

54.4 23.4 ÷ 27.1
Olive oil 15.6 0.91 ÷ 0.92 37.8 43.2

54.4 24.1
Peanut oil 15.6 0.92 37.8 42

54.4 23.4
Soybean oil 15.6 0.924 ÷ 0.928 37.8 35.4

54.4 19.64
Water, fresh 15.6 1.0 15.6 1.13

54.4 0.55
Whale oil 15.6 0.925 37.8 35 ÷ 39

54.4 20 ÷ 23.4

Finally, the temperature dependencies of the thermal conduc-
tivity and heat capacity of different foods and their components 
(taken from [26]) are given in Tables 3.67 and 3.68.
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Table 3.67 
Thermal Conductivity of Some Foods in  

Temperature Range 0 ≤ TºC ≤ 100 
Food Thermal Conductivity [W/m·K]
Water λt(T) = 0.57109 + 1.7625·10-3T
Albumin λt(T) = 0.18068 + 1.1462·10-3T – 2.6888·10-6T2

Casein λt(T) = 0.17138 + 1.1234·10-3T – 2.4592·10-6T2

Whey protein λt(T) = 0.18627 + 1.2444·10-3T – 2.9499·10-6T2

Gluten λt(T) = 0.18671 + 1.3229·10-3T – 3.4197·10-6T2

Milk fat λt(T) = 0.17809 – 2.4381·10-4T – 5.5169·10-7T2

Vegetable oil λt(T) = 0.18224 – 2.1949·10-4T – 7.3411·10-7T2

Corn oil λt(T) = 0.18109 – 2.0145·10-4T – 7.8395·10-7T2

Lactose λt(T) = 0.1989 + 1.476·10-3T – 4.566·10-6T2

Sugar λt(T) = 0.20456 + 1.3744·10-3T – 4.2079·10-6T2

Cellulose λt(T) = 0.17944 + 1.3698·10-3T – 3.2086·10-6T2

Pectin λt(T) = 0.18644 + 1.2914·10-3T – 3.1286·10-6T2

Table 3.68 
Heat Capacity of Some Foods 

Food Heat Capacity in [kJ/kg·K] Temperature °C 
Apple,  
Granny Smith

Ct(T) = 3.4 + 0.0049T 0 ≤ T ≤ 60

Apple,  
Golden Delicious

Ct(T) = 3.36 + 0.0075T

Coffee,  
Mexican powdered

Ct(T) = 0.921 + 0.007554T 45 ≤ T ≤ 150

Coffee,  
Columbian powdered

Ct(T) = 1.273 + 0.00646T

Peanut oil,  
hydrogenated

Ct(T) = 1.97 + 0.00489T 46.8 ≤ T ≤ 76.8

Peanut oil, 
unhydrogenated

Ct(T) = 2.057 + 0.00167T 27 ≤ T ≤ 57

Potato mix,  
fried

Ct(T) = 3.0363 + 0.005951T
Ct(T) = 2.4036 + 0.00506T

50 ≤ T ≤ 100
T > 100

Dried  
cornstarch 

Ct(T) = 1.0185 + 0.007789T 30 ≤ T ≤ 90

Milk Ct(T,Xw) = 4.187 Xw 
+ (1.373 + 0.0113T)(1 - Xw)

30 ≤ T ≤ 90
0.6 ≤ Xw ≤ 0.9

Mushrooms,  
Xw–moisture content

Ct(T,Xw) = 1.0217 
+ 0.0092T + 2.47Xw

40 ≤ T ≤ 70
0.1 ≤ Xw ≤ 0.9

Additional information about the temperature-dependent di-
electric properties of foods such as tropical fruits, salmon fillets, 
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chickpea flour, white bread, and eggs at 915 and 1.8 GHz is repre-
sented in [27–31].
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4
Biological Tissues

The main mechanism for the interaction between EM waves and 
biological tissues is the same as in foodstuff: oscillation of polar 
water molecules (H2O) and ions. Part of the water in biotissues is 
linked with albumens (0.3~0.4g of water on 1g of albumen) and at 
relaxation frequencies specific electrical conductivity (σ) of bound 
water is sometimes higher than σ of pure water. The loss factor of 
free ( fwe′′ ) and bound ( bwe′′ ) water in biological tissues is expressed 
as [1]: 

	 20 , at 500 MHz;  0.1 , at 2450 MHzfw bw fw bwe e e e≈ ≈′′ ′′ ′′ ′′ 	

4.1  Human Body Tissues 

Microwave energy is widely used in medical treatments including 
physical therapy, diagnostics, rapid rewarming of cryopreserved 
tissues, pharmacology, reflex therapy, blood sterilization, and hy-
perthermal treatment of cancer [2–5].

Human biological tissues are divided in two main groups: ma-
terials with high and low water contents. Muscles (73%~78%), 
liver (75%~77%), kidneys (76%~78%), brain (68%~73%), skin 
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(60%~76%), lung (80%~83%), and eye (up to 89%) compile the first 
group. Fat (5%~10%) and bone (8%~16%) tissues may be included 
in the second group. Moisture content in blood is higher than in 
other tissues (up to 83%). Dielectric properties of human blood 
at different temperatures are represented in Table 4.1. Blood flow 
usually does not influence their dielectric properties, excluding 
tissues with high blood volume (kidneys) or low moisture content 
(fat).

Table 4.1 
Complex Dielectric Permittivity and Conductivity 

of Human Blood at 2.45 GHz 

T°C
Dielectric 
Permittivity

Loss 
Factor

Electrical 
Conductivity (S/m)

15 59.9 19.9 2.71
25 57.5 17.1 2.33
35 56 15.9 2.166

From: [6].

Dielectric permittivity and electrical conductivity of some bio-
logical materials at room temperature and ISM frequencies taken 
from [7] are represented in Table 4.2. It is interesting to compare 
this data with the CDP values of human tissues obtained in [6, 8, 
9] at different microwave frequencies (Tables 4.3–4.5).

Investigations of cancerous biological samples show [10] that 
both e′ and e′′ of a tumor is higher than the normal tissue because 
of higher water content (Table 4.6).
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Table 4.2 
Dielectric Permittivity and Electrical Conductivity (s, S/m) of Human Tissues at Room Temperature

Tissue
433 MHz 915 MHz 2,450 MHz 5,800 MHz
e′ σ e′ σ e′ σ e′ σ

Bladder 19.622 0.329 18.922 0.385 18.00 0.685 16.243 1.857
Blood 63.837 1.361 61.314 1.544 58.264 2.545 52.539 6.505
Bone, cancellous 22.262 0.241 20.756 0.344 18.549 0.805 15.395 2.148
Bone, cortical 13.074 0.094 12.439 0.145 11.381 0.394 9.675 1.154
Bone marrow, infiltrated 11.802 0.185 11.261 0.229 10.308 0.459 8.713 1.149
Breast fat 5.507 0.035 5.422 0.049 5.147 0.137 4.497 0.419
Cartilage 45.149 0.598 42.6 0.789 38.711 1.756 32.15 4.89
Cerebellum 55.132 1.047 49.348 1.269 44.804 2.101 39.98 4.995
Cerebrospinal fluid 70.639 2.259 68.606 2.419 66.243 3.458 60.469 7.839
Colon (large intestine) 62.015 0.873 57.866 1.087 53.878 2.038 48.455 5.569
Cornea 58.775 1.206 55.171 1.40 51.614 2.295 46.532 5.664
Dura 46.376 0.835 44.391 0.965 42.035 1.669 37.876 4.309
Eye tissue (sclera) 57.380 1.014 55.23 1.172 52.627 2.033 47.806 5.465
Fat 5.567 0.042 5.459 0.051 5.280 0.1045 4.955 0.293
Gall bladder 60.892 1.144 59.118 1.261 57.634 2.059 53.679 5.723
Grey matter 56.829 0.751 52.653 0.948 48.911 1.807 44.004 4.986
Heart 65.329 0.983 59.796 1.238 54.814 2.256 48.949 5.862
Kidney 65.454 1.116 58.557 1.40 52.743 2.429 46.753 5.896
Lens cortex 47.961 0.675 46.545 0.798 44.625 1.504 40.686 4.369
Lens nucleus 37.293 0.379 35.814 0.489 33.973 1.087 30.471 3.428
Liver 50.689 0.667 46.764 0.861 43.034 1.686 38.13 4.642
Lung, inflated 23.585 0.379 21.972 0.459 20.477 0.804 18.508 2.077
Lung, deflated 54.197 0.694 51.372 0.864 48.381 1.682 43.75 4.821
Muscle (parallel fiber) 58.588 0.847 56.845 1.001 54.417 1.882 49.498 5.44
Muscle (transverse fiber) 56.873 0.805 54.997 0.948 52.729 1.739 48.484 4.962
Nerve 35.048 0.455 32.485 0.577 30.145 1.088 27.217 2.941
Ovary 56.688 1.032 50.385 1.298 44.699 2.264 38.691 5.284
Skin, dry 46.079 0.702 41.329 0.872 38.007 1.464 35.114 3.717
Skin, wet 49.418 0.681 46.021 0.850 42.852 1.592 38.624 4.342
Spleen 62.453 1.043 57.087 1.280 52.449 2.238 46.942 5.672
Stomach 67.194 1.013 65.019 1.193 62.158 2.211 56.475 6.314
Tendon 47.125 0.568 45.796 0.724 43.121 1.684 36.751 5.254
Testis prostate 63.031 1.037 60.506 1.215 57.551 2.167 52.213 5.948
Thyroid thymus 61.331 0.886 59.649 1.044 57.200 1.967 52.052 5.721
Tongue 57.380 0.783 55.23 0.942 52.627 1.803 47.806 5.235
Trachea 43.935 0.644 41.971 0.776 39.733 1.448 35.943 4.079
Uretus 64.048 1.087 61.061 1.276 57.814 2.246 52.353 6.047
Vitreous humor 68.995 1.534 68.898 1.641 68.208 2.478 64.778 6.674
White matter 41.671 0.454 38.837 0.595 36.167 1.215 32.621 3.494

From: [7].
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Table 4.3 
Dielectric Properties of Human Body Tissues at 37°C 

and Microwave Frequencies 

Tissue Comment
Frequency 
(GHz) e′ e′′

Brain In vitro 2.45 32 15.5
3 33 18
4 33 15.8

Marrow In vitro 3 4.5 ÷ 5.8 0.7 ÷ 1.35
Eye Lens 2.45 30 8

3 30 9
5 30 10

Fat In vitro 2.45 5.75 0.8
3 3.9 ÷ 7.2 0.67 ÷ 1.36
5 4.7 0.7

Breast 3 3.94 0.8
Fistula 3 7 1.75

Liver In vitro 3 42 12.2
Muscle In vitro 1 49 ÷ 52 23.5

2.45 47.5 13.5
3 45 ÷ 48 13÷14
5 44 14

Skin In vitro 1 43 ÷ 46 16.4 ÷ 20
2.45 43 14
3 40 ÷ 45 12 ÷ 16

From: [6].
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Table 4.4 
Dielectric Properties of Some Human Tissues at T = 37°C 

Tissue

433 MHz 915 MHz 2,450 MHz

e′ σ(S/m) e′ σ(S/m) e′ σ(S/m)
Blood 66 1.27 62 1.41 60 2.04
Bone with marrow 5.2 0.11 4.9 0.15 4.8 0.21
Brain (white matter) 48 0.63 41 0.77 35.5 1.04
Brain (grey matter) 57 0.83 50 1.0 43 1.43
Fat 15 0.26 15 0.35 12 0.82
Kidney 60 1.22 55 1.41 50 2.63
Liver 47 0.89 46 1.06 44 1.79
Muscle 57 1.12 55.4 1.45 49.6 2.56
Skin 47 0.84 45 0.97 44 1.85
Ocular tissue 
(choroid)

60 1.32 55 1.4 52 2.3

Ocular tissue 
(cornea)

55 1.73 51.5 1.9 49 2.5

Ocular tissue (iris) 59 1.18 55 1.18 52 2.1
Ocular tissue 
(lens cortex)

55 0.8 52 0.97 48 1.75

Ocular tissue 
(lens nucleus)

31.5 0.29 30.8 0.5 26 1.4

Ocular tissue 
(retina)

61 1.5 57 1.55 56 2.5

From: [8].

Table 4.5 
Dielectric Properties of Body Tissues at 915 MHz

Tissue
Conductivity 
(S/m)

Relative 
Permittivity

Loss 
Factor

Aorta 0.7009 44.741 13.7686
Bladder 0.38506 18.923 7.5646
Blood 1.5445 61.314 30.342
Bone, 
cancellous

0.3435 20.756 6.7488

Bone, cortical 0.14512 12.44 2.851
Bone marrow 0.0406 5.5014 0.797
Brain, grey 
matter

0.94866 52.654 18.636

Brain, white 
matter

0.5954 38.873 11.708

Breast fat 0.049523 5.4219 0.9729
Cartilage 0.7892 42.6 15.504
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Table 4.5  (continued)

Tissue
Conductivity 
(S/m)

Relative 
Permittivity

Loss 
Factor

Cerebellum 0.0025 49.349 0.5054
Cerebrospinal 
fluid

2.4187 68.607 47.517

Cervix 0.96402 49.748 18.9386
Colon 1.087 57.867 21.353
Cornea 1.4 55.172 27.5186
Duodenum 1.1932 65.02 23.4416
Dura 0.96584 44.391 18.9745
Eye sclera 1.1725 55.23 23.034
Fat 0.051402 5.4596 1.009
Gall bladder 1.2614 59.118 24.781
Gland 1.0444 59.65 20.517
Heart 1.2378 59.796 24.3178
Kidney 1.4007 58.556 27.516
Lens 0.7979 46.545 15.675
Liver 0.86121 46.764 16.9187
Lung,deflated 0.86373 51.373 16.968
Lung,inflated 0.45926 21.972 9.022
Mucous 
membrane

0.85015 46.021 16.701

Muscle 0.94809 54.997 18.625
Nail 0.14512 12.44 2.851
Nerve 0.57759 32.486 11.347
Ovary 1.2985 50.36 25.509
Prostate 1.2159 60.506 23.8859
Retina 1.1725 55.23 23.0342
Skin, dry 0.8717 41.329 17.087
Skin, wet 0.85015 46.021 16.7015
Spleen 1.2801 57.087 25.14796
Stomach 1.1932 65.02 23.441
Tendon 0.72441 45.796 14.231
Testis 1.2159 60.506 23.8859
Tongue 0.94198 55.23 18.505
Tooth 0.14512 12.44 2.851
Trachea 0.7757 41.971 15.238
Uterus 1.2764 61.061 25.076

From: [9].
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The thermal field distribution in microwave-exposed biological 
tissue is defined by Pennes’s bioheat equation [11]:

	 ( )2
t t t t b b b m v

T
C T C F T T Q Qr λ r r

τ

∂ = ∇ - - + +
∂

	 (4.1)

where ρt, ρb are the densities of the tissue and the blood correspon-
dently, Ct, Cb are the heat capacities of the tissue and the blood, λt 
is the thermal conductivity of the tissue, F is the blood flow rate, 
Qm is the specific power density caused by biochemical processes 
inside human body, and Tb is the blood temperature. The thermal 
parameters of some body tissues are given in Table 4.7.

Table 4.6 
Dielectric Properties of Human Breast Tissues at Room Temperature 

and Frequency 2,983 MHz 

Sample Comment e′ σ(S/m)
Bound Water 
Content (%)

Breast tissue, 
Patient 1 (age 47)

Normal 20.43 3.12 43
Cancerous 32.31 3.52 62

Breast tissue, 
Patient 2 (age 49)

Normal 18.85 2.71 42
Cancerous 38.73 4.12 65

Breast tissue, 
Patient 3 (age 51)

Normal 24.98 3.25 45
Cancerous 40.1 4.31 65

Breast tissue, 
Patient 4 (age 45)

Normal 19.5 2.64 41
Cancerous 30 3.34 61

From: [10].

Table 4.7 
Thermophysical Constants of Some Human Tissues at Room Temperature 

Parameters Blood Muscle Liver Skin Fat Brain
Density (kg/m3) 1,060 1,020 1,070 1,100 916 1,030
Heat capacity (J/(kg·K) 3,960 3,500 3,590 3,500 2,300 3,640
Thermal conductivity (W/(m·K)) 0.61 0.6 0.488 0.5 0.22 0.53

From: [11].
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4.2  Animals and Insects 

Intensive studies of the effects of microwave radiation on differ-
ent biological tissues are necessary for preventing negative conse-
quences of microwaves influence on the human body. In particu-
lar, ocular effects due to microwave energy have been investigated 
in [12, 13]. Information about the CDP and thermal properties of 
animal tissues is very important both in experimental and theo-
retical studies, most of which are carried out at room temperature 
(Tables 4.8 and 4.9).

Table 4.8 
Thermal Properties of Rabbit Tissues at Room Temperature 

Parameter Units
Cornea and 
Sclera

Anterior 
Chamber Lens

Vitreous 
Humor

Heat capacity J/kg·K 4,178 3,997 3,000 3,997
Thermal conductivity W/m·K 0.58 0.603 0.4 0.603
Density kg/m3 1,050 1,000 1,050 1,000

From: [13].

Table 4.9 
Dielectric Properties of Normal and Polluted Wistar Rat Tissues at Room Temperature and 2.45 GHz 

Rat Tissue

Normal Tissue Tissue Treated with Lead
Tissue Treated with 
Cadmium

e′ σ(S/m) e′ σ(S/m) e′ σ(S/m)
Liver 42.6 ± 0.96 1.52 ± 0.08 45.4 ± 1.38 1.2 ± 0.16 42.5 ± 0.8 1.35±0.18
Lung 47.36 ± 0.69 1.64 ± 0.09 38.9 ± 1.34 1.19 ±0.1 40.8 ± 1.3 1.19±0.09
Kidney 49.84 ± 1.09 1.77 ± 0.21 45.7 ± 1.18 1.21 ±0.2 44.2 ± 1.0 1.08 ± 0.1
Pancreas 41.7 ± 0.78 1.58 ± 0.09 46.8 ± 1.23 1.4 ± 0.14 51.2 ± 1.0 1.2 ± 0.13
Muscle 49.5 ± 0.64 1.77 ± 0.05 48.1 ± 0.69 1.19 ± 0.2 45.7 ± 1.4 1.1 ± 0.09

From: [15].

Results of measurements obtained in [14] have shown that e′ 
and e′′ of biotissues in vivo (directly in organism) and in vitro (in 
test tube) almost coincide at frequencies higher than 100 MHz. 
Both human and animal tissue is usually heated by microwaves 
only up to 39 ÷ 41ºC because at higher temperatures it can be dam-
aged. The CDPs of some animal tissue at different temperatures 
are given in Table 4.10.
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Table 4.10 
Dielectric Properties of Animal Tissues at Microwave Frequencies

Animal Tissue Comment T°C f (GHz) e′ e′′
Dog Grey matter In vivo 25 2 50 11

37 49 12
White matter In vivo 25 2 37 8.5

37 37 8.7
Fat In vitro 37 2.45 12 5.1
Kidney In vivo 37 1 49.5 14.4

2.45 47.5 13.2
3 47 12
5 43 14

Muscle In vivo 34 1 47 20
2.45 45 11

Rat Muscle In vivo 31 1 61 23.5
2.45 58 17.5
3 56 17.3
5 53 19.2

Brain In vivo 32 1 55 21.5
2.45 52.5 14
3 52.5 13.7
5 53 16

Blood In vivo 23 1 62 28
2.45 62 18
3 62 19

From: [6].

The application of EM waves for rapid rewarming of cryopre-
served tissues offers some advantages over conventional methods 
in medical technology such as organ transplantation. Information 
about the CDP of rabbit and dog kidney tissues at low and room 
temperature (Tables 4.11 and 4.12) can be useful in modeling and 
designing microwave heating systems intended for such purposes. 
Here we observe the same effect as for food materials: low values 
of dielectric permittivity at low temperatures and rapid increasing 
of this parameter at room temperature.
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Table 4.11 
Dielectric Properties of Rabbit Kidney Tissues 

at 2,450 MHz
Temperature 
(°K)

Dielectric 
Permittivity

Loss 
Factor

Conductivity 
(mS/cm)

239 2.2 0.506 0.7
253 4.3 1.29 1.7
273 49 14.21 20
293 56 15.68 28
295 57 17.1 30

From: [15].

Table 4.12 
Dielectric Properties of Dog Kidney Tissues 

at 918 MHz 
Temperature 
(°K)

Dielectric 
Permittivity

Loss 
Factor

Conductivity 
(mS/cm)

240 7 0.78 0.04
253 9 1.37 0.07
263 16 4.31 0.22
272 54 12.53 0.64
278 56 16.06 0.82
285 55 17.8 0.91
290 54 18.6 0.95
298 53 19.2 0.98

From: [16].

Microwave energy has been successfully utilized for the de-
struction of insects in wood samples [17] and postharvest crops 
[18]. Temperatures up to 53°C are enough for this purpose. Data 
on the CDP of some insect larvae is represented in Table 4.13 for 
temperatures 20 ≤ T°C ≤ 60. As one can see from this data, both 
the dielectric permittivity and loss factor of all considered insects 
remain almost constant at 915 and 1,800 MHz. Additional infor-
mation about the dielectric properties of grain weevils and potato 
beetles can be found in [19, 20].
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Table 4.13 
Dielectric Properties (Mean ± STD of Two Replicates) of Four Insect Larvae

at Two Frequencies
Biomaterial f (MHz) T°C 20 30 40 50 60
Colding 
moth

915 e′ 47.9±0.2 45.9±0.9 44.6±0.6 45.6±1.5 45±2.4

e′′ 11.7±0.1 12.5±0.4 13.9±0.5 16.5±0.3 19.1±1
1,800 e′ 44.5±0.1 42.9±0.9 41.6±0.4 42.7±1.5 41.9±2.2

e′′ 12±0.2 11.7±0.3 11.9±0.3 13.2±0.3 14.2±0.7
Indian 
meal moth

915 e′ 39.9±0.4 39.2±0.0 37.6±0.8 37.2±1.3 37.8±1.6

e′′ 13.4±1.4 14.3±1.4 15.2±2.1 16.9±2.4 11.4±1.5
1,800 e′ 37.5±0.5 36.9±0.1 35.5±0.9 35.3±1.4 35.6±1.7

e′′ 10.6±0.6 10.6±0.8 10.6±1.2 11.4±1.5 12.8±1.7
Mexican 
fruit fly

915 e′ 48.5±3.4 47.3±3.5 46.4±2.9 45.7±2.3 44.5±2.0

e′′ 17.5±2.0 21.3±3.9 24.2±5.1 26.8±5.7 15.4±2.5
1,800 e′ 47.0±0.7 45.4±0.4 44.7±0.8 44.1±1.4 43.0±1.6

e′′ 13.3±1.7 13.9±1.9 14.5±2.2 15.4±2.5 16.5±2.7
Navel 
orange worm

915 e′ 44.5±1.3 43.6±0.4 42.8±0.1 42.3±0.4 42.2±0.1

e′′ 16.1±0.1 17.5±0.6 19.2±0.9 21.2±1.0 24±0.1
1,800 e′ 42.2±1.4 41.5±0.7 40.7±0.1 40.2±0.1 40.0±0.0

e′′ 12.7±0.0 12.9±0.4 13.4±0.6 14.1±0.6 15.5±0.0

From: [18].
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5
Fibrous Materials

Most fibrous materials are organic cellulose based substances such 
as wood, paper, carton, fabric, and fibers. Wood is highly hygro-
scopic and anisotropic. The dielectric properties of wood depend 
on the type of wood, density, moisture content, and temperature. 
The normal moisture content of wood is between 8% and 12%.

According to the generalized electrophysical model of wood 
samples proposed in [1], one can consider a second-order tensor 
for evaluation of its complex dielectric permittivity:

	
LL LL LR LR LU LU

RL RL RR RR RU RU

UL UL UR UR UU UU

j j j

j j j j

j j j

e e e e e e

e e e e e e e e

e e e e e e

- - -′ ′′ ′ ′′ ′ ′′
- = - - -′ ′′ ′ ′′ ′ ′′ ′ ′′

- - -′ ′′ ′ ′′ ′ ′′
	 (5.1)

where L, R, and U are the longitudinal, radial, and tangential axes 
of anisotropy, respectively. Rotation of electric field vector (E) on 
180° does not change the dielectric properties of wood materials. 
That is, L, R, and U are the principle axes of anisotropy, and the 
tensor in (5.1) may be simplified as:
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When E is arbitrarily oriented in space and forms angle J1 with L, 
angle J2 with R, and angle J3 with U, closed-form expressions for 
calculation of e′ and tan δe are derived in [1]:

	 2 2 2
1 2 3cos cos cosL R Ue e J e J e J= + +′ ′ ′ ′ 	 (5.3)

	 2 2 2
1 2 3tan cos cos cose eL eR eUtg tg tgδ δ J δ J δ J= + + 	 (5.4)

The operating frequency 2.45 GHz is widely utilized in many 
industrial microwave applicators. That is why information about 
the CDP of wood at this frequency as a function of temperature, 
moisture, and pressure (p) is usually available in the literature 
[2–4] for different types of wood (see Tables 5.1–5.3). The data in 
Table 5.2 shows the parallel orientation of wood fibers and electric 
field vector.

Table 5.1 
Dielectric Properties of Mountain Ash (Eucalyptus regnans) at 2.45 GHz

Temperature, °C Expression R2

20 ≤ T ≤ 100
Normal pressure

e′(T) = -4·10-6T3 + 0.0002T2 - 0.0212T + 21.483 0.9788

e′′(T) = 3·10-7T3 - 0.0003T2 - 0.004T + 7.3238 0.9653

Pressure, bars Expression R2

0 ≤ p ≤ 5.5
Room temperature

e′(p) = -0.0585p3 + 0.3181p2 - 2.2826p + 20.241 0.9836

e′′(p) = -0.1102p3 + 1.1708p2 - 4.1352p + 5.9146 0.9964

From: [2].
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Table 5.2 
Dielectric Properties of Douglas Fir at 2,450 MHz 

in Temperature Range 20 ≤ T°C ≤ 90
W% Dielectric Permittivity and Loss Factor R2

0 e′(T) = -5·10-7T3 + 8·10-5T2 - 0.0027T + 2.058 0.9156

e′′(T) = 0.0013T - 0.0219 0.9595

10 e′(T) = -2·10-6T3 + 0.0004T2 + 0.0007T + 2.1389 0.9978

e′′(T) = -8·10-5T2 + 0.0103T + 0.1857 0.9768

20 e′(T) = 3·10-7T3 - 0.0002T2 + 0.047T + 2.6054 0.9982

e′′(T) = -9·10-5T2 + 0.0051T + 0.8268 0.9961

30 e′(T) = 3·10-6T3 - 0.0007T2 + 0.0878T + 3.5821 0.9991

e′′(T) = -3·10-5T2 - 0.007T + 1.4894 0.9933

From: [3].

Table 5.3 
Dielectric Properties of Wood Samples at 2.45 GHz and 

Room Temperature 0 ≤ W% ≤ 25
Sample Expression R2

Sylvester pine e′(W) = 9·10-5W3 - 0.0008W2 + 0.0408W + 1.7861 0.9996

e′′(W) = -5·10-5W3 + 0.0027W2 - 0.0069W + 0.0258 0.9971

Poplar e′(W) = 0.0004W2 + 0.0485W + 1.6526 0.9993

e′′(W) = -2·10-5W3 + 0.0011W2 + 0.0095W + 0.0217 0.9990

Chestnut e′(W) = 2·10-5W3 + 0.0013W2 + 0.0484W + 1.8851 0.9998

e′′(W) = -10-4W3 + 0.0044W2 - 0.0128W + 0.0296 0.9946

Oak e′(W) = 10-4W3 - 0.0004W2 + 0.0644W + 2.0473 0.9999

e′′(W) = -10-4W3 + 0.005W2 - 0.0164W + 0.0527 0.9984

Walnut e′(W) = 2·10-5W3 + 0.0015W2 + 0.0403W + 1.8689 0.9994

e′′(W) = -2·10-5W3 + 0.0022W2 - 0.0003W + 0.0253 0.9991

From: [4].

As it has been shown in [1] CDP of wood depends not only 
on temperature and moisture but also wood structure and density. 
Data in Tables 5.4–5.6 for three frequencies are represented for the 
case when electric field vector orientation is perpendicular to the 
grain. 
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Table 5.4 
Dielectric Properties of Dry and Moist Wood Samples at 1 GHz

W% T°C

Density in Oven-Dry Conditions (g/cm3)
0.3 0.4 0.5 0.6 0.7 0.8

e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′
0 20 1.5 0.025 1.7 0.037 1.8 0.045 2.0 0.058 2.2 0.07 2.3 0.059

50 1.6 0.030 1.8 0.045 1.9 0.053 2.1 0.067 2.3 0.082 2.4 0.096
90 1.7 0.037 1.9 0.053 2.0 0.064 2.2 0.081 2.4 0.098 2.5 0.115

10 20 1.9 0.114 2.2 0.176 2.5 0.25 2.7 0.324 3.0 0.42 3.3 0.528
50 2.0 0.12 2.3 0.184 2.7 0.27 2.9 0.348 3.2 0.448 3.5 0.56
90 2.2 0.132 2.5 0.2 2.9 0.29 3.1 0.372 3.4 0.476 3.8 0.608

20 20 2.4 0.216 2.9 0.348 3.4 0.544 3.9 0.741 4.4 0.924 4.8 1.2
50 2.44 0.195 2.9 0.319 3.45 0.518 4.0 0.72 4.5 0.9 4.9 1.176
90 2.5 0.20 3.0 0.3 3.5 0.49 4.0 0.64 4.55 0.819 5.0 1.1

30 20 3.2 0.416 3.9 0.663 4.7 1.034 5.4 1.404 6.1 1.83 6.8 2.312
50 3.2 0.384 3.9 0.624 4.7 0.94 5.4 1.296 6.1 1.708 6.8 2.108
90 3.2 0.352 3.9 0.546 4.7 0.846 5.4 1.134 6.1 1.525 6.8 1.708

From: [1].

Table 5.5 
Dielectric Properties of Dry and Moist Wood Samples at 2.4 GHz

W% T°C

Density in Oven-Dry Conditions (g/cm3)
0.3 0.4 0.5 0.6 0.7 0.8

e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′
0 20 1.4 0.021 1.6 0.03 1.7 0.039 1.9 0.051 2.1 0.063 2.2 0.073

50 1.5 0.026 1.7 0.036 1.8 0.047 2.0 0.06 2.2 0.075 2.3 0.085
90 1.55 0.029 1.8 0.043 1.9 0.055 2.1 0.074 2.3 0.087 2.4 0.1

10 20 1.8 0.108 2.0 0.16 2.3 0.253 2.5 0.325 2.8 0.42 3.0 0.51
50 1.9 0.114 2.1 0.168 2.4 0.264 2.7 0.351 3.0 0.45 3.2 0.544
90 2.05 0.123 2.3 0.184 2.6 0.286 2.85 0.371 3.2 0.48 3.4 0.578

20 20 2.1 0.21 2.5 0.35 2.9 0.522 3.3 0.693 3.7 0.925 4.0 1.12
50 2.1 0.189 2.5 0.325 2.9 0.493 3.4 0.646 3.8 0.874 4.1 1.025
90 2.2 0.176 2.6 0.286 3.0 0.45 3.4 0.578 3.8 0.76 4.1 0.943

30 20 2.7 0.351 3.2 0.576 3.8 0.836 4.3 1.161 4.9 1.519 5.4 1.89
50 2.7 0.324 3.2 0.512 3.8 0.76 4.3 1.032 4.9 1.372 5.4 1.728
90 2.7 0.27 3.2 0.448 3.8 0.646 4.3 0.903 4.9 1.176 5.4 1.458

From: [1].
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Table 5.6 
Dielectric Properties of Dry and Moist Wood Samples at 5.8 GHz 

W% T°C

Density in Oven-Dry Condition (g/cm3)
0.3 0.4 0.5 0.6 0.7 0.8

e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′
0 20 1.4 0.019 1.5 0.027 1.7 0.037 1.8 0.047 2.0 0.058 2.2 0.07

50 1.4 0.022 1.55 0.033 1.75 0.044 1.85 0.056 2.1 0.069 2.3 0.085
90 1.5 0.029 1.6 0.038 1.8 0.054 1.9 0.067 2.1 0.082 2.35 0.101

10 20 1.7 0.102 1.9 0.143 2.15 0.215 2.3 0.276 2.5 0.35 2.7 0.432
50 1.8 0.108 2.0 0.16 2.3 0.23 2.4 0.288 2.7 0.378 2.9 0.464
90 1.9 0.114 2.2 0.176 2.5 0.25 2.6 0.312 2.9 0.406 3.1 0.496

20 20 2.0 0.24 2.3 0.368 2.6 0.546 3.0 0.75 3.4 0.986 3.6 1.188
50 2.1 0.231 2.4 0.36 2.7 0.513 3.1 0.713 3.5 0.945 3.7 1.147
90 2.1 0.21 2.5 0.325 2.8 0.476 3.2 0.64 3.6 0.864 3.85 1.04

30 20 2.7 0.432 3.3 0.693 3.8 0.988 4.4 1.408 4.9 1.813 5.5 2.365
50 2.8 0.42 3.4 0.646 3.9 0.936 4.5 1.305 5.1 1.734 5.7 2.223
90 2.9 0.377 3.5 0.56 4.1 0.820 4.7 1.175 5.2 1.508 5.9 2.0

From: [1].

Sometimes information about the CDP of wood at microwave 
frequencies close to ISM bands can be also useful. Table 5.7 shows 
dependencies e′(M) and e′′(M) of four different wood samples at 
1,110 MHz, where M is the moisture content defined as:

	 ( )m dM M M V= - 	 (5.5)

here Mm is the moist wood mass, Md is the dry wood mass, and V 
is the sample volume.

Another example is the temperature-dependent parameters of 
pine sapwood at 922 MHz (see Table 5.8).
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Table 5.7 
Dielectric Properties of Some Wood Samples at 1,110 MHz and Temperature 24°C 

Sample Moisture Dielectric Permittivity and Loss Factor R2

Birch 0 ≤ M ≤ 0.4 e′(M) = 56.056M3 – 31.114M2 + 17.898M + 1.8597 0.9988

e′′(M) = 0.3628M2 + 0.0293M - 0.0006 0.9997

Poplar 0 ≤ M ≤ 0.4 e′(M) = 76.609M3 - 43.969M2 + 21.698M + 1.6353 0.9982

e′′(M) = 0.7202M2 + 0.0183M - 0.00006 0.9999

Fir 0 ≤ M ≤ 0.4 e′(M) = 217.61M3 – 108.03M2 + 26.77M + 1.5139 0.9915

e′′(M) = 1.2674M3 + 0.016M2 + 0.0284M - 0.0005 0.9981

Foliage 
tree

0 ≤ M ≤ 0.3 e′(M) = 137M3 – 69.688M2 + 23.385M + 1.4984 0.9954

M > 0.3 e′(M) = - 603.6M2 + 492.12M - 87.312 0.9991

0 ≤ M ≤ 0.4 e′′(M) = 1.1541M3 - 0.5489M2 + 0.1669M - 0.0004 0.9937

From: [5].

Table 5.8 
Dielectric Properties of Pine Sapwood at 922 MHz

Temperature (°C) Dielectric Permittivity and Loss Factor R2

20 ≤ T ≤ 100 e′(T) = -2·10-7T3 - 0.0015T2 + 0.2088T + 6.199 0.9061

e′′(T) =  7·10-6T3 - 0.0016T2 + 0.0889T + 1.9066 0.9704

From: [6].

Two thermal parameters of wood—density and thermal con-
ductivity at different temperatures—are given in Table 5.9.

Table 5.9 
Density and Thermal Conductivity of Some Wood 

Samples at Room Temperature

Sample
Temperature 
(°C)

Density 
(g/cm3)

Thermal 
conductivity 
(W/m·K)

Birch 20 0.72 0.15
Oak 15 0.825 0.2
Fir 60 0.45 0.11
Cedar 20 0.47 0.095
Maple 30 0.72 0.19
Foliage tree 20 0.6 0.13
Pine ⊥ 15 0.545 0.15

Pine // 15 0.545 0.4
Poplar 50 0.58 0.17

From: [7].
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Along with wood, diverse fibrous materials such as fabric, 
leather, paper, and cardboard can be successfully treated by mi-
crowaves. Information about the CDP of these materials at ISM 
frequencies is quite restricted. Experimental results obtained in 
Khmelnitskiy Technological Institute (Ukraine) for double-compo-
nent moist fabric at various temperatures are represented in Table 
5.10. Table 5.11 contains data about the CDP of four fibrous materi-
als as a function of moisture. 

Table 5.10 
Dielectric Properties of Polyamide-Cotton Mixture Fabric at 2.45 GHz

W% T°C 15 30 45 60 75 90 105 120
5 e′ 1.2 1.4 2.0 2.4 2.8 3.0 3.5 3.8

e′′ 0.24 0.42 0.7 0.96 1.4 1.8 2.8 3.42

30 e′ 13.8 15.3 16.6 17.4 18.6 20.2 21.4 22.6

e′′ 8.556 6.426 4.98 5.742 4.092 6.06 8.988 13.56

From: [8].

Table 5.11 
Dielectric Properties of Some Fibrous Materials at Room Temperature

Sample W% Expression R2

Paper, 2.45 GHz 10 ≤ W ≤ 30 e′(W) = -0.0003W3 + 0.0206W2 - 0.1362W + 3.7 0.9981

e′′(W) = -3·10-5W3 + 0.0017W2 + 0.0923W - 0.3 0.9977

Carton 2.45 GHz 10 ≤ W ≤ 30 e′(W) = 7·10-5W3 - 0.0027W2 + 0.208W + 1.316 0.9999

e′′(W) = 0.0622W - 0.192 0.9887

Leather, 2.45 GHz 10 ≤ W ≤ 50 e′(W) = 3·10-5W3 + 0.0067W2 - 0.075W + 2.56 0.9999

e′′(W) = 8·10-6W3 + 0.0038W2 - 0.0526W + 1.44 0.9999

Wool, 3 GHz 4 ≤ W ≤ 12 e′(W) = 0.0111W2 - 0.0401W + 3.692 0.9981

e′′(W) = 0.0052W2 - 0.0114W + 0.132 0.9999

From: [3].

The authors in [9, 10] have developed a mathematical model 
describing processes of microwave drying of leather. They used 
the empirical expressions given in Table 5.12 for the modeling vari-
ations of the CDP of leather at different levels of moisture.

Finally, in Table 5.13 one can find handbook data on the thermal 
conductivity of some fibrous materials, taken from [11].
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Table 5.12 
Dielectric Properties of Leather at 2.45 GHz and 

Room Temperature

Expression
Moisture 
(Dry Basis) R2

e′(U) = 12.6919U2 + 9.0168U + 2.9311 0 ≤ U ≤ 1.1 0.9994

e′′(U) =  1.511U2 + 3.8316U + 0.1051 0.9986

From: [9].

Table 5.13 
Thermal Conductivity λt (W/m·K) of Some Fibrous Materials

Material

Fiber 
Diameter 
(mkm) T°C

λft
(W/m·K) Porosity λt 

Glass wool 15.5 30 1 0.972 0.044
Asbestos fiber 20 30 1.5 0.8 0.111
Silk 20 30 0.4 0.989 0.037
Flax 18 30 0.5 0.975 0.039
Hemp 20 30 0.5 0.969 0.049
Jute 17 30 0.5 0.887 0.041
Wooden chip 100 30 0.5 0.933 0.051
Felt 37 50 0.3 0.818 0.068
Cotton wool 20 20 0.35 0.947 0.043
Virgin wool 20 20 0.3 0.82 0.052
Kapron 100 20 0.22 0.954 0.033

From: [11].
λft = Thermal conductivity of fibers.
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6
Polymers, Resins, and Plastics

According to the classification proposed in [1], resins and plastics 
are divided into three main groups: (1) no polar high-frequency 
(HF) dielectrics including polyethylene, polypropylene, polyester 
and others, (2) weak polar and polar HF and low-frequency (LF) 
dielectrics including paraformaldehyde, rubbers, polybutadiene, 
and so forth, and (3) polar LF dielectrics such as polyamide, epox-
ide, and polyvinylchloride.

Rubber-based resins are multimolecular substances described 
by the formula (C5H8)m, where m is the number of molecular 
chains. Vulcanization (heating of rubber after mixing with sulfur-
containing matter) of crude rubber allows improving its heatproof 
properties. Resins such as polyamide and polyimide have wide 
practical applications in modern microelectronics and electrical 
and airspace engineering.

Plastic dielectrics have a weak interaction with electromagnetic 
(EM) fields because of their nonpolar molecular structure. Plastics 
are often used as packaging material for foods treated by micro-
waves. Most plastics have a very weak linear dependence on tem-
perature at RF and microwave frequencies. Table 6.1 lists the CDP 
values of selected plastic materials at 3 GHz.
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Table 6.1 
Dielectric Properties of Some Plastic Materials at 3 GHz

Material Labeling Composition T°C e′ e′′
Bakelite BM-120 Phenol-formaldehyde resin 46%, wood flour 46%, 

additives 8%
25 3.7 0.1628

Formica XX Phenol-formaldehyde resin 50%, paper 50%, laminate 26 3.57 0.2142
Micarta 254 Cresylic acid formaldehyde 50%, 

α-cellulose 50%
25 3.43 0.1749
82 4.02 0.3939

Melmac molding 
compound 1500

Melamine-formaldehyde resin 42%, wood flour 40%, 
plasticizer 18%

25 4.2 0.2184

Resimene 803-A Melamine-formaldehyde resin 60%, cellulose 40% 24 4.53 0.3715

From: [2].

The dielectric properties of various solid and liquid polymers 
at microwave frequencies are presented in Tables 6.2 to 6.9.

Table 6.2 
Dielectric Properties of Some Polyamides at 1 GHz

Polymer

T = 0ºC T = 30ºC T = 60ºC T = 90ºC

e′ e′′ e′ e′′ e′ e′′ e′ e′′
PA6 3 0.03 3.1 0.062 3.2 0.0832 3.4 0.187
PA66 3 0.0243 3 0.0405 3.1 0.0744 3.2 0.1408
PA610 3 0.03 3 0.039 3 0.075 3.1 0.1085

From: [3].

Table 6.3 
Dielectric Properties of Three Polymer Materials at 2.45 GHz

Polymer Expression R2

Resin DER332 [4]
20 ≤ TºC ≤ 160

e′(T) = -2·10-7T3 + 0.0001T2 - 0.001T + 4.4154 0.9951

e′′(T) =  0.1984exp(0.0125T) 0.9757
PET [5]
20 ≤ TºC ≤ 120

e′(T) = 2.6132exp(0.0034T) 0.975

e′′(T) =  9·10-8T3 - 0.00001T2 + 0.0006T + 0.0137 0.9403
Polyimide [6]
40 ≤ TºC ≤ 80

e′ = 3.8 —

e′′(T) =  0.0077ln(T) - 0.0162 0.9598
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Table 6.4 
Dielectric Properties of Liquid Monomers in Temperature Range 24 ≤ T°C ≤ 108

Monomer f (MHz) Dielectric Permittivity and Loss Factor R2

ε-Caprolactam 912 e′(T) = -3·10-7T3 – 0.0014T2 + 0.1757T + 38.814 0.9483

e′′(T) = -3·10-7T3 + 0.0005T2 - 0.1809T + 18.146 0.9952
2466 e′(T) = -10-5T3 + 0.0003T2 + 0.2579T + 21.714 0.9960

e′′(T) = 10-5T3 - 0.0033T2 + 0.1058T + 22.008 0.9962
ε-Caprolactone 912 e′(T) = -10-5T3 + 0.0004T2 + 0.0741T + 40.103 0.9151

e′′(T) = -6·10-6T3 + 0.0015T2 - 0.2221T + 17.827 0.9973
2466 e′(T) = -8·10-6T3 - 0.0002T2 + 0.2504T + 23.051 0.9963

e′′(T) = 6·10-6T3 - 0.0018T2 + 0.0151T + 22.976 0.9960

From: [7].

Table 6.5 
Dielectric Properties of Four Liquid Polymer  

Substances at 2.45 GHz 

T°C

DuroLok 
270

Stauf Cold 
Glue 153 ALFO DN 41 NA 62

e′ e′′ e′ e′′ e′ e′′ e′ e′′
20 27.1 15.4 23.8 8.8 32.2 13.1 4.19 3.25
30 27.7 16.6 27.7 11.3 31.4 13.1 4.2 3.37
40 27.7 17.1 28.2 12.6 30.8 13.4 4.4 3.41
50 26.7 15.7 28.0 12.7 29.7 13.7 4.7 3.48
60 70.7 15.0 48.0 25 28.4 13.8 4.3 4.11
70 25.7 15.6 23.8 11.4 27.5 15.9 3.8 4.48
80 24.0 16.5 15.1 8.0 26.6 16.5 3.7 3.88

From: [8, 9].

Table 6.6 
Dielectric Properties of Wet Movie Film at T = 25°C and 2.97 GHz 

W (g/m) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

e′ 14 14.2 21 29 38 47 55 64 72 80

e′′ 2.1 4.26 8.4 13.05 15.2 17.39 18.7 20.48 21.6 22.4

From: [10].
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Table 6.7 
Dielectric Properties of Polymer Resins at 2,450 MHz in 

Temperature Range 20 ≤ TºC ≤ 180
Polymer 
Resin Dielectric Permittivity and Loss Factor R2

Sample 2 e′(T) = -0.217·10-6T3 + 0.4525·10-4T2 + 0.0031835T + 2.604 0.9989

e′′(T) = 0.1594·10-6T3 - 0.7623·10-4T2 + 0.0101337T + 0.22 0.9693
Sample 3 e′(T) = 0.12816·10-7T3 - 0.6549·10-4T2 + 0.017599T + 2.8094 0.9865

e′′(T) = 0.6151·10-6T3 - 0.239·10-3T2 + 0.025805T + 0.23564 0.9781
Sample 4 e′(T) = 0.8·10-6T3 - 0.477·10-3T2 + 0.069575T + 3.69509 0.9661

e′′(T) = 0.14856·10-5T3 - 0.0005118T2 + 0.03991T + 1.4116 0.9972
Sample 5 e′(T) = -0.5978·10-6T3 + 0.10873·10-3T2 + 0.011145T + 3.5315 0.9831

e′′(T) = 0.2634·10-6T3 - 0.1485·10-3T2 + 0.021547T + 0.4807 0.9824

From: [11].

Table 6.8 
Dielectric Properties of Nylon 6

T°C 20 50 75 100 125 150

e′ 3.0 3.1 3.2 3.3 3.7 3.6

e′′ 0.02 0.03 0.05 0.07 0.22 0.15

From: [12].

Table 6.9 
Dielectric Properties of Crude and Vulcanized Rubber NBR at 2.45 GHz 

in Temperature Range 40 ≤ TºC ≤ 160
Rubber Dielectric permittivity and loss factor R2

Crude e′(T) = 2.4667T + 0.0051 0.9928

e′′(T) = -5·10-7T3 + 7·10-5T2 + 0.0111T - 0.222 0.9989
Vulcanized e′(T) = 2·10-5T2 + 0.0016T + 2.5163 0.9981

e′′(T) = -6·10-5T2 + 0.0219T - 0.6298 0.9878

From: [13].

Thermal properties of polymers have been also reported in 
many publications. For example, temperature dependencies of 
thermal conductivity (lt,W/m·K), density (ρt, kg/m3) and heat 
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capacity (Ct,  kJ/kg·K) of high-density polyethylene (HDPE), low-
density polyethylene (LDPE), and polyvinylchloride (PVC) [14]:

	 ( ) ( ) ( )
( ) ( )

21 4 6
1 2 3

3 48 10
4 5

10 10 273.2 10 273.2

10 273.2 10 273.2

t T a a T a T

a T a T

λ - - -

- -

= ⋅ + ⋅ - + ⋅ -

+ ⋅ - + ⋅ -
	 (6.1)

	 ( )( ) ( ) ( )
( ) ( ) ( )

1 24 5
1 2 3

3 4 57 4 11
4 5 6

10 273.2 10 273.2
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t T b b T b T

b T b T b T

r
- -

- - -

= + ⋅ - + ⋅ -

+ - + ⋅ - + ⋅ -
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	 ( ) ( ) ( )
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1 2 3

3 4
4 5

273.2 273.2

273.2 273.2

tC T d d T d T

d T d T

= + - + -

+ - + -
	 (6.3)

where ai, bi, di are the coefficients given in Tables 6.10 to 6.12.

Table 6.10 
Temperature Ranges and Coefficients of (6.1)

Polymer Temperature (°K) a1 a2 a3 a4 a5

HDPE 283 ≤ T < 416 4.53 –8.59 –5.29 4.12 –1.98

416 ≤ T ≤ 473 2.6 0
LDPE 283 ≤ T < 399 3.65 –4.07 –7.34 8.28 –5.53

399 ≤ T  ≤ 473 2.23 0

PVC 273 ≤ T ≤ 473 1.68 0
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Table 6.11 
Temperature Ranges and Coefficients of (6.2)

Polymer Temperature (ºK) b1 b2 b3 b4 b5 b6

HDPE 283 ≤ T < 406 1.033 17.87 –7.19 16.11 –15.45 5.58

406 ≤ T ≤ 473 1.158 8.09 0
LDPE 283 ≤ T < 406.5 1.078 1.24 2.68 –3.95 2.35 0

406.5 ≤ T ≤ 473 1.158 8.09 0
PVC 283 ≤ T < 383 0.7154 1.02 0.0781 –0.0167 0.0524 0

383 ≤ T ≤ 473 0.6791 5.67 0

Table 6.12
Temperature Ranges and Coefficients of (6.3)

Polymer Temperature (ºK) d1 d2 d3 d4 d5

HDPE 283 ≤ T < 361 1.597 3.61·10-3 5.96·10-5 –3.44·10-8 9.77·10-9

361 ≤ T ≤ 394 –198.3 6.17 –0.0634 2.19·10-4 0

394 ≤ T ≤ 403 –283.7 2.41 0

403 ≤ T ≤ 406 1,208 –9.07 0

406 ≤ T ≤ 473 1.984 3.88·10-3 0
LDPE 283 ≤ T < 363 1.943 5.39·10-3 2.56·10-2 –3.23·10-6 3.53·10-8

363 ≤ T ≤ 378 84.97 –1.84 0.0104 0

378 ≤ T ≤ 383 –129 1.3 0

383 ≤ T ≤ 386 378.6 –3.31 0

386 ≤ T ≤ 473 1.98 3.7·10-3 0
PVC 283 ≤ T < 340 0.75 4.66·10-3 0

340 ≤ T ≤ 369 136.1 –6.64 0.121 –9.71·10-4 2.9·10-6

369 ≤ T ≤ 473 1.208 2.96·10-3 0

In many practical cases, information about fixed values of ther-
mal parameters of polymers at room temperature can be also use-
ful (see Table 6.13).
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Table 6.13 
Thermal Properties of Some Polymers at Room Temperature

Polymer

Thermal 
Conductivity 
(W/(m·K))

Heat 
Capacity 
(J/(g·K))

Density 
(kg/m3)

Polypropylene 0.172 2.14 0.85
Polyisobutyene 0.13 1.97 0.86
Polystyrene 0.142 1.21 1.05
Poly(vinyl chloride) 0.168 0.96 1.39
Poly(vinyl acetate) 0.159 1.47 1.19
Poly(vinyl carbazole) 0.155 1.26 1.19
Poly(methyl methacrylate) 0.193 1.38 1.17
Polyisoprene 0.131 1.89 0.91
Polychloroprene 0.193 1.59 1.24
Poly(ethylene oxide) 0.205 2.01 1.13
Polyurethane 0.147 1.7 1.05
Poly(dimethyl siloxane) 0.163 1.59 0.98
Phenolic resin 0.176 1.05 1.22
Epoxide resin 0.18 1.25 1.19
Polyester resin 0.176 1.25 1.23

From: [15].

Finally, in Table 6.14 one can find approximate expressions 
for two parameters as a function of temperature for two different 
polymers.

Table 6.14 
Heat Capacity (kJ/kg·K) and Density (kg/m3) of Two Polymers

Polypropylene [16] Ct(T) = 1.3929exp(0.0052T),
0  ≤ T°C ≤ 125

R2 = 0.9964

Poly(vinyl chloride) [3] ρt(T)  = -0.0037T2 – 0.0104T + 1393.6,
20 ≤ T°C ≤  97

R2 = 0.9995                         
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7
Ceramics

Ceramics are widely applied in many areas of science and engi-
neering because of unique features such as high-temperature sta-
bility of physical properties, low wearability, thermal conductivity, 
and weight. Dielectric properties of selected ceramics as a func-
tion of temperature and frequency have been studied in several 
publications [1–5]. The dielectric constant of ceramics may be suf-
ficiently low (e′ < 10); for example, for Mullite, average (30 ≤ e′ ≤ 
150) for titanic ceramics N1400-110, N750T in frequency range 10 
Hz ≤ f ≤ 104 MHz or high (e′ > 200) for TiO2, CaTiO3, and LaAlO3.

The complex dielectric permittivity of the ceramic Hilox-882, 
which consists of Al2O3, SiO2, MgO, CrO2, and CaO at two micro-
wave frequencies as a function of temperature is shown in Table 
7.1 [1].

Table 7.1 
Dielectric Properties of Hilox-882 in Temperature Range 20 ≤ T°C ≤ 1,200

Frequency Dielectric Permittivity and Loss Factor R2

915 MHz e′(T) = -6·10-11T3 + 3·10-6T2 - 0.0005T + 8.559 0.9947

e′′(T) = 0.0951exp(0.0032T) 0.9767
2,450 MHz e′(T) = 7·10-10T3 + 2·10-6T2 - 0.0004T + 8.849 0.9966

e′′(T) = 3·10-9T3 – 3·10-6T2 + 0.0012T - 0.0605 0.9893

From: [1].
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The analytical model that describes the behavior of e′ and e′′ of 
composite ceramics in temperature range 0 < T°C < 2,500 at 2,450 
MHz has been derived in [2]: 

	 ( ) ( )4 310 25 10 25in T j Te e - -= + - - - 	 (7.1) 

where εin = 3.9 - j0.46 is the initial value at T = 25˚C.
Several types of ceramics—aluminosilicate and zirconia fiber 

board, alumina, Ni-Zn-ferrite, and PZT ceramics—have been ana-
lyzed at 2,422 MHz in [3], where these materials are treated by 
microwave in a cylindrical applicator with operating mode TM010.

Measured values of e′(T) - je′′(T) at 3,000 MHz for soda-lime 
glass (Corning 0080), borosilicate glass, Mullite MV20, cupric ox-
ide, aluminum nitride, zeolite, alumina cement AC56, zirconia ce-
ment, and felt can be found in [4] (see Table 7.3).

Some of these dependencies (zeolite) may be approximated by 
expressions: 

	 ( )e e= = =′ ′′0.499713 20.250933 , 0.383887 exp 0.0047014 0.962T T R 	 (7.2)

Both equations are valid when 300 < T°C < 500.

Table 7.2 
Dielectric Properties of Some Ceramic Materials at 2.422 GHz

Material Temperature Expression R2

Aluminosilicate 
fiberboard

20 ≤ T°C ≤ 1300 e′(T) = 2·10-10T3 - 6·10-8T2 - 0.0003T + 1.2671 0.8933

e′′(T) = 2·10-11T3 + 8·10-9T2 - 9·10-6T + 0.0027 0.9940
Zirconia
fiber board

20 ≤ T°C ≤ 1400 e′(T) = 6·10-10T3 + 9·10-7T2 - 0.0003T + 2.5433 0.9931

e′′(T) = 3·10-9T3 - 5·10-7T2 - 0.0003T + 0.0438 0.9995
Aluminosilicate  
saggar

20 ≤ T°C ≤ 1350 e′(T) = 7·10-10T3 - 9·10-7T2 + 0.0008T + 4.0371 0.9962

e′′(T) = 3·10-10T3 - 3·10-7T2 + 0.0001T - 0.0028 0.9916
PZT 20 ≤ T°C ≤ 320 e′(T) = 0.0005T2 + 0.0037T + 34.062 0.9945

400 ≤ T°C ≤ 999 e′(T) = 106T-1.6093 0.9993

From: [3].
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Table 7.3 
Dielectric Properties of Some Ceramic Materials at 3 GHz

Material Temperature Expression R2

Corning 0080 300 ≤ T°C ≤ 750 e′(T) = 4·10-7T3 - 0.0005T2 + 0.2162T - 22.495 0.9977

e′′(T) = 0.0122exp(0.0089T) 0.9246
Mullite 500 ≤ T°C ≤ 1300 e′(T) = 5.3076exp(0.0003T) 0.9757

e′′(T) = 3·10-9T3 - 7·10-6T2 + 0.0059T - 1.5404 0.9978
Corning 7740 300 ≤ T°C ≤ 900 e′(T) = 3.5197exp(0.0007T) 0.8372

e′′(T) = 5·10-8T3 - 7·10-5T2 + 0.0319T - 4.7674 0.9920
Corning 3320 300 ≤ T°C ≤ 950 e′(T) = 4·10-8T3 - 6·10-5T2 + 0.0295T - 0.0432 0.9968

e′′(T) = 4·10-8T3 - 6·10-5T2 + 0.0302T - 4.784 0.9925
Al-N powder 350 ≤ T°C ≤ 1150 e′(T) =  3·10-6T2 - 0.0012T + 3.4395 0.9799

e′′(T) = 2·10-6T2 - 0.0008T - 0.0132 0.9807

Cupric oxide 300 ≤ T°C ≤ 900 e′(T) = 3.1059exp(0.0013T) 0.9805

e′′(T) = 24.942ln(T) - 135.86 0.9016
Linde 13X 300 ≤ T°C ≤ 500 e′(T) = 2.9677exp(0.0013T) 0.9644

e′′(T) = 0.3865exp(0.0047T) 0.9298
Zircar ZC89 300 ≤ T°C ≤ 950 e′(T) = 8·10-9T3 - 10-5T2 + 0.0036T + 2.7885 0.9957

e′′(T) = 4·10-9T3 - 3·10-6T2 + 0.0004T + 0.1906 0.9915
Zircar AC56 300 ≤ T°C ≤ 1100 e′(T) = 4·10-9T3 - 10-5T2 + 0.0095T + 2.2372 0.9869

e′′(T) = -9·10-11T3 + 4·10-7T2 - 0.0002T +0.0206 0.9895
Zircar ZYF100 300 ≤ T°C ≤ 1000 e′(T) = -3·10-10T3 - 8·10-8T2 + 0.0014T + 1.3788 0.9881

e′′(T) = -3·10-9T3 + 7·10-6T2 - 0.003T + 0.3662 0.9950

From: [4].

The ISM frequency 915 MHz is often utilized for ceramic pro-
cessing. Information about e′(T) - je′′(T) of two ceramic materials 
at this frequency and high temperatures is given in Table 7.4. 

Table 7.4 
Dielectric Properties of Ceramics at 915 MHz

Ceramics Temperature Range Expression R2

Mullite 400 ≤ T°C ≤ 1300 e′(T) = 3·10-9T3 - 4·10-6T2 + 0.0032T + 4.4869 0.9935

e′′(T) = 9·10-7T2  - 0.0002T - 0.0268 0.9997

Silicon carbide 
powder

500 ≤ T°C ≤ 950 e′(T) = 21.051exp(0.0004T) 0.9274

e′′(T) = 1.913exp(0.0015T) 0.9566

From: [5].
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Sometimes the physical properties of ceramic materials strong-
ly depend on the surrounding atmosphere, as shown in Table 7.5 
for the ZnO sample with e′(T) ≈ 4 and e′′(T) = var.

Table 7.5 
Loss Factor of Ceramics ZnO in at 2.45 GHz

T°C 50 100 150 200 250 300 350 400 450 500 550 600
Air Atmosphere

e′′ 0.13 0.145 0.16 0.26 0.21 0.13 0.1 0.099 0.1 0.105 0.116 0.14

Nitrogen Atmosphere

e′′ 0.7 1.3 2.0 3.9 8.1 5.8 5.3 14.6 23.2 7.7 0.9 0.2

From: [6].

The CDP of the ceramic ZnO has been also studied in [7] as a 
function of temperature for two frequencies (see Table 7.6).

Table 7.6 
Dielectric Properties of ZnO

T°C

615 MHz 2,214 MHz

e′ e′′ e′ e′′
20 1.9 0.005 1.93 0.004
100 1.86 0.02 1.83 0.007
200 1.9 0.03 1.86 0.009
300 1.93 0.04 1.9 0.011
400 1.965 0.05 1.93 0.013
500 2 0.06 1.965 0.015
600 2.1 0.07 1.98 0.017
700 2.207 0.08 2 0.023
800 2.31 0.09 2.07 0.035
900 2.724 0.04 2.276 0.168
1,000 3.793 1.356 3.034 0.62
1,500 3.586 1.834 2.58 0.05

From: [7].

Two ceramic materials have been studied in [8] and proposed 
for application in microwave tubes. The CDP values of these ma-
terials are given in Table 7.7.
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Table 7.7 
Dielectric Properties of Ceramic Materials at 3,340 MHz and 0 ≤ T°C ≤ 500

Ceramic Complex Dielectric Permittivity R2

22XC e′(T) = 0.0011T + 9.3095 0.9985

e′′(T) = 1.0556·10-10T3 + 1.119·10-8T2 + 1.31·10-5T + 
0.0075047

0.9991

A995 e′(T) = 0.0009T + 10.092 0.9951

e′′(T) = 3·10-11T3 - 10-8T2 + 5·10-6T + 0.0001 0.9945

From: [8].

The dielectric properties of alkali metal (K2CO3, Na2CO3, and 
Li2CO3) and alkali earth carbonates (BaCO3, CaCO3, SrCO3, and 
MgCO3) at 2.45 GHz in temperature interval 20 ≤ T°C ≤ 1,100 can 
be found in [9]. The dielectric properties of barium carbonate at 
2.45 GHz in temperature range 50 ≤ T°C ≤ 800 [10]:

	 ( ) 8 3 5 2 210 10 0.0034 2.863, 0.9898T T T T Re - -= - + + =′ 	 (7.3)

	 ( ) 11 3 8 2 6 27 10 4 10 3 10 0.0017, 0.9811T T T T Re - - -= ⋅ - ⋅ + ⋅ + =′′ 	 (7.4)

Usually scientific publications only contain data about the CDP 
or some thermal parameters of ceramics, and information about 
both dielectric and thermal parameters of one material is quite rare 
in the literature. Table 7.8 lists such a case when the four main pa-
rameters of the ceramic mullite with density ρt = 2500 kg/m3 in the 
temperature range 27 ≤ T°C ≤ 1077 are represented.

Table 7.8 
Dielectric and Thermal Properties of Mullite at 2.45 GHz

Parameter R2

e′(T) = 2.119·10-6T2 - 0.000337T + 6.1438 0.9994

e′′(T) = 1.7052·10-9T3 - 1.4616·10-6T2 + 0.000559T + 0.02279 0.9986

λt(T) = 2.643·10-6T2 - 0.005067T + 5.83152 0.9977

Ct(T) = 152.22ln(T) + 199.5 0.9989

From: [11].

Thermal parameters of ceramics and glasses are usually mea-
sured at high temperatures because these materials are obtained by 
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sintering of inorganic substances, including minerals and oxides. 
Information about density ρt (T), heat capacity Ct(T), and thermal 
conductivity λt(T) of different ceramics and glasses is available in 
[11–21]. Some of this data is represented in Tables 7.9–7.20.

Table 7.9 
Thermal Conductivity λt (W/m·K) of Porous and Solid Ceramics

pr% T°C 100 200 400 600 800 1000 1200 1400 1600
4.5 ÷ 7.3 Al2O3 28.84 21.28 12.56 8.72 6.86 5.85 5.28 5.23 5.78
0 30.24 22.44 13.14 9.13 7.21 6.14 5.52 5.50 6.07
4.7 ÷ 9.9 BeO 209.3 166.3 88.39 44.89 25.76 19.31 16.40 15,58 14.54
0 219.8 174.5 93.04 46.98 26.98 20.24 17.21 16.39 15.23
3 ÷ 8 MgO 34.42 26.98 15.82 11.03 8.141 6.687 5.873 5.78 6.570
0 36.05 28.26 16.51 11.51 8.489 6.989 6.106 6.048 6.86
36 Mg2SiO4 36.86 30.94 2.465 2.058 1.873 1.674 1.628 1.593 —
0 5.373 4.512 3.558 2.977 2.675 2.43 2.372 2.30 —
13 ZrO2 1.674 1.721 1.756 1.802 1.88 1.965 2.047 2.09 —
0 1.954 1.965 2.046 2.093 2.198 2.279 2.396 2.44 —
3.5 TiO2 6.28 4.826 3.744 3.465 3.270 3.186 3.186 — —
0 6.53 5.01 3.90 3.628 3.396 3.303 3.30 — —
30 Graphite 124.78 101.8 78.74 64.54 53.49 43.96 38.49 — —
0 177.9 144.8 112.22 92.22 76.18 62.33 54.66 — —
8.75 CaO 13.96 10.12 8.37 7.582 7.28 7.117 — — —
0 15.235 11.107 9.188 8.292 7.978 7.792 — — —
18.6 ZrSiO4 — 4.628 4.187 3.768 3.490 3.303 3.187 3.094 —
0 — 5.699 5.187 4.652 4.303 4.093 3.93 3.84 —

From: [12].
pr = porosity.

Table 7.10 
Thermal Conductivity λt (W/m·K) and Heat Capacity Ct(J/kg·K) of Glasses

Glass Type Temperature Range Expression R2

Organic 7 ≤ T°C ≤ 97 λt (T) = 0.0031ln(T) + 0.1863 0,9762

Ct (T) = 4.2455T + 1274.5 0,9993
Quartz 27 ≤ T°C ≤ 387 λt (T) = -2·10-9T3 + 6·10-7T2 + 0.0014T

+ 1.3031
0,9968

Ct (T) = 7·10-7T3 – 0.0019T2 + 1.614T + 696.28 0,9999
Optical 27 ≤ T°C ≤ 227 λt (T) = 3·10-6T2 + 0.0003T + 0.6921 0,9977

Ct (T) = -0.0018T2 + 1.0271T + 441.01 0,9998

From: [13].
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Table 7.11 
Thermal Properties of Various Type Bricks

Brick Type T°C ρt  (kg/m3) λt (W/m·K) Ct (J/kg·K)
Fire 393 1,890 1.093 1,004.8

598 1,890 1.1514 1,067.6
791 1,890 1.198 1,084

Magnesium 100 2,350 5.815 1,047
1000 2,350 3.49 1,423

Carborundum 100 2,300 9.3 837
1,000 2,300 11.05 1,256

From: [13].

Heat capacity (Ct, J/kg·K) of SiC fiber-reinforced SiC-matrix 
composite in temperature range 25 ≤ T°C ≤ 700 [14]:

	 6 3 2 22 10 0.0032 2.1114 613.71, 0.9988tC T T T R-= ⋅ - + + = 	 (7.5)

Table 7.12 
Thermal Conductivity (λt,W/m·K) and Diffusitivity

(at 10-6, m2/s) of CVI Ceramics

T°C 100 250 500 750 1,000 1,150 1,300
λt,W/(m·K) 1.3 1.27 1.24 1.7 2 2.5 3.3
at·10-6, m2/s 0.8 0.7 0.6 0.75 0.9 0.95 1.0

From: [15].

The thermal conductivity (λt,W/m·K) of boron nitride (O2 = 1%, 
ρt = 0.45 g/cm3) in temperature range 20 ≤ T°C ≤ 280 [16]:

 	 ( ) 7 3 5 2 22 10 5 10 0.0131 8.6579, 0.9944t T T T T Rλ - -= ⋅ - ⋅ - + = 	 (7.6)
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Table 7.13 
Thermal Properties of Ceramics in Temperature Range 300 ≤ T°C ≤ 1,000

Ceramic Parameter Expression R2

Si3N4 + AlN + Si-Al-O-N Ct, J/kg·K Ct(T) = -0.0012T2 + 2.1487T + 228.34 0,9955
λt,W/m·K λt(T) = -5.3585·10-5T + 5.668 0,9999
at, cm2/s at(T) = 0.0318exp(-0.0007T) 0.9582

Si3N4 + MgO Ct, J/kg·K Ct(T) = -0.0013T2 + 2.2514T + 108.75 0,9703
λt,W/m·K λt(T) = 76.962exp(-0.0011T) 0,9853
at, cm2/s at(T) = -3.35714·10-4T + 0.4007 0.9999

From: [17].

Table 7.14 
Density (ρt,g/cm3) of Infrasil-Silica and Amersil-Silica Glass

Glass Infrasil Silica Amersil Silica 
T°C 1,000 1,100 1,200 1,400 1,935 2,048 2,114 2,165 2,322
ρt,g/cm3 2.201 2.198 2.206 2.213 2.094 2.072 2.057 2.045 1.929

From: [18].

Table 7.15 
Thermal Properties of Glasses

Glass Temperature Expression Units R2

Li2O + SiO2 20 ≤ T°C ≤ 1450 ρt(T) = 2.48 - 0.0004T g/cm3 0.9998

Na2O + SiO2 ρt(T) = -0.0012T2 + 2.1487T + 228.34 0.9957
KV silica 80 ≤ T°C ≤ 700 λt(T) = 0.5712ln(T) - 1.9281 W/m·K 0.9984

97 ≤ T°C ≤ 470 Ct(T)  = 172.59ln(T) + 40.293 J/kg·K 0.9980

From: [18].
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Table 7.16 
Density (g/cm3) of Ceramics at Room Temperature

CrB2 HfB2 TaB2 TiB2 ZrB2 B4C HfC SiC TaC TiC
5.6 11.2 12.6 4.55 12.6 2.51 12.6 3.22 14.57 4.93
Cr3C2 ZrC AlN BN TiN Si3N4 Al2O3 BeO CaO Cr2O3

6.7 6.55 3.28 3.49 5.43 3.18 3.98 3.02 3.32 5.21
MgO HfO2 NiO TiO2 UO2 ZrO2 2MgO2Al2O35SiO2

3.58 9.68 7.13 4.25 10.96 5.56 1.61 ÷ 2.5
3Al2O32SiO2 (mullite) Al2O3MgO (spinel) SiO2ZrO2 (zircon)
2.6 ÷ 3.26 3.58 4.6

From: [19].

Table 7.17 
Thermodynamic Density of Glasses and Ceramics

Ceramic Density (g/cm3) Temperature
B2O3 glass ρt(T) = 10-11T3 + 2·10-7T2 - 0.0005T + 1.8658,

R2 = 0.9967
25 ≤ T°C ≤ 1,400

SiO2 glass 1.93 ≤ ρt(T) ≤ 2.057 2,114 ≤ T°C ≤ 2,322
B2O3-CaO, 37.1% CaO 2.26 ≤ ρt(T) ≤ 2.82 25 ≤ T°C ≤ 1,200
SiO2-Na2O, 20% NaO 2.22 ≤ ρt(T) ≤ 2.27 987 ≤ T°C ≤ 1,388
SiO2-Na2O, 60% NaO 2.145 ≤ ρt(T) ≤ 2.25 1,052 ≤ T°C ≤ 1,413
SiO2-Al2O3, 14.8% Al2O3 2.302 ≤ ρt(T) ≤ 2.32 1,707 ≤ T°C ≤ 2,008
SiO2-B2O3, 53.1% B2O3 ρt(T) = 1.892 – 0.0634·10-3T 1,653 ≤ T°K ≤ 1,803

From: [19].

The heat capacity (J/g·K) of α-alumina ceramic [20]:

	 ( )
7

0

n
t n

n

C T q T
=

= ∑ 	 (7.7)
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Table 7.18 
Coefficients of (7.7)

q0 q1 q2 q3

-0.581126 8.25981·10-3 -1.76767·10-5 2.17663·10-8

q4 q5 q6 q7

-1.60541·10-11 7.01732·10-15 -1.67621·10-18 1.68486·10-22

Table 7.19 
Density and Heat Capacity of Ceramics

Ceramic Composition % Density (g/cm3)
Heat capacity (kJ/kg·K)
T = 300ºC T = 1200 ºC

93…96 SiO2 1.7 ≤ ρt(T) ≤ 1.9 0.92 1.13
15…25 Al2O3,75…85 SiO2 1.7 ≤ ρt(T) ≤ 2.1 0.88 1.05
60…72 Al2O3, 28…40 SiO2 2.2 ≤ ρt(T) ≤ 2.4 0.92 1
73…75 Al2O3, 18…20 SiO2 2.9 ≤ ρt(T) ≤ 3 0.24 0.26
80…99 Al2O3 2.5 ≤ ρt(T) ≤ 3.2 0.92 1.13
80…95 MgO,
Rest: Fe2O3, Al2O3

2.6 ≤ ρt(T) ≤ 3.1 0.24 0.29

47…55 MgO, 33…39 SiO2
0…11 Fe2O3

2.4 ≤ ρt(T) ≤ 2.6 0.88 1

66 ZrO2, 33 SiO2 3.2 ≤ ρt(T) ≤ 3.5 0.63 0.75
50…95 SiC,
Rest:  Al2O3, SiO2

2.2 ≤ ρt(T) ≤ 2.7 8.4 1.13

90…98 C 1.3 ≤ ρt(T) ≤ 1.8 1.25 1.59

From: [21].

Table 7.20 
Heat Capacity of Some Ceramics and Glasses

Material Temperature Ct [kJ/(kg·K)]
High-frequency china 300°K 0.75
Low-frequency china 300°K 0.85
Zirkon 273°K 0.55

1273°K 0.68
Quartz glass 293°K 0.89

873°K 1
1473°K 1.14

From: [22].
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Table 7.21 
Thermal Conductivity (W/m·K) of Ceramics

Ceramics Temperature Expression R2

Corundum 200 ≤ T°C ≤ 1,400 λt(T) = 10-6T2 - 0.0049T + 8.38 0.9999

Schamotter, ρt = 1750 kg/
m3

200 ≤ T°C ≤ 1,200 λt(T) = 0.0004T + 0.514 0.9997

C90%, ρt = 1,190 kg/m3 200 ≤ T°C ≤ 1,400 λt(T) = 4·10-7T2 + 0.0006T + 0.78 0.9999
Graphite 200 ≤ T°C < 800 λt(T) = -0.005T + 128 0.9999

800 < T°C ≤ 1,400 λt(T) = -0.01T + 132 0.9999

SiC, ρt = 3,217 kg/m3 0 ≤ T°C ≤ 1,200 λt(T) = 0.7773exp(0.0009T) 0.9997
Magnesite 95% 0 ≤ T°C ≤ 1,400 λt(T) = -6·10-9T3 + 2·10-5T2 - 0.0251T + 

15.801
0.9999

CrMgO 0 ≤ T°C ≤ 1,400 λt(T)=3·10-6T2 - 0.0092T + 9.6002 0.9999

Sillimanite, ρt = 2450 kg/m3 0 ≤ T°C ≤ 1,400 λt(T)=8·10-8T2 - 0.0004T + 1.7098 0.9995

Sillimanite, ρt = 1100 kg/m3 0 ≤ T°C ≤ 1,400 λt(T) = 10-7T2 + 0.0001T + 0.2303 0.9997

Zircon, ρt = 3,580 kg/m3 0 ≤ T°C ≤ 1,400 λt(T) = 8·10-10T3 - 6·10-8T2 + 6·10-6T + 2.7991 0.9999

Zircon, ρt = 1,500 kg/m3 0 ≤ T°C ≤ 1,400 λt(T) = 2·10-7T2 - 8·10-5T + 0.6342 0.9901

From: [23].
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8
Soils and Minerals

Moisture-dependent dielectric constants of many soils (sandy, 
high-clay, loamy, etc.) over RF and microwave frequency ranges 
have been published by several authors [1–9]. Most of these stud-
ies have been carried out in the temperature range (5 ≤ T°C ≤ 25) 
for fixed values of soil density. As an example in Tables 8.1–8.8, the 
complex dielectric permittivity of several types of soils is listed for 
different moisture content at microwave frequencies [3–7].

Table 8.1 
Dielectric Properties of Sand and Clay  

at Room Temperature

W(%) f (GHz)

Sand Clay

e′ e′′ e′ e′′
4 1 3.33 0.13 3.05 0.78

3 3.05 0.26 2.88 0.73
12 1 11.6 0.78 12.5 4.3

3 10.8 1.04 11.38 2.3
20 1 20.3 1.17 22.2 8.78

3 19.4 1.96 19.2 4.44

From: [4].
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Table 8.2 
Complex Dielectric Permittivity of Dry and Moist Soils 

at 2.45 GHz and Room Temperature
Moisture content W = 0% W = 10% W = 20% W = 30%
Dielectric permittivity 2.3 4.07 6.4 9.6
Loss factor 0.05 0.4 0.7 1.25

From: [5].

Table 8.3 
Dielectric Properties of Soil Moist Salts at 1.11 GHz and T = 24°C

Salt Density (g/cm3) W* Expression
Na2CO3 1.1 ÷ 1.3 0 ÷ 0.61 e′ = ((1.56 ± 0.04) + (0.69 ± 0.09) W*)2

e′′ = ((0.01 ± 0.005) + (0.03 ± 0.02) W*)2

Na2SO4 1.3 ÷ 1.6 0 ÷ 0.57 e′ = ((1.59 ± 0.03) + (0.5 ± 0.01) W*)2

e′′ = ((0.02 ± 0.005) + (0.05 ± 0.02) W*)2

MgSO4 1.0 ÷ 1.3 0 ÷ 0.59 e′ = ((1.63 ± 0.02) + (0.3 ± 0.09) W*)2

e′′ = ((0.03 ± 0.01) + (0.01 ± 0.02) W*)2

From: [6].
W* = (Mw – Md)/V, where Mw = moist sample mass; Md = dry sample mass; V = sample volume.

Table 8.4 
Dielectric Properties of Moist Minerals at 1.11 GHz and T = 24°C

Mineral W* Expression
Quartz 0.005 ≤ W* ≤ 0.5 e′ = ((1.54 ± 0.05) + (9.2 ± 0.4) W*)2

e′′ = ((0.01 ± 0.005) + (0.79 ± 0.064) W*)2

Calcite 0.02 ≤ W* ≤ 0.5 e′ = ((1.73 ± 0.06) + (8.1 ± 0.2) W*)2

e′′ = ((0.01 ± 0.005) + (0.37 ± 0.05) W*)2

Kaolinite 0.005 ≤ W* ≤ 0.12 e′ = ((1.9 ± 0.1) + (3.3 ± 0.9) W*)2

e′′ = ((0.2 ± 0.01) + (0.52 ± 0.09) W*)2

0.12 ≤ W* ≤ 0.6 e′ = ((1.1 ± 0.1) + (8.0 ± 0.2) W*)2

e′′ = ((0.18 ± 0.02) + (0.48 ± 0.06) W*)2

Marcasite 0.005 ≤ W* ≤ 0.18 e′ = ((1.1 ± 0.03) + (5.26 ± 0.07) W*)2

e′′ = ((0.04 ± 0.02) + (0.25 ± 0.05) W*)2

0.18 ≤ W* ≤ 0.6 e′ = ((0.74 ± 0.08) + (7.2 ± 0.3) W*)2

e′′ = ((0.04 ± 0.02) + (0.25 ± 0.05) W*)2

Montmorillonite 0.005 ≤ W* ≤ 0.18 e′ = ((1.63 ± 0.03) + (8.6 ± 0.4) W*)2

e′′ = ((0.01 ± 0.005) + (6.4 ± 0.4) W*)2

0.18 ≤ W* ≤ 0.6 e′ = ((1.5 ± 0.1) + (9.9 ± 0.4) W*)2

e′′ = ((0.02 ± 0.01) + (6.4 ± 0.2) W*)2

From: [6].
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Table 8.5 
Dielectric Properties of Moist Salty Sands with Salinity 5% in Moisture Range  

0 ≤ W* ≤ 0.3 at 1.11 GHz and T = 24°C

Soil
Density of Dry Soil (g/
cm3) Expression

Sand 1.51 ± 0.07 e′ = ((1.71 ± 0.02) + (8.1 ± 0.1) W*)2

e′′ = ((0.03 ± 0.001) + (0.5 ± 0.01) W*)2

Sand + NaCl
5% Salt content

1.63 ± 0.03 e′ = ((1.56 ± 0.05) + (16 ± 0.8) W*)2

e′′ = ((0.001 ± 0.0001) + (19 ± 1) W*)2

From: [7].

Table 8.6 
Dielectric Properties of Moist Klinoptiolite at 1.11 GHz and T = 24°C

Soil Moisture Expression
Klinoptiolite W* ≤ 0.05 e′ = ((1.62 ± 0.01) + (4.6 ± 0.5) W*)2

e′′ = ((0.01 ± 0.001) + (1.5 ± 0.3) W*)2

0.05 ≤ W* ≤ 0.12 e′ = ((1.71 ± 0.03) + (2.8 ± 0.3) W*)2

e′′ = ((0.01 ± 0.001) + (1.3 ± 0.2) W*)2

0.12 ≤ W* ≤ 0.25 e′ = ((0.98 ± 0.04) + (9.0 ± 0.2) W*)2

e′′ = ((0.1 ± 0.02) + (0.52 ± 0.1) W*)2

Klinoptiolite + NaCl 
(5%)

0 ≤ W* ≤ 0.23 e′ = ((1.62 ± 0.01) + (2 ± 0.4) W* + (4.2 ± 0.3)
W*2)2

e′′ = ((0.02 ± 0.005) - (0.6 ± 0.1) W*+(50 ± 3)W*2)2

From: [7].

Table 8.7 
Dielectric Properties of Some Moist Soils (0.05 ≤ W ≤ 0.5) at 5 GHz and Room Temperature 
Soil Texture (%)

Expression R2Sand Silt Clay
88 7.3 4.7 e′(W) = -219.88W3 + 135.22W2 + 17.569W + 2.8875 0.9994

e′′(W) = -6.8833W2 + 9.238W - 0.2731 0.9925

56 26.7 17.3 e′(W) = -386.57W3 + 297.01W2  - 18.996W + 4.3058 0.9984

e′′(W) = 5.9384W – 0.0983 0.9952

19.3 46 34.7 e′(W) = -82.542W3 + 108.94W2 + 4.8748W + 2.1982 0.9955

e′′(W) = -57.171W3 + 58.452W2 - 4.4717W + 0.3899 0.9980

2 37 61 e′(W) = -149.6W3 + 158.7W2  - 2.3992W + 2.1922 0.9967

e′′(W) = 6.3315W - 0.1221 0.9969
From: [3].
W = volumetric water content (cm3/cm3).
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Table 8.8 
Dielectric Properties of Some Moist Soils at 1.412 GHz and Room Temperature

Soil Texture (%)
Expression R2Sand Silt Clay

100 0 0 e′(W) = 122.31W2  + 20.451W + 3.0646 0.9998

0.05 ≤ W ≤ 0.3 e′′(W) = 4.8451W - 0.1467 0.9944

90 7 3 e′(W) = 180.39W2  + 6.1294W + 3.4218 0.9989

0.05 ≤ W ≤ 0.25 e′′(W) = -5.5429W2  + 4.9389W - 0.1116 0.9934

22 70 8 e′(W) = -383.33W3 + 309.96W2 - 17.191W + 4.2391 0.9996

0.05 ≤ W ≤ 0.35 e′′(W) = 11.399W2  + 2.4621W + 0.2905 0.9993

58 28 14 e′(W) = 73.286W2  + 35.407W + 0.17 0.9993

0.05 ≤ W ≤ 0.35 e′′(W) = 15.757W2  + 1.7779W + 0.2956 0.9991

6 54 40 e′(W) =  147.73W2  - 20.059W + 5.7151 0.9989

0.05 ≤ W ≤ 0.4 e′′(W) = 42.077W2  - 5.229W + 1.0798 0.9978

From: [3].

At 2,450 MHz, all dry sandy soils may be classified into three 
groups according to the value of loss factor: sands with low losses 
(e′′ ≤ 0.0075), sands with average losses (0.011 ≤ e′′ ≤ 0.031), and 
sands with high losses (0.05 ≤ e′′ ≤ 0.1). Dry clay soils are character-
ized by 3.91 ≤ e′ ≤ 4.21 and 0.14 ≤ e′′ ≤ 0.32. The dielectric properties 
of loamy soils with moisture content are 2 ≤ MC, % ≤ 50 and 3.49 ≤ 
e′ ≤ 32.53 and 0.22 ≤ e′′ ≤ 1.3.

EM fields are used today in the mining industry, geology, road-
building technologies, and so forth. Determining the dielectric 
properties of minerals allows more accurate mathematical model-
ing of the physical processes of EM wave interaction with lossy 
media. The open-end coaxial line method has been utilized in [8] 
for measuring e′(f, T)-je′′(f, T) of over 60 minerals in temperature 
range between 25°C and 325°C and frequency range 300 ≤ f, MHz 
≤ 3,000. Some of this experimental data at 2,450 GHz is given in 
Table 8.9. Most of the minerals exhibit increasing value of e′ and 
e′′ versus temperature, except for minerals presented in Table 8.9, 
which have complicated dependencies e′(T) and e′′(T) [8]. The 
temperature-dependent CDP values of dry and moist montmoril-
lonite at 1.11 GHz and sand at 1.1 GHz are given in Tables 8.10 and 
8.11, respectively.
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Table 8.9 
Dielectric Properties of Minerals

Mineral f (GHz) T°C 25 100 200 300
Chalcocite 0.915 e′ 17.14 17.64 15.44 11.95

e′′ 1.132 1.28 1.13 1.135
2.45 e′ 16.72 17.14 15.46 11.82

e′′ 1.64 1.76 1.52 1.12
Chalcopyrite 0.915 e′ 12.9 13.64 13.15 9.4

e′′ 10.89 14.19 17.97 0.81
2.45 e′ 11.01 11.4 11.2 9.0

e′′ 8.0 10.2 12.5 1.4

From: [8].

Table 8.10 
Dielectric Properties of Montmorillonite

Humidity Temperature Expression
0.04 20 < T°C ≤ 110 e′(T) = (4.01 ± 0.03) - (0.007 ± 0.001) T 

+ (1.17 ± 0.06)·10-4T2

e′′(T) = (1.1 ± 0.03) - (0.007 ± 0.001) T 
+ (1.56 ± 0.08)·10-4T2

114 ≤ T°C < 140 e′(T) = (3.43 ± 0.09) + (0.014 ± 0.001) T

e′′(T) = (0.4 ± 0.1) + (0.018 ± 0.001) T
0.45 10 ≤ T°C ≤ 80 e′(T) = (21.9 ± 0.14) - (0.019 ± 0.03) T

e′′(T) = (6.9 ± 0.2) + (0.027 ± 0.003) T

From: [9].

Table 8.11 
Dielectric Properties of Sand at 1.1 GHz in Temperature Range 0 < T°C ≤ 40

W% Dielectric Permittivity Loss Factor R2

5 e′(T) = 3.08 e′′(T) = 0.155 - 0.002T 0.9999
10 e′(T) = 6.7 - 0.0088T e′′(T) = 0.0001T2 - 0.0098T + 0.3444 0.9984
15 e′(T) = 9.04 - 0.0193T e′′(T) = 0.0002T2 - 0.0185T + 0.5773 0.9959
20 e′(T) = 11.9 - 0.0283T e′′(T) = 0.0003T2 - 0.0252T + 0.8255 0.9973
25 e′(T) = 14.8 - 0.0335T e′′(T) = 0.0004T2 - 0.0352T + 1.1512 0.9984
30 e′(T) = 18.08 - 0.0432T e′′(T) = 0.0005T2 - 0.0469T + 1.5184 0.9979

From: [10].
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The thermal parameters of soils and minerals have been stud-
ied in many publications (see for example [11–17]). Some of this 
data is presented in Tables 8.12–8.17. One substance, ice, has been 
included in this section as the exclusion (Table 8.13): the CDP of ice 
at 2.45 GHz: e′ = 3.2; e′′ = 0.003 [18].

The heat capacity (J/g·K) of several rock soils—magnesium sili-
cate, calcium feldspar, diabase, diorite, granite, basalt, silica glass, 
and quartz—in temperature range 100 ≤ TºK ≤ 500 is described by 
one curve [13]:

	 ( ) ( ) 20.482ln 1.9806, 0.9952tC T T R= - = 	 (8.1)

Table 8.12 
Thermal Properties of Some Rocks at Room Temperature

Rock ρt (kg/m3) Ct (kJ/kg·K) λt (W/m·K)
Brown coal 1,210 1.13 0.253
Anthracite 1,440 0.946 0.328
Coal schist 1,765 1.0216 0.835
Clay schist 2,433 0.992 0.9315
Albitofir 2,596 0.979 1.983
Granite 2,722 0.917 2.214
Dolomite 2,675 0.929 1.729
Dense sandstone 2,630 0.963 2.004
Dense chalk  1,780 0.917 0.688
Dense limestone 2,478 0.8876 0.984

From: [11].

Table 8.13 
Thermal Conductivity of Some Soils with Density 1,570 ≤ ρt, kg/m3 ≤ 1,760

T°C 100 200 400 600 800 1,000 1,200 1,300 1,400
Limestone 0.79 0.77 0.74 0.71 0.68 0.66 0.64 0.63 0.64
Granite detrital 0.9 0.88 0.83 0.8 0.79 0.79 0.81 0.84 0.91
Sea sand 0.29 0.31 0.34 0.37 0.39 0.43 0.52 0.6 0.71
Magnesium 0.66 0.66 0.65 0.65 0.65 0.66 0.69 0.71 0.76
Podzol 0.51 0.52 0.52 0.52 0.53 0.58 0.7 0.79 0.91
Coastal plains 0.27 0.28 0.3 0.33 0.35 0.39 0.43 0.46 0.51
Laterite 0.34 0.31 0.27 0.23 0.2 0.2 0.26 0.32 0.42

From: [12].
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Table 8.14 
Thermal Properties: λt(W/m·K), Ct (J/kg·K), ρt (kg/m3) of Ice

Parameter R2 Temperature
λt(T) = 488.19T-1 + 0.4685 [12] 0.9999 73 ≤ TºK ≤  273
Ct(T) = 7·10-5T3 - 0.0365T2 + 12.481T - 119.54 0.9998 20 ≤ TºK ≤  273
λt(T) = 4·10-5T2 - 0.0292T + 7.4651 [13] 0.9993 173≤TºK ≤  273
Ct(T) = 1500ln(T) - 6354.5 0.9971

ρt(T) = 940.37 - 0.0841T 0.9741

Table 8.15 
Thermal Conductivity (W/m·K) of Different Soils with Saturation 10 ÷ 100% 

Soil Parameter Temperature
Ottawa dry sand with density 
1,760 kg/m3

λt(T) = 6·10-8T2 + 0.0004T + 0.3643,
R2 = 0.9998

100 ≤ TºC ≤ 1400

Unfrozen silt and clay, 
2 ≤ W% ≤ 50

0.2 ≤ λt ≤ 1.8
800 ≤ ρt, kg/m3 ≤ 1,800

20 ≤ TºC ≤ 100

Frozen silt and clay 0.5 ≤ λt ≤ 2.2
800 ≤ ρt, kg/m3 ≤ 2,000

173 ≤ TºK ≤ 273

Unfrozen sandy soils, 
10 ≤ W% ≤ 100

0.5 ≤ λt ≤ 3
1,000 ≤ ρt, kg/m3 ≤ 2,000

20 ≤ TºC ≤ 100

Frozen sandy soils 1 ≤ λt ≤ 4
1,000 ≤ ρt, kg/m3 ≤ 2,000

173 ≤ TºK ≤ 273

Dry sand λt(T) = 0.00049T + 0.24 283 ≤ TºK ≤ 373

From: [13].
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Table 8.16 
Thermal Conductivity (W/m·K) of soils

Soil Temperature Range Thermal Conductivity
Fine-grained sand 261 ≤ T ºK ≤ 272 2.475

273 ≤ T ºK ≤ 283 1.95
Wood loam 261 ≤ T ºK ≤ 271 1.75

273 ≤ T ºK ≤ 283 1.2
Clay 261 ≤ T ºK ≤ 271 1.3 ÷ 1.5

273 ≤ T ºK ≤ 283 1.2
Peat 261 ≤ T ºK ≤ 271 1.2 ÷ 1.4

273 ≤ T ºK ≤ 283 0.9
Hard loamy 261 ≤ T ºK ≤ 271 2 ÷ 2.15

273 ≤ T ºK ≤ 285 1.4 ÷ 1.5
Hard quartz loamy 259 ≤ T ºK ≤ 271 2.5 ÷ 2.6

273 ≤ T ºK ≤ 287 1.6 ÷ 1.8
Koalinite clay 259 ≤ T ºK ≤ 271 0.9 ÷ 1.15

273 ≤ T ºK ≤ 287 0.6

From: [16].
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Table 8.17
Heat Capacity (J/g·K) of Minerals

Mineral Temperature (ºC) Ct Mineral Temperature (ºC) Ct

Orthoclase -20 ≤ T ≤ 100 0.776 Lava 23 ≤ T ≤ 100 0.858
Albite 0 ≤ T ≤ 900 1.072 Magnesite T = 18 0.889
Andalusite 0 ≤ T ≤ 100 0.705 Magnetite 0 ≤ T ≤ 200 0.746
Anorthite 0 ≤ T ≤ 900 1.038 Pyrrhotite 0 ≤ T ≤ 100 0.626
Asbestos 0 ≤ T ≤ 34 0.783 Magnetic silicate 0 ≤ T ≤ 900 1.114
Basalt 10 ≤ T ≤ 100 0.585 Manganite 20 ≤ T ≤ 52 0.737
Beryllium 15 ≤ T ≤ 99 0.828 Paragonite 20 ≤ T ≤ 98 0.873
Braunite 15 ≤ T ≤ 99 0.678 Olivine 21 ≤ T ≤ 51 0.791
Calcite T = 21 0.813 Orthoclase 15 ≤ T ≤ 99 0.786
Chalcedony 0 ≤ T ≤ 1000 1.102 Scheelite 19 ≤ T ≤ 50 0.405
Dioptase 19 ≤ T ≤ 50 0.762 Serpentine 8 ≤ T ≤ 98 1.067
Diopside 0 ≤ T ≤ 100 0.805 Argentite 15 ≤ T ≤ 100 0.309
Gneis 17 ≤ T ≤ 99 0.82 Spinel 15 ≤ T ≤ 46 0.812
Goethite 5 ≤ T ≤ 93 0.854 Spodumene 20 ≤ T ≤ 100 0.905
Granite 16 ≤ T ≤ 100 0.829 Rock salt 13 ≤ T ≤ 45 0.917
Graphite 20 ≤ T ≤ 200 0.984 Talc 20 ≤ T ≤ 98 0.876
Hornblende 20 ≤ T ≤ 98 0.817 Topaz 6 ≤ T ≤ 100 0.858
Ilmenite 17 ≤ T ≤ 47 0.741 Wollastonite 0 ≤ T ≤ 900 0.981
Calcite 0 ≤ T ≤ 100 0.839 Sphalerite 0 ≤ T ≤ 100 0.48
Cobaltite 15 ≤ T ≤ 100 0.406 Zircon 21 ≤ T ≤ 51 0.552

From: [15].

Table 8.18 
Heat Capacity (kJ/kg·K) of Some Minerals and Soils

Soil Ct Soil Ct

Andalusite 273 ≤ T ºK ≤ 373 0.7 Dolomite 293 ≤ T ºK ≤ 372 0.93
Apatite 288 ≤ T ºK ≤ 372 0.79 Kaoline T = 273 ºK 1
Basalt T = 273 ºK 0.85 T = 673 ºK 1.35

T = 1473 ºK 1.49 Lava 296 ≤ T ºK ≤ 373 0.84
Gneiss T = 273 ºK 0.74 304 ≤ T ºK ≤ 1049 1.09

T = 473 ºK 1.02 Spinel 282 ≤ T ºK ≤ 371 0.81
Granite T = 273 ºK 0.65 Clay T = 273 ºK 0.75

T = 1073 ºK 1.3 T = 1073 ºK 1.51
Natural graphite T = 300 ºK 0.95 ÷ 1.05 Limestone 273 ≤ T ºK ≤ 373 0.92

From: [15].
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9
Pure and Composite Chemical Substances

Today microwave radiation is widely utilized in various technolo-
gies for accelerating many chemical reactions of organic and in-
organic synthesis, dehydration, digestion, curing, vulcanization, 
and so forth. Some of these reactions can be exothermic. But ir-
respective of the type of chemical reaction, the physical properties 
of reactants usually strongly depend on temperature. Viscosity is 
a very important parameter that influences temperature distribu-
tion when liquid chemical substances are heated with microwave 
radiation. 

Water is a very well-known substance. The temperature-de-
pendent dielectric properties of water are widely available in the 
literature, but in many cases it is difficult to find this data exactly 
at ISM frequencies, or it can only be found in limited temperature 
intervals.

The mechanisms of EM wave interaction with water and simi-
lar substances such as dipole polarization, heat release, and ionic 
conduction are well described in [1, 2]. The complex dielectric per-
mittivity of pure water is determined by the Debye model [1]:

	 ( )
2 2 2 21 1

ssj j
e e ωτe e

e e e e
ω τ ω τ

∞∞
∞

--
= - = + -′ ′′

+ +
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where ε∞ is the infinite or high-frequency relative permittivity, εs is 
the static or zero-frequency relative permittivity, ω is the angular 
frequency, and τ is the relaxation time; j = 1- . 

Water, which contains salts and other admixtures, also has ion 
conductivity, and (9.1) should be completed by one more term:

	
( )

2 2 2 2
01 1

ss j j
e e ωτe e σ

e e
ωeω τ ω τ

∞∞
∞

--
= + - -

+ +
 	 (9.2)

where σ is the electrical conductivity.
The CDP of water as a function of temperature (TºC) was stud-

ied by many authors, including [2–10]. Some measured e′(T) and 
e′′(T) [2, 4, 6, 9] and others [3, 5] developed mathematical models 
based on (9.1) and (9.2). A comparison of several theoretical and 
experimental results of such studies at 915 ÷ 930 MHz and 2.45 ÷ 3 
GHz is given in Tables 9.1 to 9.4.

Table 9.1 
Complex Dielectric Permittivity of Tap Water at 915 MHz 

T°C 20 30 40 50 60

e′ 79.1 ± 2.4 74.4 ± 1.4 69.6 ± 1.4 65.4 ± 1.2 62.2 ± 0.7

e′′ 6.6 ± 1.4 5.6 ± 1 5 ± 0.8 4.5 ± 0.9 4.1 ± 0.8

From: [10].

Table 9.2 
Complex Dielectric Permittivity of Tap Water at 915 MHz

Salinity (‰) T°C 2 5 10 15 20 25 30 35 40
0 ÷ 0.05 e′ 86.0 85.3 83.7 81.9 79.9 78.0 76.4 75.3 74.5

0 ÷ 0.03 e′′ 7.75 6.95 5.79 4.85 4.10 3.51 3.07 2.73 2.48
0.05 ‰ 7.77 6.97 5.82 4.88 4.13 3.55 3.11 2.77 2.53
0.05 ‰ 7.79 7.00 5.85 4.91 4.16 3.58 3.15 2.82 2.57

From: [3].
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Table 9.3 
Dielectric Properties of Tap Water at Microwave Frequencies

T°C -9.9 -7.3 -5.2 15 19.75 39.85 40.75 60.35 80.1 90.1
f, MHz 918 919 920 921 923 929 925 931 933 933

e′ 91.61 90.02 88.8 85.4 80.16 73.11 72.8 66.717 60.865 58.04

e′′ 13.15 11.83 10.86 7.01 4.156 2.318 2.254 1.449 0.95 0.736

From: [6].

Table 9.4 
Dielectric Properties of Water at Different Microwave Frequencies

f (GHz) Temperature Expression R2

0.915
[9]

40 ≤ T°C≤ 120 e′(T) = -16.308ln(T) + 133.75 0.9962

e′′(T) = -3.68·10-6T3 + 1.03·10-3T2 - 0.0947T + 5.6 0.9891
3
[2]

5 ≤ T°C≤ 85 e′(T) = -0.0017T2  - 0.1484T + 80.951 0.9990

e′′(T) = 24.342exp(-0.0248T) 0.9951
3
[7]

0 ≤ T°C ≤ 60 e′(T) = -0.0023T2  - 0.0989T + 80.395 0.9988

e′′(T) = -7·10-5T3 + 0.011T2 - 0.7414T + 23.965 0.9999
1.744
[7]

e′(T) = -0.3125T + 85.418 0.9999

e′′(T) = -8·10-5T3 + 0.0111T2 - 0.6218T + 16.412 0.9992
3.254
[7]

e′(T) = -0.003T2  - 0.529T + 80.062 0.9998

e′′(T) = -9·10-5T3 + 0.0137T2 - 0.8701T + 26.588 0.9994
2.45
[4]

20 ≤ T°C ≤ 70 e′(T) = 8·10-5T3 - 0.0125T2 + 0.3072T + 75.756 0.9825

e′′(T) = 0.0018T2 - 0.2826T + 13.809 0.9906

The complex dielectric permittivity of distilled water at 2.8 GHz 
in temperature range 5 ≤ T°C ≤ 60 [11] is:

	 ( ) 5 3 27.2883 10 0.0057366 0.42656 84.4515T T T Te -= - ⋅ + - +′ 	 (9.3)

	 ( ) 5 3 24.2471 10 0.0097473 0.71507 22.9926T T T Te -= - ⋅ + - +′′ 	 (9.4)

The complex dielectric permittivity of fresh water at 2.45 GHz 
in temperature range 20 ≤ T°C ≤ 100 [12] is:

	 ( ) 6 3 24.6 10 0.00131 0.414 88.15T T T Te -= - ⋅ + - +′ 	 (9.5)

	 ( ) 5 3 25 10 0.0103 0.8064 26.675T T T Te -= - ⋅ + - +′′ 	 (9.6)
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Table 9.5 
Thermal Properties of Water in Temperature Range 10 ≤ T°C≤ 100

Parameter Expression Units R2

Density ρt(T) = -0.0043T2 - 0.0109T + 999.79 kg/m3 0.9979
Heat capacity Ct(T) = -10-4T3 + 0.0309T2 - 2.0378T + 4210.8 J/kg·K 0.9988
Thermal conductivity λt(T) = -10-5T2 + 0.0024T + 0.5565 W/m·K 0.9994
Kinematical viscosity νt(T) 106 = 2.3342 - 0.4493ln(T) m2/s 0.9974
Dynamic viscosity μt(T) 106 = 2348 - 454.69ln(T) Pa·s 0.9976
Prandtl number Pr(T) = 9.7898exp(-0.0185T) — 0.9756
From: [13].

Various aqueous solutions are widely applied nowadays in in-
dustrial and food technologies. The CDP values of some of these 
solutions are presented in Tables 9.6 to 9.10.

Table 9.6 
Dielectric Properties of Saltwater at 915 MHz

Salinity% T°C 20 30 40 50 60 70 80
0.25 e′ 80 77.45 74.24 71.21 68.26 65.48 62.83

e′′ 13.23 13.97 15.24 16.76 18.52 20.42 22.44
0.5 e′ 93.77 88.10 76.83 68.47 64.06 59.151 60.44

e′′ 24.497 26.31 26.77 27.96 30.60 32.64 38.82
0.75 e′ 78.83 76.11 72.36 67.53 62.99 58.68 55.08

e′′ 28.93 32.37 36.39 40.28 44.06 47.64 51.39
1.0 e′ 79.01 76.42 72.66 68.19 63.47 58.53 54.25

e′′ 35.55 40.65 46.47 51.86 56.87 61.22 65.09

From: [14].

Table 9.7 
Dielectric Properties of Emulsions and Suspensions at 25°C and f = 2.45 GHz

Substance Volume Fraction Expression R2

Limestone in water 0 ≤ V% ≤ 50 e′(T) = 0.0031V2 - 0.9995V + 77.985 0.9992

e′′(T) = 0.0009V2 – 0.1642V + 10.182 0.9851
Oil in water 0 ≤ V% ≤ 80 e′(T) = -10-4V3 + 0.0184V2 - 1.6501V + 75.912 0.9983

e′′(T) = 2·10-5V3 - 0.0014V2 - 0.1124V + 11.03 0.9968
Water in oil 0 ≤ V% ≤ 60 e′(T) = 8·10-5V3 + 0.0009V2 + 0.0088V + 2.707 0.9991

e′′(T) = 4·10-5V3 - 0.0021V2 + 0.0339V + 0.169 0.9933

From: [15].



	 Pure and Composite Chemical Substances	 131

Table 9.8 
Dielectric Properties of Synthetic Ballast Water at 

20 ≤ T°C ≤ 80
Frequency 
(MHz) Expression R2

915 e′(T) =  0.0059T2 - 0.8839T + 99.654 0.9313

e′′(T) = 54 + 1.935T 0.9990
2,450 e′(T) =  0.0059T2 - 0.8342T + 90 0.9126

e′′(T) = 0.0042T2 + 0.289T + 30.249 0.9997

From: [16].

Table 9.9 
Dielectric Properties of Naphthenic Acid-Water 

Mixture at Concentration 100 ppm

Temperature (°C) Frequency (MHz) e′ e′′
24 915 75.33 6.7

2,450 75.0 10
35 915 70.26 9.49

2,450 72.6 7.64

From: [17].

Table 9.10 
Dielectric Properties of Water-Silica Gel Solvers at  

2,375 MHz 20 ≤ T°C ≤ 90

NaCl%
Ww/
Ws Approximate Expression R2

0 1.4 e′(T) = 0.0013T2 - 0.286T + 39.348 0.9975

e′′(T) = 0.0006T2 - 0.1574T + 17.231 0.9981
0 1.5 e′(T) = 48.919 - 0.1976T 0.9999

e′′(T) = 17.51 – 0.0948T 0.9981
1.5 1.4 e′(T) = 0.0007T2 - 0.2065T + 35.678 0.9985

e′′(T) = 24.609 – 3.5403ln(T) 0.9981
1.5 1.5 e′(T) = 43.756 – 0.0899T 0.9913

e′′(T) = 26.587 – 3.2155ln(T) 0.9953

From: [18].

The dielectric properties of supersaturated α-D-glucose at 2.45 
GHz in the temperature range 25 ≤ T°C≤ 85 and moisture content 
45 ≤ W% ≤ 85 taken from [19]:
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where coefficients u1…u10 are given in Table 9.11.

Table 9.11 
Empirical Coefficients of 
Equations (9.7) and (9.8)

ui e′ e′′
u1 517.252 312.419
u2 3.3201 -0.8456
u3 -91390.436 -16.693
u4 -0.006624 0.0154
u5 5.20865·106 0.34036
u6 -191.179 -0.01419
u7 6.9736·10-5 -2.759·10-5

u8 -9.467·107 -0.0023588
u9 4883.68 0.0003473
u10 -0.4078 -0.0001746

The analogous data of α-D-glucose at 915 MHz can be found in 
[20].

The thermodynamic properties of mineral salts contained in 
soils have been measured in [21, 22]. Table 9.12 lists some of the 
results.
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Table 9.12 
Dielectric Properties of Two Chemical Substances with Different Humidity 

(0 ≤ W ≤ 1) at 1.11 GHz
Substance Temperature Expression
Na2CO3
W = 0.17

15 < T°C ≤ 80 e′(T) = (2.68 ± 0.01) + (1.5 ± 0.1) 10-4 T
80 < T°C < 97 e′(T) = (28 ± 9) - (0.6 ± 0.2) T + (0.004 ± 0.001)T2

101 ≤ T°C ≤ 140 e′(T) = (1.2 ± 0.06) + (0.025 ± 0.001) T
15 < T°C ≤ 80 e′′(T) = 0.08 ± 0.007
80 < T°C < 100 e′′(T) = (10 ± 3) - (0.23 ± 0.07) T + (0.0014 ± 0.0004)T2

100 ≤ T°C < 140 e′′(T) = (-5.6 ± 0.7) + (0.1 ± 0.01) T - (3.89 ± 0.005)T2

NaCl
W = 0.01

20 ≤ T°C ≤ 140 e′(T) = (3.47 ± 0.01) + (0.0023 ± 0.0002)T

e′′(T) = (0.47 ± 0.008) + (0.0016 ± 0.0001)T
NaCl
W = 0.12

20 ≤ T°C ≤ 140 e′(T) = (7.6 ± 0.05) - (0.012 ± 0.001) T + (6.4 ± 0.1) ·10-4T2

e′′(T) = (14.4 ± 0.2) - (0.011 ± 0.007) T - (0.001 ± 5·10-5) T2

From: [21].

As it has been found in [22], moist Na2CO3 crystalline hydrates 
(W = 0.17) demonstrates temperature hysteresis of e′(T)-je′′(T) at 
1.11 GHz. In particular, 2.5 ≤ e′(T) ≤ 5.33 (heating); 2.7 ≤ e′(T) ≤ 6.75 
(cooling) and 0.05 ≤ e′′(T) ≤ 1.96 (heating); 0.06 ≤ e′′(T) ≤ 3.11 (cool-
ing), where 20 ≤ T°C ≤ 190.

The dielectric properties of some pure liquids as a function of 
temperature taken from [23] are given in Tables 9.13 to 9.15.
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Table 9.13 
Dielectric Properties of Some Chemical Substances in 

Microwave Range
Chemical 
Substance f (GHz) T°C

Dielectric 
Permittivity

Loss  
Factor

C2H6O2 1.43 20 20.38 15.53
35 27.1 13.77
50 30.13 9.94

2.134 10 12.65 12.48
20 15.85 11.25
30 20.6 10.9

C3H8O 2.97 20 4.35 2.7
40 5.36 3.5
60 6.77 5.5

C4H4S 2.8 20 2.764 0.013
40 2.7 0.006
60 2.63 0.007

C4H5N 2.85 20 8.046 0.87
40 7.67 0.64
60 7.362 0.47

C4H10O2 1.43 20 10.06 8.92
35 13.68 11.16
50 18.5 10.15

C15H14O2 2 30 3.62 0.91
50 3.7 0.8
70 2.92 0.62

CH4O 1.744 20 25.8 11.6
3.03 20 18.7 14

C4H9N 0.9 20 8.26 0.57
40 7.28 0.26
60 6.627 0.16

From: [23].

Table 9.14 
Dielectric Properties of Some Chemical Substances at 

2 GHz and T = 28°C
Substance C4H10O3 C4H10O C3H8O3 C3H8O2 C15H14O2

Dielectric permittivity 11.9 3.49 9.17 12 3.62
Loss factor 3.2 1.98 6.4 8.8 0.91

From: [23].
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Table 9.15 
Dielectric Properties of Four Chemical Substances 

at 3 GHz

T°C

C6H11Br C10H7Cl
Dielectric 
Permittivity

Loss 
Factor

Dielectric 
Permittivity

Loss 
Factor

25 7.42 1.7 4.16 0.86
40 7.24 1.42 4.22 0.75
55 7.02 1.16 4.29 0.64
75 6.68 0.91 4.35 0.52
T°C C6H5Br C6H5NO2

20 5.09 0.85 21.35 12.90
40 5.02 0.61 21.40 11.60
50 4.92 0.52 23.90 11.15

 From: [23].

Table 9.16 lists data on the CDP of two materials used in the 
polymer industry.

Table 9.16 
Dielectric Properties of Polycarbonate and Polyvinyl Chloride at 2.45 GHz

Substance Temperature Expression
Polycarbonate 25 ≤ T°C ≤ 300 e′(T) = 7.27·10-4T + 4.082

25 ≤ T°C < 150 e′′(T) = 0.0055T2 - 0.4282T + 8.0603,
R2 = 0.9887

150 < T°C ≤ 300  68 ≤ e′′(T) ≤ 76
Polyvinyl chloride 25 ≤ T°C ≤ 225 e′(T) = 5·10-5T2 - 0.0194T + 4.4552, 

R2  = 0.9998
25 ≤ T°C < 100 0 ≤ e′′(T) ≤ 0.1
100 < T°C < 150 0.1 ≤ e′′(T) ≤ 1.7
150 < T°C ≤ 225 1.7 ≤ e′′(T) ≤ 1.9

From: [24].

Different chemical substances are widely employed in pharma-
cology for manufacturing medical drugs. Microwaves radiation 
accelerates synthesis of some substances. Dielectric and thermal 
properties of some liquids and powders used for these purposes 
have been measured and published in [4].



136	 Handbook of Dielectric and Thermal Properties of Materials at Microwave Frequencies 	

Table 9.17 
Dielectric Properties of Liquids and Powders at 2.45 GHz 

Used in Pharmacology
Matter T°C 20 30 40 50 60 70
Ethanol e′ 7.49 8.01 11.16 12.76 14.48 14.72

e′′ 6.73 7.17 8.8 8.89 8.6 8.1
Acetone e′ 23.36 21.69 21.22 20.72 19.54 19.1

e′′ 1.29 0.85 0.81 0.83 0.57 0.55
Paracetamol 
powder (Pa)

e′ 1.92 6.32 8.94 10.21 10.98 12.6

e′′ 0.07 0.36 0.58 0.73 0.84 1.07
Aspirin 
powder (As)

e′ 1.56 4.38 6.71 7.76 8.05 11.85

e′′ 0.05 0.31 0.49 0.53 0.77 1.23
Lactose 
powder (La)

e′ 1.98 6.99 9.5 13.36 15.77 —

e′′ 0.07 1.11 1.7 1.83 2.0 —
Adipic acid 
powder (Ad)

e′ 2.05 3.32 5.11 5.88 7.31 8.8

e′′ 0.09 0.46 0.65 0.81 1.18 1.43

From: [4].

Table 9.18 
Thermal Properties of Pharmaceutical Powders and Liquids at Room Temperature

Matter Ethanol Acetone Paracetamol Aspirin Lactose Adipic Acid
Ct (kJ/kg·K) 1.98 1.65 2.41 2.2 2.31 2.16
λt (W/m·K) 0.17 0.16 0.12 0.1 0.19 0.15
at (mm2/s) 0.05 0.1 0.05 0.08 0.08 0.07

From: [4].

Table 9.19 
Dielectric Properties of Pharmaceutical Lactose-Solvent Mixtures at 2.45 GHz

Solvent W%

Temperature (°C)
20 30 40 50 60

e′ e′′ e′ e′′ e′ e′′ e′ e′′ e′ e′′
Water 30 13.94 1.47 16.26 1.94 21.49 2.45 24.8 2.77 28.8 2.93

50 19.68 2.29 25.73 3.17 32 3.36 34.11 3.71 42.17 4.2
Ethanol 30 2.79 1.06 6.0 1.59 7.61 2.51 8.97 3.11 10.01 3.8

50 3.99 3.24 5.24 3.52 5.99 4.24 6.49 5.12 6.73 5.32
Acetone 30 4.43 0.29 9.2 0.99 11.26 1.06 14.36 1.69 16.13 1.86

50 9.1 0.52 13.15 0.71 15.22 0.92 15.92 1.2 16.51 1.41

From: [4].
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Table 9.20 
Dielectric Properties of Pharmaceutical Powders-Solvent Mixtures at 2.45 GHz

Powder Solvent W% T°C 20 30 40 50 60 70
Paracetamol Water 30 e′ 21.64 — 25.29 31.47 31.91 37.51

e′′ 1.84 2.83 3.04 3.83 3.95 4.66
50 e′ 26.58 27.77 32.7 36.34 44.73 48.31

e′′ 2.83 3.36 4.09 4.52 5.61 5.94
Ethanol 30 e′ 2.72 3 8.71 9.65 10.17 11.21

e′ 1.65 2.11 2.75 3.11 3.69 4.12
50 e′ 4.01 4.5 8.43 8.95 9.87 10.12

e′′ 3.02 3.5 4.12 4.5 4.91 5.46
Acetone 30 e′ 10.42 10.83 11.11 11.73 12.57 13.9

e′ 0.51 0.54 0.72 0.89 0.98 1.47
50 e′′ 12.27 11.86 10.98 10.65 10.35 10.01

e′ 0.79 0.72 0.7 0.68 0.65 0.62
Aspirin Water 30 e′ 17.69 25.19 30.8 36.56 39.4 43.74

e′′ 2.07 2.94 3.9 4.58 4.97 5.88
50 e′ 30.72 35.03 43.94 44.7 46.43 48.97

e′′ 3.16 4.51 5.74 5.81 5.91 6.46
Ethanol 30 e′ 3.02 4.9 7.86 8.72 9.42 12.32

e′′ 1.82 2.02 2.42 2.9 3.36 3.72
50 e′ 4.12 5.25 8.41 9.57 9.99 12.92

e′′ 3.21 3.62 3.97 4.34 4.93 5.2
Acetone 30 e′ 5.85 5.57 7.53 7.72 8.01 8.71

e′′ 0.33 0.39 0.58 0.66 0.89 1.72
50 e′ 11.29 10.7 10.29 10.0 9.62 9.65

e′′ 0.69 0.66 0.64 0.63 0.59 0.5
Adipic acid Water 30 e′ 21.28 25.2 31.29 30.36 36.16 38.79

e′′ 2.36 3.01 3.2 3.72 4.04 4.46
50 e′ 30.66 35.48 38.5 40.93 43.37 47.47

e′′ 3.4 3.67 4.05 4.49 5.49 5.7
Ethanol 30 e′ 3.11 3.78 5.12 6.14 7.91 8.9

e′′ 1.93 2.17 2.49 2.71 3.0 3.27
50 e′ 4.13 4.5 5.13 6.38 8.19 10.91

e′′ 3.06 3.41 3.71 3.91 4.12 4.32
Acetone 30 e′ 7.3 5.72 5.17 4.33 6.83 6.85

e′′ 0.31 0.53 0.58 0.64 0.69 0.4
50 e′ 12.24 12.0 11.83 11.52 11.12 12.23

e′′ 0.6 0.57 0.54 0.63 0.62 0.59

From: [4].
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Some chemical substances are successfully applied in medicine 
for phantom materials design, which are used in experimental 
studies of processes of microwaves propagation and attenuation 
in biological tissues. Some of these materials are shown in Table 
9.21. Table 9.22 lists data on the CDP of solutions also proposed for 
phantom materials design. Additional information about the CDP 
of various chemical substances can be found in [27, 28] (see Tables 
9.23 and 9.24).

Table 9.21 
Dielectric Properties of Phantom Materials Used in Microwave Medicine at T = 22°C

Tissue Composition f (MHz) e′ e′′
Bone and fat 
phantom

82.5% laminac 4110, 14.5% Al powder; 0.24% acetylene 
black, 3.75 g/kg peroxide

915 5.6 1.3
2,450 4.5 0.84

Brain phantom 62.61% H2O, 0.58% NaCl, 29.8% polyethylene powder, 
7.01% super stuff

915 34.4 15.2
2,450 33.6 9.1

59% H2O, 1% NaCl, 40% gelatin 2,450 42 19
Muscle phantom 75.4% H2O, 0.907% NaCl, 15.2% polyethylene powder, 

8.45% super stuff 
915 50.6 26.6
2,450 49.6 16.5

69% H2O, 30% gelatin, 1% NaCl 2,450 50 16
Skin phantom 60% H2O, 1% NaCl, 39% cellulose paper 2,450 43 15

From: [25].

Table 9.22 
Dielectric Properties of the Sodium Chloride Solutions at 430 MHz 

in Temperature Range 20 ≤ T°C ≤ 60
0.2N e′(T) = 81.4 - 0.19T e′′(T) = 46.46 + 1.559T
0.4N e′(T) = 80.286 - 0.1028T e′′(T) = 92.696 + 2.6505T
0.6N e′(T) = 79.995 - 0.01475T e′′(T) = 216.95 + 2.753T
0.8N e′(T) = 76.56 + 0.172T e′′(T) = 167.78 + 5.211T
1.0N e′(T) = 75.645 + 0.335T e′′(T) = 209.76 + 7.011T

From: [26].
N=normal concentration of NaCl sodium chloride solution.
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Table 9.23 
Dielectric Properties of N,N-Dimethylformamide in Temperature Range 

20 ≤ T°C ≤ 80
Frequency Expression R2

2 GHz e′(T) = 6·10-5T3 - 0.0102T2 + 0.347T + 34.239 0.9983

e′′(T) = 5.5888 - 0.0468T  0.9873
2.45 GHz e′(T) = 7·10-5T3 - 0.0106T2 + 0.3289T + 35.98 0.9983

e′′(T) = 7.169 - 0.0595T 0.9776
3 GHz e′(T) = 2·10-5T3 - 0.0038T2 + 0.0789T + 38.634 0.9991

e′′(T) = 8.788 - 0.0656T 0.9931

From: [27].

Table 9.24 
Dielectric Properties of Organic Liquids at 2,450 MHz and 

Temperature T = 25°C

Liquid e′ e′′ Liquid e′ e′′
H2O 78.6 10.11 (ClCH2)2 10.1 0.91
DMSO 43.0 10.86 1,2-Cl2C6H4 9.0 2.3
MeNO2 36.5 2.24 CH2Cl2 8.7 0.21
MeCN 35.8 1.7 EtOH 6.8 6.89
NMI 30.7 11.36 Mel 6.7 0.25
NMP 29.4 7.72 MeCO2Et 5.9 0.25
PhNO2 23.3 14.39 PhCl 5.4 0.53
MeOH 21.3 13.14 CHCl3 4.6 0.22
Me2CO 20.3 0.86 Et2O 4.1 0.075
PhCN 20.1 8.73 BuOH 3.7 1.98
MeCOEt 17.8 1.11 MePh 2.4 0.012
PhCHO 15.5 5.02 PhH 2.2 0.00084
[OCN(CH2)3]2 11.9 4.8 hexane 1.9 0.00078

From: [28].

Sometimes one can find information in the literature about the 
physical properties of very specific materials such as a thermally 
regenerable chemisorbent for carbon dioxide that is used for air 
purification in spacecrafts (see Table 9.25).
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Table 9.25 
Dielectric Properties of Ag2O-Ag2CO3 System at 6 GHz

Material Temperature
Dielectric 
Permittivity

Loss 
Factor

Silver oxide 22.5°C 1.69 0.18
50.5°C 1.64 0.12
188.8°C 1.67 0.125

Silver carbonate 22.7°C 2.45 0.33
50.6°C 2.35 0.14
99.2°C 2.4 0.21
150.8°C 2.39 0.12
188.6°C 2.05 0.13

From: [29].

Today, new artificial composites and different nanomateri-
als are being used for numerous practical applications in science 
and engineering and are being intensively studied. The CDP of 
such nanocomposites have been described in many publications 
[29–34].

Several books and papers devoted to investigating the ther-
mophysical properties of chemical substances contain data about 
only one parameter of this or that matter, but in many publications 
one can find information about all three main parameters (thermal 
conductivity, heat capacity, and density) as shown in Tables 9.26 
to 9.50. Moreover, the data found on kinematic (νt) or dynamic (μt) 
viscosity for liquids can be useful in many cases.

Table 9.26 
Thermal Properties of Heavy Water at Pressure 1 bar 10 ≤ T°C ≤ 90

Parameter Expression R2 Units
Density ρt(T) = 3·10-5T3 - 0.0083T2 + 0.1683T + 1105.1 0.9999 kg/m3

Heat capacity Ct(T) = 3·10-4T3 - 0.0624T2 + 2.4403T + 4213.6 0.9983 J/kg·K
Thermal conductivity λt(T) = -4·10-6T2 + 0.0011T + 0.5594 0.9998 W/m·K
Kinematical viscosity 
×10-6

νt(T)= -4·10-6T3 + 0.0008T2 - 0.0588T + 
2.0563

0.9990 m2/s

From: [35].
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Table 9.27 
Thermal Parameters of Some Organic Liquids

Liquid Parameter T = 0ºC T = 20ºC T = 50ºC Units
Methanol 
CH4O

ρt(T) 810 792 765 kg/m3

Ct(T) 2.386 2.495 2.68 kJ/kg·K
λt(T) 0.208 0.202 0.193 W/m·K
μt(T) × 10-5 81.7 58.4 3.96 Pa·s

Ethanol 
C2H6O

ρt(T) 806 789 763 kg/m3

Ct(T) 2.232 2.395 2.801 kJ/kg·K
λt(T) 0.177 0.173 0.165 W/m·K
μt(T) × 10-5 1768.6 120.1 70.1 Pa·s

Glycerol 
C3H8O3

20 ≤ T°C ≤ 200 R2 Units

ρt(T) = -0.0015T2 - 1.1212T + 1289.2 0.9939 kg/m3

Ct(T) = 6·10-8T3 – 2·10-5T2 + 0.0069T + 2.225 0.9994 kJ/kg·K

λt(T) = -6·10-9T3 + 10-6T2+0.00009T + 0.2839 0.9999 W/m·K

μt(T) × 10-5 = 211836exp(-0.0459) 0.9908 Pa·s

From: [35].

Table 9.28 
Thermal Conductivity of Some Pure Liquids

Liquid Thermal Conductivity (W/m·K) Temperature
Acetone 0.171 T = 273ºK
Acetone-nitrile 0.2307 ≤ λt(T) ≤ 0.2168 253 ≤ TºK  ≤ 293
Chloroform 0.109 ≤  λt(T) ≤ 0.121 270 ≤ TºK  ≤ 340
N-decyl alcohol 0.147 ≤ λt(T) ≤ 0.162 298 ≤ TºK  ≤ 398
N-licosane 0.118 ≤ λt(T) ≤ 0.147 330 ≤ TºK  ≤ 460
Ethanol 0.143 ≤ λt(T) ≤ 0.196 200 ≤ TºK  ≤ 400
Heptane λt(T) = 2·10-7T2 - 0.0004T + 0.2233,

R2 = 0.9996
200 ≤ TºK  ≤ 500

Ethylbenzene 0.1044 ≤ λt(T) ≤ 0.1369 237 ≤ TºK  ≤ 400
Toluene 0.1125 ≤ λt(T) ≤ 0.1485 240 ≤ TºK  ≤ 360

From: [36].
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Table 9.29 
Thermal Conductivity (W/m·K) of Some Inorganic Liquids

Substance TºC Expression Concentration
KOH 1.5 λt(D) = 10-6D3 - 10-4D2 + 0.0021D + 0.5638,

R2 = 0.9961
0 ≤ D% ≤ 40

20 λt(D) = 7·10-7D3 - 8·10-5D2 + 0.0015D + 0.5968,
R2 = 0.9997

50 λt(D) = 5·10-7D3 - 7·10-5D2 + 0.0011D + 0.6401,
R2 = 0.9993

80 λt(D) = 7·10-7D3 - 9·10-5D2 + 0.0014D + 0.6691,
R2 = 0.9999

NaOH 1.5 λt(D) = 3·10-6D3 - 2·10-4D2 + 0.0053D + 0.5632,
R2 = 0.9993

0 ≤ D% ≤ 30

20 λt(D) =  -7·10-5D2 + 0.0034D + 0.6,
R2 = 0.9946

50 λt(D) = 10-6D3 - 10-4D2 + 0.0048D + 0.6389,
R2 = 0.9899

80 λt(D) = 10-6D3 - 10-4D2 + 0.0047D + 0.6691,
R2 = 0.9992

NaCl 1.5 λt(D) = -0.0007D + 0.5629, R2 = 0.9984 0 ≤ D% ≤ 25
20 λt(D) = -10-5D2 - 0.0007D + 0.599, R2 = 0.9998
25 λt(D) = -10-5D2 - 0.0007D + 0.6084, R2 = 0.9981
30 λt(D) = -0.0014D + 0.618, R2 = 0.9999

From: [37].

Table 9.30 
Thermal Conductivity (W/m·K) of Some Organic Liquids

Substance TºC Expression Concentration
C2H6O 20 λt(D) = 3·10-5D2 - 0.0071D + 0.5981, R2 = 0.9999 0 ≤ D% ≤ 80

60 λt(D) = 3·10-5D2 - 0.0081D + 0.6521, R2 = 0.9999
C3H8O3 10 λt(D) = 8·10-6D2 - 0.0038D + 0.5817, R2 = 0.9997 0 ≤ D% ≤ 90

20 λt(D) = 7·10-6D 2 - 0.0039D + 0.5991, R2 = 0.9999
50 λt(D) = -0.0037D + 0.6409, R2 = 0.9999
80 λt(D) = 6·10-6D2 - 0.0045D + 0.6709, R2 = 0.9999

C3H6O 20 λt(D) = 3·10-5D2 - 0.0074D + 0.5991, R2 = 0.9999 0 ≤ D% ≤ 80
40 λt(D) = 3·10-5D2 - 0.008D + 0.6277, R2 = 0.9999

C2H12O6
and C12H22O11

1.5 λt(D) = -4·10-7D2 - 0.0029D + 0.5668, R2 = 0.9994 0 ≤ D% ≤ 60
20 λt(D) = -5·10-7D2 - 0.0032D + 0.5999, R2 = 0.9998
50 λt(D) = -0.0035D + 0.6415, R2 = 0.9995
80 λt(D) = -6·10-6D2 - 0.0034D + 0.6726, R2 = 0.9998

From: [37].
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Table 9.31 
Density of Aqueous Solutions of Some Chemical Substances

Substance Temperature Concentration Density (g/cm3)
KOH 0 ≤ TºC ≤ 100 2 ≤ D% ≤ 50 0.9765 ≤ ρt ≤ 1.5257
NH3 2 ≤ D% ≤ 45 0.808 ≤  ρt ≤ 0.9919
NaOH 2 ≤ D% ≤ 50 0.9796 ≤ ρt ≤ 1.54
HCl 2 ≤ D% ≤ 35 0.968 ≤ ρt ≤ 1.1875
HNO3 2 ≤ D% ≤ 95 0.9685 ≤ ρt ≤ 1.5495
H2SO4 2 ≤ D% ≤ 95 0.9705 ≤ ρt ≤ 1.8511
C3H5(OH)3 0 ≤ TºC ≤ 60 5 ≤ D% ≤ 75 0.995 ≤ ρt ≤ 1.1899
C12H22O11 0 ≤ TºC ≤ 100 2 ≤ D% ≤ 45 0.965 ≤ ρt ≤ 1.1834
HCOOH 0 ≤ TºC ≤ 40 2 ≤ D% ≤ 40 0.9966 ≤ ρt ≤ 1.1094
CH3COOH 0 ≤ TºC ≤ 60 2 ≤ D% ≤ 90 0.985 ≤ ρt ≤ 1.0863
CH3COCH3 0 ≤ TºC ≤ 60 10 ≤ D% ≤ 90 0.799 ≤ ρt ≤ 0.99

From: [37].

Table 9.32 
Heat Capacity of Some Liquids

Liquid Temperature Heat capacity (kJ/kg·K) R2

C3H6O 0 ≤ TºC ≤ 50 Ct(T) = 2·10-5T2 + 0.0017T + 2.119 0.9999
C6H7N 0 ≤ TºC ≤ 150 Ct(T) = 5·10-5T2 - 0.0027T + 2.1045 0.9947
C2H6O 0 ≤ TºC ≤ 160 Ct(T) = 7·10-5T2 + 0.0039T + 2.3483 0.9937
C2H6O2 20 ≤ TºC ≤ 100 Ct(T) = 0.0045T + 2.2932 0.9999
C2H5J 0 ≤ TºC ≤ 60 Ct(T) = 0.0007T + 0.6769 0.9992
C6H6 10 ≤ TºC ≤ 65 Ct(T) = 2·10-5T3 - 0.0021T2 + 0.0801T + 0.8229 0.9941
C6H5Br 20 ≤ TºC ≤ 80 Ct(T)= 10-5T2 - 0.0003T + 0.9683 0.9999
C4H10O 10 ≤ TºC ≤ 85 Ct(T) = 0.0189T + 1.9285 0.9989
C6H5Cl 20 ≤ TºC ≤ 80 Ct(T) = 5·10-6T2 + 0.0003T + 0.9585 0.9999
C10H3 90 ≤ TºC ≤ 190 Ct(T) = 0.0032T + 1.4892 0.9999
C10H16 0 ≤ TºC ≤ 100 Ct(T) = 10-5T2 + 0.0035T + 1.7193 0.9994
C7H8 0 ≤ TºC ≤ 100 Ct(T) = -5·10-7T3 + 8·10-5T2 + 0.0008T + 1.633 0.9999

From: [38].
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Table 9.33 
Thermal properties of liquid H2O2 in temperature range

0 ≤ TºC ≤ 160
Units Parameter  R2

kg/m3 ρt(T) = 1474.8 - 1.2033T 0.9995
W/m·K λt(T) = -4·10-6T2  + 0.0014T + 0.453 0.9999
J/kg·K Ct(T) = 2.07T + 2599 0.9999
mPa·s μt(T) = 1.5517exp(-0.0108T) 0.9883

From: [39].

Table 9.34
Density of Some Liquids

Liquid Temperature Density (kg/m3) R2

C4H8O2 0 ≤ TºC ≤ 240 ρt(T) = -3·10-5T3 + 0.0059T2 - 1.6156T + 929.12 0.9987
C2H6O 0 ≤ TºC ≤ 240 ρt(T) = -4·10-5T3 + 0.0082T2 - 1.3907T + 812.85 0.9959
C2H7N 0 ≤ TºC ≤ 80 ρt(T) = -1.2567T + 708.04 0.9998
C2H5Cl 0 ≤ TºC ≤ 80 ρt(T) = -0.0028T2 - 1.3317T + 919.77 0.9998
C2H6O2 20 ≤ TºC ≤ 100 ρt(T) = -0.715T + 1127.5 0.9999
C6H6 0 ≤ TºC ≤ 280 ρt(T) = -2·10-5T3 + 0.0051T2 - 1.4545T + 905.7 0.9983
C6H5Br 0 ≤ TºC ≤ 270 ρt(T) = -0.0011T2 - 1.1833T + 1518.3 0.9997
Cl2 0 ≤ TºC ≤ 130 ρt(T) = -0.0146T2 - 2.1222T + 1459.1 0.9981
C6H5Cl 0 ≤ TºC ≤ 270 ρt(T) = -0.0013T2 - 0.9016T + 1124.2 0.9995
C4H10O 0 ≤ TºC ≤ 140 ρt(T) = -0.0031T2 - 0.9452T + 734.13 0.9993
CH5N 10 ≤ TºC ≤ 80 ρt(T) = -1.4762T + 690.68 0.9991
C2H4O2 0 ≤ TºC ≤ 300 ρt(T) = -10-5T3 + 0.0028T2 - 1.3127T + 1074.4 0.9994
C3H6O2 0 ≤ TºC ≤ 220 ρt(T) = -3·10-5T3 + 0.0051T2 - 1.6003T + 962.68 0.9993
CH4O 0 ≤ TºC ≤ 220 ρt(T) = -2·10-5T3 + 0.0038T2 - 1.1089T + 812.31 0.9994
C5H10O2 0 ≤ TºC ≤ 270 ρt(T) = -2·10-5T3 + 0.0041T2 - 1.4018T + 913.75 0.9993
C7H8 20 ≤ TºC ≤ 200 672 ≤ ρt ≤ 866

From: [38].
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Table 9.35 
Dynamic Viscosity of Some Liquids

Liquid Temperature Dynamic Viscosity · 104 (Pa·s) R2

C3H6O 0 ≤ TºC ≤ 50 μt(T) = 2·10-4T2 - 0.0407T + 3.9874 0.9935
C2H6O 0 ≤ TºC ≤ 150 μt(T) = -7·10-6T3 + 0.0024T2 - 0.3185T + 17.638 0.9994
C2H6O2 20 ≤ TºC ≤ 140 μt(T) = 2577T-1.561 0.9901
C6H6 0 ≤ TºC ≤ 190 μt(T) = -2·10-6T3 + 0.0008T2  - 0.1247T + 8.8417 0.9975
C3H6O2 20 ≤ TºC ≤ 140 μt(T) = 4.4557exp(-0.009T) 0.9991
C4HO 0 ≤ TºC ≤ 70 μt(T) = -9·10-6T3 + 0.0017T2  - 0.1446T + 8.1645 0.9998
C10H8 80 ≤ TºC ≤ 150 μt(T) = 20.487exp(-0.01T) 0.9986
C5H10O2 0 ≤ TºC ≤ 100 μt(T) = -4·10-6T3 + 0.0009T2  - 0.1105T + 7.6964 0.9998
C5H5N 0 ≤ TºC ≤ 90 μt(T) = -7·10-6T3 + 0.002T2  - 0.2151T + 13.258 0.9998
CCl4 0 ≤ TºC ≤ 180 μt(T) = -3·10-6T3 + 0.0012T2  - 0.1817T + 13.063 0.9989
C7H8 0 ≤ TºC ≤ 140 μt(T) = -2·10-6T3 + 0.0007T2 - 0.0986T + 7.6226 0.9996

From: [38].

Table 9.36 
Thermal Conductivity of Some Liquids

Liquid Temperature Thermal conductivity (W/m·K)
C3H6O 0 ≤ TºC ≤ 100 0.166 ≤ λt ≤ 0.184
C6H7N 20 ≤ TºC ≤ 150 0.158 ≤ λt ≤ 0.172
C2H6O 0 ≤ TºC ≤ 75 λt(T) = -0.0001T + 0.1848, R2 = 0.9938
C2H6O2 0 ≤ TºC ≤ 100 λt(T) = 0.0001T + 0.2551, R2 =0.9998
C6H6 20 ≤ TºC ≤ 80 0.151 ≤ λt ≤ 0.154
C6H5Br 0 ≤ TºC ≤ 100 0.111 ≤ λt ≤ 0.13
C3H8O3 0 ≤ TºC ≤ 100 0.283 ≤ λt ≤ 0.291
CH4O 0 ≤ TºC ≤ 100 0.184 ≤ λt ≤ 0.214
C7H8 0 ≤ TºC ≤ 100 0.137 ≤ λt ≤ 0.151

From: [38].
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Table 9.37 
Thermal Parameters of Some Liquids

Liquid Parameter Units
26.5% C12H10 + 73.5% 
C12H10O

Ct(T)= 3·10-8T3 - 2·10-5T2 + 0.0057T + 1.4496, R2 = 0.9995
20 ≤ TºC ≤ 400

kJ/kg·K

ρt(T) = -0.8715T + 1082.3, R2 = 0.9996
20 ≤ TºC ≤ 300

kg/m3

λt(T) = -0.0001T + 0.1416, R2 = 0.9990
20 ≤ TºC ≤ 300

W/m·K

Aero engine oil Ct(T) = 0.0043T + 1.7466, R2 = 0.9995
20 ≤ TºC ≤ 140

kJ/kg·K

λt(T) = -9·10-5T + 0.1467, R2 = 0.9912
20 ≤ TºC ≤ 140

W/m·K

μt(T)·104 = 10386exp(-0.039T), R2 = 0.9592
20 ≤ TºC ≤ 140

Pa·s

Spindle oil Ct(T) = 0.0042T + 1.767, R2 = 0.9999
20 ≤ TºC ≤ 120

kJ/kg·K

ρt(T) = -0.6386T + 883.53, R2 = 0.9999
20 ≤ TºC ≤ 120

kg/m3

0.138 ≤ λt ≤ 0.144, 0 ≤ TºC ≤ 120 W/m·K

μt(T)·104 = 168.11exp(-0.0211T),
R2 = 0.9758, 20 ≤ TºC ≤ 120

Pa·s

From: [38].

Table 9.38
Thermal Properties of Aqueous Solutions of NaCl

Temperature Parameter R2 Units
0 ≤ TºC ≤ 100 ρt(T) = -0.0045T2 - 0.0421T + 1018.8, D = 2.5% 0.9996 kg/m3

ρt(T) = -0.0022T2 - 0.2778T + 1077.1, D = 10% 0.9996

ρt(T) = -0.0022T2 - 0.2778T + 1077.1, D = 20% 0.9998

λt(T) = -7·10-6T2 + 0.0019T + 0.5623, D = 2.5% 0.9999 W/m·K

λt(T) = -7·10-6T2 + 0.0019T + 0.5564, D = 10% 0.9998

λt(T) = -7·10-6T2 + 0.0018T + 0.5453, D = 20% 0.9999

0 ≤ TºC ≤ 30 Ct(T) = 1.0429T + 4039.8, D = 2.5% 0.9994 J/kg·K

Ct(T) = T + 3708, D = 10% 0.9999

Ct(T) = 0.9143T + 3407.9, D = 20% 0.9991

0 ≤ TºC ≤ 100 μt(T) = -3·10-6T3 + 0.0006T2 - 0.0466T + 1.7789,
D = 2.5%

0.9975 mPa·s

μt(T) = -3·10-6T3 + 0.0006T2 - 0.0499T + 1.9962,
D = 10%

0.9978

μt(T) = -4·10-6T3 + 0.0008T2 - 0.0682T + 2.6334,
D = 20%

0.9976

From: [39].
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Table 9.39 
Thermal Properties of Aqueous Solutions of Na2CO3

Temperature Parameter R2 Units
0 ≤ TºC ≤ 100 ρt(T) = -0.0034T2 - 0.1225T + 1027.4, D = 2.5% 0.9997 kg/m3

ρt(T) = -0.0021T2 - 0.3224T + 1110.3, D = 10% 0.9999

ρt(T) = -0.6794T + 1229.1, D = 20% 0.9994

λt(T) = -8·10-6T2 + 0.0019T + 0.5651, D = 2.5% 0.9999 W/m·K

λt(T) = -8·10-6T2 + 0.0019T + 0.5721, D = 10% 0.9999

λt(T) = -8·10-6T2 + 0.0019T + 0.5808, D = 20% 0.9999

15 ≤ TºC ≤ 100 Ct(T) = 0.0042T2 + 0.8783T + 4036.9 , D = 2.5% 0.9999 J/kg·K

Ct(T) = -6·10-4T3 + 0.1222T2 - 4.4509T + 3849.2, D = 10% 0.9999

Ct(T) = -3·10-4T3 + 0.0993T2 - 5.5176T + 3698.2, D = 20% 0.9999

30 ≤ TºC ≤ 100 μt(T) = 0.0001T2 - 0.0288T + 1.8576, D = 2.5% 0.9996 mPa·s

μt(T) = 0.0002T2 - 0.0442T + 2.7119, D = 10% 0.9994

μt(T) = 0.0005T2 - 0.105T + 6.0368, D = 20% 0.9991

From: [39].

Table 9.40 
Thermal Properties of Aqueous Solutions of Saccharose 

in Temperature Range 20 ≤ TºC ≤ 100
D% Parameter R2 Units
10 ρt(T) = -0.0032T2 - 0.1433T + 1042.5 0.9993 kg/m3

Ct(T) = -3·10-5T3 + 0.0216T2 - 1.8486T + 3978.9 0.9993 J/kg·K

λt(T) = -6·10-6T2 + 0.0017T + 0.5333 0.9993 W/m·K

μt(T) = -2·10-6T3 + 0.0005T2 - 0.0467T + 2.0706 0.9995 mPa·s
30 ρt(T) = 4·10-5T3 - 0.008T2 - 0.0106T + 1129.8 0.9987 kg/m3

Ct(T) = -3·10-5T3 + 0.0217T2 - 1.873T + 3502.4 0.9995 J/kg·K

λt(T) = -5·10-6T2 + 0.0015T + 0.4735 0.9999 W/m·K

μt(T) = -3·10-6T3 + 0.0009T2 - 0.1012T + 4.9461 0.9982 mPa·s
60 ρt(T) = -0.0006T2 - 0.4761T + 1296.2 0.9995 kg/m3

Ct(T) = -3·10-5T3 + 0.0216T2 - 1.8486T + 2785.9 0.9993 J/kg·K

λt(T) = -4·10-6T2 + 0.0012T + 0.3824 0.9998 W/m·K

μt(T) = 92.678exp(-0.0354T) 0.9831 mPa·s

From: [39].

The thermal conductivity of nitric and sulfuric acids [37] is:

	
( ) 2 2
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λ = + + + + +

+ + + = 	 (9.9)
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where 0 ≤ TºC ≤ 100; 0 ≤ D% ≤ 98, and D is the concentration.

Table 9.41 
Empirical Coefficients of (9.9)

Acid HNO3 H2SO4

q1 0.5510847 0.55331383
q2 -0.00148088 -0.002763589
q3 0.002430177 0.002536508
q4 -1.5823905·10-5 1.3556195·10-5

q5 -1.0655147·10-5 -1.3908097·10-5

q6 -3.3085583·10-5 -1.0736348·10-5

q7 1.6958398·10-8 -1.0241992·10-7

q8 -4.243827·10-9 1.6460905·10-8

q9 1.3616186·10-7 1.1766675·10-7

q10 3.1740226·10-8 -1.0542331·10-7

Table 9.42 
Thermal Properties of Pharmaceutical Powder-Solvent Mixtures 

at Room Temperature
Powder Solvent W% Ct (kJ/kg·K) λt (W/m·K) at (mm2/s)
Paracetamol Water 30 2.71 0.29 0.11

50 3.09 0.42 0.14
Ethanol 30 2.11 0.14 0.07

50 1.99 0.17 0.09
Acetone 30 1.98 0.16 0.08

50 1.8 0.16 0.09
Aspirin Water 30 2.9 0.31 0.11

50 3.33 0.43 0.13
Ethanol 30 2.17 0.17 0.08

50 1.99 0.17 0.09
Acetone 30 1.98 0.16 0.08

50 1.8 0.16 0.09
Lactose Water 30 3.15 0.35 0.11

50 3.91 0.5 0.13
Ethanol 30 2.06 0.18 0.09

50 1.99 0.17 0.09
Acetone 30 2.11 0.18 0.09

50 1.86 0.16 0.09
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Table 9.42  (continued)
Powder Solvent W% Ct (kJ/kg·K) λt (W/m·K) at (mm2/s)
Adipic acid Water 30 2.89 0.25 0.09

50 3.4 0.34 0.1
Ethanol 30 2.0 0.16 0.08

50 1.98 0.17 0.09
Acetone 30 1.97 0.15 0.21

50 1.89 0.16 0.28

From: [4].

Table 9.43 
Thermal Conductivity (λt, W/m·K) of Some Organic Liquids

T°C 20 25 34.6 43.5 53.2 61.5
Methanol 0.2003 0.1977 0.1959 0.1943 0.1919 0.1988
T°C 16 31 61.5 76 92 103
Glycol 0.2504 0.2527 0.2581 0.2597 0.262 0.2681

From: [41].

Table 9.44 
Thermal Properties (Ct, J/kg·K; ρt, kg/m3; λt,W/m·K) of Some Hydrocarbons

Liquid Temperature Expression R2

C2H6S 20 ≤ T°C ≤ 120 Ct(T) = -7·10-5T3 + 0.0218T2 - 0.1859T + 1880 0.9994

ρt(T) = 0.0031T2 - 1.6304T + 881 0.9998

λt(T) = -8·10-7T2 - 0.0003T + 0.1335 0.9983
C3H6O 20 ≤ T°C ≤ 120 Ct(T) = 0.0176T2 + 2.1098T + 2149.5 0.9996

ρt(T) = 810 - T 0.9999

λt(T) = 0.1548 – 1.522·10-4T
C2H4Br2 20 ≤ T°C ≤ 120 Ct(T) = 0.59T + 704.2 0.9999

ρt(T) = 2238 - 2.9T
λt(T) = 0.10422 - 1.112·10-4T

C6H14 20 ≤ T°C ≤ 160 Ct(T) = 0.0192T2 + 1.5615T + 2194 0.9973

ρt(T) = 685.29 - 1.1518T 0.9964

λt(T) = 10-6T2 - 0.0005T + 0.1231 0.9986
C3H8O3 20 ≤ T°C ≤ 160 Ct(T) = 4.347T + 2538.4 0.9954

ρt(T) = -0.0012T2 - 0.5057T + 1272.4 0.9999

λt(T) = 0.2787 + 2.1286·10-4T
C4H9NO 20 ≤ T°C ≤ 160 Ct(T) = 2.2414T + 1965.37 0.9999

ρt(T) = 960 - T
λt(T) = -4·10-8T3 + 10-5T2 - 0.0017T + 0.2269 0.9983

From: [40].
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The heat capacity (Ct, J/kg·K) of Bakelite varnish in tempera-
ture range 4 ≤ T°C ≤ 90 [42] is:

	 3 2 20.0004 0.0587 2.9856 11.659, 0.9984tC T T T R= - + + - = 	 (9.10)

Table 9.45 
Thermal Properties of Ethylene Glycol in Temperature Interval: 20 ≤ T°C≤ 180

Parameter Units Expression R2

Density kg/m3 ρt(T) = 1.1293 - 0.0008T 0.9991
Thermal conductivity W/m·K λt(T) = -2·10-6T2 + 0.0003T + 0.2506 0.9964
Heat capacity J/kg·K Ct = 4.4483T + 2274 0.9989
Kinematic viscosity m2/c νt · 106 = 3327.2T-1.6176 0.9876

From: [42].

The thermal conductivity (λt, W/m·K) of water solvers of mul-
tiatomic alcohols from [43] is:

Glycerin-Water Solver

	 ( )
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Ethylene-Water Solver
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Diethyl-Water Solver
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Equations (9.11) to (9.13) are valid for 40 ≤ T°C ≤ 160; 0 ≤ Dm ≤ 
1; here, Dm is the mole concentration of alcohol. Coefficients u1…u8 
are given in Table 9.46.

Table 9.46 
Empirical Coefficients of Equations (9.11) to (9.13)

ui

Glycerin-Water 
Solver

Ethylene-
Water Solver

Diethyl-Water 
Solver

u1 0.56940289 20.541213 -89.434586
u2 0.0020462457 -144.66498 -131.71162
u3 -5.465299·10-6 151.12749 127.25071
u4 -1.9218368·10-9 -18.329857 -51.687953
u5 0.8523746 2.4210253 141.97786
u6 0.17208439 -1.8362273 -67.311065
u7 0.00066570843 0.60230136 -3.8573669
u8 4.8127927 -1.9253837 106.83104

Table 9.47 
Thermal Properties of Some Liquids

Substance T°C ρt(kg/m3) Ct(J/kg·K) λt(W/m·K) νt(m2/c)
Machinery oil 0 899.12 1792 0.147 4.28·10-3

20 888.23 1880 0.145 0.9·10-3

40 876.05 1964 0.144 0.24·10-3

60 864.04 2047 0.140 0.0839·10-3

80 852.02 2131 0.138 0.0375·10-3

Ethyleneglycol 0 1130.75 2294 0.242 5.753·10-5

20 1116.65 2382 0.249 1.918·10-5

40 1101.43 2474 0.256 0.869·10-5

60 1087.66 2562 0.260 0.475·10-5

80 1077.56 2650 0.261 0.298·10-5

100 1058.50 2742 0.263 0.203·10-5

Glycerin 0 1276.03 2261 0.282 8.31·10-3

10 1270.11 2319 0.284 3·10-3

20 1264.02 2386 0.286 1.18·10-3

30. 1258.09 2445 0.286 0.5·10-3

40 1252.01 2512 0.286 0.22·10-3

50 1244.96 2583 0.287 0.15·10-3

Source: [44]
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Dynamic viscosity (μt, Pa·s) and thermal conductivity (λt, 
W/m·K) of aqueous solutions of alcohol (C2H5OH-H2O) from [45] 
are:

	
( )

( )

22
1 3 7 9 11 2

22
2 4 6 8 10

ln ln
, 0.9956

1 ln ln ln
t

u u T u T u D u T D
R

u T u D u T u D u T D
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+ + + +
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Equations (9.14) and (9.15) are valid for 0 ≤ T°C ≤ 75; 12.36 ≤ D% 
≤ 100; D is the solution concentration.

 Dynamic viscosity (μt, Pa·s) and thermal conductivity (λt, 
W/m·K) of aqueous solutions of vinegar acid (C2H4O2) from [45] 
are:

	 ( ) ( )
1 2 3 4 5 2

2 1
6 7 8 9

ln ln
exp , 0.997

ln ln ln
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u u T u T T u D u D D
R

u D u D D u D u D
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Equation (9.16) is valid for: 0 ≤ T°C ≤ 100; 12.36 ≤ D% ≤ 96.
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Equation (9.17) is valid for: 0 ≤ T°C ≤ 60; 12.36 ≤ D% ≤ 92.
Coefficients ui of (9.14) to (9.17) are given in Table 9.48.
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Table 9.48 
Empirical Coefficients of Equations (9.14) to (9.17)

ui

C2H5OH - H20 C2H4O2 - H20
μt λt μt λt

u1 0.094803345 0.566103 108856.407 1.84559259
u2 0.01392092 -0.00104255 -0.0522557 -1.1219477
u3 -0.00074603 4.25073·10-6 0.00668158 -0.0025363
u4 -0.4789905 -0.0038378 1106.284402 0.3275127
u5 -0.0132549 -2.1228·10-5 12546.669 1.01967·10-6

u6 7.11213·10-7 1.96332·10-7 8273.396 -0.0008426
u7 2.08479·10-6 -0.00470095 -15102.0379 -0.0305321
u8 0.059416477 2.14396·10-5 -72284.0805 -2.2935·10-9

u9 -0.0010907 0.001781598 16945.51733 4.6891·10-8

u10 -0.00311754 -2.1869·10-5 — 6.01026·10-5

u11 0.000100708 — — —

Additional information about μt (T, D) and λt (T, D) of aque-
ous solutions of methyl, isopropyl, and propyl alcohol, some ac-
ids (HNO3, H2SO4, HCl), NaCl-H2O, C2H4(OH)2 (ethyleneglycol), 
C3H5(OH)3 (glycerin), and so forth are also available in [45].

Table 9.49 
Thermal Properties of Some Liquids

Liquid Thermal conductivity (W/m·K)
Temperature 
Range

Benzol λt ≈ 0.148 - 0.00024·T 20 ≤ T°C ≤ 120
Acetone λt ≈ 0.17 - 0.000225·T 20 ≤ T°C ≤ 120
Alcohol λt ≈ 0.182 - 0.0002·T 20 ≤ T°C ≤ 80
Methyl alcohol λt ≈ 0.212 - 0.0001166·T 20 ≤ T°C ≤ 80
Glycerin λt ≈ 0.28 - 0.000125·T 20 ≤ T°C ≤ 140

From: [46].
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B4C, 109
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Biological reactions, 5
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Birch, 86
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Blood, 8, 70, 71, 73
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B2O3-glass, 109
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Boiled mushrooms, 58
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Borosilicate glass, 102
Boundary conditions, 4
Boussinesq’s approximation, 4
Brain, 72, 73, 77, 138
Braunit, 123
Bread, 62
Bream, 38, 39

Breast, 71, 73, 75
British thermal unit, 22
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Bound water, 69, 75
Butter, 41, 42

C
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CaCO3, 105
Cake, 62
Calcite, 116, 123
Cancer, 69, 75
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CaO, 106
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Cartesian coordinates, 4
Cartilage, 71, 73
Carton, 81, 87
Casein, 65
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CCl4, 145
Cedar, 86
Celery, 52
Cellulose, 65, 81
Cement, 102
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C10H7Cl, 135
Cheese, 41–43
Chemical substances, 127
Cherry, 48, 58
Chervil, 56
Chesnut, 83 
Chicken, 30, 32, 61
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C4H9NO, 149
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C2H5OH–H2O, 152
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C2H4O2, 145, 152
C3H8O3, 142, 145, 149
C3H6O, 142, 143, 145, 149
C2H6O, 145
C3H6O2, 144, 145
C2H12O6, 142, 145
C2H6O2, 134, 143
C3H6O, 145
CH4O, 145
C3H8O, 134
C3H5(OH)3, 143
C4H4S, 134
C4H5N, 134

C4H8O2, 145
C4H10O, 134, 143, 145
C4H10O3, 134
C3H8O2, 134
C3H8O3, 134
C4H10O2, 134
C5H10O2, 145
C15H14O2, 134
CH4O, 134, 145
C5H10O2, 145
C12H22O11, 143
C2H6S, 149
Cl2, 145
Clay, 115, 117, 120
Coal, 120
Coconut oil, 64
Cod, 36–40, 64
Coffee, 56, 65
Colding moth, 79
Colon, 71, 74
Complex dielectric permittivity, 

14,17,29,81, 127 
Composite media, 15
Computational software, 1
Continuous media, 15
Cooked beef, 31
Cooked lentils, 61
Cooked macaroni, 62
Cooked potato, 46
Cooked seaweed, 61
Cooked vegetables, 51
Cookie dough, 62
Cooling, 133
Corn, 47, 59, 60, 64, 65
Cornea, 71, 74, 76
Corning, 103 
Corundum, 111
Cotton wool, 88
Coupled problem, 6, 7
Cranberry, 59
Cr3C2, 109
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Crude rubber, 94
Cucumber, 47, 52
Cupric oxide, 102, 103
CVI-ceramic, 107

D

Dense chalk, 120
Dense limestone, 120
Dense sandstone, 120
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Defrosting, 35, 45
Diagnostics, 69
Debye model, 127 
Dielectric loss factor, 14
Dielectric media, 1
Dielectric mixtures, 15
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Dielectric properties, 30–33, 36, 
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Diethyl-water solver, 151
Differential equations, 5
Diffusitivity, 38, 107 
Dirichlet boundary condition, 3
Diopsid, 123
Dioptas, 123
Dipole polarization, 13, 14, 127
Dispersive media, 15
Distilled water, 128
Dog, 77
Dolomite, 120
Dried apples, 53
Dried beets, 50
Dried carrots, 50
Dried mushrooms, 58
Dried potato, 49
Drying, 45

Dry sand, 121
Duodenum, 74
Dura, 74
DuroLok-270, 93
Dynamic viscosity, 24, 130, 145, 152

E

ε-Caprolactam, 93
ε-Caprolactone, 93
Electromagnetic field, 3
Electromagnetic waves, 2, 5, 13
Electronic polarization, 14
Electrophysical model, 81
Electrothermal model, 7
Egg white, 40, 41
Egg yolk, 40, 41
Eggs, 40
Ellipsoidal inclusions, 15
Emulsion, 130
Empirical coefficients, 148
Epoxide resin, 97
Equation of continuity, 3
Equivalent parameter, 22
Ethanol, 136, 137, 141
Ethylene glycol, 150, 151
Ethylene-water solver, 151
Euler’s constant, 9
Exothermic reaction, 6 
Eye tissue, 71, 72, 74

F

Fabric, 81, 87 
Fat, 30, 31, 33, 34, 36, 37, 42, 44, 62, 

69–74, 138
Felt, 88
Fibers, 82
Fiber board, 102  
Fibrous materials, 81, 88
Film, 93
Fine-grained sand, 122
Fir, 86
Fire brick, 107
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Fish, 35–40, 61
Fistula, 72
Flax, 88
Foliage-tree, 86
Food, 1, 43, 60, 65
Food industry, 33
Food oils, 59, 60
Food stuff, 29
Formica XX, 92
Formulas of dielectric mixture  

theory, 15, 16
Fourier equation, 22
Frankfurters, 61
Free space technique, 18
Freezing point, 33
Frequency, 31, 45, 131
Fresh apples, 53
Fresh apricots, 54
Fresh beef, 31
Fresh cherries, 58
Fresh grapes, 59
Fresh mushrooms, 58
Fresh orange, 55 
Fresh peaches, 54
Fresh pears, 53
Fresh potato, 49
Fresh vegetables, 49
Frozen apples, 53 
Frozen grape juice, 59
Frozen meat, 30
Frozen peaches, 54
Frozen potato, 49
Frozen sandy soils, 121
Frozen silt and clay, 121
Frozen tuna fish, 38
Fructose, 63
Fruits, 45, 47, 48

G

Gall bladder, 71, 74
Garlic, 47, 52
Gel, 43

Gelatin, 62, 63
Gland, 74
Glasses, 106, 109, 110
Glucose, 63
Gluten, 65
Glycerin, 151, 153
Glycerin-water solver, 151
Glycerol, 141
Glycol, 149, 150
Gneis, 123
Goethite, 123
Golden delicious apple, 48
Goose, 30 
Gooseberry, 56
Granite, 120, 123
Grape juice, 59
Graphite, 106, 111, 123
Grashof’s number, 5
Gravity, 4
Green peas, 57
Grey matter, 71

H

Hake, 36
Halibut, 36
Ham, 31
Hard loamy, 122
Hard quartz loamy, 122
HCl, 143
HCOOH, 143
Heart, 71, 74
Heat capacity, 4, 6, 23, 35, 39, 44, 65, 

76, 106, 107, 110, 120, 123, 
143, 150  

Heat flux density, 22
Heat transfer coefficient, 5
Heat transfer equation, 5
Heating process, 7
Heavy water, 140
Helmholtz equation, 3
Hemp, 88
Hen, 30
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Heptane, 141
Herring, 36, 39
H-field, 2
HfO2,  109
High-frequency china, 110
High-order modes, 22
Hilox-882, 101
Hilsa, 39
HNO3, 143, 148
H2O, 138, 139
H2O2, 143
HPDE, 95
H2SO4, 148
Human biological tissues, 69, 71
Human blood, 8
Human body tissues, 69
Humidity, 119
Hydrocarbons, 149

I

Ice, 120, 121
Ilmenit, 123
Indian-mail moth, 79
Industrial plants, 1
Infrasil-silica, 108
Initial concentration, 6
Initial temperature, 24
Inorganic liquids, 142
Inorganic synthesis, 127 
Input power, 4
Insects, 76, 79 
Interaction domain, 1, 6
Interfacial polarization, 14
International calorie, 23
Inverse coaxial probe method, 18
In vitro, 72
In vivo, 77
Ion polarization, 14
Ionic conduction, 128
ISM frequencies, 8, 70, 87, 127
Isothermal titration, 24

Iterative algorithm, 7

J

Jelly, 62
Juice, 51, 53, 58, 59
Jute, 88

K

Kaolinite, 116, 122
Kapron, 88
Kidney, 71, 73, 74, 78
Kinematical viscosity, 24, 130, 140, 150
Kitchen ovens,  1
Klinoptiolite, 117
KOH, 142, 143
KV silica, 108

L

Laboratory setups, 1
Lactose, 65, 136, 148
Lard, 64
Laterite, 120
Lava, 123
Leather, 88
Lens, 74, 76
Lens cortex, 71
Lens nucleus, 71
Lettuce, 52
Limestone, 120, 123, 130
Linde 13X ceramic, 103
Linear coupled problem, 7
Liquid foods, 60
Liquid media, 2, 5, 43, 141
Liquid monomers, 93
Liquid polymers, 8, 92
Liquid substances, 23
Liver, 70–76
Liver paste, 31
Loss angle, 14
Loss factor, 42, 59, 69, 78, 86, 94, 101, 

104, 118, 134, 135  
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Lossy dielectric media, 13
Low-frequency china, 110
LPDE, 95
Lung, 70, 71, 74, 76 

M

Macaroni, 43
Machinery oil, 151
Mackrel, 38
Mallotus villosus, 38
Maltose, 63
Magnesium, 107, 120
Magnetic loss factor, 2
Magnetic permeability, 2
Maple, 86
Marangoni’s conditions, 4
Marcasite, 116
Mashed pumkin, 51
Mashed tomato, 51 
Mashed potato, 46
Mass, 5, 24, 116
Mathematical modeling, 8
Mathematical models, 1
Matter, 136
Maxwell’s equations, 2
Meat, 29, 30, 31, 35, 61 
Mechanical stress tensor, 6
MeCN, 139
MeCOEt, 139
Me2CO, 139
Medical applicators, 1
Medium–loss media, 16
Mélange, 41
Melmac molding compound-1500, 92
Melon, 52
Melting, 5
MeNO2, 139
MeOH, 139
Metal powders, 13
Methanol, 141, 149
Methyl alcohol, 153
Mexican fruit fly, 79

MgCO3, 105
MgO, 106
Mg2SiO4, 106
MgSiO4, 116
Micarta-254, 92
Microwaveable materials, 13
Microwave heating, 1, 5, 6 
Milk, 41–44, 65
Mince, 39
Minerals, 116, 119
Mixture/gel, 43
Mixtures, 15
Moist soils, 117 
Moisture, 15, 30, 39, 42, 46, 48, 49, 52, 

61, 86, 88, 116 
Molecular chains, 91
Molecular transfer, 22
Momentum, 4
Monocrystal sugar, 62
Montmorillonite, 116, 119
Mountain ash, 82
Movie film, 93
Mucous membrane, 74
Mullite, 101, 103, 105, 109
Multiatomic alcohols, 150
Muscle, 69–77, 138 
Mushrooms, 55, 56, 65
Mushy region, 5
Mutton, 30

N

NA-62, 93
NaCl, 131, 133, 142
Na2CO3, 116, 133, 147
Nail, 74
NaOH, 142, 143
Na2SO4, 116
Natural convection, 5
Natural graphite, 123
Navel orange worm, 79
Navier-Stokes’s equations, 4
Navy beans, 51
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N-decyl alcohol, 141
Nerve, 71, 74
Neumann boundary conditions, 3
Newton’s boundary conditions, 4
Newton’s friction law, 24
Newtonian liquids, 4
NH3, 143
N-licosane, 141
NMI, 139
NMP, 139
NiO, 109 
Nitric acid, 147
Ni-Zn-ferrite, 102
N-Dimethylformamide, 138
Nonlinear coupled problem, 7
Normal tissue, 76
Numerical modeling, 1
Numerical simulation, 7
Nusselt’s number, 5
Nuts, 45

O

Oak, 83, 86
Ocular tissue, 73
Oil in water, 103
Oils, 59
Olive oil, 64
Olivin, 123
Onion, 52
Open-ended coaxial probe method, 16
Optical glass, 106
Orange, 48, 55
Orange juice, 55, 61
Organic cellulose, 81
Organic glass, 106
Organic liquids, 142, 149
Orthoklas, 123
Ottawa dry sand, 121
Ovary, 71, 74
Oven dry condition, 84, 85

P

PA6, 92
PA66, 92
PA610, 92
Paltus, 36
Pancreas, 76
Paper, 81, 87
Paracetamol, 136, 137, 148
Parsley, 56
Parsnip, 47
Particles, 15
Peaches, 54
Peanut oil, 64, 65
Pear, 47, 53
Pease, 46
Peat, 122
Pectin, 65
Penetration depth, 9
Pennes’s bioheat equation, 6
Pepper, 51
Perch, 37
Perch mince, 39
Perch sausage, 39
Perturbation method, 20
PET, 92
Phantom materials, 138
Pharmaceutical mixtures, 136, 137
Phase transitions, 8
PhCHO, 139
PhCN, 139
PhNO2, 139
Physical properties, 7, 15, 29, 41
Physiotherapeutic diagnostics, 69
Pike mince, 39
Pike-perch, 36, 37, 39
Pike sausage, 39
Pine, 86
Pine sapwood, 86
Plastics, 92
Podzol, 120
Polarization, 14



	 Index	 167

Polluted rat tissues, 76
Polyamide-cotton mixture, 87
Polycarbonate, 135
Polychloroprene, 97
Polyethylene, 91 
Polyimide, 91, 93
Polyisobutyene, 97
Polyisoprene, 97 
Polymers, 13, 91
Polypropylene, 91, 97 
Polystyrene, 97
Polyurethane, 97
Poplar, 83, 86
Pork, 30
Porosity, 57
Porous materials, 23
Postharvest treatment, 45
Potato, 45, 46, 49 
Potato beetles, 78
Powder, 136
Prandtl’s number, 5, 130
Pressure, 4, 5, 14, 24, 82  
Prostate, 74
Proteins, 29, 43, 62
Pulp, 54
Pumpkin, 51, 52 
PVC, 95, 135
PZT-ceramics, 102

Q

Q–factor, 21, 22
Quartz, 110, 116

R

Rabbit tissue, 76
Radish, 47
Raspberry, 56, 59
Rat, 77
Raw beef fat, 34
Raw meat, 30, 32, 35
Raw mutton fat, 34

Rectangular cavity, 20
Rectangular waveguide, 18
Red currant, 59
Refined oil, 60 
Relative dielectric permittivity, 14
Resimene 803–A, 92
Resin DER332, 93
Resins, 8, 91, 94, 97
Resonant cavity method, 20
Retina, 74
River-perch, 39
Rubber, 91, 94 

S

Salinity, 128, 130
Salmon, 39, 40
Salt,116
Salt content, 46
Salted caviar, 37
Salted salmon, 37
Sand, 115, 117, 120
Sausage, 39
Sazan, 39, 40
Scattering boundary conditions, 3
Scattering matrix, 4
Sclera, 76
Sea-perch, 39
Sensing element, 17
Serpentin, 123
Sesame oil, 60
Sheatfish, 39
Shift module, 6
SiC, 109, 111
Silk, 88
Silt, 118
Silver carbonate, 140
Silver oxide, 140
Si3N4, 109
Si3N4 + AlN+Si-Al-O-N, 108
Si3N4 + MgO, 108
SiO2-glass, 104
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SiO2ZrO2, 109
Skin, 69–75, 138
Sodium chloride, 43, 138
Software, 1
Soils, 123
Sole, 39
Solvent, 137, 148
Solver, 151
Soyabean oil, 64
Soy oil, 60
Specific density, 2
Spinel, 123
Spleen, 71, 74
Spodumen, 123
Squash, 52
S-shaped curve, 7
Starch, 50
Statistical mixtures, 15
Steady-state methods, 24
Stefan-Boltzmann constant, 6
Sterilization, 45
Stewed cabbage, 51
Stomach, 71, 74
Strawberry, 56
Sturgeon, 29, 30
Sugar, 50, 65
Superficial mushy region, 5
Suspensions, 130
Sweet potato, 49
Sylvester pine, 83
Synthetic ballast water, 131
Syrup, 55

T

TaB2, 109
TaC, 109
Talc, 123
Tangential components, 3
Tap water, 128
Temperature dependent media, 3
Tempering, 35 
TEM-wave, 17, 19

Tendon, 71, 74
Tensor of deformations, 6
Testis prostate, 71, 74
Thawing, 5
Thermal characteristics, 37, 43, 57 
Thermal conductivity, 4, 7, 22, 29, 35, 

38, 39, 44, 50, 65, 70, 86, 88, 
106, 111, 120, 121, 130, 140, 
141, 145, 147–153 

Thermal diffusitivity, 24, 35, 44, 61
Thermal parameters, 37, 40, 48, 49, 50, 

53, 58, 63, 141 
Thermal processing, 29
Thermal properties, 23–35, 40, 41, 44, 

53–56,  76, 97, 108, 120, 121, 
130, 144, 146, 147, 150, 151     

Thermal runaway phenomenon, 6
Thermal treatment, 1, 43 
Thermocouple probe, 17
Thermo diffusion, 5
Thyroid thymus, 71
TiB2, 109
TiC, 109
TiN, 109
TiO2, 106
Tissues, 69, 71, 72, 77
Titanic ceramics, 101
Tomato juice, 51
Tongue, 71, 74
Tooth, 74
Topaz, 123
Trachea, 71, 74
Transient methods, 24
Transmission line matrix method, 7 
Transmission line method, 18 
Tuna fish, 36, 38
Turkey, 32
Turnip, 52

U

Unfrozen sandy soils, 121
Unfrozen silt, 121
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Uniformity,  1
Unsalted caviar, 37
Unsalted salmon, 37
UO2, 109
Uretus, 71, 74

V

Vegetable oil, 65
Vegetables, 45, 46, 48, 50–52
Virgin wool, 88
Viscosity, 24, 61, 140, 145, 150, 151
Vitreous humor, 71 
Volumetric heat capacity, 23
Volumetric specific heat, 44
Vulcanization, 91, 127
Vulcanized rubber, 94

W

Wafer sheet, 62
Walnut, 48
Water, 36, 65, 69, 127–130, 136, 137, 

140, 148
Water-silicagel solvers, 131
Waveguide method, 32
Wet basis, 48

Wet movie film, 93
Whale oil, 64
Whey protein mixture, 43, 65
White, 41
White bread, 66
White cabbage, 52
White matter, 71, 77
Wollastonit, 123
Wood, 81, 84, 85 
Wood loam, 122
Wooden chip, 88

Y

Yolk, 41

Z

Zeolite, 102
Zinkblende, 123
Zircar, 103
Zircon, 109, 111, 123
Zircona fiber board, 102
Zirconia cement, 102
ZnO, 104
ZrC, 109
ZrO2, 109
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