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Abstract

According to the method of local special averaging, a porous medium is considered as
a continuum of material points with averaged or effective physical properties. The equations
of electrodynamics are written in the reduced form by the definition of the generalized
dielectric constant. To describe the dielectric properties of a modelled three-phase porous
medium, the possibility of using the pulse relaxation method is demonstrated. Based on the
dielectric properties by the using of pulse relaxation function, the polarization and current
via delay functions are defined depending on the volume fraction of the saturation of the
porous medium with liquid phases. The time limits of the proposed relaxation functions
are analysed and in the harmonic approximation of the field amplitudes, a transparent
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expression for the generalized dielectric displacement vector is written in terms of physical
content. Within the framework of the effective macroscopic field approximation according
to the cluster approach, a method of averaging local equations of the electromagnetic field
is demonstrated. The generalized complex dynamic dielectric constant for the composite
porous body is determined. The compatibility conditions of the demonstrated method for
describing of electromagnetic processes in a heterogeneous multiphase porous medium
are recorded.
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Introduction

We are considering the porous three-phase medium, as composite material, which is characterized by the low conductivity.
This is a composite body of low electro-conductivity (C.B.L.C.) (not ideal dielectric [1]). The low electrical conductivity of such
body in general is conditioned with conductive properties of water (liquid phase). In general the energy dissipation of the
external microwave electromagnetic field (E.M.F.) can be caused by the charged particles during own oscillation or orientations
movements: P, =xE?fs'tgs =«E”/¢", this is the dielectric losses (polarization heat release), here P, is the power of heat releasing
into body on the unity of the volume, k is the dimension constant, E and f are the stretch a frequency of electric field, ¢' and &"
are the real and imaginary parts of the dielectric constant, g6 is the tangent of dielectric loss, so and dissipation of energy by the
charge carries (free electrons or ions): P, = E*qny, this is Joule's heat releases (ionic conductivity ), here E - is the electric field
stretch, q is the electric charge of each of ions, and n and p are concentration and mobility of ions correspondingly.

In the future corresponding to the effective macroscopic field under harmonically approach of E.M.F. we will be modelling
the polarization heat releases which are causes by the dielectric losses from the side of hard matrix (carcass or skeleton) and
free (not joined or not adsorbed) water. We will review the humidified air as not conductive media. The joules heat releases
because of ions and electrons conductivity of liquid phase (water) we are neglectedor bypassed.

The local space averaging

The three-phase macroscopic porous area, volume or cell P of the humidified porous body, as it was mentioned into work [2],
consist from the solid P, liquid P, and gas P, so arbitrary volume of averaging V, contains the phases sub volumes for skeleton
AV (t) (solid phase), water AV, (t) (liquid phase) and gas AV,(t) (this is mixture of dry air a and water vapor v components), which
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may to changes with time t. Through the sub volumes AV, (t) and AV (t) we can defines the volume of pores AV, (t)=AV, (t)UAV (t)
under condition AVg = ZAVO_(t) , where o = {S,L,G} is the index of phase.

o
The configuration and displacement of phases into the averaging volume of the body can be rewritten with usage of this
characteristics function

1, when €AV_(t) here o =

6"(F’t):{o, when T AV, (1) (8.L.6] (1)

This function also takes into account the time moving of phases for considering body, which can be conditioned by the mass

transfer processes or the mechanical deformations. So, AV, (t) = I J,(F,t)dV, and volume of o - phase of the material can be
determined as AV

oo AV (RD) -
HJ(X’U**AVR ,.[2061] (2)

here X and t are denotes the coordinate and time into the mezoscopic scale [2] accordingly.
Also we can review the physical quantities of the pore saturations by the liquid n, or the gas n, correspondingly

AV, AV
AV, +AVg® g AV, +AV

un (L +ng =1 (3)

Then, according to the known volumetric definition [3] of the local porosity

= =1- , 4
P AV, AVg )
the volume fractions of phases are satisfy the following relations
65 =1- ¢1 HL: ¢n[/ 6(;=¢ (I'UL) [5)

Let's define through the function &(f,t) into ranges of R.E.V. (the Representative Averaging Volume [4]) a certain the local
value of any physical quantity, which characterize the macroscopic physical volume P of the considering porous body. The space
averaging of such quantity in the point X of the macroscopic porous volume into the time moment t determines [3] in the such
way

§(X,t):ﬁ J E(r,tdv (6)

AVR

Similarly, by the usage of the characteristic function (1), we may reproduce [2] the phase

R 1 N R
()0 = [ ew0s,w0av 7)
AVR
and internal
SN N U
(&) o= Ai E(F. DI, (F,HdV 8)
R

as an averaged quantities.

Because the relation is satisfy
[ e @oav = [ arod w00,
AVg AV,

the phase and internal averaged are interconnected

é:o(X?t) = eo(i,t)ég(i7t) .

So, using the method of the local spatial averaging, a reviewed heterogeneous porous cell P can be described under certain
continuous by the local physical quantities in coordinate and time space. This makes it possible to consider this one as the
superposition of the three material continua: skeleton, liquid, and gas. With this approach, the equations for represented
mathematical model of this porous cell can be written relatively to the specified average values (6-8) and are formally
equivalents to the equations for a homogeneous (isotropic) single-phase cell according to the approximation of the model [4]
for the continuous solid medium approach.
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The equations of electrodynamics

In the microwave electromagnetic field (E.M.F) frequency range according to the theory of dielectric relaxation Botcher-

Bordewijk [5] we can review the vector of the generalized dielectric displacement by the known relation
t
B (rt)=D(rt)+ [ I(re)at )
Where D (F,t) =gyE F,t) +P (F,t) is the vector of dielectric displacement, which consider polarization processes into continuous
media. Here 5(?1) and —(F,t)
current.

are the vectors of polarization and stretch of electric field, and 3(?1) is the density of polarization

From tthe condition of continuity Vp/ét+dxJ=0 it is following the expression for the density of polarization charge

'D(F’t):_.[ §xj(F,t')dt', according to this into the local averaging volume (R.E.V) [2] the microscopic equations of E.M.F.

—00

Maxwell-Lorents into homogeneous form [6,7] and boundary conditions have the form

6@(?;):-$, ﬁxﬁ(F,t)jBT(F't). (10a)

where

V0=V 0 =AY0) 50 0=00 8" ©)=8" (1)  (10b)

(o]

are the conditions of continuity for components and derivatives of the field. Here {o|a'}:{S,L,G}(cr'o') are denotations of
phases, t and n are indexes, which define the tangential and normal components of field on the surfaces AS_, of separations of
phases accordingly. The system of equations (10a) is satisfied under conditions, that charges and currents of other nature into
the investigated closed system are absent.

The operators of dielectric susceptibility and conductivity

The constitutive or material equations is proposed to write into following case
D(r,t):goéE(r,t), B(r,t):yOH(r,t), (11)
3(F,t) = &(F)E(F,t), here & =(1+ %),
Where ¢, 7 and 6 are operators of dielectric permeability, susceptibility and conductivity of cell correspondingly, €, and
W, are dielectric and magnetic constants into vacuum respectively. It is important to note, that under conditions of absence
of joules heat releasing at the fixed frequency of E.M.F. and absence of dispersion, into harmonic approximation of the field

amplitudes (see Section 2, subsection 2 eqv. (28)) the operators of dielectric permeability and conductivity must have to satisfy
the known [7] relation

G, =—lwg [éw - 1] =—iweyg,,, (12)

where w is the index, which point on the fixed frequency of harmonic field. Then the density of polarization current
Pp= —-V-.P ,here P isthe polarization vector, is is determined in the usual way.

Let's define the operators of dielectric susceptibility x and conductivity o of the considering media in the form of linear
integration operators

Z1(ry)= J.Z(F,t')f(?,t)y/p(t-t')dt' and 61 (r.t)= IO‘(F,I')f(F,t)V/J (t-t)dt, (13)

where f(rt) isanarbitrary continuous function of values for the coordinates and time. If )((F,t') and o(r,t) arelocal susceptibility
and conductivity of medium, then yp (t-t')=-dp(t-t') and v, (t-t')=-a, (t-t') are pulse-relaxation functions [5], also ap (t-t)
and a; (t-t') are the functions of delaying for polarization and current, which describe the reverse processes of relaxation for
polarization 5(?1) and current j(?,t) accordingly.

Weare considering thelinearhomogeneous dielectric, for each point of which the principle of superposition of electromagnetic
fields is satisfied. Itis taking a possibility to modelling of time hopping (Figure 1) of electrical field AE{") =-AE"?) = E;,(F)- E;(F) >0
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Figure 1: The quantities of polarization for c-phase: pi = .4 E;,When t > t' and P! =z E,, ,when t>t'.

into fixed point I of investigated medium relatively to constant quantity E;(F) of electric field stretch into ranges of o - phase
of porous material.

E(F,t) = (F) + AE( ) (F)r(t-t) = E;(F) - AED (F)e(t-t') = Ep,y (F) - AE () 1-2(t-t) ],

where z(t)={0,t <0;1,t >0} is the theta-function of Heaviside [8]. Then the dielectric response of substance for o - phase (Figure
2) can be defined by the relation

Py (F.1) = 8026 (Bi 1 (F) - AE[ (Mar(t-1)) = 602, (Biy (F) + AET (Plar(t-1)) (¢ 2t) - (14)
here a(t-t)=1-z(t-t) is the stepped function of response for polarization, x_ is the static susceptibility of ¢ -phase.

It should be noted, what defined abstractly the step response function of the polarization a for dielectric material of the
o-phase is displayed by the real function (Figure 3) of polarization delaying

Because a(t)= {1, <001 > 0} ,where T =t-t' is the time offset symbol, when at t =0 we get a8 (0)=1,and when T —+o we

have ap (+») =0, under executing [5] of a necessary condition '[ag(t_)dt_=1 of normalization.
In the case of the Debay's type of relaxation [5] we receive the known classical relaxation relation

P, (F.0) =P, (F.00a8 (t) = £02,E(F.0a8 (1) . (15)

Figure 2: The quantities of electric field stretch E, when t >t'and E,, when t>t'.

i+

“GP

\4

Figure 3: Tho function of delaying«g(t) polarization for c-phase
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The local macroscopic field E(F,t) can be defined, as the superposition of amplitude-vector (coordinate) fields E;(F) through
the time step-impulse function in the interval t; - At <t <t; atthe arbitrary current ¢ value of time

E(F.,t) = B (F)[e(t-t + At)-7(t-t;)]»
I
Then a vector of polarization for the medium of o-phase the material have viewed
P (P =025 Y Ei(P)@B (t-t +AD-af (t-1)).
i

Under boundary limit At — 0 with considering of material properties for o-phase we get the expression for determining of
polarization vector

; 0a%(t-t) F
ﬁG(F,t)zgozaj E(F,t'){-pTldt':go;(cj‘ EF.OwSt-thdt | (16)

here g (t -t)= -ap (t -t) is the impulse-relaxation function for polarization of o-phase.

Similarly by the mirroring of images Figures 1,2 relaying to averaged hope of electric field stretch and current along the
abscissa axis and shifting for modulus per unit of current relaxation values (Figure 3) under inverse mapping along the axis we
get the expression for determining of the polarization current vector for o-phase of material

oaf (t-t)

t t
jU(F,t)=ag‘|. E(F,t')[- 1dt' o, J' EF.UwS-t)dt, (17)

here w§(t-t)=-a§(t-t) is the impulse-relaxation function for ¢ -phase polarization current.

According to the local averaging method (see. Section 1, eqv. (6)) it is possible to define the averaged susceptibility (;5) and
conductivity <0'> into the local volume of averaging in the such way

< Z(i,f)>=zfa(§<,t) 2, (x.t) end <a(;<,f)>=2fa(;<,t)aa(;<,f) (18)

herex_ando_isthespecificvalues of susceptibility and conductivity,and 6, (it) isthevolume fraction of o-phase correspondingly.

Here the times of polarization t and heatand mass exchanges processes t are separated because of the transience of polarization
1 86,(xt)

0,(xt) ot

slow temporal changes in the heat and mass transfer phenomena.

processes [ << a)] , where w is the fixed so match frequency of E.M.F. under microwave irradiation) relatively to the

Into approach of local macroscopic field [4] the space averaged kernels of relaxation for susceptibility and current into range
of [9] can rewrite (see also Appendix) through approximate expressions

<;(>(;(,t)y/p (t-t)= %‘,){G(w)é’a(i,t)wg (t-t) = iw%zg(w)ﬁa(;(,t)[l—ag (t -t’)} )

<a>(;(,t)l//J (t-t)= EO‘O. (w)@a(;(,t)y/f (t-t)= iw%aa(w)ﬁa(;(,t)[l+a?(t -t’)} '

Here, yJ (t-t') and af (t-t'), where B={P,J} is the index of conventional designation for vectors of polarization P and
current J relatively, the impulse-relaxation functions and functions of response for polarization and current of o- phase.

According to (16) and (17) under applying of local averaging method [9] we receive the averaged vectors of the orientational

polarization
t

t
P(x.t)= jg(i,t);up (t-t)E(xt)dt'= goz;g(,(w)ag(i,t) I E(xt)wf (t-t)dt', (19)

—o o

and the current of polarization into porous media

I(xt)= Ia(i,t)z//J (t-t)E(xt)dt'=- iwz%(m)ag(},t)J-E(i,t')[naj’(t-t')]dt" (20)

Here 7,(w) and o, () is the static susceptibility and conductivity of o-phase, which are interconnected through the known
[6] relation

o, (@) =iwegy, (0).

https://doi.org/10.29328/journal.ijpra.1001138 m
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From the received expressions, the vectors of dielectric displacement and current into porous media take the form
t t

B(%t)=2 I wp (t-t)E(xt)dt i I(%t)= IWJ (t-t)E(xt')dt (21)
where * -
o (t-1)=3(t-t)+ Z (@0, (xt)w§ (t-1) (22)
and 0
v, (t-t'):—inaG(w)Ha(;(,t)[l+a3’ (t-tv)] (23)

Are corresponding impulse-relaxation functions and &(t-t') is the Dirace [8] delta function.

Then the functions of delaying for dielectric displacement and polarization current (see Appendix) have the view

ap (t-t')=1-r(t-t')+§;(0(a))00(§<,t)ag(t-t'), (24)
a; (t-t’):-ia)ZaJ(a))ﬁa(;(,t)af (t-t) (25)
(t li_r)ntl ap (t —t')= 1+ (;(>(;(,t),t li:il-ooa‘] (t -t') = —iw(a>(§(,t)} )

where <Z>(;(,t)=2;{a(w)90(;(,t) and (a>(§,t):206(w)96(;<,t) are defined above averaged susceptibility and conductivity
accordingly. 7 e

During receiving of expressions (22) and (23) for impulse-relaxation functions is taken into account the join (12) between
the polarization and current vectors as well, as also reverse relatively to polarization similarity to the relaxation properties of
current. According to the definition (9) of generalized displacement vector of o- phase the material on the base of relations (16)
and (17) it is follows

t t t t
BLJ-(;(,I):E(;(,I)JrJ‘E(},t'jdt':goj-(//g(t-t')ﬁ(;(,t')dt'+oo—j .[W?(t'-t")E(i,t")dt’dt"
—» —0 —00—00

In the way of integration by parts of second application of sum from the definition of impulse-response function, it is follows

t ot t

I wa(t-t')E(i,t')dt': I(l-a?(t-t’))ﬁ(i,t‘)dt"

—00 —00 —00

then t t

Bg(i,t):go_[wg(t-t')E(},t')dt'+aaj(1-a3’(t-t’))E(§<,t‘)dt'.

From this according to (19) with taking into account received expressions for impulse-response functions (22) and (23) it
follows, that space averaged vector of generalized dielectric displacement can be defined in the such way

(5) ) =eo 1+ (xR () [E(F.0)+ (.00 1-Rs () JE ),

here R, and R, are the relaxation products for polarization and current accordingly, which can be described by the following

relations t t
v 1 v 1 T~ i M 1 Al
Rp(x,t):miza(a))ﬁo-(x,t)jy/g(t-t)dt:ﬁg){a(w)ﬁo-(x,t)j{l-ag(t-t)}dt . (26)
—00 —00
t
R, (i,t)zmg%(a})%(i,t)Iagf(t-t')dt', (27)

—00

here (y(X.t)) and (o(X,t)) are averaged according to the relation (18) susceptibility and conductivity of porous body.

With taking into account the known relation o, (»)=iwgz, (@) [6] for o-phase under condition of executing of averaged
material or constitutive equation

(G()?,t)) =iwg (;(()?,I))

On the mezoscopic level of the space averaging [9] we're going to more transparent for the physical sense equation

https://doi.org/10.29328/journal.ijpra.1001138 m
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(s |
="\(3 O'()?,t) Elr H v O ' O ’ I=IPRY '
<D >(x,t) =& [HT] E(r,t)+ |w§;50(w)00(x,t) I {1-[% (t-t)+a§ (-t )} E(r,t )dt
—00

here af (t-t') and af (t—t') are relaxation functions for polarization (24) and current (25), which needs to determine.
The harmonic approach of field amplitude

Into harmonic approach of electric and magnetic fields amplitudes
o(r.t)= Re[dJ*(F,t)ei“’t} o Re[cbi (F)ei”‘}, (cb - {E,ﬁ}) (28)

where ®. (F,t) ° (Di(?) are complex amplitudes, which light varying with the time ¢ function due to moving of liquid phases into
porous skeleton, according to the local view of equations E.M.F. (10a) the averaged (mezoscopic) equation are received

V x Ei (;() = -ia),uoﬁEk ()2),% X ﬁi (;() = ia)Eae;ff (;(,t)EEﬂ (;(), 29)
VxEx(x)=0,9xH*(x)=0,
with corresponding material relations
D (x) =2 (%.t)E*(x). Bx(X)=mH*(x). (30)
where z&f ()?t) =5 (;(,a))ﬂrt (;(w)/ io and g (;(a)) = Et(ia)) - ia"(i,a)) are effective dynamical generalized and local complex

dielectric constant (C.D.C.), o (;(,w) = oy (;(,w) - iat"(;(,co) is the local complex conductance.

Also
71(%0) = 25 (0)0, () L[w (t-1)] (31)

ot (x.0) %%(a))@,(i,t)(n L[aj’ (t -t')})

are corresponding Laplace [8] images L[f(?,s)}: J. f(F,t)e'Stdt (s=y+ia),y—>0) from averaged (22) and (23) relaxation
functions. 0

Because Et'(g(',a)):go {1+Zt()—(,a))} i a"()ﬂ(,a))zgozt“()—(,a)), so real 52“(1)(;<,t):Re[§w(>—(,t)J and imaginary Ezﬁ(z)(;(,t):lm[gal)(;(,t)]

part of generalized dynamic (C.D.P.) and Ef,ﬁ ()?t) takes the form

0 o) i) 2 20 o)) G2

here z°f (it) is the effective-generalized complex dynamic dielectric constant (C.D.D.C.).

By the using of definition (9) of the generalized dielectric displacement vector and complex amplitudes (28) of field, the
material equation (30) in the case of composite bodies with low electrical conductivity (C.B.L.C.) we can define trough relation

D (F) = &,,(F,H)EL(F), BH(F) = poH(F), (33)

where E;,(F,w):E;El)(F,w)-iE;EZ)(F,w) is generalized complex dynamical dielectric constant (G.C.D.D.C.), z;ﬁl)(r,w) and E;()z)(F,w) are
the real and imaginary parts correspondingly.

Because the joules heat exchanges was missing or neglected, so takes a{(;(,w):a(;(,w) and o—t"(i,w)zo. According to the
relation (30) into taken definitions, we receives

5(F.0)=¢ {1+ Z(F,a))}, 5 (F.0)=¢,7, (F,0), (34)

where real E;EI)(F,t) =Re[z,,(F,t)] and imaginary z;ﬂz)(r,t) = Im[E;,(f,t)} part of generalized complex dynamic dielectric permittivity

£, (f,t) (G.C.D.D.P.) (33) have the view

t0E D 5 (Fo) = {1+ z;(r,a))}, 20 F (F.0)= gozg'(r,wn@ (35)

here (F,0) =& (F,0)-iz (F,w) is the local complex dynamical constant.

https://doi.org/10.29328/journal.ijpra.1001138 m
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Also according (28) the dispersion relation [10] are satisfied
BED=ELED, 5 FD =20, (36)
here E;,(F,t) = E;(,l)(F,t)-iE;EZ)(F,t) is the generalized complex dynamical dielectric constant (G.C.D.D.C.).

Under known material or constitutive relations for field equation (33) into (C.B.L.C.) relatively to complex amplitudes of
E.M.F. (10a) we obtain in the following form
V x EX(F) = -iwpyHi(F), Vx HY(F) =iwE,, (F,H)EL(F) 37)
VxBL(F) =V x| 7, (F.DENP) | =0, ¥ xFi() =0 '
where z,,(F.,t)= E;El)(F,t) - E;gz)(F,t) is the generalized complex dynamical dielectric constant (G.C.D.D.C.), which is defined according
to equation (35) under conditions of satisfied of dispersion (36) relations.

The space averaged equations of electromagnetic field

Because into multiphase porous cell electro-physical characteristics change like jumpy on the surface separation of two
phases, so generalized complex (dynamical) dielectric permittivity (G.C.D.D.P.) z,(f,t) can not be the continues function of
coordinate. In general the last one can be defined by the characteristic (phase) function 9, (here o = {S,,G} is point to the index
of phase), which is defined according to known relation (Section 1, eqv. (1), through this relation

2,70 = &3 (09 (F.) + 5 (@) (F.0) + 5 (@) (7.1) (38)

where & (0)=¢,(w)+0, /iw is the generalized complex dynamical dielectric constant (G.C.D.D.C.) for o-phase (here o is the
constant conductivity of o-phase). Because of this the characteristics of field, which is included into the equations (37) of
electrodynamics also will be stepping like functions of coordinate. For describe of the electromagnetic field in a porous cell
P, as in the continuous medium approach by the continuous functions, we will use the methods of the theory of local spatial
averaging [6]. For this purpose, we assume that the equations of electromagnetic field and material relations relative to the
specified above the averaged (effective) quantities takes the same form as in the case of a single-phase (continuous) medium,
i.e,, they are formally equivalent. Formal equivalence of equations is ensured by fulfilling boundary conditions (10b) at the
interface of two media on a microscopic scale at each (current) moment of time, and the formal equivalence of material relations
is ensured by the definition of the effective electrophysical characteristics. Such effective characteristics are established within
the averaging region (Q (R.E.V.) [2] and are determined through local properties of the environment based on certain geometric
model considerations.

Let's review a simple example for averaging the the material relation Vx 5:5(?):@{5;,(?,0@&(?)] which is the part of
equation of E.M.F (37) rewritten relatively to complex amplitudes (28) of filed. Suppose, that into each point of averaging area
R.E.V. the electrical field is potential, i.e., E(Ft)= -V (F,t) [11] E(f,t):Re[é*(F,t)}:Re[Ei(F)ei“’t} ), where y/(F,t)zRe[y/i(F)ei“’t} is

the dynamical potential and wi(f) is the complex amplitude of dynamical potential. Then the joining between the complex
amplitudes of the generalized dielectric displacement and the stretch of electric component field takes the form

Di(F) =%, (F,HEN(r) =, (F.H)Vii(F) - (39)
According to the local macroscopic field approach into the area of averaging (R.E.V.) for each moment of time ¢ the field is

homogeneous, i.e., HOE E»EO , where Eio is the complex amplitude of external field. Then the expression for amplitude of the
dynamic potential in this case have the view v!(")=-E},-F (FeQ),

We can define the generalized complex dynamical dielectric constant (G.C.D.D.C.) in the Q area (R.E.V.) & (%,t) on the base
of the equality, which expresses the formal equivalence of material relations

D) =2 (X,HENX) = -5 (X,HV pl(X) - (40)
According to definition of space average quantity (see Section 1, eqv. (6)) and reviewing relations we have

(5'1>(>?) = —é [z, @OV yirdv, = E‘O;Ha(f(,t)gc"(a)) (41)
Here, it takes into account that the space averaged fr:m the gradient of the dynamic potential will be

(994 )(%) = - [Tt ryav, =&, (42)
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After substitution of (41) and (42) into the definition of G.C.D.D.C. (40), we get
Eo (F)=20,(F.0e (@), (43)
e}

here Ef,ﬁ (X,1)=&(w)+7/iw, where &(») and & is the effective complex dynamical dielectric constant and conductivity of the
reviewed cell and t is the index which points on the light time dependence of physical quantity.

From the expression (43) it is follows, that quantity 5" subject to neglect of dispersion phenomena into the material
depends on constant frequency of external microwave irradiation, dielectric permeability and volume fraction of cell phases.

g2 (FY) = f(@60,0,),0={S,L.G}
e =&l (w)8, =0, (F}1)
It should be noted that under the condition of weak variability of the volumetric characteristics of the porous material the

E.G.C.D.D.C. &£ (X,t) = 5" (X) can be reviewed, as constant physical quantity in the volume of averaging Q (R.E.V.), which takes the
constant into the time interval values.

Taking into account the definition of E.G.C.D.D.P. (39) into harmonic approach of local field (28) after applying described
above the homogenization [9] on the mezoscopic level into range of R.E.V. considering approach of not interacting clusters we
get (see Section 2, subsection 2, eqv. (37)) the averaged equation of field

€X<E,£(F)>:-iwy0<ﬁ,£(r)>, 6x<ﬁi(r)>: iwg;,(r,t)<|§,£(r)>
- B (44)

VX<E£(r)>:o, VX<H£(r)>:o
where <D(>“<,t)=Red[CDi(>“<) (@:{E,I—T}) and Eae,ﬂ (%,t) are the light (slowly) changed functions of coordinate and ®i(X) are the
complex amplitudes of E.M.F. into the porous cell. Here time t have the sense of parameter with usage of which can be taken
into account the moving of phases.

When obtaining the averaged field equations (44), a relatively simple method of finding the effective electro physical
characteristics (the method of local spatial averaging) of a multiphase porous cell was used. The interesting comparative results
of the dependence of the G.C.D.D.C. from the internal geometry or structure of the composite material for porous humidified
sample are highlighted in the author's [2] article. For a more adequate description, it is necessary to take into account the
dependences of the E.G.C.D.D.C. not only from the dielectric properties of the phases for porous cell, but also from their local
microstructure [12], interaction between phase inclusions [10,13] and geometric shape or orientation [14].

Propagation of electromagnetic waves

According to the system of averaged equations E.M.F. (44) the wave equation for the T.E.M. (Transference Electromagnetic
Wave) in the case of the monochromatic wave by the terms of the electric field strength into the composite body of low
conductivity (C.B.L.C.) have the view

o2 (B 0+ [ ()] (E)(x) =0, (45)
Here RS (%,0) =k (%,t)/ ko = /&2 (X,t) is the complex refractive index, k& (%,t) is the effective wave vector into the porous

(inhomogeneous) media, k, = o,/ ey = @/ ¢, (Where ¢, = lm isthe velocity oflight) is the wave vector of this electromagnetic
wave into vacuum, w = 2mf'is the angle frequency of E.M.F. (here fis the lineal frequency), u, and ¢, are correspondingly the
magnate and electric constant into vacuum. The analytical solving of such equation is into details described by the author’s of
this paper [15], where is demonstrated the possibility of applying of Wentzel-Kramers-Brillouin (W.K.B.) [16,17] method for
founding the analytical solution of wave equation (45) into approach of slowly varying refractive properties of the T.E.M. wave.

Compatibility conditions of the electromagnetic field equations

The closed-form electrodynamic equations were obtained under the conditions of weak variation of the bulk (phase) and
dielectric (wave) properties of a three-phase porous wetted material.
1 88_(xt) 1 o™ (x,t)

- <<k (x,t 46
o, (x,t) ot e (xt) o o (D (46)

As well as condition

eff
A (x )= 2 5D

@y
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which determines the possibility of using the effective macroscopic field approximation in the study (determination) of the
effective electro physical properties of a porous material according to the method of local spatial averaging.

Here k& (x,t)=27/A(x,t) and k" (x,t)=27/4"(x,t) is the wave vector and phase velocity of propagation the electromagnetic
(T.E.M.) wave in the modelling media, i;"(x,t) is the effective value of refractive index, 6,(x,t) is the volume fraction f 6-phase, w,
in the constant angle frequency the microwave field, / is the characteristic length of the volume Q (R.E.V.) for space averaging.

Appendix

The simplest correlations between impulse-relaxation functions as well as the function of delaying for relation polarization
and current can be received into harmonical approach of E.M.F. (28) in the range of local averaging volume (R.E.V.) based on the
macroscopic mean field approximation.

For this we will use the known [5] relation

Ve (t-0) =i 119, W

here a = {PJ} is the index of vector notation for polarization P and current J. From this purpose we take the reviewed above
integrals, which consist of impulse-relaxation function, and according to replacement (48), using the method of integration by
the parts, let's reduce them to an equivalent form:

Case A. For the vector of polarization, we have gets

'[ wE(t—t)E(x,t)dt' = faP(O)E(Xt)ﬁL'[ ag(t— t)aE(Xt')dt'-

Case B. For the vector of current, we have gets

o
[ vsa-vEX = Ex—) —f G )Mdt
o .

For electric field strengths at infinities, we assume the conditions of finiteness and equivalence of the field amplitude values
(28) to the macroscopic field value E(x,—c)=E", where E* =E'e”'® . Here E" is the finite constant amplitude value.

When taking into account the harmonic approximation for electric field strengths within the R.E.V., the following relation
holds: E(x,t)=E(x)e”'*, where E(x) is the complex amplitude of field.

In the case of [A] at the replacing of variable t =t—t' for the integral into right part of equality we have gets the equivalent
relation

t v +00
J._w“g(t )0E(xt)dt, _J-O (t)aE(xt t)dt

After constituting the amplitude of harmonic field in the previous relation, we receive the appropriate equality
400 % ~ . +oo .o - -
I g )Mdt' = |w<ag T )>E(x)e"“’t I R T —<ag G )>E(x), 2)
0 0

here <a3(t_*)> is the average constant value of response function for polarization, for which obviously it is possible to match a
certain fixed real time value T~ with a known expression for the response function. When approximate equality is obtained, (2)

oo .
is taken J. e dt' =1/ i, [Im(a)) > O]. Similarly, for the current vector in case [B] it can be shown that
0

j_ (t)wdtv~ ia)<af(t_*)>E(x)e*ia’t.[omei“fdt_ =<a3’ (t_*)>I§(x). (3)

Let us now consider the integral common to cases [A] and [B], which, by means of identical transformations, can be reduced
to the approximate expression

J| wptt- et ={y ) oo o=y @) e,

here B = {P,J} is the index of the conventional designation of polarization vectors P and current J accordingly.

Then, according to the expressions for the polarization vectors (case [A]) and current (case [B]), we obtain the actual
approximate relations

(ve@)=zioi-(a @)}, )
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(vs@))E0= —iwé*{l +{a@) Eéf)}, (5)

From which it is follows the expressions for relaxation functions, if you put E(x)=E" into the relations (4) and (5)
correspondingly.

Discussion

The study explains the modeling of dielectric relaxation in porous, humidified materials that undergo microwave treatment.
It provides valuable insights into how electromagnetic fields interact with multiphase porous media. The pulse relaxation
method provides a clear understanding of dielectric properties. This understanding is essential for improving microwave
processing techniques. This model is beneficial in materials science. It explains how dielectric relaxation functions, which help
in designing and processing porous materials such as ceramics, polymers, and composites. The model also supports microwave-
assisted drying, sintering, and curing involve uniform heating methods and strategies to prevent thermal damage. This concept
could also benefit agriculture and environmental protection. Microwave radiation can measure moisture levels in porous soils
and humid materials. It can also assess their behavior as dielectrics. This leads to better cleaning methods for soil and improved
watering techniques for plants. Sensors that measure water and material saturation without causing harm work effectively for
real-time field measurements. This modeling method can be improved to track dielectric changes in real time during industrial
microwave operations. This would increase its practical value. This method, along with other ways to study materials, improves
our understanding of how microwaves interact with complex porous structures.

Conclusion

The study of the unknown distribution of the electromagnetic field in composite structures is one of the fames or fundamental
problems of mathematical physics. This is evidenced by many numbers of scientific works [18,19], which describe not only
analytical models for calculating the field in relatively simple geometric structures, but also propose the numerical methods of
modelling the distribution of electromagnetic field into inhomogeneous bodies. It is indeed difficult to predict the distribution
of the electromagnetic field in porous wetted bodies. This is primarily due to the predominant or primary influence of the liquid
phase. The distribution of liquid in the pores of the solid skeleton indicates a significant influence of surface wetting effects
or adsorption in the near-surface layers of the solid skeleton. The electro-physical dielectric properties of bound or adsorbed
water in near-surface layers differ significantly from the dielectric properties of free water known in the microwave irradiation
range.The author of this article has attempted to propose a comprehensive theoretical approach to describing the phenomena
of dielectric relaxation in porous wetted materials. This article considers the possibility of describing dielectric relaxation
phenomena in layered composite bodies. It is not difficult to generalize the considered method for bodies of arbitrary geometric
shape. The adequacy of the above mathematical relationships can only be confirmed by experimental research methods.
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