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IIpogedeno ananiz npouecy excmpazyeamus 6 mexHoJ02ii
nepepooxu oniunoi cupoeunu. Iloxasani euxioni nonoscenns,
cneyugixa, cyracni HayKoei wmKoau i pigeHb NOOAHHS KAACULHO-
20 npouecy excmpazysanns. Cneyuixa mamemamuuinozo mooe-
JI0BAHHA NPOUECY eKCMPazY8anHHs 3 NOAB0I0 000aMK060i pYwii-
HOI CUnU, AKA 3HAMHO BNIUBAIOMb HA KIHEMUKY eKCmpazyeanms
8 eneKxmpoMazHimHoOMYy NoJi HA0BUCOKOI uacmomu, HaA6eodeHo 3
Kaacuunoi meopii npouecy.

Ompumano po3paxynxosi Popmyau Kinemuku excmpazy8anHs
8 MIKPOX6UNBLOBOMY NOJIi, WO POIBUSAIOMH MEOPIt0 NPO KiHEMUKY
excmpazyeanus 6 enexmpomaznimunomy noai. Hasedeno ananiz
eapianmis n0OAHH MAMEMAMUUHOZ0 ONUCY NPOUECY eKcmpazy-
8aHHA OUCNEPCHUX MAMEPIAi8 8 eLeKMPOMAZHIMHOMY NOJIE HAO-
eucoxoi wacmomu. Iloeéna modenv MacoooMinHux npouecie npu
excmpazyeanti 6 MIKpoXeuaLb080MY noJii 6 oudepenyiinii popmi
003601umMb Chopmysamu Yymosu npoeedeHHs KOMNIEKCHUX eKC-
nepumenmanivbHux 00Cai0xcenb, AKi 6 NOGHIU MIpi 6UIHAMAIOMD
npouyec excmpazyeanns oaiUHOT CUpoBUHU.

Teopemuuto 00TpYyHMOBAHO NPOUEC MENTOMACOOOMINY MidHC
ycima eusHauarbHUMU 00’ckmamu 6cepeduni excmpaxmopa i3
eeKxmpomazHimHum nojem Haosucoxoi wacmomu. Ha ocnoei
Mamepianvio20 0anaHCI8 6UHAMEHO PIBHAHHA, SAKI ONUCYIOMb
OCHOBHI OUHAMIMHI XAPAKMEPUCMUKU DPENCUMY eKCMmpazyeaH-
HSA OJLIEBMICHO20 Mamepiany 6 excmpaxmopi. Y 36’°a3Ky 3 mum,
WO MOUH020 AHANIMUUHOZ0 PO36’°A3KY NPedcmasienoi mamema-
muunoi modeni y 6uensdi cucmemu oudepenuianvHux pieHaHb
Y 4acCmMuHHUX NOXIOHUX He ICHYE, 3anponoHoeamne HaAdOAUINCEHE
piwenns. Borno 0ozeonse idenmuixysamu po3nodin xonuenmpa-
uii excmpaxmy 6 3anexcnocmi 6i0 po3mipy ppaxuii cuposunu,
HASBHOCMI MA BEAUMUHU NOMYNCHOCMI IMNYAbCHOZ0 eJeKMmpo-
MAzZHIMHO20 NONA HAOBUCOKOT HACMOMU, 2iOPOMOOYNI0 eKCmpPaK-
my, memnepamypu, po3HuUHHUKIE 015 0Y0b-AK020 MOMEHMY HaCY.

Ha ocnosi excnepumenmanshux 00Cai0NceHb eKCmMpazyeanst
0JII€BMICHO20 MamMepiany 6CMAH0BEHO, , W0 nid 0i€10 MIKPOX6U-
J1b06020 ONPOMiIHEHH 3HAUeHHA Koeiuienma macoeiddayi npu exc-
mpazyeanui onieemicroi cuposunu na nopsaoox spocmae (f=1-102),
nopienano 3 excmpazysannam 6e3 enauey MX noas (f=1-10°).
Buayuenns onii nio 0i€to MiKpoxeuib06020 N0 30L1bUYEMBCS 00
30 %, a cnosxcusanus enexmpoenepeii smenuyemocs na 93-97 %.

3acmocysanns MiKpoOXeuib06020 noJist 00360JUMb He MIAbKU
nideuwumu epexmuenicmo upooHUUMEa, aje i Ha NOPAOOK 3HU-
3umv 3ampamu enepeii Ha npouec

Kniouoei crosa: excmpaxuis, MiKpoxeuavoee noje, menjo- i

MacoodMmin, mamepianvuuii 0ananc, oudepenuiini pienanns
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1. Introduction

Ukraine occupies one of the leading positions in the
world for the volume of production and processing of oils and
fats. Modernization of the equipment used at oil-fat produc-
ing enterprises, the employment of modern resource-saving
technologies, a wide range of products, the high level of
competitiveness, are the attributes that characterize a con-
tribution of this sector to the local economy. Energy crisis
and an increase in consumer demand for more high-quality
products, specifically vegetable oil, stimulated more research
aimed at finding effective technologies of extraction.

Extraction of valuable components from vegetable (oil)
raw materials refers to the important processes that are
characterized by high energy intensity. Improving the effi-
ciency of extraction significantly affects the technical-eco-
nomic indicators of processing industry in agricultural pro-
duction. At the present stage of development of equipment
and technology for extracting the oil raw materials, the
potential of microwave technology should be recognized: the
application of electromagnetic field (EMF) of ultra-high fre-
quency (UHF). Employing the specified technology, in our
opinion, will lead to the intensification and improvement of
efficiency of the traditional manufacture of vegetable oils to




obtain products with the new, better consumer qualities. The
theoretical postulates and experimental data acquired earli-
er have demonstrated the effectiveness of the application of
microwave technology for extraction.

Microwave technologies relate to those energy-saving
because of their natural specifics. However, in order to
design actual equipment, it is necessary to conduct compre-
hensive studies, the purpose of which is to determine the
rational conditions for the process under which it would be
possible to achieve the uniformity of a microwave field, fail-
ure-safe operation, as well as labor safety.

In order to deeper study the influence of UHF EMF on
the processes of mass and heat transfer, it is necessary to
have mathematical models that would describe the process
under consideration in the simplified yet adequate form. Un-
dertaking a theoretical research into mathematical modeling
of the process of extraction will make it possible to specify
experimental studies and will enable the construction of an
algorithm for improving the technologies of oilseed crops
processing.

The scientific literature provides many models for the
extraction processes regarding the conditions for periodic-
ity or continuity of their course at various intensification
techniques (increasing pressure and temperature, imposing
vibrations, mechanical agitation, etc.) [1-5]. The basic the-
oretical concepts that underlie the extraction processes are
given in fundamental studies [4, 5]. The theoretical refer-
ences, substantiation of appropriateness and effectiveness of
UHF EMF application, as well as a review of existing mod-
elling methods, are described in detail in works [3, 5]. Spe-
cifically, it was noted that in terms of the physical effect of
EMF on solid materials that are extracted, the leading role
in the intensifying action belongs to barodiffusion processes.

It is a relevant task to undertake a research into the
further development and improvement of the mathematical
apparatus that characterizes the heat-and-mass exchange
processes in the specified extraction units.

2. Literature review and problem statement

One of the principal stages in the design of extraction
units is mathematical modeling. A procedure for calculating
extraction units is based on taking into consideration the
three basic aspects of the process: equilibrium in the system,
kinetic patterns at all stages of mass transfer, and the struc-
ture of phase flows in the device.

Research into the process of extraction of oil-containing
crops is mostly based on conducting experimental studies
into extraction kinetics. Thus, authors of [6] acquired ex-
perimental data on the extraction kinetics of soybean oil
and free fatty acids (FFA) for systems containing soy and
ethanol with different levels of hydration (0 and 5.98 % by
weight of water) at temperatures of 40, 50 and 60 °C. The
obtained experimental data reveal that an increase in the
level of ethanol hydration inhibits the extraction of soybean
oil but increases the extraction of FFA while the tempera-
ture promotes the solubility of both fatty compounds. The
experimental data were compared to models [7, 8], which
make it possible to determine coefficients of mass transfer at
the stages of diffusion and estimate the coefficients of diffu-
sion. The derived values for diffusion coefficients show that
the applied models were suitable to describe the kinetics of
oil extraction, as well as other compounds present in soy. A

value for the diffusion coefficient for soybean oil increased
with an increase in temperature and a decrease in the level
of hydration in the solvent. However, the authors failed to
propose any mathematical models that would describe the
process of extraction in general; the calculation procedure is
not given either.

Paper [9] reports results of research into kinetics of the
solid-phase extraction from Fumaria officinalis, in order to
derive diffusivity and explain the mass transfer. It is shown
that the extraction was carried out by changing the follow-
ing operating conditions: temperature, hydromodule “solid
body — solvent” and the percentage of ethanol content in
solvent. A simple method is described, which is based on the
Fick’s laws for predicting the effective coefficient of diffusion
and speed intensity from the experimental kinetics. The Bio
number revealed that the diffusion inside particles is the de-
gree of control over the process of extraction. It is shown that
it is desirable to operate with a moderate weight ratio “solid
substance-liquid” at the maximally possible temperature
and at a moderate content of ethanol in water [9].

However, there are remaining issues, not addressed
by authors in [9], related to forecasting an increase in the
concentration of the substance that is extracted depending
on the supplied power of the ultra-high frequency electro-
magnetic field.

Regular extraction methods are described using the
models of derivatives from the Fick’s laws since parameters
of the model include physical values that can be applied
for further interpretations. For example; the Bio number
(Bi) expresses the relative significance of the internal and
external mass transfer resistance [10]. Theoretical kinetic
models are also applicable for extending the modeling of
the extraction process. On the other hand, when simulating
the process of extraction “solid body—solvent”, associated
with the supply of microwave energy, ultrasound, electrical
charge, simplified (empirical) models from the modified
Fick’s law are applicable. Empirical models, in such cases of
energy supply, are the best and indicate a much more compli-
cated process of mass transfer. Such models are more suitable
for extraction processes using the ancillary methods, since
they cannot be adequately described in theory [11]. How-
ever, it is probably needed to conduct a theoretical research
into the process of modeling in a microwave field and com-
pare theoretical curves to experimental data.

A model of the process of extraction kinetics should de-
fine a process duration (exposure) under a periodic mode, as
well as the estimation of the mass transfer intensity.

During the process of extraction (removal of an ex-
tractive substance from solid components of vegetable raw
materials) in the UHF electromagnetic field, the intensity of
mass transfer is defined by: the mass conductivity, convec-
tive diffusion, as well as the effect of a microwave radiation.

When considering in detail the effect of the latter factor
on the process, it was established in papers [3, 12—14] that
energy of the microwave field, by concentrating in the liquid
phase of capillary volume of a solid particle, induces the for-
mation of “steam bubbles” of the extracted substance. The
result of the action of electromagnetic energy is the emer-
gence of a pressure gradient with the liquid (periodically)
pushed out of the capillary into the flow of solution.

In contrast to the classical determination of a barodif-
fusion mass transfer, which defines the filtration motion of
a steam phase under the influence of pressure gradient D,
effect of barodiffusion of an electromagnetic field implies



the removal of the liquid phase (its part). The intensity of
barodiffusion is defined by the magnitude of pressure that
grows in a capillary at an increase in the intensity of electro-
magnetic influence.

The mechanism of the combined process of mass transfer
of the extracted substance from a capillary-porous structure
into solvent is explained in accordance with [4, 15] by the
electrodiffusion model representation: diffusion in a solid
phase is determined from the first Fick’s law:
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Next, the dissolved substance moves to the outer surface
(along capillaries) where concentration is determined by the
diffusion resistance; the same flow is transferred by the con-
vective diffusion to the “core” of the extractant flow because
the substance does not stay at the interphase surface. Thus,
it is possible to record:

L=p(C,-C,)=B(C,~7%), 2)

where C,,, C, is the concentration at the interphase surface
and in an extractant; ) is the mean concentration of an
extractant; B is the effective coefficient of mass release and a
mass exchange coefficient.

In parallel to flow I;, the flow I, emerges in the particles
of the solid-phase in a microwave field due to an increase in
pressure in capillaries (barodiffusion). The flow of mass I, is
defined by a “specific” effective coefficient of mass release p,
and a difference in pressure in the capillary:

1,=B,(P,-P,), 3)

where Py, P, is the pressure in a capillary and solvent (ex-
tractant).

Flow I, must turbulize a boundary layer and increase,
accordingly, the intensity of mass transfer f,,.

The total flow of mass is the sum of flows:

I=1,+1,=-Ddc, / dS. (4)

An analysis of prospects to solve the problem on mass
transfer during extraction in a microwave field analytical-
ly (models of mass transfer from a plate to a flow of liquid;
diffusion at flow motion in a channel, diffusion from a point
source), given in [4, 5], revealed that even under very serious
simplifications of the problem it is almost impossible to derive
analytical dependences for a quantitative analysis of the pro-
cess in an actual device. Thus, a promising way to study the
process of extraction in an UHF electromagnetic field would
be to model it at the level of micro kinetics with the identifi-
cation of the derived models based on experimental data. In
the practice of calculating parameters and operational modes
of units for the extraction of a substance from a solid body,
the key issue is to devise a simple (simplified) mathematical
notation of the process. A mathematical model would reliably
take into consideration, while limiting and intensifying, the
physical phenomena, and the assumptions accepted in this case
would be neutralized by the experimentally derived values for
effective coefficients. Such approaches to investigating com-
plex phenomena of transfer have been employed in papers [1, 2].

Given the impossibility to optimally run a material ex-
traction process in the system “solid body—liquid” with MW

energy supply based on the criteria of energy efficiency and
quality of the resulting product without an adequate math-
ematical model.

3. The aim and objectives of the study

The aim of this study is to construct a mathematical
model for the extraction process, which would take into
consideration the effect of UHF EMF on intensity of the
transfer processes.

To accomplish the aim, the following tasks have been set:

— to substantiate the physical parameters that are in-
cluded in the structure of a mathematical model for the heat-
and-mass processes in the extraction of oil raw materials in
an ultra-high frequency electromagnetic field, which would
take into consideration all interacting objects, and to derive
an approximated solution to it;

— to study experimentally the process of extraction of oil
(rapeseed) raw materials in an ultra-high frequency electro-
magnetic field and to verify the theoretical and experimental
data obtained.

4. Construction of a mathematical model for the process
of extraction of oil-containing raw materials with a
microwave energy supply

Under conditions of the electromagnetic field, there is
the interaction between polar molecules of the system “prod-
uct—extractant” and electromagnetic energy, the result of
which is the formation of a steam phase in a capillary-porous
structure of the raw material with the intensification of the
hydrodynamic flow, which can significantly reduce the in-
ternal diffusion resistance of oilseed raw materials, intensify
the mass exchange process, shorten the duration of the pro-
cess, and improve the yield of extraction components. The
power of such a flow is defined by the characteristics of the
raw materials and parameters of the electromagnetic field. A
complete model of mass transfer processes during extraction
in a microwave field in the differential form would make it
possible to establish the conditions for comprehensive ex-
perimental study, which would fully define the extraction
process of oil raw materials.

In order to construct a mathematical notation of the ex-
traction process (under a periodic mode) under the action of
UHF EMF, it is required to formalize the physical processes
(phenomena), which predetermine certain forms of a sub-
stance transfer under the action of a microwave field. In the
general case, the effect of UHF EMF implies the intensive
selective (in terms of volume) heating of a liquid substance
contained in a solid body and produces a thermobarodiffu-
sion effect [5, 15].

In order to formalize the phenomenon of a barodiffusion
transfer of a substance’s component that is extracted under
the action of a microwave field, we shall employ the general
theory of heat and mass transfer in a capillary-porous body
[14, 16, 17]. Tt follows from the heat-and-mass transfer
that the intensifying effect of a microwave field is largely
predetermined by an intensive volumetric heating of the
liquid phase in a solid skeleton of the substance. Volumetric
heating decreases fluid viscosity, gives rise to vaporization,
increases pressure of the steam phase and the liquid phase
filtration transfer (“release” of the fluid from a capillary into



the external environment). Thus, both at thermal dehydra-
tion and extraction there occur the same, mentioned above,
flows of mass: diffusion, capillary, barodiffusion [14, 16, 18].
Based on the law of preservation of a substance mass, a lo-
cal derivative from the volumetric concentration of the i-th
component of the substance for time equals the sum of diver-
gence from the flows of mass and the source of the substance,
predetermined by the phase transition (liquid to steam) [16]:
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where Jp is the density of the diffusion flux; J,, = —p,AdradU;
I,,, =T1-pbd is the density of the flow of capillary moisture;
IT is the porosity of the body; p is density, b is the saturation

of pores, & is the average linear speed of the molar motion
. oUu . . .
of the i-th substance; I, :e'poa— is the intensity of the
T

source of the substance predetermined by the phase tran-
sition (steam formation) and by pushing the liquid phase
by the pressure of steam formed under the influence of an
electromagnetic field; D is the diffusion coefficient; € is the
criterion of a phase transition; € = (1—z)e is the equivalent
coefficient of a phase transition and thermomechanical mois-
ture removal, & is the coefficient of the “thermomechanical”
pushing of a substance [18] (effect of the thermomechanical
pushing of moisture out of the pores of a solid body when
drying using a pressure drop is estimated by the magnitude
2=0,05-0,4 ([18]).

Given that the flow of a substance is predetermined by
a thermodiffusion transfer in a monocapillary structure of
the body, which is defined by the uneven temperature field
of the body, almost absent at volumetric heating, we shall
rerecord equation (5) substituting Jp, Ig with appropriate
expressions:
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or, for a one-dimensional body, for the concentrations of the
extracted substance:
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where D,is the effective diffusion coefficient that character-

izes all possible types of mass transfer of the target compo-

nent in the form of a certain unified mass [1].

Thus, we have derived a differential equation that de-
scribes the non-stationary field of concentration of the
component inside the capillary-porous materials. In a dif-
ferential equation, the physical effects of a transfer, related
to the movement of the liquid and steam-gas phase in a
material, are integrally accounted for by a unified quasi-dif-
fusion transfer with effective coefficient D,z In practical
calculations, one must have a dependence (acquired from
experiments) of the magnitude of a diffusion coefficient on
temperature and power of internal heat release due to the
influence of UHF EMF.

To solve equation (7), when implementing the process of
extraction of the dispersed solid phase, the boundary condi-
tions of third kind are applied. According to the boundary
conditions of third kind, the exchange of target component
between the surface of a capillary-porous body and the sur-

rounding liquid environment can be recorded in the form of
equation for an external mass release:

Jr=—B(c,-¢,). )

where jij, ¢ris the flow and concentration of the target compo-
nent at the surface of solid particles; ¢, is the concentration
of the component in the external environment (extractant);
B is the mass release coefficient.

A flow that is guided to the surface from the depth of a
porous structure through effective diffusion (in the absence of
a source at the interphase surface, it is equal to the flow that
is guided away from the surface) because the substance at the
surface does not accumulate and there is the following equality:

dc
D, (ax)/ =PB(c, —¢;), €)]

which is the boundary condition; the initial condition, at
t=0; c=cy.

For a body (a particle) that has the shape of a one-di-
mensional plate of thickness 2R, a compatible solution
to equations (7), (9) is known [19] and, according to the
mean-volumetric value for a change in the concentration of a
component, is derived from equation:

— D,
c(t)—-c, == -t
Lz Bﬂe s , (10)
C() _Cp n=1
where
B - 2si_n2 W, ’
W, (w, +sing, cosp,)

where p, are the roots of the characteristic equation:

B-R

D,

w=Bi,ctgu; Bi, =

is the mass-exchange Bio criterion.

Equation (10) describes the kinetics of extraction — the
removal of a target component from the solid phase in a time
function 7, at constant value for the concentration of solution
cp=const and diffusion coefficient D,,.

It is known from [19, 20] that at large values for the Fou-

D,

rier criterion F, = 7 T (practically at F,>0.3), a series in

equation (10) quickly converges and one can neglect all the
terms in a series except for the first one and use the one-term
approximate solution:

-

c(r)=c, +(c0 —cp)B1e

R an

Differentiate equation (11) for time:

de(v) oDy i
A =Le "B, (12)
D, R
where Ac=co—a.
We determine from equation (12) the magnitude

D,
2Ly

Be " ® -Ac, substitute into equation (11); we obtain after
transforms:



) o k(e
Ok (7-6,)= K, (7(0) e, (2),

(13)

where, respectively, [20]:

) 1
W=

1
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The magnitude K, is termed an extraction coefficient
(similar to the drying coefficient by O. V. Lykov); we de-
termine it experimentally, depending on the operational pa-
rameters of the process. The magnitude ¢, can accept a value
for the equilibrium concentration, which is also determined
experimentally.

Theoretical methods of the diffusion coefficient calcu-
lation, as known from the scientific literature [1, 2], are not
applicable in real systems. The only way to obtain data on
the magnitude of diffusion coefficients D and D,s are the
experimental measurements of process parameters in the
system “solid fraction—liquid (a solvent)”.

In order to verify experimental data on the kinetics of
extraction using equation (13), it is necessary to determine
the constants of the process: D, B, B;, D, K,. The simplest
experimental procedure for determining the specified mag-
nitudes is the periodic process of extraction [2]. During
experiments, one measures the quantity (concentration) of
a target component transferred from the solid phase to the
liquid phase at certain points of time in the non-stationary
process.

To solve equation (13), it is necessary to establish rela-
tions between the systems (solid and liquid), essential mag-
nitudes in the extracted material and an external solution.
Such relation can be obtained from the equation of material
balance in the differential form:

d(; de
Vo dt Yy dt’ a4
where V,,, V, are the volumes of interacting phases.

The ratio of magnitudes of the mass of a solid particle to
the mass of a solvent is used as a parameter of the process:
M=V Pm; Mp=V), pp, Where p,,, p,, is the density of the solid
phase and solution.

dc p, dc
Lo _RI2Z 15
dt p,, dt {15)
mm

where R=—"is the hydromodule.
mP
The kinetics of a mass transfer, a change in the concen-
tration of solution over time, is determined from equation:

(16)

where ¢, c, are the mean-volumetric values for concentra-
tions; F, is the specific volumetric interphase surface; B is the
mass exchange coefficient.

Thus, the kinetics of extraction is described by a system
of three differential equations (13), (14) and (16). In the
specified differential equations the effect of a microwave
field is accounted for through coefficients K, and B (since the

release of a substance from surface under the action of steam
pressure, predetermined by the influence of UHF EMF, tur-
bulizes the surface layer of solution).

For the parametric identification of the structured math-
ematical model (differential equations (13), (14), (16)), we
must have an analytical dependence of solvent concentration
(extractant) on the process duration, that is, a description of
the kinetic curve.

Deduce equation (16) from equation (13):

dc, dc _

d—;—d—iz—(Ke+BFv)(c—cp). a7n

Upon division of variables, we obtain:

dlc—

A=) e .
c—c,

where K=K, +BF,.
The solution to equation (18) under initial conditions:
1=0; c=cy; ¢p=Cpo Will be written in the following form:

c(t)=c,(1)=(c,—c,, )", (19)
Hence, we obtain:

c(t)=c,(1)+Ace™, (20)
¢, (t)=c(1)-Ace™, 21)

where Aco=co—cpo.

Substituting the value of ¢(t) from (19) into equation
(16), and the value of ¢, (t) from (21) into equation (13), upon
transforms, we obtain:

¢, (1) ke

”dr =BF,Ac,e™, (22)
de(t Kt

d(‘t )_ —K,Ac,e”™. (23)

By integrating equations (22) and (23) under the pre-
defined initial conditions, we obtain:

B ke

c,(1)=c, +7VACO(1—6 “), (24)

Ke —RKT

c(t)=¢,— X Aco(l—e K ) (25)

By integrating equation (14), we obtain

¢,(1)=c-2c(1), (26)
p

where
_ v,
c=c, 7(,‘0.

By substituting values of ¢(tr) from (25) into equation
(26), we obtain the equation of extraction kinetics for the
liquid phase.



A change in the concentration of an extractant over time:

¢, (x)= ( Elde, @7)

K, +BF,)V,

Equation (27) includes three unknowns K, BF, Ac,,
which can ve derived from the experimental curve of change
in the solution concentration over time, obtained for differ-
ent magnitudes of power of the source of UHF EMF.

To account for the impact of UHF EMF on the extraction
process in the mathematical notation in an imaginary form,
we shall consider the thermal balance of a material’s particle.
The heat that is released in the particle (by the absorption of
electromagnetic waves) Pdr is spent on heating the material
(a solid body plus a liquid) mcd® and a partial conversion of
a liquid substance into steam rmoedU (m, is the mass of a
completely dry material), that is:

(28)

Using the definition for the Kosovich criterion:

rdU¢e’
K =
" cd®

(the ratio of heat on evaporation to the heat on heating a
material) we write:

rdU _ K, cd®

dr dt

: (29)

Substituting the value of c? into equation (6), taking
T

. . . c : .
into consideration U = —, following the transforms, we obtain:
0
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(30)

The second term in the right part of equality (30) has
the dimensionality of kg/m3s and describes the intensity of
the internal source of a substance released under the action
of a source of microwave radiation of power P=Nn (N is the
power of the generator; n is its efficiency).

Equation (30) is similar to the equation of thermal con-
ductivity of a plate (infinite) with an internal source of heat,
the solution to which is known [19], hence, by analogy [19],
we write down the solution to equation (30) under boundary
conditions (9) for a mean-volumetric concentration of the
substance:

c(t)-¢c, P, 3) &, B,), o
”:0(1+B]—2(1+:2J3ne K, (31)

CO - Cp 3 im n=1 n
where
R2
P, =—
D(c0 - cp)

is the mass-transfer equivalent of the Pomerantsev criterion;
g is the intensity of the internal source:

g, =P
| ™ me
k(] 0
Confined to the first term in the series in equation (31):

2D
c(r)ch(r)+AcP;‘;’”[1+B?)]—Ac(1+ﬁ’§”)31e "R (32)

im 1

(where Ac=cy—c,) and by differentiating for time, we obtain:

de(t) , D(, P i
=S+ |BAce  F
o Mg I Bl

(33)
By determining from equation (33) the magnitude:

P, , D
Ac[1+ lff ]Bexp(—uf‘Rz‘c)

and by substituting it into equation (32) after the disclosure
of value for criterion P,, and the respective transforms:

c(r)—cpu)—(co—cp)(%qff)l)[us]:

im

R de(7)
=TwD dv (34)

where

The solution to equation (30) under boundary conditions
(9) we shall record in the final form:

de (1) _
— =K, (c(1)-c,(7))+Q,, (35)
R? R (B, +3)n’
K=wp—1— =g m M)
m u1 D (42 1JD, Q/n qm 4B,-m+7172
T Bim

In order to determine the kinetic dependences of change
in the concentration of solid phase ¢(t) and solution ¢, (t)
equation (22):

de(v)
- K, (c (1)-c, (‘C))+Qm,

de, (1) =BF, (c(t)-c, (1)),

dt
V(6 -2()=, (6, (0-a)

(36)

A solution to the system of equations (36) will be de-
rived similarly to the previous variant of the mathematical
notation.

Subtracting the second equation from the first equation
in system (36), we obtain:
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under initial conditions:

1=0,C=¢C,, Cy)=Cpo, ACG=C0—Cpo.

The solution to equation (37) relative to variables ¢(t)
and ¢, (1) will be written down in the form:

c(r)zcp(t)+%—(%+A%)e’k‘, (38)
CP(T)=C(T)—%—(%+ Aco)e"", (39)

where K=K, +BF,; Aco=co—Cpo.

By substituting the derived values for variables (c(7)
and ¢, () in the first and second equation of system (36), we
obtain:

By integrating equations (40) and (41) under initial
conditions: T=0; c=co; ¢,=cp,, We obtain dependences of con-
centration of the target component on extraction duration:

e Kt KL _pp o
c(1)=c, A ( e Aco)e , (42)
¢,(t)=c, +B%th+%(%—mo)e”“. (43)

Substituting values (cp—c(r)) from equation (42) in the
third equation in system (36), we obtain:

Q.

Pk, Q..
K

—kt
o K —Ac,)(1-e )]. (44)

o

CP (T) = Cﬂo

The resulting equation (44) describes the kinetics of ex-
traction —a change in the concentration of solution over time
under the influence of UHF electromagnetic field.

Equation (44) contains three unknown constants K, K,
Qum, which can be calculated from equation (44) if one has
data on measurement of concentration ¢, (t;) for various time
intervals t; of process duration. And, by deriving these values
based on ratios:

9 -1
koo R(1, 1)
D \n° B,

m im

K=K, +BE,,
B +3 ,
= .
Q= m g

It is possible to calculate the kinetic coefficients of the
original equations.

The considered model representations of the kinetics of
extraction of vegetable raw materials do not explicitly take

into consideration the influence of a temperature regime of
interaction between a solid and liquid phase, therefore, we
shall consider a possibility of taking into consideration the
effect of temperature (of the solid phase and environment).

As was shown above, the intensive steam formation under
the action of a microwave field (boiling liquid in the microvol-
umes of a product [4, 5, 15]) creates excess pressure in the sol-
id phase, which, according to experiments [2], changes little
in terms of volume. The excess pressure is determined by the
intensity of the phase transformation of liquid-vapor, which is
quantitatively determined from equation [16]:

oP_ _&du
0T cyot’

g oJu (45)

where ¢p=IIMp/poRT is the specific capacity of the fluid’s
steam (a capillary body capacity relative to the moist air),
My is the molecular weight of the substance (formed by
steam), p, is the density of a dry solid body, R is the univer-
sal gas constant, T'is the absolute temperature, II is porosity.

The magnitude of pressure of steam depends on its con-
centration and temperature according to ratio:

P=p R (0+273), (46)
we shall obtain by differentiating it:
oP 29
P _p98 47
37 Pl 47)

We obtain the following equation from equations (45)
and (47):

oP L u__ L
T Bpn nat'

(48)
Substituting values of e'g—u (48) in equation (6) and
T

passing over to the volumetric concentration, we shall write
equation (7) in the form:

dc

ot

d%c 20
D€$+ CBanng . 49)

In equation (49), the last term accounts for the flow of a
substance under the influence of an increase in temperature
predetermined by UHF heating.

The kinetics of heating a solid phase in a microwave field
can be derived from the solution to the equation of thermal
conductivity of an infinite plate with an internal source of heat:

90(x,7) aaze(x1r)+q7v

= , 50
ot > cp, (°0)
under boundary conditions of third kind:
90(R1) «
—T;+I(tp—e(1m))=o, (51)

for a mean-volumetric temperature (at small size of parti-
cles), it takes the form [19].

e<r>—eo=1+%[1+;)_g[1+%)gn.em, (52)
i Ll'rl

¢, -6, 3 <



where ¢, is the temperature of solution;

QVR2

is the Fourier criterion; 2R is the thickness of the plate; A,
a are the coefficients of thermal conductivity and thermal
diffusivity; p, are the roots of the characteristic equation.

Equation (52) is similar to equation (31), therefore, leav-
ing the intermediate transforms (employed above), we write
the final equation of the kinetics of heating.

do(t
di )=Km(tp—6(r))+Qm, (53)
where
K- K
REs
72_'_7 a
n° B
5ok
A
R*(1 1
Qﬂn:‘f’vx (3+BJ. (54)

At a preliminary heating of the solution to boiling point
temperature ¢,=t;, equation (53) can be integrated:

8(1)=(¢, +Qm)—[(tx +Qm)—60]e’k'"',

where 8, is the initial temperature of the material; ¢ is the
boiling temperature of solution.

Relation between the temperature of solution and
the power of heat release in its volume under the action
of UHF magnetic field and the temperature of the solid
phase is determined from the equation of thermal balance
for a solution:

(55)

Q,=0F, (01 )=kf(t-t ), (56)
where Qy=P,/V, is the specific heat of heat release in
solution under the influence of UHF EMF; P,=Nn is the
power of a solution heating source in UHF field; F is the
interphase surface; ¢ is the surface of the container with
a solution (external); a, k are the coefficients of heat
exchange between a solid-phase and solution and heat
transfer from the solution into the environment; ¢,. is the
ambient temperature.
We obtain from equation (54):

t,=a+be, (57)

where

Btk oF
T hroF | kftoF

By substituting values for ¢, into equation (56):

39(1)
T = =A-B 58
m dT G(T)’ ( )
where
P, +kft, kf
A= 2 oc ; B= .
wF+kf T BT or ey

We shall obtain a solution to equation (58) under initial
conditions: t=0, =0, in the following form:

o ()

where &, = i

m

(59)

The resulting equation defines the kinetics of warming
(heating) of a material in solution under the influence of UHF
EMF. Temperature of the solution is determined from equa-
tion (58) by substituting 6(t) from equation (59), that is:

t,(t)=a+b8(7). (60)

By differentiating equation (59) for time:

de A e

%sz(E—eo)e hat (61)
and by substituting the derived value in equation (49):

ac d% e

5= Do roe bt (62)
where

A
0, =cp,RK, (E_ eo)

is the equivalent value of the maximum intensity of the com-
ponent flow that is released under the action of UHF EMF.

The resulting equation in terms of its structure is similar
to the equation of thermal conductivity of a plate with an
internal source of heat release, whose power decreases in line
with the exponential law over time. A solution to equation
(62) under boundary conditions of third kind, by analogy to
[19], is recorded in the following form:

c(x,1)—c, (1)
¢,=¢,(V)

_ Po, "1_ cos\/P—%
Pd\\ cos«/P_—Bi,\/ﬁsin\/Pd
l”l

_2(1_ P;imui )A” cospL, %cxp(—uiFo),

n=1

exp(—PdFo) -

(63)

D, . . o ko,
where F, :R—gr is the Fourier criterion; Pd=—R’ is the
a

Predvoditelev criterion.



de,(1) ~ VTD6P0~(C0 -c, (17))

A change in time of the mean-volumetric value for the

concentration of a target component ¢(t) will be derived — dt 2V Pd-R*
from the explicit formula: r D 7
A (Po, — Pd +} )cosp, eXP(—uf e T)
_ 17 +
C(T)=EJ‘C(x’T)dX; % Mf_Pd —&C' (T)X
0 P
Bi,, cos~/Pd -exp(—Pa’-%’c) Vs
c(t)-c,(T +
()‘Ef_)) = Bi, cos Pd —~/Pd sin Pd
¢, —¢C, - - 3
D
. A exp(—F0~pf)(Pom —Pd + uf)cosu1 B ) A exp(—uf F;T)(Pom —Pd + uf)cosu1
2 - g —
_ Po,, w —Pd ,(64) { Po, ui—Pd 67
2-Pd| B, cosPd-exp(~Pd- Fo) 1 opa - (67)
- Bi, cos</Pd -exp| —Pd - D, T
Bi, cos Pd —/Pd sin Pd T P R’
Bi, cos Pd —~/Pd sin Pd
where ) }
i 1Y Solution of equation (67) under initial conditions: t=0,
Equation (64) was obtained when taking into consid- . D, » D,
eration only the first term in the series in equation (63). ¢ Auexp| Pd R By expl R *
We obtain from equation (64): D, (Pd+uf)
(C . (r))Po +Po,V; +exp — R T|X
t(t)=c, (1) + 1" x
) 2-pd 2.¢,,PdV, —(A,+B,,)c,Po,V, +
D X
) A1exp(—ufR—§T)(Pom—Pd+uf)cosu1 c (’C)— +Cp0(2'Pd+(A11+B11_2)POm)VT (68)
_ - _ L(1)= ' ,
« u; —Pd . (65) A“exp(Pd IR?E r)PomVT +B11exp(uf%‘t)PomVT +
Bi, cos~/Pd -exp| —Pd - D; T ,
R ) D,(Pd+y;) y »
Bi,, cos Pd —/Pd sin Pd | #2-exp| =gt (Pd(V, +Vr)= Po,V;)
By differentiating equation (65) for time, we obtain: where
dc () DPPO~(CU -c, (1:)) 4 - A1(Pom —Pd +uf)cosu1 .
= X - ’
dt 2Pd - R’ ! u’—Pd
r A D -
Ap? (Pom -Pd +;.J_f)cosu1 exp(—uf R—;‘c) Bi cos\Pd
+ B =— - . :
u>—Pd , Bi,, cos Pd —~/ Pd sin Pd
X . D +c) (T)x
Bi, cosN Pd 'CXP(—Pd‘R*;T) According to equation (68), the concentration of the
- N extracted raw material depends on the criteria by Poma-
Bi, cos Pd —~'Pd sin Pd J rantsev, Predvoditelev, Bio, the coefficient of diffusion, and
,D, , | a hydromodule. Respective parameters largely depend on
Ajexpl - R T (P 0, —Pd +H1)C05H1 the characteristics of the substance extracted, the solvent,
2- Y - and the conditions for the course of the process. Therefore,
_bo, M= .(66) the verification of mathematical models for the extraction
2Pd Bi cos«/ﬁfxp(—Pd&T) process necessitates conducting an experimental research.
m RZ
Bi,, cos Pd —~/ Pd sin Pd
- - 5. Results of experimental research
The equation of material balance for a solid phase and The main elements of the experimental microwave bench

solution will be applied in a differential form (14). Substi-  (Fig. 1) was a chamber in which, by using a magnetron, a
tuting the value for derivative (66) in equation (14), we  microwave field was induced, as well as a container, which
obtain: actually hosted the process of extraction of the examined ob-



jects: soybean of the varieties “Vinnychanka” and the winter
rapeseed variety “Champion”.
!

Fig. 1. Experimental microwave bench

Operating principle of the experimental bench is as
follows: the process of extraction occurs in the contain-
er with a product under the action of a microwave field
in chamber 1. The power mode is set using regulator 3.
Steam from the extractant enters inverse refrigerator 2,
where it is condensed and drained back into the reaction
container with the studied sample and a solvent. A micelle
is taken by a syringe for the further examination of the
concentration of oil.

The main factors that affect the process of extraction: a
size fraction of raw materials, the existence and magnitude
of power of the pulsed microwave field, a hydromodule of
the extract, temperature, time of extraction, solvents, ethyl
alcohol CoH50OH, hexane CgH 4.

Classic technologies for extraction of oil employ the
non-polar aliphatic hydrocarbons due to their greatest ef-
fectiveness among solvents. Given the use of the action of a
microwave field as an intensifying factor, we conducted re-
search involving a polar ethyl alcohol, the intensity of whose
removal under MW irradiation grew to match the efficiency
of hexane (Fig. 2). When studying the process of extraction
without exposure to a microwave field, only under the action
of temperature, the solvent hexane proves significantly more
effective than ethyl alcohol (Fig. 3).
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Fig. 2. Dependence of oil concentration on duration of
extraction of rapeseed by hexane (1) and alcohol (2)
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Fig. 3. Dependence of oil concentration on time during
extraction of rapeseed by hexane (1) and alcohol (2)

6. Discussion of results of the mathematical modelling of
the process of extraction of oil raw materials

Verification of the constructed mathematical model (68)
can be based on data from experiments, by comparing the
analytical and the experimentally obtained dependences.
To be determined are the resulting parameters of the solu-
tion concentration under the influence of temperature, size
of fraction, solvent, and the influence of a microwave field.
The experimental data were approximated by second-order
polynomials; graphical interpretation of the experimental
data and the calculated curves for dependences of change in
the concentration in the process of extraction are shown in
Fig. 2, 3.

By employing the methods of analytical modeling based
on equations of energy and material balances, we have
constructed a mathematical model of the heat and mass
transfer processes during extraction of oil raw materials in
an electromagnetic field of ultra-high frequency. A special
feature and the significance of the proposed model are in
the fact that it establishes patterns in the heat and material
interaction between all objects engaged in the heat- and
mass exchange inside an extraction unit. This means that the
obtained scientific result in the form of the developed math-
ematical model for the processes of heat and mass exchange
during extraction of oil raw materials in an electromagnetic
field of ultra-high frequency, the equations of material bal-
ance for a solid phase and solution, as well as energy balance,
is interesting from a theoretical point of view.

The given approximated analytical solution to the pre-
sented model makes it possible to:

—to approximately determine the concentration of an
extracted material over time;

—to determine and refine the parametric complexes of
the model based on the empirical dependences of the kinetics
of extraction of a plant-derived raw material (oil);

— to further use a given model for the synthesis of the
system of optimal control over the process.

Based on the constructed empirical mathematical model
(68) of the kinetics of extraction in a microwave field, we
parametrically identified the approximate solutions to the
analytical mathematical model. The research results report-
ed here could prove useful for the improvement of installa-
tions and technologies for extraction in UHF EMF.

The approximate solution to the system, presented in
the framework of this study, makes it possible to predict an



increase in the concentration of an extracted substance de-
pending on the supplied power of an electromagnetic field of
ultra-high frequency in order to calculate energy efficiency
of the extraction process and to synthesize a system for op-
timal control over the process. Therefore, the applied aspect
of the application of the obtained result is the possibility of
using it to identify the parameters of a mathematical model
after conducting experimental research into the kinetics of
extraction of oil raw materials. That creates prerequisites for
the transfer of the obtained solutions when constructing a
parametric series of the extraction unit designs.

7. Conclusions

1. Analytical research into a mathematical model of the
process of raw materials extraction during application of the
addressed delivery of UHF electromagnetic energy direct-
ly to the polar molecules will initiate a powerful, specific
hydrodynamic flow. A given flow occurs in the interaction
between the electromagnetic field and the polar molecules
of fluid inside the capillaries. This would, in our opinion,

significantly improve the intensity of mass transfer due to
a sharp decrease in the internal diffusion resistance, reduce
energy costs and duration of the process.

2. The reported approximated solution to the system
makes it possible to predict an increase in the concentration
of an extracted substance depending on the supplied power
of an electromagnetic field of ultra-high frequency.

3. The experimental study that we conducted estab-
lished that under the action of microwave irradiation a
value for the coefficient of mass release during extraction
of oil-containing raw materials grows by an order of mag-
nitude (p=1-10""), compared to extraction without an effect
of a MW field (B=1-10-%). Extracting the oil under the ac-
tion of a microwave field increases to 30 %, while electricity
consumption decreases by 93-97 %.

4. The constructed mathematical model is employed for
engineering calculation for determining the main structural
elements of a device with the predefined productivity at the
recommended operational parameters. Structural param-
eters include the geometrical dimensions of the unit and
location of MW emitters. Operating parameters include a
hydromodule and power of the emitter.
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