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Abstract. The article discusses issues related to the study of the forms of connection of moisture removed during the drying process in
black currant fruits. A study was carried out to determine the quantitative moisture content of various forms of communication by two
methods and a comparative analysis was carried out. It is shown that the existing methods for studying the forms of moisture-material
bonding have significant drawbacks and generally give a qualitative assessment of the state of moisture in the material or are very laborious
and require long-term laboratory studies. The efficiency of the approach to determining the forms of moisture connection in black currant
fruits is shown on the basis of graphical-analytical analysis of the drying kinetics, which allows qualitatively and quantitatively assessing
the state of moisture in the fruits. With the help of a graphical editor, the curves of the drying kinetics of black currant fruits were processed
and the dependences of the quantity called "drying acceleration™ characterizing the rapidity of the change in the drying rate of currant fruits
on the moisture content of the product were obtained. The analysis of the obtained curves is carried out, indicating the presence of extrema
and points of inflection to the corresponding critical moisture content, as well as the presence of areas with a slowdown or acceleration of
the drying rate change, allowing to establish the intervals of moisture removal with different binding energies. The approach under
consideration makes it possible to give a quantitative and qualitative assessment of the physical state of moisture not only in currant fruits,
but also in other food products, as well as reduce the time for analysis and improve the accuracy of the results.
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Introduction to remove moisture of one form or another from the
In the study and optimization of the parame- fruit, you need to spend a certain amount of energy,
ters of the drying process of currant fruits, the study depending on the binding energy of moisture and
of the forms of moisture connection is of great the- the amount of moisture of this form in the product.
oretical and practical importance. In the process of ) To optimize energy consumption for the dry-
drying, currant fruits under the influence of heat ing process, temperature regimes and the develop-
and moisture significantly change their size and ment of methods for controlling the drying process,
physical properties. These changes are due to the reliable mathematlc_al models are neede_d, which
molecular nature of the connection between mois- should form the basis of modern automation tools.
ture and the dry skeleton of the substance. The pro- It should be noted that the development of reliable
cess of removing moisture from currant fruits, mathematical models is impossible without
which are a colloidal capillary-porous body, knowledge of the state of moisture in the product
depends on the nature of the molecular bond being dried: bond forms, ratios of different forms,
of the liquid contained in the fruit and is accompa- bond energies, etc [4, 5]. The complexity of the
nied by a violation of its connection with the dry problem lies in the fact that in the fruits of currants
skeleton of the substance, which requires a certain of various varieties, as well as those grown
amount of energy [1-3]. in different climatic conditions, the moisture ratio
According to P A Rebinder, each form of different forms of connection will not be the
of connection between moisture and matter has its same. Factors of the production stages preceding
own energy [2]. Currant fruits contain capillary, drying, for example, blanching, long-term storage, etc.,
osmotically bound, adsorptively bound moisture of can also affect the relationship between moisture
polymolecular and monomolecular layers. In order in currant fruits.
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Therefore, the study of the forms of moisture
connection in currant fruits and the development
of accurate and accelerated methods for determin-
ing the physical state and properties of water
in them is of great theoretical and practical im-
portance and is relevant.

The existing methods for studying the forms
of the connection between moisture and material
have significant drawbacks and generally provide
a qualitative assessment of the state of moisture
in the material or are very laborious and require
long-term laboratory studies.

In this regard, the purpose of this work
is to determine the qualitative and quantitative as-
sessment of the forms of moisture connection in
black currant fruits based on graphic processing
of the drying kinetics.

The object of the study was the Kinetics
of the drying process of black currant fruits: the de-
pendence of the change in moisture content on the
drying time and curves of the drying rate of currant
fruits, as well as the results of thermal analysis of
currant fruits. The subject of research is the forms
of moisture connection in currant fruits removed
during drying.

Materials and methods

The kinetics of drying black currant fruit was
investigated in a vacuum dryer with a microwave
energy supply [6]. The installation consists of a
sealed vacuum chamber with a cover equipped
with a viewing window, a control panel, a micro-
wave energy supply device and a system for evac-
uating and removing vapors. The working vacuum
was created by a rotary oil pump.

For the experiment, the fruits of the black cur-
rant variety "lzyumnaya" were used. Fruit for drying
was used as a whole without peeling and cutting.

Studies of the kinetics of black currant fruit
were carried out in a stationary mode with constant
process parameters in a given range of values. For
the experiment, the process parameters were kept
constant in the range of values: product layer height
from 0.005 to 0.025 m; Microwave power from
160 to 750 W; the pressure in the drying chamber is
from 50 to 100 kPa. Sampling was carried out at in-
tervals of 5 minutes. The moisture content of currant
fruits was determined by drying to constant weight on
a moisture meter at a temperature of 378 K.

The processing of experimental data
on the kinetics of drying, the construction and
approximation of the dependences of moisture
content on time, and carrying out were carried out
using the Mathcad program.
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The curves of the drying rate of currant fruits
were plotted by graphical differentiation of the dry-
ing curves in the KOMPAS-Graph program.

The study of the physical state and properties
of water in currant fruits was also carried out on a
device for simultaneous thermal analysis, model
STA 449 F3 Jupiter with a sample holder
(DSC/TG) type S in an aluminum crucible with
a punctured lid (an empty aluminum crucible with
a punctured lid was used as a reference), measure-
ments were carried out in a nitrogen environment
of class 5.0.

Results and Discussion

Using the method of planning an experi-
ment, studies of the kinetics of microwave drying
of black currant fruits in an experimental drying
installation were carried out [6].

The kinetics of drying currant fruit at different
values of microwave power is shown in Figure 1.
The kinetics of drying currant fruit at various values
of vacuum pressure is shown in Figure 2.

As is known [2, 3, 7-9], the change in the
moisture content and temperature of the material
during the drying process is divided into two periods:
constant speed and falling speed.

The drying rate is understood as the change
in moisture content per unit time dU/d = . Graph-
ically differentiating the drying curves of currant
fruit, curves of the drying rate of currant fruit were
obtained (Figure 3, 4), showing the change in the
rate of moisture removal at different moisture con-
tent of the product. The drying rate is numerically
equal to the tangent of the angle of inclination
of the tangent to the drying curve U = f( ¢ ). When
analyzing the drying speed graphs, it is necessary
to read them in reverse order, since the moisture
content of the material decreases during the drying
process. This method allows for a qualitative anal-
ysis and determination of the critical moisture con-
tent that separates the period of constant drying rate
and decreasing. Those. you can determine the
guantitative and qualitative content of free mois-
ture in the product and the quantitative of the bound
moisture. In some cases, the curves of the drying
rate make it possible to determine the second criti-
cal point in the form of an inflection point of the
curve, which corresponds to the second critical
moisture content, which is practically not visible on
the curves of moisture content versus time. However,
it is difficult to accurately determine the second
critical point, which does not allow identifying the
boundaries of polymolecularly bound moisture.
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Figure 1. Drying curves of black currant fruit: 1 —h=0,015 m,
p=75 kPa, P=750 W; 2 —h=0,015 M, p=75 kPa, P=455 W;
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Figure 3. Drying curves of black currant fruit: 1 —h=0,015 m,
p=50 kPa, P=455 Br; 2 — h=0,015 m, p=75 kPa, P=455 W,

3 —h=0,015 m, p=100 kPa, P=455 W

Then, for a further and deeper analysis of the
kinetics of the drying process of currant fruits,
we use a value that determines the rate of change in
the drying rate, that is, the first derivative of the

drying rate with respect to moisture content Z—z or

the second derivative of moisture. The term «dry-
ing acceleration» is applicable to this value [10].
To find the derivative of the drying rate

. . dN .
in terms of moisture content o for currant fruits,

we use graphical differentiation. The Z—Z’ value

is numerically equal to the tangent of the angle of
inclination of the tangent to the drying rate curve.
This will allow us to determine the points of inflec-
tion and concavity of the function f(U), which give
a more complete and accurate idea of the critical
moisture content when removing physicochemi-
cally bound moisture.
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Figure 2. Curves of the drying rate of black currant fruits:
1-h=0,015 m, p=75 xPa, P=750 W; 2 — h=0,015 m, p=75 kPa,
P=455 W; 3 — h=0,015 m, p=75 kPa, P=160 W
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Figure 4. Curves of the drying rate of black currant fruits:
1-h=0,015 m, p=50 kPa, P=455 W; 2 —h=0,015 m, p=75 kPa,
P=455 W; 3 — h=0,015 m, p=100 kPa, P=455 W

The error in measuring and plotting points
on the graph during graphical differentiation was
no more than 0.1 mm, and the error in determining
the angle of inclination of the tangent at a point on
the curve was no more than 1'. This gives grounds
that the obtained results of processing experimental
data on the kinetics of drying currant fruits are
highly accurate. Based on the results of the graph-
ical differentiation of the drying curves, graphs
of «drying accelerationsy» (Figures 5 and 6) were
constructed at various values of the microwave
power and vacuum pressure.

The resulting graphs clearly show the periods
of increasing and decreasing "drying acceleration”.
These graphs as well as the drying speed graphs
should be read from right to left.

In the first period of drying, when the pro-
cess speed is constant N; = const on the obtained
graphs, the sections have a horizontal rectilinear
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character, and the value of the function takes a zero
value, that is, the rate of change in the drying speed
(«drying acceleration») is zero.

The negative value of the «acceleration of
drying» of currant fruits indicates that this function
decreases with a change in the moisture content of
the material, which means that the rate of change in
the drying rate decreases. This is explained by an
increase in the value of the energy of binding of
moisture with the dry skeleton of currant fruits with
a decrease in the moisture content in them.
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Figure 5. Curves of «acceleration of drying» of black
currant fruits: 1 — h=0,015wm, p=0,75 &Pa, P=750 W;
2 — h=0,015 m, p=0,75 xPa, P=455W; 3 — h=0,015 m,

p=0,75 kPa, P=160 W

All graphs (Figures 5 and 6) clearly show the
extrema of the function f(U) and inflection points
corresponding to the first Uea and the second U,
critical moisture content, while on the curves of the
drying rate of currant fruits, the values of the critical
moisture contents are determined approximately.

The second critical point of moisture content
is in the range from 0,48 t0 0,52 Kgm/KQary. matter. De-
pending on the drying regimes, the second critical
moisture content has a different meaning. This is
due to the fact that microwave power and vacuum
pressure intensify the internal diffusion of mois-
ture, as well as an increase in the proportion of
monomolecular adsorption moisture, the evapora-
tion of which occurs together with polymolecular
adsorption moisture.

To carry out a comparative analysis of the
results obtained by us on the quantitative and
qualitative content of moisture in the fruits of black
currant, we additionally carried out studies of the
forms of moisture connection by the method of ther-
mal analysis. The resulting derivatograms of black
currant fruits are shown in Figure 7.

As a result of thermal analysis, points A and
B were determined (Figure 7). Point A corresponds
to the border of the interval for removing free moisture

post@uestnik-vsuet.ru

The analysis of the obtained curves indicates
the presence of areas not defined on the curves of
the drying rate, with a slowdown or acceleration of
the change in the drying rate. Since each water frac-
tion is removed at a rate varying according to dif-
ferent laws, it is possible for these areas to establish
the intervals for moisture removal with different
binding energies. Knowing the exact boundaries of
these intervals, it is possible to quantitatively deter-
mine the fractional composition of moisture in the
product removed during drying.
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Figure 6. Curves of «acceleration of drying» of black

currant fruits: 1 — h=0,015wm, p=0,50 xPa, P=455W,
2 — h=0,015 m, p=0,75 kPa, P=455W; 3 — h=0,015 m,
p=100 xPa, P=455 W
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in currant fruits, its numerical value is 1,3 Kgm/KQay. meter.
Point B corresponds to the boundary of the interval
of polymolecular adsorption moisture in the material,
its numerical value is 0,53 Kgm/KQdry. matter.

From a comparative analysis of the deriva-
tograms of currant fruits and the "drying acceleration”
curves, it follows that the values corresponding
to the first U1 and the second U, critical moisture
content obtained by two different methods are very
close. The deviation of the values can be explained
by a significant difference in the drying rate and the
parameters of the process in the derivatograph and the
drying installation. The use of microwave energy sig-
nificantly intensifies the drying process and the share
of polymolecular-adsorption moisture can be removed
at the rate of free moisture, and the share of monomo-
lecular-adsorption moisture can be removed at the rate
of polymolecular-adsorption moisture. In this regard,
the values of the first and second critical moisture
content during drying in a drying installation have
a slightly higher value than when drying in a deri-
vatograph oven. However, for the practical application
of the results obtained and the development of methods
for controlling the drying process, it will be most
correct to use the critical moisture content obtained
as a result of drying the product in a real installation.
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Figure 7. Derivatogram of black currant fruit

Conclusion The proposed approach will eliminate the
Using the example of graphical-analytical time spent on laboratory studies to study the forms
analysis of the curves of the drying rate of black of moisture-material connection and can be used as
currant fruits, the effectiveness of the approach the basis for a method for controlling and automat-
to determining the forms of moisture-material ing the drying process at food enterprises and

connection is shown, which makes it possible not in related industries. _
only qualitatively, but also quantitatively to assess The introduction into the theory of drying
the state of moisture in the product. of such a value as "drying acceleration" will allow
A comparative analysis of the data obtained to more fully characterize the period of decreasing
as a result of graphical-analytical analysis of the ki- drying rate and open up additional possibilities for
netics of drying of black currant fruits and thermal evaluating approaches to its intensification, optimiza-
analysis data, showing the reliability of the proposed tion of energy costs and drying temperature regimes.

approach, has been carried out.
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IIpuMeHeHNEe YCKOPEHHOI CYIIKH /51 u3y4eHust GopM CBSI3M BJIaru B
TU10/IaX CMOPOAMHBI

AnHoTamms. B cTaThe paccMaTpHBaIOTCs BOIIPOCEHL, CBSI3aHHBIE C W3ydeHHeM ()OpM CBS3M BJArd, yJajsieMoil B Ipolnecce CyIIKH B
II0ax YepHOi cMopoauHsL. [IpoBeneHo ncenexoBaHue 0 ONpeIeNICHUI0 KOJIMUECTBEHHOTO COIePKaHus BIAary B Pa3InIHBIX (hopMax
CBSI3M JABYMsSI METOJAaMHU M IPOBEJICH CPaBHHUTENBHBIN aHanu3. [loka3aHo, 4TO CyIIECTBYIOIIME METO/BI HCClieNoBaHus GopM CBs3H
BJIar¥ C MaTE€pPUaJIOM UMEIOT CYILIIECTBEHHBIE HEOCTATKH U, KaK [IPaBUIIO, Tal0T KaUeCTBEHHYIO OLICHKY COCTOSIHHSI BIIar'd B MaTepuaie
WIM SBISIOTCA OYeHb TPYAOEMKHMH H TPeOYyIOT JUIMTEIbHBIX J1abOpaTOpHBIX HCCIeA0oBaHUH. OQQEeKTHBHOCTH moAXoma K
oIpesieNieHnto ()OopM CBSI3H BIIard B IJIOAAX YEPHON CMOPOAMHBI MOKa3aHa Ha OCHOBE TPaMKO-aHATUTHYECKOTO aHANIN3a KHHETUKH
CYIIKH, MO3BOJISIOMIET0 KAYeCTBEHHO M KOJIMUECTBEHHO OIIEHUTH COCTOSIHUE BJIArd B Iurofax. C IMOMOIIBI0 TpaIecKoro pejakTopa
00paboTaHbl KpUBbIE KHHETHKU CYIIKU IUIOJOB YEPHOW CMOPOAMHBEI M MONYYEHBI 3aBUCHMOCTH BEIMYHHBI "'yCKOpPEHHE CyIIKH'",
XapaKTepHu3yronieil ObICTPOTY H3MEHEHNS CKOPOCTH CYIIKH IJIOZ0B CMOPOIMHEI OT COZICp)KaHMS BIIaru B poxykre. [IpoBeneH ananmms
TIOTYyYCHHBIX KPHBBIX, YKA3bIBAIOIIMH Ha HaJIMYME OSKCTPEMYMOB M TOYEK Iepernda K COOTBETCTBYIOIIEMY KPUTHYECKOMY
BJIArOCOJICP)KAaHUIO, a TAaKXKe HalIW4YMe YYacTKOB C 3aMEAJICHUEM WIH YCKOPEHHEM H3MEHEHHs CKOPOCTH CYILIKH, MO3BOJISIOLUIMX
YCTaHOBUTb MHTEpBAJIbl yAaJE€HHsS BJard C pa3IM4HOM dSHeprueil cps3biBaHusA. PaccmaTpuBaeMblil MOAXOA MO3BOJSIET OaTh
KOJIMYECTBEHHYIO M KAUECTBEHHYIO OIIEHKY (PU3MYECKOT0 COCTOSIHUSA BIIATH HE TONBKO B INIOAAX CMOPOJHUHBI, HO U B IPYTUX MUILEBBIX
IPOIYKTaX, a TAK)KE COKPATUTH BpeMsI Ha IIPOBEACHNE aHATH3A U IOBBICUTH TOUHOCTh PE3YJIHTATOB.
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