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B crarbe u3nOXKeHBI pe3ylbTaThl MC-
CIICIOBAaHUS BIUSIHUS TPEIBapUTEIBHON
MIOATOTOBKH (DPUTOICTPOTEHHOTO CBHIPbS H
CTYNIEHYaTOro M3MEHEHUs TEeMIIepaTryphl B
Tporecce CYIIKH Ha HYHEPro3arparsl IIpH
MIPOM3BOJICTBE CYXHX ITOPOIIKOB. A TaKKe
pe3yibTarhl MCCIEeI0OBaHUN TI0 Ompesesie-
HUIO 3aTpaTr TEIUIOTH Ha WCIApeHHe BIard
13 (UTOICTPOTEHHBIX PACTHTEIBHBIX CMe-
ceil: COsI-MOPKOBb M COSI-IIMUHAT.

The article presents the results
of a study of the effect of preliminary
preparation of phytoestrogenic raw
materials and stepwise changes in
temperature during drying on energy
consumption in the production of dry
powders. As well as the results of studies to
determine the cost of heat for evaporation
of moisture from phytoestrogenic plant
mixtures: soy-carrots and soy-spinach.

Bibliography 14, fig. 5.

Key words: phytoestrogens, moisture content, evaporation, drying, energy consumption.

W — relative humidity of the material, %;
W. . — initial humidity of the material, %;

7 Eltgi)eciﬁc heat-costs consumption for evaporation during
the time from 7, to T, kJ/kg;

., and . — the value of the current time, sec;

q(t) —the heat flow inside the working chamber as a function

of time, J/sec;

Formulation of the problem in general.

One of the tasks of Ukraine today is the rational use of
agricultural products in order to reduce their losses. Vegetable
raw materials are characterized by short shelf life [1]. Heat
influence is one of the most widespread technological
operations in the processes of processing of vegetable raw
materials, and thermal heating in order to reduce the initial
moisture content of processed raw materials (drying) is one
of the most common ways of preserving, preparing and
semi-fabricating food products [2, 3].

Analysis of recent research and publications.

Industrial energy consumption for the drying of raw
materials sometimes reaches 25% of the total [2]. This
puts the problem of development energy-saving drying
technologies a top priority. Drying moisure material is one
of the most effective means of processing it for long-term
storage [4]. When simulating the process of drying plant

m(t, ) and m(t,, ) — the mass of the sample at appropriate
times, kg;

We_ — the final humidity of the material, %;

t ..—amedium-volume temperature (maximum allowed), °C;

d — moisture content of the heat-coolant, g/kg dry air;
0 — the thickness of the material layer, mm.

material and calculating the thermal-cost of its dehydration,
typically used data from the heat of vaporization, which were
obtained for the conditions of evaporation of pure water
from a free surface [4]. Sometimes they are clarify for drying
in the area of hygroscopic moisture content of the material
based on the analysis of sorption curves [5]. However, it is
assumed that a significant increase in the heat of evaporation
begins after the removal of all free moisture and before
removal the associated moisture. However, it is known and
confirmed by the results of our previous experiments that
the reduction of bound water content in some plant tissues
occurs during removal of free water [6]. There is an increase
in the energy consumption of evaporating water from the
initial stages of drying by removing a certain amount of
bound water [4]. Moreover, due to the dependence of the
processes of diffusion of moisture and deformation of plant
tissues on the drying regime, the amount of bound water in
the evaporating moisture may vary differently [7].
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The purpose of the work. Thus, the question arose about
the need to study the influence of technological parameters of
the processes of pre-treatment and dehydration of vegetable
raw materials on energy consumption in the manufacture of
dry food powders. In particular: the process of preliminary
creation of phytoestrogenic, carotene-containing plant
compositions (mixtures of soybeans, carrots and spinach)
and the application of the step mode of raising the
temperature of the coolant during drying.

Outline of the main research material.

The main task that arises when soybeans are dried is to
preserve their phytoestrogens and prevent lipid oxidation.
The high content of fatin soybeans and the risk its of oxidation
reduces the term of storage of raw materials. To prevent
this soybean was combined with carotene-containing raw
materials - carrots and spinach. Carotenoids of carrots and
spinach help stabilize soybean fats and prevent them from
oxidizing during the processing and storage of soy-vegetable
compositions [8]. On the other hand, carotenoids are better
converted to vitamin A, which prevents the formation of
cholesterol in the blood, strengthens the immune system,
has antitumor and anti-stress effects, when the diet requires
the required amount of protein and fat [8], which a lot in
soybean. In addition, the shelflife of spinach at a temperature
of 0 ... 1 °C and a relative humidity of 90 ... 95% for only
2 days, so its drying, separately and in a mixture, significantly
extends the shelf life.

Based on the above, was improved the technology it
was of pre-hydro-thermal treatment of phytoestrogen raw
materials and mixtures based on it before drying [2-3, 9]. It
consists of the following technological steps. Soaking soy in
water. Washing soybeans. Soybean boiling for inactivation
of anti-food components (Trypsin inhibitor) [2, 3], which
increases the digestibility of soy protein. Rewashing of
soybeans again. Preparation of carrots and spinach. Soaking
the spinach in water with a temperature of 20... 25 °C for
5 minutes. This operation is a must, because then there is
a minimal loss of vitamins and other biologically active
substances of spinach during drying. Soybeans, carrots
and spinach were crushed to approximate size 7x4x3 mm.
Were created of soy-vegetable phytoestrogenic carotene-
containing compositions by mixing the components in 1:1
proportions.

In the process of drying plant materials, much energy
is expended on the evaporation of moisture. The practice
of drying a number of complex plant materials has shown
a significant difference between the real values of heat
consumption for the evaporation of moisture from them
from the heat of evaporation of pure water. As the increase

in energy costs in drying plant materials is associated with
difficulty in permeability of water through cell membranes
and the difficulty of removing water that interacts with
soluble components of cellular juice and skeletal molecules,
it was important to investigate the effect of the creation of
functional compositions of vegetable raw materials on the
specific heat of evaporation of water [10].

The calorimetric method based on continuous
simultaneous measurement of the sample mass reduction
and the amount of heat expended on the evaporation process
in the isothermal drying process was used to determine
the heat-cost on evaporation humidity from the proposed
functional mixtures and their components. Experiments
were performed using an improved version created
installation of the DMKI-01 synchronous thermal analysis
in the Institute of Engineering Thermophysics NASU. A
calorimetric platform with deep cylindrical cells was used to
investigate dispersed materials [11]. Conductive isothermal
drying of samples weighing 0.3 g was occurred in the
working chamber of the calorimetric unit at a temperature
of 60 °C until the samples reach equilibrium moisture. A
drying temperature of 60 °C was selected as the optimum
for protein-containing raw materials. The mass of dry matter
in the sample was determined by the method of drying inside
the working chamber at 105 °C.

The current values of the specific heat of evaporation of
water from the sample was determined, starting from the
time of establishing thermodynamic equilibrium inside the
calorimetric chamber, by the formula:

Tq(r)d T

=
m(t,_)—m(7,,)
where r,—specific heat-costs consumption for evaporation
during the time from t_ to 7, , kl/kg;

T, and 1 — the value of the current time, sec;

+1°

q(t) — the heat flow inside the working chamber as a
function of time, J/sec;

m(t. ) and m(t,) — the mass of the sample at appropriate
times, kg.

The results of measuring the value of the specific heat
of evaporation of water from phytoestrogen raw materials
are shown in Figure 1 (a, b). From Figure 1 (a) we can see
that at the beginning of drying the heat of evaporation of
moisture from carrots and soybean-carrot composition is
about 4...5% higher than the heat of evaporation of pure
water. Mixing of the components has led to the fact that
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during the drying process at a temperature of 60 °C, starting
from a humidity of 65%, in mixture is exothermic reaction,
which is accompanied by additional heat release. As a result,
the specific heat-costs for the dehydration of the soybean
and carrot mixture from 50% to 30% relative humidity
becomes even less than the specific heat consumption for the
evaporation of pure water. It can be assumed that it was an
exothermic reaction of the interaction of soybean fats with
fat-soluble carotenoids, but more accurate characterization
of this reaction requires further investigation. A similar
pattern is observed in the study of the heat of evaporation of
moisture from soy-spinach composition and its components
(Figure 1 (b)).

Carotenoids - labile substances that are easily destroyed
under the influence of oxygen, light and heat. Drying of
the carotene-containing raw-materials at 100 °C results in
the loss of about 40% of the carotenoids [8] and melaidin
reactions. Drying of proteinaceous raw materials at high
temperatures of the drying agent leads to denaturation of
proteins. Therefore, to prevent these processes, as well as to
preserve biologically active substances, it is recommended
to dry protein-carotene mixtures using modes in which the
temperature in the material layer will not exceed 60...70 °C.
Therefore, when developing the drying technologies of the
prepared compositions, a careful selection of the drying
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temperature was carried out. For this purpose, experimental
studies of the drying process of the prepared raw material
at different temperature conditions were carried out on a
convective drying stand. Prepared mono-raw materials and
compositions were placed on a mesh tray of size 100x50 mm,
which was placed on the balance of the scales in the drying
chamber. Thermocouples were inserted inside the material
to measure material temperature changes during drying.
Investigation of the drying process was carried out to the
final humidity of the material W¢_= 4 %, because the drying
of materials to a moisture content below 5% can significantly
increase their shelf life in a powdered state [9]. To determine
the current humidity of the material, the samples were
dried after the experiment to a completely dry weight at
100...105 °C. (GOST 28561-90 «Determination of moisture
content by drying to constant weighty).

For study the effect material condition (mono-raw-
material and soybean-carrot mixture with initial humidity
W = 73,8 %) on the duration of drying and the quality of
the dried raw material, used a temperature of 70 °C coolant,
because, based on our previous studies [9], increasing
the temperature of the coolant to 80 °C leads to oxidation
of lipids and partial destruction of carotenoids. Drying
conditions of soybeans, carrots and mixtures therecof were
the same. A general analysis of the drying and temperature
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Fig.1. Dependence of the specific heat of evaporation of water from samples from there relative

moisture during drying: a) 1 — carrot, 2 — soy, 3 — soy-carrot mixture, 4 — water;

0) 1 —spinach, 2 — soy, 3 — soy-spinach mixture, 4 — water.
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curves (Figure 2) showed that the temperature on the material
during the drying process rises: initially intensively, that is,
on diapason up to the temperature of the middle of the bulk
of the material layer 7, = 60 °C soybean moisture content
can drop to 20%, carrot — to 54%, soybean-carrot mixture —
to 26,8%, and then slowly, approaching the heat-coolant
temperature (within to the temperature of the middle of the
bulk of the material layer ¢ = 61-70 °C). It is known that
after the material reaches a temperature range of 70-80 °C,
its sharp darkening and deterioration of appearance occurs
[8]. In the study at temperature up to 70 °C visual changes in
the color gamut and appearance did not occur. Also, drying
the soybean-carrots mixture showed at 5.6% reduction in
the drying time relative to the mono-raw material (carrots)

(Figure 2, curves 2 and 1). It is known that saving the
operating time of technological equipment in production
conditions is equivalent to reducing energy consumption
[12].

Convective drying processes are one of the largest
energy intensive industrial processes. One way to solve
this problem is to develop energy-efficient drying modes.
In order to reduce the energy consumption of the drying
process, soybean-carrot mixture drying studies were carried
out using a stepwise change in the coolant temperature of
100/70 °C. As the temperature in the medium-volume layer
of material approached the allowable (70 °C), the heat-
coolant temperature was lowered from 100 °C to 70 °C to
prevent material from overheating (Figure 3). The use of
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Fig.2. Kinetics of drying (1,2,3) and temperature curves (1°,2°,3°) mono-raw-material and soybean-

carrot mixture under regime parameters t = 70°C, v = 2,5 m/sec; d = 10 g/kg dry air, 6 = 15 mm:

1, I’— carrot; 2, 2°— soybean-carrot (1:1); 3, 3’— soybean
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Fig. 3. Change in moisture content (a) and drying speed (b) soy-carrot mixture under the influence of
heat-coolant temperature 70°C and 100/70 °C.
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high temperatures is possible only at the stage of removal of
free moisture, prolonged use of high-temperature mode of
drying (100 °C) leads to the undesirable melanoidin reaction
of proteins with amino acids, as a result of which they are
destroyed, the qualitative characteristics of the raw material
are changed [2]. The process of removing moisture from
the soybean-carrot mixture when using a two-stage mode
(Figure 3 (b), curve 1) is characterized by a higher velocity,
its maximum speed higher by 0.2% / min than at one-stage
mode (Figure 3 (b), curve 2). After reaching a medium-
volume temperature ¢, = 66...70°C (W° = 32 %) the rate
of drying of the composition for the two-stage temperature
regime (Figure 3 (b), curve 1) is lower than the one-stage
mode (Figure 3 (b), curve 2), but the time to reach the
final moisture content differs significantly. The two-stage
temperature regime reduced the drying time by 8% relative
to the one-stage.

Mode options: 6 = 15 mm, W¢_= 4 %; v = 2,5 m/sec,
d =10 g/kg dry air. 1-100/70 °C, 2 — 70 °C.

Soy proteins are by their nature heat-sensitive and after
breaking the temperature threshold of 65... 75 °C (and in
some sources 60 °C) their destruction begins [13]. Since it
is difficult to track the onset of an overheating process in the
middle-volume of the material under industrial conditions,
then the study of the process of single-stage drying of
soybean, spinach and soybean-spinach mixture with initial
moisture W = 735 % was carried out at a heat-coolant
temperature 60 °C. As in the study of the soybean-carrot

Moisture content, %

mixture, a significant intensification of the drying process
was observed (Figure 4). As a result of the combination of
phytoestrogenic raw materials (soybean, W, .. =62%) with
carotene-containing raw materials (spinach, W, ..-=93%)
there is an intensification of the drying process compared
to spinach by 10% and soybean by 41%, which also has
the effect of reducing the energy consumption of the drying
process [14]. Comparing curve 2 in figure 4 and curve 2
in figure 2, it is impossible not to notice that in the case
of drying soy-spinach mixture at 60 °C coolant, the drying
time is shorter than when drying soy-carrot mixture at 70 °C
coolant. The specific heat costs for removing moisture from
soybean spinach mixture are also 10% less than for soybean-
carrots (Figure 1 (a), curve 3 and figure 1 (b), curve 3).

In the study of the influence of the step change of the
heat-coolant temperature on the drying process of soybean-
spinach mixture (Figure 5), the heat-coolant temperature
was reduced from the initial 100 to 60 °C, when the
temperature in the material layer approached to the allowable
(60 °C) [14]. From Figure 5 (a) we can see that the stepwise
(100/60 °C) change in the coolant temperature during
drying of soybean-spinach mixture (curve 1) allows to reduce
the drying time compared to the mono-temperature regime
(curve 2), the process is intensified by 21%. This intensification
outweighs the effect of using a stepped temperature regime
(100/70 °C) when drying the soybean-carrot mixture
(Figure 3 (a), curves 1 and 2). As can be seen from
Figure 5 (b), the use of a stepwise change of temperature
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Figure 4. Change of moisture content (1,2,3) and temperature curves (1°,2°,3°) mono-raw-material and

soy-spinach mixture over time. Regime parameters: t = 60°C, v = 2,5 m/sec; d = 10 g/kg dry air,

0=15mm. 1, 1’ spinach, 2, 2’ — soy-spinach mixture,3, 3’ — soybean.
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Fig. 5. Change in moisture content (a) and drying speed (b) soy-spinach mixture under the influence of
heat-coolant temperature 60 °C and 100/60 °C. Regime parameters: 0 = 15 mm, Wek =4 %; v = 2,5 m/c,
d =10 g/kg dry air. 1-100/60 °C, 2 — 60 °C.

(100/60 °C) allowed to increase the average speed of the
process, maximum drying speed N = 2,8 %/min (Figure 5
(b), curve 1), which is 1.75 times higher than the one-step
mode 60°C (Figure 5 (b), curve 2) [12].

Conclusions. The results of studies have shown that the
creation of a composition of soybeans, carrots and spinach
at the stage of preliminary preparation of phytoestrogenic
carotene-containing vegetable raw materials for drying can
significantly intensify the drying process of raw materials
and reduce its energy consumption.

It is established that the specific heat consumption
for the evaporation of water from the developed soybean
based plant compositions with the addition of carrots and
spinach is less than the cost of evaporation of water from the
individual components. When the moisture content of the
material is from 50 to 30%, the specific heat consumption
of evaporation is lower than the specific heat consumption
for evaporation of pure water. This can be explained by the
fact that in drying of the proposed composition registers
an integral thermal effect between the components of the
mixture, accompanied by an exothermic effect, and due
to the interaction of the components in the composition is
intensified drying process.

It was found that previous layout in composition of
soybeans with carrots accelerates the process of drying
relative to carrots by 5.6% when using a single-stage
(70 °C) temperature regime and by 8% when using a two-
stage (100/70 °C) temperature regime. Previous layout of
soybeans with spinach speeds up the process of single-stage
(60 °C) drying compared to spinach by 10% and soybean
by 41%, and two-stage (100/60 °C) drying — by 21%.

The difference in the time required for drying the soybean-
carrot and soybean spinach compositions is due to the
different structure and biochemical composition of the
mono-raw material.
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V 3B'SI3Ky 3 BUCOKUMH €HEPreTHYHUMHU BUTpaTaMu Ha
CYUIMJIbHI TIPOIIECH BUHUKA€E HEOOX1THICTh MONIYKY IUISIXiB
3HWKEHHSI €HeprocrnokuBanHs. OpHaK, CyLIiHHS POCIIWH-
HUAX MaTepiaiiB - 1€ TETUIOTEXHIYHUHN MPOIIEC ITiJ Jac sIKO-
TO 3MIHIOIOTBCS TEXHOJIOTIYHI Ta O10XIMIYHI BIIACTHUBOCTI
Marepiany. 3acTOCyBaHHsS  HEBIAMOBITHHX  PEKUMHUX
napameTpiB MpoLECy IIOAO0 BIACTUBOCTEH KOHKPETHOTO
POCIIMHHOTO MaTepiaay MOXe 3HAYHO MOTIPIIUTH SKICHI Xa-
PaKTEPUCTUKH KiHIIEBOTO MpoxykTy. LI{00 yHUKHYTH 1IOTO
OyJIo BIIOCKOHAJICHO TOTEPEIHIO TiApOTEepMiuHy OOpOOKY
(bicToecTporeHHOT POCIMHHOI CHPOBHHHU Ta ii cymilied 3
KapOTUHOBMICHUMH OBOYaMH; PO3pOOJIEHO CTYIECHEBI pe-
KUMH 3MIiHH TEMIIEpaTypH B TIpolieci CymnriHHA. Bce 1e B
KOMIUIEKC] JI03BOJIMJIO 3HMU3UTH 3arajbHy TPUBAIICTH CY-
LIMIIBHOTO MPOLECY 1 CKOPOTUTHU Yac BIUIUBY BUCOKUX TEM-
neparyp Ha TepMOJIa0lTbHUN MaTepial.

VY crarTi BHKIAACHI pe3yNbTaTH AOCIHIIHKCHHS BILIH-
By TNOMNEpeAHbOI MiATOTOBKH (DITOECTPOTEHHOI CHUPOBH-
HH 1 CTYIICHEBOI 3MIHH TEMIIEpPaTypHd B TIPOIECI CYIIiHHSI
Ha €HEPTOBUTPATH NMPH BUPOOHHIITBI CyXHX MOPOMIKIB. A
TaKO)K PE3YJIbTaTH AOCHIDKEHb II0 BU3HAYEHHIO BUTPAT
TEIUIOTH Ha BUIIAPOBYBAHHS BOJIOTH 3 (DITOECTPOTCHHUX
POCIMHHHX CYMIITECH: cos-MOpKBa i cos-mmuHaT. Ekcrre-
PUMEHTAJILHO JOBEACHO, IO MUTOMi BUTPATH TEIUIOTH Ha
3HEBOJHEHHST KOMTMO3UIli i3 coi Ta MopkBu Bim 50% mo
30% BoJIOTOCTI MEHIIE HI’)K MUTOMi BUTpAaTH TEIUIOTH Ha
BHITapOBYBaHHS 4yncToi Boau. llomepenHe 3minryBaHHs coi
3 MOPKBOIO NPHCKOPIOE IMpoLec CyliHHA Ha 5,6% momno
CYLIIHHS MOPKBH, a cOi 31 mmuHaroM - Ha 10% (BigHOCHO
yacy cywiHHs mmnuHary) ¥ 41% (BiZHOCHO 4acy CymIiHHS
rizporepmiuyHo 00podieHoi moapioHeHoi coi). Bukopucran-
HSl CTYNICHEBHUX PEXHMMIB 3MIHM TeMIEpaTypy TEIJIOHOCIS
JIOJIATKOBO 1HTEHCU(IKYE MPOLIEC CYIIIHHSI KOMITO3HIT COsi-
MopkBa Ha 8% (100/70 °C), a xomMno3wuiii cos-IIMAHAT HA
21% (100/60 °C).

OTpumaHi pe3ynbTaTd JO3BOJIIIOTH 3POOMTH  IIPO-
[eC MEHII EHEProBUTPAaTHUM 1 MaKCHMAJIbHO 30eper-
TH OIOJIOTIYHO AaKTHUBHI PEYOBHHH TEPMOJAOIITBHOTO
(hiTOECTPOTEHHOTO POCIMHHOTO MaTepiay.

bibmiorpadis 14, puc. 5.
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