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The article solves the problem of thermal injury of seeds of gramycrops,during drying, which are capillary-
porous bodies. It is hypothesized that the use of a vacaum i1 the drying chamber reduces the risk of thermal
stress. In this regard, the article studies the effect of a vaeuumiinside the drying chamber on the diffusion of
moisture inside the seeds. Seeds are complex materials in which moisture has different bonds with dry matter.
During the working process, the drying speed in‘the surface layers and inside the seeds occurs at different
speeds. As a result, drying stresses occur, which causgycraeks on the surface of the seeds. Based on the solu-
tion to the differential diffusion equation with an absorbing screen as a boundary condition, the condition for
drying without thermal stresses is found. Experimental verification of theoretical studies is carried out on a
specially made experimental setup on thelexample of corn seeds. The effect of thermal stress on seed viability
is determined by laboratory germination. Experimental studies confirm the adequacy of theoretical state-
ments. Thus, when drying the seeds of grain crops, which are capillary-porous bodies, there is a limit value of
rarefaction, above which cracks’appear on'the surface of the seeds due to different drying rates on the surface
and inside. For drying seeds ofigrain“erops without thermal stresses, it is necessary to consider not only the
heating temperature but also'the ratefaction in the drying chamber, which should be close to the limit value.

Keywords: seeds, dilutiongvacuum, drying, laboratory germination, exposure.

Introduction

Onegof the components of the success of obtaining a high yield of cereals is the use of quality seed.
Quality ‘sowing material is determined not only by varietal characteristics, but also by homogeneity, content
of weed seeds, debris, injured seeds, and moisture.

When drying the seeds, the main attention is paid to the level of injury to the seeds by dryers, and fuel
consumption becomes a secondary issue.

In seed production and selection for drying seeds with high humidity, convective drying in a stationary,
sedentary and fluidized bed is usually used, which is realized in chamber, conveyor, bunker and mine dryers.

To intensify the moisture transfer in the seeds heating is used, which is provided by air flow with a
temperature not exceeding 65 °C. The upper value of the temperature is due to the fact that at a given tem-
perature level there is an intensive removal of moisture, but not yet denatured protein structures of the seed.
Mild temperatures have been developed for different crops [1-4], which must be maintained when drying the
seeds in different convective dryers to reduce the risk of thermal injury. Since convective drying uses mainly
hot air or a mixture of air with combustion products, and the seeds are dried in a layer with a given thickness,
when using adapted thermal regimes with minimal mechanical impact, areas of undried seeds are possible. In
addition, depending on the type of heat generator used, it is necessary to constantly maintain the required
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mode during the drying process, which is not always possible to withstand during the working season due to
the human factor. All this is especially important for selecting seed dryers, where each seed counts.

Despite the measures developed to reduce thermal injury to seeds during drying, dried seeds have lower
germination, growth strength, and germination friendliness compared to undried seeds. This is explained by
the difference in the properties of individual seeds and the nonlinear nature of the thermal conductivity of the
seed layer, which leads to overheating or underdrying of individual seeds. To improve the sowing properties
of seeds after drying, it is necessary to reduce their thermal injury by limiting or eliminating the influence of
the temperature field, as well as increasing the uniformity of drying of seeds. In [5-9], the positive effect of
vacuum on the drying process is shown. However, the effect of vacuum on the drying process of crop seeds
has been insufficiently explored, which makes this study relevant.

1. Theoretical part

The main parameters that affect the quality of dried seeds are the temperature of the seeds 6 and the
vacuum in the vacuum drying chamber P. To understand their effects, one needs to know theyprogess of dry-
ing seeds. Since we did not consider the diffusion of moisture during drying, but only‘the evaperation of
moisture from the surface layers of the seed, then it is not possible to identify the causes“ofycracks in the
seeds. Therefore, seeds should be considered a heterogeneous material. Any seed gonsiststef an embryo, en-
dosperm, or cotyledon and shell. For most crop seeds, the movement of moistuge dufing/drying is as follows

(Fig. 1).
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P — partial pressur¢'of water vapor inside the seed; P, — partial pressure of water vapor inside the drying chamber.
Figure 1. The scheme of removal of moisture during drying of seeds

Duringfvacuum drying, the substance of the seed is heated and part of the moisture located near its shell
evaporates. At the same time, a moisture gradient is created, due to which, under the action of diffusion,
moisture continuously moves from the inner parts of the seed, where the embryo is located, to the surface on
which it evaporates. Water vapor molecules diffuse through the boundary layer and saturate the volume of
the vacuum drying chamber. A necessary condition for evaporation is P> P, (Figure 1). It should be noted
that the evaporation of moisture does not occur from the surface, but from the evaporation zone, located in
the peripheral part of the seed (Fig. 1). As the moisture evaporates, this area moves deep into the seed.

The heterogeneity of the seed structure is the reason that moisture is removed from different parts in
different ways: from the outside - through evaporation, from the inside - due to diffusion. Because of differ-
ent methods of moisture removal, different parts of the seed are dried at different speeds, which means that
the drying of the seeds is uneven. This can be represented by the following scheme (Fig. 2).
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Figure 2. Scheme for determining the drying stresses in the seed

It is divided into two zones: a zone of external evaporation with a thickness of & and a zone ef internal
evaporation with a thickness of r.-4. Drying stresses in the seed occur when the differénce 1, deformation of
the seed areas Ad; — Ad, > 0. It is equal to the following value according to Fig. 2¢

Ady — Ad, = do - B+ (ug — uy), (D

where Ad;, Ad,— deformations in the outer and inner zone of seed evaporation, respectively, m;

d, — the equivalent diameter of a completely dry seed, m;

B — coefficient of linear drying;

Uy, 4, — humidity in the outer and inner zone of seed evaporation [ 10—12], respectively, %.

We assume that the deformation occurs in the elastic regiom, then“using the value of deformation (1),
the formula for the deformation of spherical shells and the Laplaee equation for the sphere [13] we obtain the
expression for calculating the drying stresses in the seéd:

_ dorE v
o=y U @
where E — modulus of linear deformation, H/né;

1 — Poisson’s ratio.

When a certain value of o exceeds the surface of the seed, cracks appear. Expression (2) shows that the
main factor influencing the appearance offcracks is the humidity gradient (u, — u,). Therefore, for safe
drying it is necessary that the dryin@ rate onuthe surface was less than or equal to the diffusion rate:

duy du,

dt s dt’ (3)

% according topl 4] is:

Al

du, _ Al . _ e
T R R @
where A4-— regime €oefficient characterizing the thermophysical properties of seeds, Pa'/s;

Uy, Ugg— equilibrium and initial seed moisture, respectively,%;

P —vaeaum in the drying chamber, Pa.
u

Drying speed inside the seed dd

TT, on the other hand, is described by the differential diffusion equation

with an absorbing screen, assuming that moisture is absorbed on the surface of the seed according to the law
(4), the diffusion flow is parallel to the equivalent seed radius, and that the rate of moisture diffusion from
the center of the equivalent seed ball in all directions and depends only on the distance r) [15-18] (Fig. 3):

ou, 0%u,

= B S )

where f,,, — moisture diffusion coefficient, m*/s;
r — distance from the absorption screen, m.
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: . . . d
The center of the equivalent seed ball retains moisture for the longest time (r = 7“’), therefore,

comparing the humidity at this point and on the surface of the equivalent sphere, we observe the largest
gradient(u, — u,).

To find the gradient (u, — u,) it is necessary to know the dynamics of humidity change inside the
seed u,. To do this, solve the differential equation (5) under the following boundary conditions:

Al
u-(0,7) = up(de, V) = (up —up) - P ' +u, (6).
Initial conditions:

u.(r,0) = ug . (7)

Absorption screen

AL

2 3 : " =T
u(m)=(uy-u,)e " +u,

Diffusion flow

Figure 3. Scheme for determining the differential equation ofidiffusion inside the seed.

Final condition:
U, (1, N Up), (3)

The differential equation in partial derivatives, (5) is aidifferential equation in partial derivatives of the

second order of the parabolic type. They are solved, by ghe Fourier method by introducing an additional

function. Then the drying rate inside the seed ddu

Tr is equal to:

Jur _ AL, —u)- —%'T_}_ » CA1l- ” 2 .[1=cos(m-n)] -sin(A, - r) x
=3 (up —up) - e (o =iyp) — cos(m-n)] -sin(A, ") X,

ot n=1T
2 Al
By, e~ PminT_AL~pT
X 5 ) ©
B An-P—A1

where 4,, = %n — own functiefis of the boundary value problem.

e

Equating % to d:rr andsselving the algebraic equation with respect to P we obtain:
Al-d}
P = ﬁm_n“;. (10)

The'moisture diffusion coefficient 3, depends on the heating temperature of the seeds 4 and slightly on
the humidityqu ag€ording to the formula [14]:

Bm = Pm (2739+90)k’ (11)

where B2, — moisture diffusion coefficient at seed heating temperature 6, m?/s;

k — empirical coefficient depending on humidity.

Substituting the value (11) in the formula (10) we obtain the minimum value of pressure P for gentle
drying of seeds of cereals:

dZ
P>Al-—% (12)

[
ﬁ’%'(273+60) L
Dependence (12) shows that the value of the pressure inside the drying chamber P is directly propor-
tional to the mode coefficient Al and inversely proportional to the seed temperature 6. Dependence (12) also
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shows that for gentle drying of seeds in the drying chamber the value of pressure must not decrease less than
the value of P. With a large value of dilution, damage to the seeds is possible. To verify the validity of this
statement, it is necessary to conduct experimental research.

2. Experimental part
2.1 Methods of experiments

To conduct experiment, we use a drum dryer, inside the drying chamber of which it is possible to create
a vacuum of up to 2 kPa (Fig. 4).

faqe s 13 2 4N 2 & 4 g 5 3 g f

Figure 4. Structural scheme of t

1 —rack; 2 — technological chamber; 3 — drying chamber; 4 — flanges; 5 — heating cylinder with blades;
of signals from sensors; 9 — Bluetooth antenna; 10 — hollow axis;
; 13 — drive flange; 14 — cap; 15 — vacuum gauge;

itor; 18 — vacuum pump; 19 — arc with support rollers

11 — chain crown; 12 — slidin;
16 — valve of the vacuum pu;

The vacuum inside the drying c (3) is created by the vacuum pump (18). When the required
vacuum is reached, the readings,z ved from the vacuum gauge (15), close the valve 16 and turn off the
vacuum pump (18). The seed eaded into the drying chamber (3) by opening the cover (6). A capacitive
humidity sensor and a di ature sensor DS18b20 are connected to the walls of the heating cylinder

heating in the dryi ber (3) took place through the cylindrical surface of the heating cylinder with
blades (5), on th

perature séedsiwe justed by changing the electric power supplied to the heater of the heating cylinder
with bla @ When the humidity reaches the heater is turned off, then open the vacuum valve on the cover
(6), after re @ atmospheric pressure in the drying chamber (3) by means of a clamping mechanism (7)
open the covery(6) and pour dried seeds (3).

To verify the validity of condition (12), a sample of corn weighing 715 g with an equivalent diameter of
7 mm, with an initial humidity of 24% and a temperature of 15 °C was used. The drying exposure was de-
termined as the time during which the corn seeds reach a moisture content of 13%. In the experiments, the
temperature was changed from 25 °C to 37 °C in steps of 3 °C. For each step, the drying exposure and the
change in laboratory germination after drying at a dilution of 45 kPa, 60 kPa, and 75 kPa were determined.
Owing to laboratory germination the level of seed injury after drying was identified.

The change in laboratory germination after drying was defined as the difference between the laboratory
germination of the sample before drying and the laboratory germination after drying. Laboratory germination
of maize samples was determined according to DSTU 4138-2002 [19]. Based on the calculations of the de-
pendence (12) for the sample of corn, the limit value of the vacuum in the drying chamber is 52.4 kPa. This
dependence was tested by a series of experiments at a dilution of 45 kPa and 60 kPa. At the same time, a vis-
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ual inspection of corn seeds for cracks was performed with a magnifying glass. Also, the vacuum in the dry-
ing chamber changed from 42 kPa to 60 kPa in increments of 2 kPa, while calculating the percentage of
seeds with cracks to the total number of seeds received for drying.

3. Results and Discussion

Figure 5 demonstates the result of visual inspection of corn seeds after vacuum drying at a vacuum of
45 kPa and 60 kPa at a temperature of 30 °C.

in cracks on the surface of the
ode of drying the seeds must take
into account condition (12).

Figure 6 shows a number of seeds with cracks as nta

100 \
90

seed, which reduces the sowing quality. Therefore, when choox
th

e vacuum inside the drying chamber.

ber of seeds with cracks, %

T~

45 47 49 51 53 55 57 59

Rarefaction inside the drying chamber, kPa
Figure 6. A number of seeds with cracks

It can be“seen from Figure 6 that the percentage of cracks increases exponentially when the vacuum
decreases above 45 kPa.The fact that cracked seeds begin to appear at different values of vacuum inside the
drying chamber (43-51 kPa) is explained by the scattering of the values of the coefficient of diffusion of
moisture inside the seeds of corn.

The effect of seed temperature and dilution inside the drying chamber on the change in laboratory
germination of corn seeds is presented in Figure 7.
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Fig. 7. Graphs of changes in laboratory germination of corn seeds
from its heating temperature: 1 - 75 kPa; 2 - 60 kPa; 3 - 45 kPa

According to Figure 7, it is seen that increasing the temperature of the se€ds during drying reduces the
laboratory germination of seeds. When the value of the vacuum in the drying chambet exceeds the value cal-
culated under condition (12) - graph 3, the laboratory germination decrgases’shatply. When the vacuum in
the drying chamber is reduced to the limit value, the change in the laberatory germination of seeds decreases,
this is due to the fact that at a lower value of the vacuum, the part of heat that is spent directly on moisture
evaporation increases.

Conclusions

These results show that the thermal stresses in capillarypporous bodies, which include in particular the
seeds of cereals, significantly depend on the valug of the Vacuum in the drying chamber. If the critical value
of the vacuum is exceeded, cracks appear on the sutface of/the seeds due to different drying rates on the sur-
face and inside. Therefore, to drying cereal seeds withemt'thermal stresses, it is necessary to consider not on-
ly the heating temperature, but also the vacuumiin the drying chamber, which must be close to the limit value.
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B.A. llIBugs, C.II. Crenanenko, b.1. Kotos, A.B. CinpungB.1O (K§uaepyxk

BakyyMHBIH TYKBIM ilIiHAeri bLIFAJIBIH TAPA/LYybIHA dcepi

Makanaga KanWULIPIBI-KEyeKTi JeHenep OOJIBII TaOBUIATBHIH), NQHAI MAKBUINAD TYKBIMIAPHIH KENTipy
Ke3iHJeri TepMUSUIBIK 3aKbIMAaHy Moceneci meminreH. Kenmipy KamepacklHIa BaKyyMIBI KOJITAHY
TEePMUSUTBIK KEpPHEY KaymiH asaiTajgsl JereH OoinkaM 0ap.. OChEaH OalIaHBICTHI aBTOpJAp KENTipy
KaMepachIHbIH IITiHAeT] BaKyyMHBIH TYKBIM IIIIHIET] bUFaMbIH TApaTyBiHa dCcepiH 3epTTeyAi KapacThIpFaH.
TykpiMaap — OyJI bUIFANIBIH KYpFaK 3aTIiCH OpTYPJi OaiaHbICTapsl Oap Kypaedi Mmarepuat. JKymsic
NpoLeciH OpbIHAay Ke3iHae OeTki KabaTTapAarbl KOHEZTYKBIMIAPIBIH ILMHAETT KENTipy >KbUIIAMJIBIFBI
OpTYpIi KbUImaMabikTa Gomaael. HotmkeciHa€hkentipy KepHeynepi maiiga Gomagsl, Oyl TYKBIMIApIbIH
Gerinae >kapbikrap Tyabipansl. Llektik mrapt ‘periHae SKyTy dkpaHel Gap aubdy3usbik  auddy3ust
TeHJEYIHIH IIemiMi Heri3iHAe TepMHSUIBIK KepHEysdePCi3 KenTipy MmapTel TaObUIanbl. TeopHsUIBIK
3epTTeyaepal TKIpHOemik Tekcepy »Kyrefi TYKBIMBIHBIH MBICAIBIHIA apHAWbl JKacalFaH TaXipuOelik
KOHJBIPFBIIA XKYPTi3inmi. TYKbIMHBIH eMipIIeHIIriHe TEPMUSIIBIK KEPHEYIIH ocepi 3epTXaHAIBIK OHY apKbLIbI
AHBIKTAJABL. DKCIEPUMEHTTIK 3€pTTEYICPUECOPHSIIBIK TYKBIPBIMIAPIBIH COHKeCTIriH pacrajnsl. COHBIMEH,
KaIlUIAPIIbI-KEYEKTi JieHe 6ol ZA0BUIATHIH T9H1 JaKbUIIapAblH TYKBIMAAPBIH KeNTipy Ke3iHae CUPeTyaiH
HIEKTI MOHI 0Gap, O achlll KeTKeH|Ke3ze | TyKbIM OeTiHje oHe ilIiHAge op TYpJi KenTipy >KbUIAaMIBIFbIHA
0aiaHbICThI XKapbIKTap Maiija Oodamsl. ASH/ JaKbUIIAPABIH TYKBIMBIH TEPMHSIIBIK KEPHEYCi3 KeNTipy YIIiH
KBI3/IBIPY TEMIIEpaTypachlH FaHA@MEC, COHBIMEH KaTap KeNTipy KaMepachbIHAAFbl CUPETYi Jie eCKepy Kepek,
OJI IEKT1 MOHTE KAKBIH HOTYBPKEPEK.

Kinm  co30ep; TYKbIMAAPIbIH  TEPMUSIIBIK 3aKbIMAAHYBI, acTBIK MAKBUILAPHI, JKBUTYy TEeMIeEpaTypackl,
KaNWULIPIIBI-KEYEKTL eHeTep.

BeA, [MBuyia,C.11. Crenanenko, b.1. Koros, A.B. Cniupun, B.1O. Kyuepyk

Biausinne Bakyyma Ha 1udy3uro Bjaru BHyTpH CeMsH

B crarse peniena npo6iema TepMUYECKOTO TPAaBMHUPOBAHHS CEMSIH 3€pPHOBBIX KyJIBTYp IIPH CYIIKE, KOTOPEIE
SBJAIOTCS KaMJUIIPHO-MOPUCTBIMU TeNlaMH. Bblia BBIIBUHYTa TUIIOTE3a O TOM, YTO MPUMEHEHHE BaKyyMma B
CYLIWIBHOM KaMepe M03BOJISIET CHU3UTh PUCK TEPMUUECKUX HAIPsDKEHUH. B 3TOH cBsi3M aBTOpaMu paccMoT-
PEHO MCCleIOBaHKE BIMSHUS BaKyyMa BHYTPH CYLIMJIBHOW Kamepbl Ha auddy3uio Biaru BHyTpH cemsH. Ce-
MEHa ABJIAIOTCS CIIOXKHBIM 10 CTPYKTYpPE MaTepHaoM, B KOTOPOM BJlara MMeeT pa3Hble CBA3U C CyXHM Bellle-
crBoM. Ilpu BEIMOIHEHNH paboYero mporecca CKOPOCTh CYIIKHM B MOBEPXHOCTHBIX CIIOSIX W BHYTPH CeMsH
MIPOUCXOJUT C Pa3HOU CKOPOCTBIO. B pe3ynbraTe uero BOZHUKAIOT CYIIMIBHBIC HANIPSKECHUS, KOTOPBIC BBI3bI-
BaIOT TPEIIMHEI Ha TIOBEPXHOCTH ceMsH. Ha ocHoBe pemenus nudepeHnuansHoro ypaBHeHus auddysun ¢
TIOTJIOTUTEILHBIM 9KPaHOM B Ka4eCTBE TPAHHIHOTO YCIOBHUS HAHJEHO YCIIOBHE JUIS CYIIKH 03 TEPMHIECKHX
HampspKeHUH. DKCIepUMEeHTaIbHas NPOBEPKAa TEOPETHUECKUX HMCCIEJOBAaHUH NMPOBOAMIACH HAa CIEIHAIBHO
U3TOTOBJIEHHOW 3KCINEPUMEHTAILHOM YCTaHOBKE Ha IPHUMEpPE CeMsH KyKypy3bl. Bo3aeicTBue TepMudeckux
HamNpsHKEHUH Ha JKM3HECTIOCOOHOCTh CEMSIH OMpeeNTsTH U3-3a JaO0paTOPHON BCXOXKECTU. DKCIEPHMEHTAb-
HBIE HCCIIEIOBAHUS IOATBEPIMIN aJJeKBATHOCTh TEOPETUIECKUX yTBepkAeHui. Takum o6pa3om, Ipu CyIIke
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CEMSH 3€pHOBBIX KyJbTYp, SIBISIFOLIMXCS KaMIIAPHO-MOPUCTBIM TEIOM, CYIIECTBYET NPeAeIbHOE 3HAUCHUE
pa3pexeHus, MPU MPEBIIIEHNH KOTOPOTO HA MOBEPXHOCTH CEMSIH MOSBIAIOTCS TPEIIUHBI U3-3a Pa3HOH CKO-
POCTHU CYIIKH Ha MOBEPXHOCTH U BHYTpPU. [IJIs CYIIKH CEMSH 3€pHOBBIX KYNbTYp 0€3 TEpMUUECKHUX HampsKe-
HUIl clefyeT yuuThIBaTh HE TOJIBKO TEMIIEpATypy HarpeBa, a Takke pa3pe:KeHUe B CyIIMIBHON KaMepe, KOTo-
poe JOIDKHO OBITH OJIM3KO K PeeIbHOMY 3HAUCHHUIO.

Kniouesvie criosa: TepMuIecKkoe TPaBMUPOBAHUE CEMSH, 3ePHOBBIC KyJIBTYpPHI, TEMIIEpaTypa HarpeBa, Kammi-
JISIPHO-IIOPUCTOE TEIO.
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