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RESEARCH TO SUBSTANTIATE THE MAIN PARAMETERS AND OPERATING
MODES OF THE SOLAR DRYING MODULE AS PART OF A GREENHOUSE FACILITY

Abstract

The use of solar energy and energy-saving technologies has always been relevant. However, in
recent years, due to a sharp increase in energy prices (by 2-4 times) and the tightening of
environmental regulations, these issues have become especially important.

This article is devoted to the development of a solar drying module integrated into a greenhouse
facility for horticultural production, a topic that is both timely and relevant.

The study of the drying process aims to provide a scientific basis for selecting optimal methods
and operating modes, as well as determining the necessary formulas and calculation expressions for
designing drying units. This paper examines a solar drying module placed in the dome of a greenhouse
structure. The main purpose of placing the solar drying module in the upper part of the greenhouse is
to eliminate shadowing throughout daylight hours. Since the air inside the greenhouse has high
humidity, the drying chamber of the helio-drying module receives air from the atmosphere in a heated
form, serving as the drying agent.

The proposed improvement in greenhouse design, achieved by integrating a solar drying
module during the summer period-when solar activity is at its peak- offers several advantages. The
southern regions of the Republic of Kazakhstan provide favorable conditions for the widespread use
of solar energy in greenhouses and drying systems, as they experience high solar activity during
summer, as well as spring and autumn.

Theoretical and experimental research has been conducted to justify the key parameters and
operating modes of the proposed helio-drying module, which is designed for drying various
agricultural crops in the Southeastern regions of Kazakhstan.

Keywords: greenhouse, solar dryer, solar drying module, humidity, solar energy, drying,
convection, heat exchange, heat capacity, enthalpy.

Introduction

Drying of plant products is a very complex technological process. Drying is a heat and mass
transfer process designed to dehydrate various materials and products. The drying process is carried
out by supplying heat to the product to be dried. As a result of the heat applied to the product, moisture
evaporates. Depending on the type of products, different ways of increasing the efficiency of drying
plants are used. The creation of highly efficient drying plants is based on a limited connection of
theory, technology and technique of drying. In this direction a great contribution was made by
scientists like P.A. Rebinder, D.V. Lykov, A.S. Ginzburg and others.

Known methods of production of dried products have a number of disadvantages. Drying
apparatuses for the production of dried products of plant origin, working on liquid or gaseous fuel,
are inefficient, because of the high energy costs of installations that affect the cost of production. In
addition, when the products of fuel combustion get in, the quality indicators are reduced, reducing
the biological value of the products.

Heat treatment of products of plant origin in solar drying plants is more acceptable in conditions
where there is a sufficient amount of solar radiation. There are no costs for heat energy production in
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these units, but the heating of the drying agent (air) is limited due to the temperature conditions of
the area. In principle, such temperature is more acceptable for drying of seed material, in which it is
necessary to preserve biological indicators of a living organism. In addition, solar-powered drying
plants have low productivity due to the low temperature of the drying agent and high material
intensity. Therefore, there is no production of solar dryers on an industrial basis [1].

With the advent of more affordable materials in the market, solar dryers for limited volume of
production for small and medium-sized farms are becoming profitable. The most promising is the use
of solar dryers for producers of vegetable and horticultural products that have greenhouse equipment
in their plot. Combination of greenhouse equipment and solar drying module, during the period of
preventive maintenance of greenhouses will reduce the cost of the structural part of the solar dryer

[2].

By mounting the solar drying module on the supporting part of the greenhouses, it is possible
to achieve a more efficient use of solar energy, eliminating the shadow effect of the structure, since
the drying module will be located near the dome of the greenhouse [3].

Methods and materials

The main parameters of the drying regime include temperature, air velocity, and humidity.
These factors influence both the nature of the drying process and the properties of the material being
dried. The drying process is divided into three stages: the initial stage (heating), the first drying period,
and the second drying period.

In the initial stage, the temperature of the material rises until it reaches the saturated water vapor
temperature. During the first drying period, moisture evaporates in a manner similar to evaporation
from an open surface. At this stage, the temperature of the material, the drying agent, and the drying
rate remain constant. The intensity of the process is largely determined by the temperature, mode
parameters, and the velocity of the drying agent.

In the second drying period, the product temperature gradually increases until it reaches ambient
temperature, at which point the drying process is complete. The drying rate decreases progressively
and eventually reaches zero when equilibrium is established between the drying agent and the
product. The drying intensity is characterized by the moisture flux density, which refers to the amount
of moisture evaporating per unit time per unit area of mass transfer.

An increase in air temperature leads to a higher drying rate. According to several researchers,
this also enhances the heat transfer coefficient between the material surface and the moist air.
However, the temperature increase is limited by the thermal sensitivity of most fruits and vegetables,
as excessive heat can cause irreversible changes in the colloidal structure of tissues [4-7].
Additionally, excessive heating can increase heat losses and reduce system efficiency [8].

In the system under consideration, elevated temperatures are not present, as such phenomena
do not occur when using solar energy as the heat source.

The relative humidity of the drying agent serves as a key parameter that determines the direction
of the driving forces of the process.

Air velocity is another crucial parameter in the drying process, especially during the first drying
period. A high drying agent velocity enhances moisture transfer density, which aligns with Dalton’s
law.

In the second drying period, the drying rate is primarily influenced by internal heat and mass
transfer, which reduces overall energy consumption.

The determination of the parameters for the mixing point of two moist airflows with different
characteristics is carried out in accordance with the methodology [9]. Sampling locations for
measuring humidity and temperature in the greenhouse facility are shown in Figure 1.
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Figure 1 - Scheme of measurement points in the research of humidity and temperature in the

solar drying module
1 - inlet measuring point; 2 - outlet measuring point; 3 - inlet opening; 4 - outlet opening

Meteometer MES-200 was used to measure air temperature and humidity. Meteometer MES-
200 is a modern device that allows simultaneous measurement of all microclimate parameters. This
device for monitoring air environment parameters, including atmospheric pressure, relative humidity,
air temperature and air velocity, can be used both indoors and in ventilation ducts.

The external appearance of the MES-200 meteometer is shown in Figure 2.
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Figure 2 - Meteometer MES-200

When measuring air velocity between 0 and 5 m/s, the temperature inside the touch probe may
increase by 2 °C relative to the ambient temperature. The temperature should be measured with a
standardized error after 30 minutes after the air velocity measurement [10].

Results and discussion

The obtained results on determination of air temperature and humidity in the solar drying
module that are presented in the form of graphs (Figures 3 and 4).

According to the data obtained:

- outside air temperature to = 27°C;

- temperature of heated air t1 = 43°C;

- air temperature after drying t2 = 29°C;

- humidity of outside air Wo = 34,0%;

- humidity of heated air Wo = 34,2%;

- humidity of air after drying Wo = 50,5%.
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Figure 3 - Variation of air temperature at the inlet (t1 °C) and outlet (t2 °C) of the solar drying
module
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Figure 4 - Change of air humidity at the inlet (W1,%) and at the outlet (W2,%) of the solar
drying module.

Moist material with mass (M,) at temperature (01) and humidity (W,) enters the drying
chamber. Its parameters after the drying chamber are respectively equal to M, 02 W, (Figure 5).
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Figure 5 - Schematic diagram of the drying process

The mass of removed moisture in the drying chamber is equal to the difference between the
mass of the substance before and after drying.

During the drying process, the mass of absolutely dry material (M,) is constant

100-W, _,, 100-W
- 2

2 =const. )
100 100

MOZMl

Then the mass of the material after drying can be expressed as follows

|\/|2:|\/|1100—_Wl_ (3)
100-W,

Then using this expression it is possible to find the dependence of removed moisture on the
initial mass of the material and humidity

WM, - 1100—W1:M1W1—W2 4
100-W, 100-W,
or on the final mass
_m, 100-Wo g, W W (5)

2100-wW, ¢ 2100-W,’

Moisture balance with regard to moisture content is determined under the steady state drying
regime by making an equality between the moisture supplied with the material and with the drying
agent and the amount of moisture removed from the drying chamber.
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W d gy Wy by (6)
100 T "1000 ~ 2100 " " 1000

where, L - dry mass of drying agent, kg/s;
d, and d,- moisture content of the drying agent before and after the drying chamber, g/kg
of dry air or gas-air mixture.
From equation (6) after transformation it is possible to express the mass of removed moisture

Ld2_d1=MlWl_M2W2 =W . (7)
1000 100
From equation (7) the drying agent flow rate is determined.

~ 1000V
d1 _dz .

L

Then specific consumption of drying agent per 1 kg of evaporated moisture is as follows

L _ 1000 @®)
W d,-d,

The heat balance equation is written as follows
Q+LH, +C,-6W =LH, , 9)

where, H; and H, - enthalpy of drying agent before and after the drying chamber;
Cp - specific heat capacity of water , kJ/kg°C
Heat consumption is equal to

Q=L(H,—H,)-C, oW,

Dividing by the amount of moisture removed, we determine the specific heat consumption
Q

Investigation by experimental method of temperature-humidity regime of solar drying module
is reduced to the construction of the actual drying process in I - d diagram. As it is noted in the actual
drying process enthalpy of the drying agent during the period of moisture removal from the material
at the beginning and at the end are not equal (l1 # I2) [11], but differs by the value 4.

As a result of | - d diagram construction, the initial (d1) and final moisture content of air is
determined and the difference of which (4d) shows the amount of moisture removed from the raw
material. As a result, the amount of air and the duration of the drying process for a given volume of
material is determined.
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Figure 6 — Scheme of theoretical drying in | —d diagram

The diagram was constructed as follows (Figure 6). Parameters of heated air - drying agent
(point B) with parameters ti1, di1 = do, l1 enters the chamber, assimilates moisture from the material
and with parameters tz, d2, I2, @2 (point C) is exhausted by the exhaust device into the atmosphere.

Outdoor air with parameters to, do, lo, @o,, which corresponds to point A. When the air is heated
without moisture to temperature t1, its moisture content does not change (do = di). Consequently,
heating of the outside air goes | - d diagram vertically upward along the line of constant moisture
content up to the intersection with the isotherm t1. At the intersection of these lines we obtain point
B. The parameters of point B will be t1, di = do, I1 respectively, since o in this region is insignificant
(i.e. up to 5%) it is not shown for point B.

According to the definition of the relative humidity of the drying agent, at the intersection of
the iso enthalpy line drawn from point B and ¢ = 100% lies the point characterizing the maximum
ability of the drying agent to retain water vapor.
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Figure 7 - Schematic of the actual drying process in the I - d diagram

Consequently, the line BCo of the theoretical dryer characterizes the work of the drying agent
in assimilating moisture from the material. The drying agent working in the chamber of the solar
drying module increases its moisture content from do = di to d2. If draw a line from the point Co
parallel to the axis d1 up to the intersection with the line AB and find the point Do. The line CoDoin
the scale | - d of the diagram expresses the difference of moisture content d2— do.

In the diagram of the actual process, the theoretical process is also repeated and denoted by the
same letters ABCoDo (Figure 7). Next, we find the segment, postponing from the point Co, at which
the polytropic of the process will pass below the isoenthalp of the theoretical process. This segment
is labeled as CoK or in the scale of the diagram CoK-pi. This segment is numerically equal to the
difference V1 — 2. From point B through point K we draw the polytropic of the actual process. The
physical meaning of the polytropic BK is the work of the drying agent on moisture assimilation taking
into account the calculated losses real for a given solar drying module. At the intersection of polytroph
BK with the line ¢ = 50,5% of the theoretical dryer we will find the point C, characterizing the
parameters of the spent drying agent. Further, also by analogy of the theoretical process a line is
drawn from point C parallel to the axis d1 and at the intersection with the segment AB point D is
obtained.

Thus, for preparation of the drying agent the amount of heat equal to the segment AB-pi is
consumed. This drying agent assimilates moisture (segment BC), the amount of which is
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characterized by the segment CD-pq. Hence, by analogy with the theoretical process, the specific flow
rate of the drying agent td in the actual process was [11, p.21].

1000
tg = D ig (10)

Specific heat consumption in the actual process [11, p.143]

_ . (Biy . (ABy _ AB
qq = 1000 (Md) =5 ™ (11)

where, m=1000- (ﬂ — is the scale factor I - d of the diagram.
Hqy

Conclusion

The drying process in the solar drying module is described by a mathematical model according
to formula (3). The most significant factor influencing moisture reduction is the thickness of the
slices. Based on drying dynamics, the optimal temperature range for the drying agent is 40—45°C.

When using the | - d diagram the main process parameters looked as follows: outside air
temperature - 27°C; heated air temperature - 43°C; air temperature after drying - 29°C; air humidity
at the inlet and outlet, respectively - 34% and 50, 52%. Additionally, the moisture content difference
(Ad) was approximately 4 g/kg.
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JKBLIBIKAU KYPAMBIHAAFBI TEJTUOKENTIPTIII MOIYJIHIH HETT3I'T
HAPAMETPJIEPI MEH )K¥MBbIC PEXKUMJIEPIH HETI3EY BOMBIHIIIA
3EPTTEYJIEP

Anoamna

KyH sHeprusicelH naianany skoHe SHEpIUsHbl YHEMCY OapJibIK yaKbITTa ©3eKTi 00J1bl, Oipak
Ka3ipri yakpITTa YHEPTUs Oaranapsl 2-4 ece oci, IKOJIOTHSIIBIK TaJlalTap KYIIEHTUIreH Ke3/e KaXeT
60u1bIn OTHIP. XKemic-KekeHIC OHIMIEPIH OHAIPYTe apHAIFaH KbUIbDKAH KYPbUIBIMBIHBIH KYPaMbIH/IA
TeJIMOKENTIPY MOAYJIIH )KacayFa apHaJIFaH MaKaJia ©3eKTi OOJIBIN TaObLIa b,

KenTipy mporecis 3epTrey - MpOoLecTiH YThIMIBI 9ICTEpi MEH OHTAMIIbI peXXUMIEPiH, COHIA-
aK KenTipy KOHABIPFbUIAPBIH *o0anay »KoHE ecenTey YIUIH KaXeTTi GpopMmyJjianap MEH TeHAEYyJep
TaHJ1ay/1bl FRUIBIMU HET13/1ey MakKcaTbIHJA KYprizijeni. by jkymbIcTa >KbUIbDKAH KYPBUIBIMBIHBIH
KOFapFbl JKarblHAAa OPHATACTBIPBUIFAH TEIMOKENTIPY MOyl KapacThIpbuiaibl. KypbUTBIMHBIH
YKOFapFbI JKaFrbIH/1a TEIMOKENTIPY MOJIYJIIH OPHAJIACTHIPYIbIH MaKCaThl KYH/I3I' YaKbITTa KOJCHKE1
ocepai OommpipMay Oombint TaObutaabl. JKBUTBDKAWIBIH IOIHIE ayaHBIH BUIFAJIIBUIBIFBl KOFAPHI
OO0NIFaHIBIKTaH, TeIHOKENTIpY MOYJIIH KaMepachblHa KENTIPTill TYPIHJETI aya KYPbUIBIMHAH BICTBIK
TYP/E HIBIFAIbI.

KyH »Heprusicel meriHe >KeTKEH a3 ME3TUliHAE JKbUIbDKal KYPBUIBIMBIHBIH T'€THOKENTIpY
MOAyJTiMEeH OIpiKTipy apKbUIbl Oenriiai Olp apThIKIIBUIBIKTapFa xkeTyre Oonanbl. Kazakcran
PecnyGMKachIHBIH OHTYCTIK ©HIpJepl KbUIbDKaiIap/ia oHE KENTipy KYpbUIFbUIAphIHAA KYH
SHEPTUSCHIH KEHIHEH KOJ/IaHy YILIIH KOJIaiIbl MYMKIHAIKTEpre ue. byl jka3fbl )koHE KOKTEMT1-KY3T1
yaKbITTap/a KyH OeJICeHLTITIHIH KOFapbl OOybIHA BIKIAJ €TEe/l.

KazakcTaHHBIH OHTYCTIK-IIBIFBICBIHIA SPTYPIIi aybUIIapyaIlbUTBIFbl JaKbUIIAPBIH KENTipyTe
apHaJIFaH YCHIHBUIATHIH MeIMOKENTIPTill MOAYJIIHIH HeTi3r1 mapamMeTpliepi MEH KYMBIC peXUMIEPIH
Heri3zey OOMbIHILA TEOPHSUIBIK )KOHE IKCIIEPUMEHTTIK 3epTTeyJIep KYPri3iiai.

Kinm ce30ep: XbUlbDKal, T'eMTUOKENTIPrill, TEIMOKENTIprill MOAYJb, BUIFAIABUIBIK, KYH
SHEPTHACHI, KENTIPy, KOHBEKIIHSI, KBUTY alIMacy, )KbITY CHIHBIMIBUIBIFbI, YHTAJBITHS.

B.M.Kacvimbaes', K.M.Xazumos', K.Kanvin®, JK.b.Kymazynoe', JK.2K.Mycmagpun®
THAO «Kazaxckuii hayuonanbHblii azpapubvlii UcCie0068amenbCKull YHUEEpCUmeny, 2.
Anmamet, Kazaxcman, bek_kasimbaev@mail.ru, kanat-86@mail.ru, abdirahim_334@mail.ru,
zhandos.zhumagulov@kaznaru.edu.kz
2HAO «Kazaxckuil HayuoHaIbHblll a2paphblii UCCIe0068ameNbCKull YHUGEPCUMenm umMeHu
C.Ceugynnunay, e. Acmana,Kazaxcman, mustafin_j80@mail.ru
NCCIEJOBAHUSA 1O OBOCHOBAHUIO OCHOBHBIX TAPAMETPOB !
PEKUMOB PABOTHBI 'EJIMOCYHIUJIBHOI'O MO VYJISI B COCTABE
TEINIMYHOI'O COOPYXEHUSA
Annomauus
Hcnonp30BaHue COIHEYHON SHEPTUU U SHEprocOepekeHne ObIJI0 aKTyaIbHbIM BO BCE BPEMEHA,
OJIHAKO cTajo Oonee BOCTPEOOBAHHONW B HACTOSIIEE BpEMs, KOTJa BO3pPOCIH IIEHBI Ha
SHEPTrOHOCUTEINH B 2-4 pa3a U y)KECTOUMIIUCH IKoJIoTnyeckue TpedoBanus. CTaThs, MOCBAILLIEHHAS K
pa3paboTKe TeIHMOCYIIUILHOTO MOIYJIS B COCTaBE TEIUTMYHOTO COOPYKCHHS IJI MPOU3BOACTBA
TJIOJOOBOIIHON MPOYKIIMH, SIBJIIETCS CBOCBPEMEHHOW U AKTyaIbHOM.
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HccnenoBanue mpolecca CyLIIKH IMPOBOAUTCS € LEIbI0 HAayyHOro OOOCHOBaHUS BbIOOpa
palMoHaIbHBIX METOJIOB M ONTUMAJIBHBIX PEKUMOB IIpOIlecca, a TAK)Ke HEOOXOTUMBIX (popMyIT Win
BBIPQXKEHUH JUIsI NPOEKTUPOBAaHMA M pacueTa CYyIIWIBHBIX YCTaHOBOK. B maHHO#l paOote
paccMaTpUBaeTCsl FeIMOCYIIMIBHBIA MO/YJb, PACMELICHHBIN B KYIOJ€ TEIUIMYHOTO COOPYKEHMS.
Ienp pa3melieHuss TeIMOCYLIMJIBHOIO MOJYJIS B BEpXHEH YacTH COOPYKEHHUS 3aKII0YaeTcss B
UCKJIIOUYEHUH TeHeBOro 3¢ddexra B TeueHue cBEToBOro jHA. I10CKoIbKY BHYTPH TEIUIMIIBI BO3IyX
HMMEET BBICOKYIO BJIQXHOCTh B Kamepy Ie€JHOCYIIMIBHOTO MOJYJIS, BO3AYX B BHUJE CYLIMJIBHOIO
areHTa MocTynaer u3 arMmoc(eps! B ropsueM BUE.

[IpennaraemMoe yCOBEpPLIEHCTBOBAHHWE KOHCTPYKLUUHU TEIUIMYHOIO COOPYXKEHHUS IyTeM
COBMEILIEHUS C FeJIMOCYILMIBHBIM MOJYJIEM B JIETHUH NIEPUOJI, KOTJ]a COJIHEYHAs! SHEPT U JOCTUTAET
CBOEro MmHKa, OyAeT HMeTh oIpejelieHHble MpeumyliecTBa. OxHble peruonsl PecmyOnuku
Kazaxcran, uMeroT 01aronpHusTHbIe BO3MOXKHOCTH JUIS IIMPOKOTO IPUMEHEHUS COJIHEUHOM SHEprun
B TEIUIMLAX U CYIIMJIBHBIX YCTPOICTBaX. DTOMY CIIOCOOCTBYET C JOCTATOYHO BBICOKON COJHEYHOM
AKTUBHOCTBIO B JIETHEE U BECCHHE-OCEHHEE BPEMSL.

[IpoBeneHbl TEOpPETHUECKHE U HKCHEPHUMEHTAJbHbIE HCCIEAOBaHUSA IO OOOCHOBaHUIO
OCHOBHBIX IIapaMETPOB M PEKUMOB pabOThI NPEAIAraeMoro reJuoCymIbBHOTO MOLYJISl AJIST CYLIKH
Pa3IMYHBIX CEIbCKOXO3SHUCTBEHHBIX KYJIBTYP B YCIOBUAX I0ro-Boctoka KazaxcraHa.

Kniouesvie cnoea: Ttermumna, TrelMOCYIINIKA, TIEJIMOCYIIWIBHBIA MOAYJb, BIIAXXHOCTD,
COJIHEYHAsl SHEPTus, CYLIKa, KOHBEKIUS, TEIJIO0OMEH, TeIIIOEMKOCTh, SHTAJIBITHS.
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OBOCHOBAHMUME ITAPAMETPOB MAJIOI'ABAPUTHOI'O
PABJATYUKA-CMECUTEJIA KOPMOB

AnHomayus

B craTthe npeacTaBieHbl pe3yabTaThl TEOPETUUECKUX U AKCIIEPUMEHTAIBHBIX HCCIEA0BaHUH,
HaNpaBJICHHBIX Ha OOOCHOBAaHUE IMAapaMETPOB MaJOPa3MEPHOrO pPa3/aTUMKa-CMECUTENE KOPMOB.
Teopetnueckue wucciaenoOBaHUS TMO3BOJIMIM  pa3paboTaTh AHAIUTUYECKUE BBIPAXKEHHS IS
OIIpeeNIEHUs IPOU3BOIUTEIBHOCTH BBIIPY3KH KOPMOCMECH U pacyeTa MacChl BBIFPYKaeMOIro KopMa
Ha OJIHOM METpe KOPMOBOI'O CTOJIA. DTH BBIPAXKEHUSI SIBIISIFOTCSI OCHOBOM ISl ONITUMU3ALIUN PabOThI
YCTPOMCTBA.

B xone skcrieprMenTa ObLIN MOTYUYeHbl JaHHBIE O TAKUX MapaMeTpax, Kak 4acToTa BpalleHHs
TOPU30HTAIIBHOTO IIIHEKA, IPOJIOJIKUTENBHOCTD ITPOLIECCa CMEIIMBAHMSL, TUIOIA/lb BEITPY3HOTO OKHA,
a TaKKe CTEeNEeHb PABHOMEPHOCTH paclpe/IesieHnss KOPMOCMECH 10 AJIMHE KOPMOBOTO CTOJIa

[Ipu 5TOM ONITMMAaNBHAS YaCTOTA BPAILEHUsI TOPU30HTAILHOTO LITHEKA COCTaBWIIa 26 MUH !, 4TO
obecreunsio cTabmiIbHY0 B 3QPEKTUBHYIO paboTy ycTpoiicTBa. Bpems cmermmBanus 1y1s 0Bel ObLIO
OTIpeNieNIeHo B mpeaenax 3—5 MHHYT, a i kpynHoro poratoro ckora (KPC) — 8-9 munyT, uto
CIOCOOCTBOBAJIO JIydlleMy KadecTBY KopMmocMmecu. OJIHOPOJHOCTb BBITPY3KHM KOpMa IO JUIMHE
KOpMOBOro crosia coctaBuia 92,4%, urTo sBIsS€TCS BaXHBIM I10Ka3aTeleM pPaBHOMEPHOCTU
KOPMJIEHHS )KUBOTHBIX. [TosyueHHbIe pe3ynbTaThl O3BOJISIOT PEKOMEHA0BATh JAHHbIE MapaMeTphbl
s ynydymeHuss  3(dekTuBHOCTH  paboOThI  pa3laTUMKOB-CMECHUTENIEH  KOPMOB B
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