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APPLICATION OF ANAEROBIC ADHESIVES
AT MACHINERY REPAIR

Vladimir Bashkirtsev?, Yury Kuznetsov*?, Larisa Kalashnikova®

'Russian Engineering Academy of Management and Agribusiness, Settlement
"Chelyuskinsky" Moscow Region, Russian Federation
?Orel State Agrarian University named after N.V. Parakhin, Orel, Russian Federation
3Orel State University named after I.S. Turgenev, Orel, Russian Federation

Abstract: The importance of application of anaerobic adhesives during maintenance
and repair works is illustrated. The comparative processing characteristics of anaerobic
compositions and recommendations on adequate choice of adhesive material trademark
are presented. We suggest the conventional technologies of operating capacity
restoration of joints and assemblies that lost their performance when in operation with
anaerobic adhesives application.

Key words: adhesive, anaerobic composition, polymer, repair, restoration,
hermetization, fixation, clearance gap.

INTRODUCTION

At long-term operation of agricultural machinery of different purpose at the places
of metal stress concentration, fatigue cracks can appear [1, 2, 3]. As an example, the
crack is presented in figure 1 (a) near the central cylinder head bolt of the internal
combustion engine. It connects the cooling system cavity and unit head oil duct. This is
one of the reasons of getting of engine oil into the engine cooling system. No one of the
existing conventional repair technologies with applied welding method is not suitable to
fill-in such kind of crack. The repair and technical enterprises experience testifies that
such a unit is usually rejected.

* Corresponding author. E-mail: kentury@rambler.ru
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The usage of polymer materials allows unit performance restoration with the above
mentioned defect without dismounting the engine and its complete disassembly. For
conducting repair operations, it is reasonable to apply anaerobic adhesives among
polymer materials [4, 5]. Anaerobic adhesives are special liquor mixtures of different
viscosity. Name "anaerobic" is taken from biological terminology, where it was applied
to microorganisms existing without oxygen. "Anaerobic" means that adhesive material
can remain in initial state without its property change for a long time and harden quickly
forming solid polymer layer in narrow clearances between surfaces at temperatures 15-
35°C in the conditions of terminating the aerial oxygen contact [6].

Threaded hole

e Cyling system channels
of cylinder head bolt

Microcracks

Figure 1. Hermetization of microcracks in engine cylinder block

It should be emphasized, that anaerobic adhesives can be used not only at cracks
hermetization. In addition, they can be in demand to fix the tread, rolling bearing fit
restoration and can be used as liquid gaskets etc. [4, 7].

Anaerobic composition base is capable for polymerization compounds of acrylic
variety, for example, dimethacrylic ester of polyalkyleneglycols. Anaerobic composition
consists of inhibitive and initiators providing its long-term storage and rapid curing in
clearances and thickeners, modifiers, colorants and other additives, etc. All anaerobic
adhesives trademarks are one-component materials.

The advantages of anaerobic adhesives are the following [4, 5, 6]:

- high rate of hardening, (fixation duration is 15-30 min);

- high viscosity, it allows clearance tightening up to 3 mm (except for saturating
compositions);

- feature stability at long-term operation in conditions of thermal shock and
elevated vibration;

- high strength properties (hardness at impact shift is 8-20 kJ/m?; ultimate share
stress — 20-30 MPa).



Bashkirtsev i sar.:Primena anaerobnih lepkova.../Polj. Tehn.(2018/1).1-11 3

Among the main disadvantages of anaerobic compositions, it is possible to

differentiate the following:

- low strength at bonding greasy surfaces (ultimate share stress — 0,5-5 MPa);

- dependence of strength properties of hardened adhesive from the clearance
between associable surfaces.

The technology of anaerobic adhesive application is sufficiently simple and
universal. While performing repair operations these operation is done manually applying
adhesive from standard bottle, with special nozzle.

The right choice of adhesive material trademark, technology compliance of
adhesive composition application is of significant importance.

MATERIAL AND METHODS

For the purpose of reasonable choice of anaerobic adhesive trademark while
performing maintenance and repair works of different joints, the following anaerobic
compositions were analyzed: AH-1Y (Russia), Yr-7 (Russia), Anatepm-6x (Russia),
Amnarepm-111 (Russia), Permatex® Bearing Mount for Close Fits (USA), Permatex®
Bearing mount for Worn (USA).

RESULTS AND DISCUSSION

While selecting anaerobic adhesive trademark it is necessary to take into
consideration the operation conditions of the repaired object: its loading mode,
temperature mode, clearance between joint surfaces, and surface cleaning quality,
coating nature, etc.

One more important parameter is abrasive viscosity. Its choice should be based on
clearance between assembled parts (table 1).

Comparative characteristics of some the most commonly used anaerobic adhesives
of Russia and the USA production are presented in table 2 [6].

According to strength properties, anaerobic polymer materials are divided into
high- middle- and low-strength. After hardening anaerobic materials possess high
thermal and chemical resistance, maintain operability of joints and parts at their
operation in contact with organic solvents and aggressive media in broad range of
temperatures and pressures. The rate of hardening and duration of achievement of
maximum strength of connections with anaerobic adhesives depend on ambient
temperature. For example, at temperature below 15 °C polymerization is slowing down.
High penetrating capacity of anaerobic adhesives provides heavy coverage of cracks,
microdefects of welded joints and clearances.

It is necessary to stress that anaerobic composition-hardening rate is influenced
with contacting material. According to this feature, contacting materials can be divided
into three groups:

- active — accelerating polymer hardening (cuprum alloys, nickel, low-carbon
steels);
- normal — not influencing hardening rate (ferrum, carbon steels, zinc);
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- passive — slowing down hardening (high-carbon steels, aluminum, gold, titanium
and its alloys, materials with anticorrosion coatings, plastic articles).
On the open surfaces, anaerobic adhesives can remain liquid for an indefinite time
and they are easily removed including water-cleaning solutions.

Table 1. Selection of anaerobic adhesive viscosity depending on tightened clearance

Cleiz?;c;nce, up to 0,07 up to 0,15 up to 0,25 up to 0,35 up to 0,60

Adhesive

viscosity, 5-20 100-150 500-800 (1-3)-10° (5-35)-10°
MPa-s

Table 2. Technological characteristics of some anaerobic adhesives
of Russia and the USA production [6]

Tightened Operating
clearance,
Trademark Color temperature Producer
not more than ranee 'C
(thread diameter) g6

Compositions for infirm fixation of thread

Federal  State
Unitary
Enterprise
«Research
Institute of
Polymersy

Federal  State
Unitary
Enterprise
«Research
Institute of
Polymersy

Anamepm-17 blue 0,35 mm -60...+150

Yuueepm-2M green 0,15 mm -60...+150

Low Strength no more

Thread lockers purple M6 -54...+149 |Permatex (USA)

LLC
Anazepm-100 green 0,3 mm -60...+150 «TECHNO-
BASIS»
LLC
Anazcepm-120 green 0,45 mm -60...+150 «TECHNO-
BASISy

Compositions for middle fixation of thread
blue M6...M20 -54..+149  |Permatex (USA)

Federal State
Enterprise
Anamepm-18 blue 0,4 mm -60...+100 «Research
Institute of
Polymersy

MediumStrength
Threadlockers
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Yuueepm-6

red

0,3 mm

-60...+150

Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

Anaeepm-101

green

0,3 mm

-60...+150

LLC
«TECHNO-
BASIS»

LOCTITE-243

blue

>M36

-55..+150

LOCTITE

Compositions for firm fixation

of thread

Anazepm-102

blue

0,3 mm

-60...+150

LLC
«TECHNO-
BASIS»

High Strength
Thread locker

red

MI10..M20

-54...+149

Permatex
(USA)

Anamepm-111

green

0,4 mm

-60...+150

Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

Yuueepm-9

green

0,3 mm

-60...+150

Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

LOCTITE-270

green

>M20

-55..+150

LOCTITE

Compositions for fixation of bearings, bushes

LOCTITE-603

green

0,15 mm

-50...+150

LOCTITE

LOCTITE-638

green

0,25 mm

-50...+150

LOCTITE

Bearing mount for
Close Fits

green

0,18 mm

-50...+204

Permatex
(US4)

Bearing Mount for
Worn Parts

silver

0,5 mm

-54...+149

Permatex
(US4)

Anacepm-103BT

orange

0,3 mm

00 +250

LLC
«TECHNO-
BASIS»

Anazepm-103

red

0,4 mm

-60...+150

LLC
«TECHNO-
BASIS»

Anamepm-6K

red

0,45 mm

-60...+150

Federal State
Unitary
Enterprise
«Research
Institute of
Polymers»
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Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

Anamepm-111 green 0,4 mm -60...+150

Compositions for microcracks hermetization

LLC
Anazepm-112 blue 0,05 mm do +150 «TECHNO-
BASIS»
Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy
Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

Anamepm-1y red 0,1 mm -50...+150

Yuueepm-7 green 0,2 mm -50...+150

Encapsulating compositions (liquid gaskets)

LLC
Anacepm-130 green 0,6 mm -60...+150 «TECHNO-
BASIS»
Federal State
Unitary
Enterprise
«Research
Institute of
Polymersy

Anamepm-501 red 0,6 mm -60...+150

Anaerobic
Flange Sealant
LOCTITE-577 yellow - -55...+150 LOCTITE

red 0,38 mm -54...+149  |Permatex (USA)

The carried out investigations display high efficiency of application of anaerobic
adhesive polymers in their pure form and with application of different fillers allowing to
obtain the required adhesive properties [6,7].

For hermetization of cracks in body parts, with wall thickness more than 3 mm (fig
1(a)) it is rational to use specially developed for these purposes anaerobic sealants of the
Russian production. Anaerobic sealants are liquids of different viscosity and which are
capable to remain in the initial state without changing properties for a long time and to
harden quickly in narrow clearances at temperature 15-35 °C after terminating the contact
with aerial oxygen, with firm polymer layer formation.

These sealants after hardening possess high thermal and chemical resistibility, providing
the required operational capability of joints and parts even at their operation in contact
with organic solvents, aggressive media at temperature from -50 to +150 °C.
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Since crack, as a rule, has no constant clearance, repair kit has two adhesive
compositions. Composition AH-1V has excessive penetrating capacity and hardens at
clearance not less than 0,1 mm. Plymer ¥Yr-7 has excessive viscosity and hardens at
clearance up to 0,2 mm.

Microcrack hermetization technology is in the following. Crack is ungreased
(«transfused») with acetone or gazoline, blow off with compressed air and is dried. The
item should be set in a way that crack is placed vertically. It is necessary to apply several
times from flask sealer of trademark AH-1VY (red) with less viscosity and having
excessive penetrating capacity. After an hour exposition at room temperature, the crack
is transfused with more viscous sealer Yr-7 (green). Duration of sealer setting at room
temperature is about 6 hours. Temperature increase reduces the hardening time, and
decrease increases alternatively.

If there is an access to a crack as it is presented in fig. 1 (b), then in this case the
following hermetization technology can be used. To prevent further crack spreading it is
necessary to drill out its ends for thread M6. Then a plug with high impact anaerobic
sealer applied on the thread is screwed into the prepared hole. At hermetization of long
cracks for better item rigidity and for illumination of displacements between crack
fractures, it is possible additionally along the crack to drill some analogical holes for
thread, with the following mounting of threaded plugs on high impact sealer. While
using different appliances it is possible to fill in vertical and overhead cracks, it allows
sealing the crack without car unlocking.

With the help of anaerobic adhesives, it is possible to restore operating capacity of
loose rolling bearing fit (fig. 2), in the body as well as on the shaft. Compositions
Amnatepm-6k and AHatepMm-111 (Russia) allow to restore clearances up to 0,27 mm. At
this, time of composition setting at room temperature is about 25-30 min, hardening is 5-
6 h.

Figure 2. Restoration of rolling bearing fit

Adhesive compositions of the USA production are of a special interest: Permatex®
Bearing Mount for Close Fits and Permatex® Bearing mount for Worn.



8 Bashkirtsev et al.: Application Of Anaerobic.../Agr.Eng.(2018/1).1-11

Fast setting anaerobic adhesive Permatex® Bearing Mount for Close Fits has low
viscosity, which increases fit density. Diametric clearance at the given composition
should not exceed 0,13 mm. Cream composition Permatex® Bearing mount for Worn
Parts can be used at clearances up to 0,5 mm per diameter.

While using adhesion compositions a special attention should be paid to the quality
of the restorable surface preparation. Before polymer application, the surface is carefully
cleaned. It is descaled and derusted mechanically. The surfaces are ungreased with brush
or cotton swabs soaked with gasoline or acetone and dried.

Anaerobic composition is applied from flask dropper on the whole outside surface
of one of the associable parts and assemble the unit. It is necessary to pay attention that
sealer will not get on retainer or bearing tracks.

At great wears, it is necessary to carry out operation on part center adjustment.
Herewith it is possible to use centering inserts made of soft sheet metal or soft wire.

At restoration of identical part set, it is advisable to use purpose-made mandrels
(fig. 3). For example, to provide bearing adjustment about an axis of shaft rotation is
necessary one of the unworn areas of shaft surface should support that mandrel. In this
case, bearing that is located in mandrel will be adjusted about shaft rotation axis.

The carried out investigations, displayed that the life of the restored in this way seat
for rolling bearing turns out to be higher in comparison with junction without polymer
layer. This is explained by the fact that adhesive composition between bearing body and
case (shaft) provides more even load distribution between rolling bodies (fig. 4).
Herewith more even load distribution between rolling bodies of bearing takes place and
contact pressure on the working surfaces of bearing parts decreases. If bearing is set
without polymer the loading is concentrated on one rolling body (fig. 5), at that this
concentration increases at joint clearance growing, this reduces dramatically bearing life.
It should be pointed out that polymer layer protects surfaces from corrosion.

-

Centering msert

Figure 3. Bearing adjustment about shaft by mandrel:
a — irregularly worn seat for bearing; b — unworn shaft part
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Figure 4. Loading distribution in rolling bearing at its installation on polymer of
different thickness:1 — 0,008 mm,; 2 — 0,053 mm; 3 — 0,098 mm; 4 — 0,139 mm;
5-0,182 mm.

Figure 5. Loading distribution in rolling bearing at its installation without
polymer: 1 —tension 0,005 mm, 2 — clearance 0,057 mm, 3 — clearance 0,123 mm,
4 — clearance 0,236 mm, 5 — clearance 0,336 mm.
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CONCLUSIONS

The example cases of adhesive application are demonstration of only some the
most frequent defects. In practice the sphere of their application can be considerably
broaden. Anaerobic adhesive compositions can be successfully applied by repair and
technical enterprises and in some cases, they not only allow substitution of welding,
deposition, soldering but restore operating capacity of joints and assemblies, which
repair by conventional methods is impossible or problematic. Knowledge of properties
and characteristics of adhesive materials allows being aware easily in the sphere of
different compositions commercially available, choosing the necessary and applying
them in the right way.
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Sazetak: Prikazan je znacaj primene anaerobnih lepkova tokom odrzavanja i remonta
masina. Analizirane su komparativne karakteristike anaerobnih kompozita (lepkova) i
preporuke o adekvatnom izboru zastitnog znaka adhezivnog materijala.

Predlazemo konvencionalne tehnologije restauracije radnih kapaciteta spojeva i sklopova
koji su izgubili performanse prilikom rada sa anaerobnim lepkom.

Kljuéne redi: lepak, anaerobni sastav, polimer, popravak, restauracija,
hermetizacija, fiksacija, odstojanje.
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SaZetak: U radu je prikazan i analiziran hidrostaticki prenos snage i upravljanja.
Navedeni su najvazniji elementi ove grupe sistema i moguénosti njihove primene u
poljoprivrednoj tehnici. Posebno paznja je posveCena zapreminskim pumpama koje
nalaze najSiru primenu u poljoprivrednoj mehanizaciji: zupcastim pumpama sa
spoljasnjim i unutrasnjim ozubljenjem, krilnim pumpama, klipno-aksijalnim pumpama
sa nagnutom kliznom plocom i klipno-aksijalnim pumpama sa nagnutim cilindarskim
blokom. Prikazana su dva hidrostaticka sistema prenosa snage i upravljanja.Prvi
predstavlja veoma jednostavan mehanicko-hidraulicki sistem automatske nivelacije
samohodnog beraca jagodastog voca.Drugi predstavljeni hidrostaticki sistem spada u
najsavremenije sisteme koji se koriste u poljoprivrednoj mehanizaciji. Izveden je kao
veoma slozena kombinacija hidrostatickog i mehanickog prenosnika snage sa prate¢im
upravljackim digitalnim elektronskim sistemom, a namenjen je pogonu zitnog kombajna.

Kljuéne reci: hidraulika, prenosnik, poljoprivreda, mehanizacija, pritisak, protok
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Mehanicki prenosnici ¢esto omogucavaju najednostavniji prenos energije izmedu
pogonskih i radnih masina. Uporedo sa njima, sve sloZeniji zahtevi pri prenosu energije
(promenljivost brzinekretanja, obrtnog momenta, ucestanosti obrtanja, periodi¢no
prekidno kretanje itd. u Sirokom opsegu) inicirali su Siroku primenu hidraulickih
Hidraulicki i mehanicki sistemi su uglavnom spregnuti, uz podrsku elektronskih sistema
[5], [6].Tako je nastala nova nauc¢na oblast — mehatronika [20]. Ipak, mehanic¢ko
upravljanje hidraulickim sistemom i dalje je prisutno, kao npr. za automatsku nivelaciju
samohodnog berac¢a maline i kupine [21] prikazanog na slici 1. Klatno (1), povezano sa
hidraulickim razvodnikom sa mehani¢kim upravljanjem (2) preko poluge, nastoji da
zauzme vertikalan polozaj. Time se hidrauli¢ki razvodnik (4) automatski postavlja u
optimalni polozaj i izravnava kombajn suprotnosmernimaktiviranjem cilindara (6L,R).

ot P b e g T P —mp mmp—T

(b) (©)
Slika 1. Sistem nivelacije: (a) podizanje desnog i spustanje levog tocka pri radu na nagibu

(b) obrnut proces poravnavanja i (c) neutralno stanje na vodoravnom terenu, [21].

Figure 1. The leveling system: (a) right wheel liftingandleft wheel loweringat sloped terrain,
(b) vice versa process and(c)neutral position at horizontal terrain, [21].

Pri formiranju hidrauli¢kog sistema za predvidene uslove rada i namene, potrebnoje
izabrati pogodan radni fluid istandardne hidraulicke komponente, povezati ih i funkci-
onalno uskladiti.Stabilan rad sistema u dinamickim uslovima nije zagarantovan i moze
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zahtevati primenu matemati¢kog modeliranja ponasanja sistema [16].U poljoprivrednoj
tehnici su ovi problemi retki, ali se matematicko modeliranje ipak koristi.

Ispravan rad hidraulickog sistema zahteva obezbedivanje potrebne koli¢ine
preciséene radne te€nosti, pumpe sa pokretackim elementom (SUS ili elektromotor) i po
potrebi mehanickog prenosnika snage izmedu njih, upravljackihi sigurnosnihventila,
izvrSnih elemenata,rezervoara radne tecnosti,cevi koje ih povezuju itd. Ispravni,
uskladeni, pravilno odabrani i povezani elementi moraju izvrSavati svoj pojedinacni
zadatak, ali i obezbediti ispravno funkcionisanje hidraulickog sistema kao celine [8].

Vremenom, usled habanja i starenja,mogu nastupiti problemi pocevsi od curenja
radne tecnosti pa do otkazivanja elemenata hidraulickog sistema. Uspesna dijagnostika i
otklanjanje kvarova, kao i redovno odrZavanje i opzimizacija hidraulickog sistema,
zahtevaju poznavanje funkcionalnih principa svih elemenata i celokupnog sistema.To je
neophodan uslov za za postizanja visoke efikasnosti, pouzdanosti i dugotrajnosti [3],
[15], [22].Posebna paZnja se u poslednje vreme posveéuje razvoju i primeni ekoloski
podobnih hidrauli¢nih radnih te¢nosti [10], [13], [14], [23], kao i njihovoj reciklazi [25].

Prema nacinu prenosa snage (energije), razlikuju se dva osnovna tipa hidraulickih
sisema.Hidrodinamicki sistemi prenose energiju u najve¢oj meri posredstvom kineticke
energije (brzine strujanja) radne tecnosti. Nasuprot njima, hidrostaticki sistemi koriste
pritisak (potencijalnu energiju) radne tecnosti, dok je uc¢esée kineticke energije vrlo malo
(Cesto ispod 1%)[4]. U fokusu rada su hidrostaticki sistemi prenosa snageu poljopri-
vrednoj mehaniziciji: kod traktora [7], [13], [17], [20], kombajna [1], [2], [8], [19], [21],
priklju¢nih masina u vocarskoj[16], [18], [29], [30], [31], ratarskoj [1], [10], [26], [27],
[28], [32] i stocarskoj proizvodnji [24], kao i kod pomoénih uredaja [12].

U radu su prikazani najvazniji tipovi zapreminskih pumpi i njihove osobine i
namena.Dati su i neki ilustrativni primeri njihove primene u poljoprivrednim masinama.

MATERIJAL | METODE RADA

Radni fluidi hidrauli¢kih sistema su hidraulicka ulja, kao medijumi za prenos snage
(energije) sa jednog mesta na drugo. U granicama stepena korisnosti dizel motora,
energija goriva se pretvara u mehanic¢ku i preko vratila predaje pumpi kao pogonskom
elementu hidrauli¢kog sistema.

Dva su osnovna procesa u radu pumpe: usisavanje i potiskivanje te¢nosti. U fazi
usisavanja radni elementi pumpe stvaraju podpritisak u njenim komorama u odnosu na
rezervoar ulja, pa ulje ulazi u te radne komore. U fazi potiskivanja radni elementi
potiskuju te¢nost ka izlazu saopstavajuc¢i pumpi potreban pritisak i brzinu (energiju). U
zavisnosti od karakteristika kretanja radnih elemenata, zapreminske pumpe se dele u dve
osnovne grupe: obrtne (zupcaste, krilne i zavojne) i translatorne (klipne i membranske).

Pumpa u svom radnom prostoru prenosi energiju na radni fluid. Kod hidrostatickih
sistema koriste se zapreminske pumpe, a energija jedinice mase radne tec¢nosti se
povecava skoro isklju¢ivo povecanjem njenog statiCkog pritiska. U odnosu na
mehanicke prenosnike, hidraulicko ulje ima prednost pokretljivosti 1 prenoSenja
potencijalne (pritisne) energije ravnomerno kroz fluid u svim pravcima.

Prenos energije je nesavrSen proces pracen gubicima energije.Deo energije se usled
viskoznosti hidraulickog ulja pri njegovom strujanja u random kolu i kudistu pumpe
pretvara u toplotu.
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Ovaj fenomen, oznacen kao disipacija, zajedno sa mehani¢kim trenjem u leZajevima
pumpe itd., prouzrokuje zagrevanje pumpe i radne tecnosti u toku rada pumpe,
smanjujuci energiju prenetu radnoj masini za vrSenje korisnog rada.

Efekti viskoznosti radne tecnosti se ispoljavaju i pri strujanju ulja kroz cevovode,
crevovode, ventile, kolena, rac¢ve, difuzore, konfuzore i druge elemente hidraulickih
sistema.

F—T r

Slika. 1.1. Osnovni princip rada hidrostatickog prenosnika - pojacavanje radne sile
Figure 1.1.Basic operating principle of hydrostatic transmitter — force amplification.

Mada se Cesto kombinuju sa elektronskim sistemima upravljanja, hidraulicki sistemi

imaju niz prednosti u poredenju sa mehanic¢kim i elektriénim prenosnicima snage:

» Fleksibilnost — zahvaljuju¢i savitljivim elasticnim crevima, snaga se moze
prenositi skoro na svaku lokaciju, pa ¢ak i menjati radnu lokaciju u toku rada.

» Kompaktnost i mala masa - prenose vise snage od drugih sistema iste velicine.

» Jednostavnost i malo habanje - hidraulicki sistemi poseduju manje pokretnih
elemenata od ostalih sistema, manji broj nosivih tacaka i samopodmazivi su.

» Pouzdanost. Zasniva se na manjem broju pokretnih elemenata, elektricnih
kontakatai lakSoj zastiti od preopterecenja,u poredenju sa ostalim sistemima.

» Kontinualna i bezudarna promena brzine, broja obrtaja i radne sile ili obrtnog
momenta u §irokom opsegu.

» Jednostavna promena smera kretanja (ili obrtanja).

Lako transformisanje obrtnog u translatorno kretanje i obrnuto.

» Pojacanje sile u Sirokom opsegu - dejstvom sile na manji klip moze se dobiti veca

sila na klipu veceg precnika, srazmerno odnosu povrsina klipova (slika 1.1.).
Ipak, nedostaci hidraulic¢kih sistema, mada retko, mogu ograniciti njihovu upotrebu:

» Efikasnost — je niza od mehanickih sistema prenosa snage.

» Visoki zahtevi u pogledu Cistoce i odrZzavanja u poredenju sa drugim sistemima.
Korozija, vlaga, neéistoCe, toplota i starenje radne teCnosti mogu ostetiti
hidraulicki system, smanjiti ili potpuno spreciti protok ulja u sistemu.

» Zavisnost sistema od spoljne temperature i temperature fluida.

» Opasnost od curenja radne te¢nosti usled visokih radnih pritisaka.

v

OSNOVNI TIPOVI PUMPI

Odredivanje moguéeg mesta ugradnje i izbor elemenata hidrostatickog hidraulickog
sistema zahteva dobro poznavanje funkcionisanja odgovarajuce poljoprivredne masine.
Sistem se formira od raznih komercijalno raspolozivih elemenata. Glavni element
svakog hidrostatickog sistema je zapreminska pumpa.Danas postoji razlicite konstrukcije
hidraulickih pumpi. Ipak, u hidrostatickim sistema prenosa snage kod kojih je samo
minimalno curenje (povratno strujanje) radne teCnosti dopustivo, primenjuju se
isklju¢ivo zapreminske pumpe (engl. positive displacement pumps).
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Termin “zapreminska” oznacava svojstvo ovih pumpi da pri svakom punom obrtaju
pogonskog vratila pumpa potisne istu zapreminu tecnosti (idealna zapremina) u
hidraulicki sistem. Treba napomenuti da stvarna zapremina potisnute te¢nosti zavisi od
zapreminske efikasnosti pumpe pri datom pritisku radne tecnosti. Zato protok tecnosti
kod ovih pumpi zavisi od broja obrtaja u minuti pogonskog vratila.

Potis

Krilce Discharge
Vane

Usis
Suction

\

Usis
Suction

Potis
Discharge

(a) (b) (c)
Slika 2. Zapreminske pumpe: (a)-zupcasta pumpa sa spoljasnjim ozubljenjem (b)-zupcasta sa
unutra$njim ozubljenjem (rotor) pumpa; (c)-krilna pumpa.
Figure 2. The volumetric pumps: (a)-external gear pump; (b)-internal gear pump; (c)-vane pump.

Hidrostati¢ki sistemi poljoprivrednih masina uklju¢uju jednu ili vise pumpi. Primena
jedne zupcaste pumpe sa spoljasnjim ozubljenjem za pogon svih uredaja je uobicajeni
izbor (slika 2a), ali se koriste i drugi tipovi zapremniskih pumpi: zupcaste hidraulicke
pumpe sa unutra$njim ozubljenjem (slika 2b) i krilne pumpe (slika 2c).Konstrukcija
rotacionih pumpi i motora je u osnovi jednaka, ili veoma sli¢na, pa se ¢esto ista maSina
moze prema potrebi upotrebljavati kao hidraulicka pumpa ili motor.

Zupcasta ili krilna pumpa se najcesc¢e koriste zbog svoje jednostavnosti i cene. One
zadovoljavaju trazene snage i protoke sa gledista potreba poljoprivredne mehanizacije.
Isporucuju stalnu zapreminu ulja po svakoj rotaciji vratila, tako da ukupni protok ulja
zavisi isklju¢ivo od ucestanosti obrtanja vratila pumpe. Izuzetak od ovog pravila je
krilna pumpa ¢iji se rotor moze zakretati.

Radni elementi zupcaste pumpe su zupci zupcanika, a njene radne komore su
prostori meduzublja. Generalno, se razlikuju dve osnovne grupe ovih pumpi: sa
spoljasnjim ozubljenjem (oba zupcanika) i unutra$njim ozubljenjem (jedan zupcanik, a
drugi i dalje ima spoljaS$nje ozubljenje). U okviru pumpi sa unutra$njim ozubljenjem
razlukuju se zupcaste pumpe sa srpom (slika 3) i rotor pumpe (slika 2b).

Zupcaste pumpe sa spolja$njim ozubljenjem rade u opsegu temperature -20°C do
80°C. Male su zapremine i mase po jedinici predate snage, jeftine i jednostavne za
odrzavanje i nisu osetljive na prisustvo sitnih necisto¢a u ulju. Namenjene su
ostvarivanju niskih i srednjih pritisaka (do 200/250 bar) i relativno velikih protoka (od 1
do 160 1/min), a rade pri udestanosti obrtanja od 1000 do 2000 min"'. Ostvaruju
zapreminski stepen korisnosti ukupni je n, = 0,9 — 0,95, a ukupni je n = 0,8 — 0,85.
Po pravilu su ireverzibilne, odnosno mogu da rade samo u predvidenom smeru
obrtanja.Bu¢ne su (nivo buke prelazi 70 dB) pri visokim pritiscima i uCestanostima
obrtanja.
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Pumpe sa unutras$njim ozubljenjem (slika 2b i slika 3) rade na isti nacin kao i
zupcCaste pumpe sa spoljasnjim ozubljenjem (slika 2a). Njihov smer potiskivanja, protok
i radni pritisak ne mogu se u toku rada podesavati (pumpe stalnog protoka).

Iz osnovne konstrukcije zupcCaste pumpe sa unutra$njim ozubljenjem i vodjicom,
prikazane na slici 3, razvila se zupcasta “Gerotor”’pumpa. Kinematika oba tipa pumpi sa
unutrasnjim ozubljenjem je sli¢na, ali kod “Gerotor” pumpe zupcanik sa spoljasnjim
ozubljenjem ima jedan zub manje od zupCanika sa unutrasnjim ozubljenjem. Ova
geometrija osigurava potpuno odvajanje usisne zone niskog pritiska od potisne zone
visokog pritiska i otklanja potrebu za primenom vodjice. Kompaktne su konstrukcije,
mirno i tiho rade, ali su nesto skuplje od zupéaste pumpe sa spolja$njim ozubljenjem.

Vodjica
Crescent

Unutrasnje ozubljenje
Internal gear

Pogonsko vratilo
Power shaft

Spoljasnje ozubljenje
External gear
Potisni otvor
‘ ' Discharge
Slika 3. Zupcasta sa unutra$njim ozubljenjem i vodicom (srpom).
Figure 3. Internal gear pump with crescent.

Usisni otvor
Suction

Krilne pumpe imaju najéesc¢e 10 do 12 krilaca, a radna komora je prostor izmedu
njih i statora pumpe. Rotor je ekscentri¢no postavljen u statoru. Krilca se pod dejstvom
opruge i/ili centrifugalne sile izvlace i uvlaée, nalezu¢i na unutra$nju povrs statora. Time
se ostvaruje zaptivanje, promena zapremina komora, potiskivanje i povecanje pritiska
ulja na potisu pumpe. Rade na niskim i srednjim pritiscima i omogucavaju veliki, ali
stalni protok ulja. Male su mase i zapremine po jedinici snage.Mirno i tiho rade.
Osetljive su na skokove pritiska, koji mogu polomiti krilca. Ostvaruju zapreminski
stepen korisnosti n, = 0,9 — 0,95, a ukupni je n = 0,8 — 0,85. Cesto se ugraduju u
motorna vozila. Postoje konstrukcije varijabilnog protoka ulja, sa zakretnim rotorom. Da
bi se povecao protok, razvijene su krilne pumpe sa visekomornim kucéistem - u svakoj
komori se odvija po jedan proces usisavanja i potiskivanja radne te¢nosti. Kod ovih
pumpi protok ulja je nepromenljiv.

Sferno leziste Klip Dno cilindarskog bloka
Ball bearing Piston Bottom of the cylinder block

2
Klizna ploca Cilindarski blok Razvodna ploca
Swash plate Cylinder block Junction plate

Slika 4. Klipno-aksijalna pumpa sa nagnutom kliznom plocom.
Figure 4.Axial piston pump, swash-plate principle.
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4 3 Ay 6 AA g
Slika 5. Klipno-aksijalna pumpa sa nagnutim cilindarskim blokom: 1 - telo; 2 - cilindarski blok;
3 - klip; 4 - pogonsko vratilo; 5 — disk; razvodna ploc¢a; 6 — usisni kanal; 7 — potisni kanal.
Figure 5. Axial piston pump with bent axis of the cylinders block: 1 - housing; 2 — cylinders block;
3 - piston; 4 — power shaft; 5 — disc; 6 — junction plate ploca; 6 — suction; 7 — discharge.

Postoje razni tipovi klipnih pumpi, u poljoprivrednoj mehanizaciji najvise se koriste
dva tipa klipno-aksijalnih: sa pokretnom kosom kliznom plocom (slika 4) i nagnutim
cilindarskim blokom (slika 5). Pumpe prve grupe su sloZenije konstrukcije i skuplje, ali
omoguéavaju kontinualnu promenu protoka radne te¢nosti od nulte do maksimalne
vrednosti, bez promene ucestanosti obrtanja pogonskog vratila pumpe. Promena protoka
se ostvaruje promenom nagiba klizne ploce prema osi vratila. Generalno, oba tipa klipno
aksijalnih pumpi su slozenije konstrukcije, vec¢ih gabarita i zahtevaju izuzetno preciznu
izradu, te su i skuplje od zupcastih i krilnih pumpi, ali obezbeduju veéi protok i pritisak.

U poredenju sa pumpom za obezbedenje cirkulacije rashladne te¢nosti SUS motora,
koja samo potiskuje rashladnu te¢nost dozvoljavajuéi i povratno strujanje, klipno
aksijalnepumpe usmeravaju tokhidraulickog ulja u jednom smeru ali i sprecavaju
povratno strujanje kada nisu u radu. Zato je rastojanje, izmedu rotiraju¢ih elemenata koji
potiskuju ulje i kucista pumpe, s namerom veoma malo (slike 4 i 5).

Slika 7.Hidrostaticki pogon kombajna klipno-aksijalnim masinama. [1].
Figure 7.Hydrostatic propuslion of harvester by piston-axial machines. [1].

Mobilne masine Cesto pokrece sprega klipno-aksijalnog motora i pumpe od kojih je
jedan element varijabilnog, a drugi stalnog protoka. Sema ovakvog pogona kombajna
data je na slici 7: 1 — dzojstik; 2 — dava¢ brzine; 3 —motori varijabilnog protoka;
4 —pumpa stalnog protoka; 5 — menjac; 6 —procesor; 7 — izbor hoda; 8 — izbor rezima.
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ZAKLJUCAK

U odsustvu prepreka strujanju radne teCnosti po izlasku iz pumpe, pad pritiska u
hidraulickom sistemu uslovljen je samo strujnim gubicima energije na savladavanje
otpora pravolinijskih deonica cevovoda (linijski gubici) i lokalnim gubicima nastalim pri
strujanju kroz svakiod ugradenih elemenata: kolena, lukova, konfuzora, difuzora, racvi,
filtera, ventila itd. Kod hidrostatickih sistema, gubici energije radne teCnosti se u
najve¢oj meri svode na gubitak potencijalne energije - pad statickog pritiska. Pumpa
odrzava strujanje stalnom nadoknadom izgubljene energije po jedinici mase/zapremine
tecnosti, odnosno pritiska.To rezultira odgovarajuéim porastom pritiska radne tecnosti
iza pumpe, u potisnoj strani visokog pritiska sistema. Strujni gubici hidraulicke energije
u hidrostatickom sistemu su po pravilu izuzetno mali, jer su brzine veoma male.
Dodatnim prigusivanjem toka, npr. pritvaranjem ventila ili aktiviranjem hidraulickog
cilindra nastaje dalji porast pritiska ulja u delu sistema od pumpe do ventila ili cilindra.

Ispravno konstruisane i odrzavane pumpe imaju veoma male zazore (procepe)
izmedu svojih elemenata, te je mogucnost recirkulacije radne te¢nosti unutar pumpe
svedena na minimum. Stoga te¢nost praktiéno nema drugu mogucnost struajnaja, osim
kroz potisni deo cevovoda hidrostatickog sistema ka potroSac¢ima, Sto izaziva rast
pritiska radne tecnosti koja izlazi iz pumpe. Ipak, nijedna pumpa nije idealno zaptivena i
uvek postoji izvesno povratno strujanje (curenje) izmedu pokretnih elemenata pumpe i
njenog kudista. Recirkulacija ima i dobru stranu, jer ovaj deo tecnosti podmazuje
pokretne delove pumpe. Novije pumpe i pumpe sa vecom otpornoséu na trenje imaju
veoma male zapreminske gubitke ulja usled povratnog strujanja fluida. Proces habanja
elemenata hidrostaticke pumpe u toku radnog veka povecava zazore izmedu njenih
pokretnih i nepokretnih elemenata. Time se smanjuje njena mogucnost spre¢avanja
povratnog strujanja, kao i hidraulicka energija i pritisak ulja na izlazu iz pumpe.
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Abstract: The paper presents and analyzes the hydrostatic transmission of power and
motion. The most important elements of this group of systems and the possibilities of
their application in agricultural technology are given. Particular attention is paid to the
positive-displacement pumps that have the widest application in agricultural machinery:
gear pumps with external and internal gears, vane pumps, piston-axial pumps with
inclined swash plate and piston-axial pumps with inclined cylinder block. Two
hydrostatic power transmission and control systems are also presented. The first is a very
simple mechanical- hydraulic system of automatic leveling of self-propelled berry fruits
harvester. In contrast, the other hydrostatic system is very sophisticated. It is
implemented as a very complex combination of hydrostatic and mechanical power
transmission subsystems, with the accompanying control digital electronic system, and is
intended for the wheat harvester propulsion and steering.
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CFD SIMULATION OF THE FLOWING PROCESS
THROUGH THE SHORT LENGTH SHARP
EDGED ORIFICES

Sasko S. Dimitrov?, Zoran M. Dimitrovski

Goce Delcev University, Faculty of Mechanical Engineering - Stip, Macedonia

Abstract: In this paper the static characteristics of the sharp edged orifices have
been investigated. Mathematical relationship between pressure loss and flow through the
orifice has been developed and solved for this type of orifices. A CFD simulation of the
flowing process has been done. Full CAD model of the volume for orifices with different
geometric parameters was created and meshed at finite number of elements. As a result
of the CFD computations, few diagrams have been presented and compared to the
theoretical ones. The discharge coefficient and the pressure loss coefficient have been
obtained.

Key words: orifice, pressure drop, flow, CFD, simulation, discharge coefficient.

INTRODUCTION

The flowing and pressure drop through the sharp edged short orifices have been
investigated long time ago. In [2] a model for discharge coefficient in the orifice is
introduced as a function of the Reynolds number. According to this model, discharge
coefficient calculation requires iterative procedure because Reynolds number also
depends on the flow rate. To avoid this iterative procedure, in [3] an empirical discharge
coefficient model for orifice flow is recommended. Another model for the discharge
coefficient is described in [4] by Borutzky. Those models provide a linear relation
through the orifice for small velocities while for turbulent flows, they match the
conventional square root characteristics. Also, the transition from the laminar to the
turbulent regime is smooth [5].

"* Corresponding author: Email: zoran.dimitrovski@ugd.edu.mk
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In this paper a CFD method for simulation of the flowing process through the orifice
is used, the pressure drop coefficient and the discharges coefficient have been
determined and compared with numerical ones.

1 0 2 3
Figure 1. The short length sharp edged orifice

MATHEMATICAL MODELING

Steady state flowing process through an orifice is presented in figure 1. Well known
dependence on flow of the pressure drop is [6]:

Q= ap-Ay- |2-ap (1)

where: Q —the flow through the orifice; aj — the discharge coefficient; A, - the arca
of the orifice, Ap = p; — p5- the pressure drop in the orifice.
Pressure drop in the sharp edged short orifice can be expressed by the equation:

bp=¢-30--QF @

Where: ¢ - the local resistant coefficient.
Comparing the eq. (1) and (2), the dependence among the discharge coefficient and
the pressure drop coefficient, is:

ap =

(€)

al-

For Re = 10 — 20000 and [/d = 1.5 — 10, Lichtarowicz [7] has recommended an
expression for discharge coefficient calculation:

—=——+2.(1+225-1) 4)

ap XDmax

Where d - the orifice diameter; [ - the orifice length.
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Experimentally Wobben [8] has determined the maximal value of the discharges

coefficient and it is @py,q, = 0.83.

Reynolds number for circle area is = V;}—d = d‘:fv . Combining the last eq. for Re, into

. 2
eq. (4) and introducing the correction factor [Z?TV . (1 +2.25-(/ d))] , the final
equation for flow calculation in a sharp edged orifice has been obtained:

m-d* |2 20-v z
Q=aDmax-T- [_)AP+I:T(1+225(l/d))] -
l
—aDmax-5-n-d-v-(1+2.25-;) 3)

Knowing the geometric parameters of the orifice, applying eq. (5), it is possible to
obtain the static characteristic of the orifice, i.e. the flow through the orifice depending
on the pressure drop in the orifice.

CFD SIMULATION OF THE FLOWING PROCESS THROUGH
THE ORIFICES

To identify the discharge coefficient and the pressure drop in the orifice, a series of
steady-state CFD computations was performed with commercial CFD software package
FLUENT. Three different sizes of orifices have been investigated: 0.6 mm, 0.8 mm and
1.0 mm. CAD model of the fluid volume has been created and it has been divided into
around 310000 elements, depending on the size of the orifice. The meshing model of the
0.8 mm orifice is presented on figure 2.

Figure 2. The CFD meshed geometry

As an input parameter was set the flow in the orifice. The output parameter,
calculated by FLUENT, is the pressure drop through the orifice.
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The results obtained by CFD simulation and the solution of the eq. (5) have been
shown on fig.3. It is evident that there in very good match of the results between CFD
simulation and the presented theory.
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d=0.6mm /z .8 mm =[1.0m =0.6jmm /: .8 mm /: .0 mm
50 50

IS
S

\\
T~

delta p [bar]
w
=]
N
delta p [bar]

AN

N
=]

/

/

4
I ./
Vite e

0 0.5 1 .5 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 25 3 35 4 4.5 5
q [I/min] q [I/min]
CFD; —— eq.(5)
Figure 3. The static characteristics Figure 4. The theoretical static
of the orifices characteristics of the orifices

For simplicity of calculation, very often the pressure drop in the sharp edged orifice
can be approximated by the eq. (2). According to this relation, for the local resistant
coefficient £ = 1.48, the curves on figure 5 have been obtained. It can be seen that there
is good match between CFD simulation and relation (5) (figure 3) and the approximated
eq. (2) figure 4. Applying the eq.(3), the flow coefficient is ap = 0.822, i.e. it tends to
Apmax = 0.83.

The values of the flow coefficient depending on the Reynolds number have been
presented on figure 5. For turbulent regime of flowing the flow coefficient has constant
value, but in the laminar regime of flowing, the flow coefficient is not constant, i.e. it
varies depending on the average velocity of flowing in the orifice. If it is supposed using
this sharp edged orifices in pilot pressure relief valves, usually the pilot flow in the
pressure relief valves is around 1.0 — 1.5 [[/min]. So the Re number does not exceed
the value of 1500. For simplicity of calculation, in the dynamic model of the pilot
operated pressure relief valve an average value of 0.8 for flow coefficient can be taken.
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Figure 5. The discharge coefficient of the orifices

Figure 6 and figure 7 depict the pressure and velocity distribution for 0.8 mm sharp-
edged orifice along the axis of the orifice. The pressure and velocity distribution do not
differ qualitatively for different orifice diameters. The pressure drops quickly in the
nozzle, then at the end of the nozzle the pressure little increase and then decrease and
stay approximately constant. The velocity sharply rises in the nozzle and at the end of

the nozzle begins to decrease.
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Figure 6. The pressure distribution
along the orifice axis
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Figure 7. The velocity distribution
along the orifice axis

Typical velocity contour and velocity vectors of 0.8 mm orifice diameter, with
1.351/min and 14 bar pressure drop in the orifice is presented on figure 8 and figure 9.
The velocity contours and velocity vectors do not differ qualitatively for different orifice
diameters. As it is expected, the maximal velocity occurs at the nozzle where the

diameter is the lowest.
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1 ﬁ}; b

i
Figure 8. The velocity contour Figure 9. The velocity vectors

CONCLUSIONS

Mathematical relationship between flow and pressure loss in the sharp edged

orifices has been developed in this paper. This mathematical model was confirmed with
CFD simulation. CAD model of the flowing volume was created and simulation of the
flowing process has been made. Graphically was compared the results of the CFD
simulation and the solution of the eq. (5). The flow coefficient depending on the
Reynolds number was obtained and presented graphically on fig.5. It can be seen that
increasing the Re number the discharge coefficient tends to the value of 0.83 The
pressure and velocity distribution along the orifice axis was depicted and the velocity
contour and velocity vectors were shown (figure 8 and figure 9).

(5]
(6]

(7]

(8]
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CFD SIMULACIJA PROTOKA FLUIDA KROZ
KRATKE PRIGUSNICE SA OSTRIM IVICAMA

Sasko S. Dimitrov, Zoran M. Dimitrovski

Universitet Goce Delcev, Masinski fakultet - Stip, Republika Makedonija

SaZetak: U radu su istrazene statiCke karakteristike protoka fluida u priguSnicima
ostrih ivica. Za ovaj tip otvora razvijen je i reSen matematicki odnos gubitka pritiska i
protoka kroz otvore. Prikazana i uradena je CFD simulacija protoka. Izraden je CAD
model zapremina protoka sa razliCitim geometrijskim parametrima podeljen kona¢nim
brojem elemenata. Kao rezultat CFD proracuna, prikazani su dijagrami koji su uporedeni
sa teoretskim dijagramom. U prora¢unu su dobijeni koeficijent protoka i koeficijent
gubitka pritiska.
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SaZetak: Poljoprivreda i Sumarstvo su medu radno intenzivnim sektorima gde
poznavanje sigurnosti i zdravlja na radu nikada nije bilo dovoljno. Sumarstvo je
poslednjih godina po opasnosti sa radnim udesima na samom vrhu a poljoprivreda je
takode vrlo visoko. Najvise udesa se dogada Sumarskom, a zatim sa poljoprivrednim
tehnikom. U R.Sloveniji narocito je kriti¢no stanje kod neprofesionalnih radnika, buduci
da radovi u Sumarstvu i poljoprivredi nisu ograniCeni samo na farmere, ve¢ se tom
delatnos¢u bave svi koji imaju interes, vremena, zemljiSte ili Sumu. Situacija nije
problemati¢na samo za pojedince koji rade u poljoprivredi i Sumarstvu vec i za drustvo u
celini. Budu¢i da podaci o udesima neprofesionalnih radnika nisu precizno vodeni,

detaljnija i precizna analiza uzroka udesa je otezana.

Kljucne reci: sigurnost i zdravije na radu, poljoprivredna i Sumarska tehnika,

troskovi, propisi.
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uvoD

Poljoprivreda i Sumarstvo su delatnosti u koje se jo§ uvek polaze premalo paznje i

sigurnosti u toku rada. Sumarstvo je po rizicima na samom vrhu dogadjanja nesreéa,
a poljoprivreda je vrlo visoko rangirana. U R. Sloveniji, Sume nisu samo veliko zeleno
bogatstvo, ve¢ uzimaju i ,,najcrnji porez* u ljudskim zivotima .
Posebno kriticno stanje je u privatnom sektoru, budué¢i da radovi u Sumarstvu i
poljoprivredi nisu ograni¢eni samo na profesionalce, ve¢ se tom delatnoséu bave svi koji
imaju interes, vreme i poljoprivredna imanja, zemlju ili Sumu [1, 4, 5, 6, 7, 8]. Broj
udesa u privatnom sektoru je zbog nepotpunih evidencija stvar viSe ili manje dobrih
procena. Zato se analiza moZe osloniti na dosta potpune podatke o smrtno stradalima iz
policijskih izvestaja [3, 10, 12, 13, 14, 15].

Medutim, u slucaju teskih i lakih ozleda moze se samo nagadati o njihovom broju i

pomoci sa uporedbama iz inozemstva [9, 10, 12, 13, 20, 22, 23, 24, 25]. Zbog toga u
analizi udesa u ovom radu postoje ograni¢enja na udese samo sa fatalnim ishodom.
Na podru¢ju normativne regulacije sigurnosti i zdravlja na radu u poljoprivredi i
Sumarstvu u Sirem smislu, ukljucujuéi i sankcije za neprovodenje, primjenjuju se razliciti
propisi. Najvaznije su saobracajni propise i posebni propisi o sigurnosti i zdravlju na
radu. Ali propisi su samo osnova, inace bi situacija u proteklim godinama bila bolja od
postojece [2, 3, 4, 5, 9]. priblizno 63% smrtnih slucajeva u poljoprivredi (R. Slovenija ,
R. Srbija) desi se u procesu koris¢enja masina [1, 2, 3, 4, 5, 7, 23, 25, 33]. Ovaj udeo je
mnogo veci kod Sumarstva u R. Sloveniji [5, 7, 8, 9, 10]. Na osnovu podataka sa
prikazanom statistikom, Autori (R. Slovenija, R.Srbija) u istrazivanjima navode [20, 22,
23, 24, 25, 26, 31, 32], da je u poljoprivredi (i Sumarstvu) broj udesa najmanje 20%
izazvano upotrebom mehanizacije i tehnike. Na istoj osnovi ti Autori (R. Slovenija, R.
Srbija) procenjuju [1, 2, 6, 9, 20, 23, 24] da se kod 100 do 500 povreda skoro uvek
najmanje deSava 1 (jedan) smrtni, tragi¢an slucaj .

Svaka pojedinacna smrt koja se dogodi zbog udesa ili drugog uzroka koji nije vezan
za oc¢ekivani kraj ljudskog Zivota, tragicna je za pojedinca i njegovu neposrednu okolinu
jer Ljudski zivot nema cenu [4, 6, 9, 20, 23, 24]. Osim toga, svaka smrtnost takoder
rezultira troSkovima za uklanjanje posledica. Sli¢no vazi i za teske ozlede (invalidi), a u
odredenoj meri i za lakSe ozlede i poremecaje funkcije normalnog zdravlja. Ove i sli¢ne
troskove snosi rodbina pokojnika ili povredenih ljudi i na kraju uvek drustvo u celini. Sa
realnim poznavanjem uzroka udesa i troskova za reSavanje posledica moguce je planirati
i organizovati delotvornije mere za sprecavanje udesa i druge preventivnhe metrode i
mere [15, 16,17,18,19].

MATERIJAL | METODE RADA

Za analizu tragi¢nih desa sa poljoprivrednim i Sumarskim masinama (R. Slovenija)
upotrebljeni su podaci Ministarstva unutrasnjih poslova od 1981. do 2017. godine
[7,8,12], koji su o dostupni od kraja februara tekuce godine za prethodnu godinu. Takode
su upotrebljeni podatci iz analiza na temelju policijskih izvestaja o fatalnim udesima kod
neprofesionalnih Sumarskih radnika [5, 13, 9]. Do 2004 godine analizirani su podaci iz
policijskih izvesStaja za poljoprivredu na Savetu za sigurnost na cestama [3,18], i za
Sumarstvo [8].
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Izmedu 2005 i 2010. godine prekinuta je obrada podataka o nesrecama prema
izvestajima MUP RS. Od 2013. godine Sumarski institut R.Slovenije nastavlja obradu
podataka iz izveStaja MUP RS o nesrecama za poljoprivredu i Sumarstvo, ali detaljni
rezultati joS§ nisu dostupni.

Podatke o udesima neprofesionalnih Sumarskih radnika od 1998. godine prikuplja i
Zavod za Sumarstvo R.Slovenije i to na osnovu objava u medijima i obavijesti radnika
zavoda [2, 9].

Podaci o novo registrovanim traktorima dobijeni su iz mesecnih izvestaja
Ministarstva infrastrukture Republike Slovenije [14]. Prema podacima Ministarstva
infrastrukture u R.Sloveniji je u februaru 2018 registrovano 110.043 dvoosovinskih
traktora. Procena autora ovog rada je da u R.Sloveniji ima od 10.000 do 20.000
traktora  koji nisu ukljuCeni u statistiku jer oko 20% traktora nikada nije bilo
registrovano [6]. Autori [6,7] sa velikom verovatno¢om zakljucuju, da su svi kupljeni
traktori, u poslednjih 15 godina bili registrovani .Podaci o svim smrtnim udesima na
radnim mestima, dobijeni su iz godis$njih izvestaja Inspektorata rada Republike Slovenije
[12,13]. Podaci o smrti u saobrac¢ajnim udesima se nalaze na SI-STAT portalu [12].

Procena drustveno-ekonomskih troSkova udesa sa poljoprivrednim i Sumarskim
masinama procenjena je pomocu drustveno-ekonomskih troSkova saobracajnih udesa
[11, 15] Direkcije za ceste Republike Slovenije iz 2014 godine.

Podaci o subvencioniranju kupovine traktora u programskom razdoblju 2007 do
2013. godine Programa ruralnog razvoja, dobijeni su od Ministarstva poljoprivrede,
Sumarstva i prehrane [10].

REZULTATI ISTRAZIVANJA | DISKUSIJA
Smrtno stradali u udesima u poljoprivredi i Sumarstvu

Od 1981 do 2017. godine u rada sa poljoprivrednim i Sumskim maSinama u
R.Sloveniji smrtno je stradalo 1.419 osoba ili 38,4 godiSnje. Po metodi Autora [9],
dodaje se jos 20% drugih tragi¢nih udesa (padovi u zgradama i poljoprivrednim
objektima, povrede od zivotinja, trovanja hemikalijama itd.), u toku perioda 1981. do
2017. godina onda je u poljoprivredi i Sumarstvu smrtno stradalo 1.687 osoba ili 45,6
osoba godisnje.
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Grafik. 1. Smrtno stradali u poljoprivredi i Sumarstvu R. Slovenije od 1981. do 2017. godine
Chart 1. Fatalities accident in agriculture and forestry R. Slovenia from 1981. to 2017.

Grafikon br.1. pokazuje da su na pocetku analiziranog vremenskog perioda
prelomne (kritine) godine bile 1984., zbog ugradnje kabina za nove traktore i 1986.
godina, sa obaveznim kabinama ali za sve traktore (i polovne) . Veéina udesa dogodila
sa traktorima koji nisu bili opremljeni kabinom ili sigurnosnim ramovima, kada je
traktor usmrtio vozaca. Opremanje traktora sa kabinama ili sigurnosnim ramovima u
Republici Sloveniji, pokazuje takode situaciju smanjenja smrtnih slucajeva [8], u
poredenju sa Nemackom i Austrijom, kada je u ovim drzavama propisana obaveza
opremanja svih novih traktora (i polovni) sa kabinama ili sigurnosnim ramovima.

Na primer, u Nemackoj je posle 10 godina nakon uvodenja obaveznog opremanja
traktora na milion stanovnika smrtno stradalo 0,7 vozaca traktora, u Austriji 4,8.
Istovremeno je u Republici Sloveniji stradalo 16,8 vozaca. Kako bi se poboljsala
situacija Zakonom o motornih vozilima [16, 17] propisano je da traktori moraju imati
kabinu ili sigurnosni ram. Odgovarajué¢i Zakon u Republici Sloveniji omogucava i
kontrolu i izricanje nov¢anih kazni od strane policije i inspekcijskih sluzbi.

Tokom analiziranog perioda u Republici Sloveniji, do 2001. godine kod radova u
Sumarstvu u proseku smrtno je stradalo 18 ljudi godisnje. Manje od 10 nastradalih ljudi
u Sumarstvu bilo je 2004. do 2010. Ali u 2011. godini ponovo je registrovan je porast
broja smrtnih slu¢ajeva u Sumarstvu od 14,7 ljudi godisnje.
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Tabela 1: Smrtno (tragi¢no) nastradali u poljoprivredi i Sumarstvu Slovenije od 2008. do 2017.
Table 1. Fatalities accident in agriculture and forestry of Slovenia from 2008 to 2017

Godina Mrtviu Mrtvi u radnim | Mrtvi kod Mrtviu Ukupno

saobrac¢ajnim udesima sa rada u ostalim

Year udesima sa traktorom Sumi udesima Total
traktorom
Dead person in Dead Dead person
Dead person agriculture person in in others
in traffic with a tractor | forestery | accident with
accident with with a atractor
tractor tractor

2008 2 10 9 4 25
2009 5 9 5 28
2010 2 9 3 20
2011 1 21 5 34
2012 1 12 3 19
2013 4 12 15 6 37
2014 0 21 5 35
2015 2 17 4 26
2016 6 11 5 30
2017 1 6 3 17
Ukupno/Total 24 74 130 43 271
Pros./Average 2.4 7,4 13,0 43 27,1

masina i ljudi u Sumama. To se mozZe pripisati osobito pove¢anom broju ljudi koji rade u
manjim vlastitim Sumama, koji nisu dovoljno tehnicki obuceni, opremljeni i nedostaje
takvim ljudima odgovarajucée iskustvo. Osim toga postoji rastuéi interes za proizvodnju
drva za ogrev ili prodaje drva zbog losije ekonomske situacije. Zbog navedenih glavnih
razloga, povecan je obim i broj radova u Sumama. Sa druge strane povecan obim
radova u Sumama se moze javiti i kao uklanjanje posledica prirodnih nepogoda, narocito
nevremena i velikih sneznih padavina kada se Sume znatno oStete. Deo uzroka
povecanih povreda ljudi u Sumama takode se moze pripisati neadekvatnim propisima za
rad u Sumi, bududi da za veliku vecinu vlasnika Suma nije propisana stru¢na sprema ili
oprema sa osobnom zaStitnom opremom i merama zastite. Ova se obveza odnosi samo
na 9.000 registrovanih izvodaca radova u Sumama i vlasnika Suma koji su osigurani kao
poljoprivrednici. Autori na osnovu istrazivanja [2,6,9] zakljuuju da u Sumama
povremeno radi izmedu 50.000 i 60.000 lica vlasnika Suma i ¢lanova njihovih porodica.
Posto velika vec¢ina ovih ljudi ne poznaje propise, Zakon, i pravila rada sa maSinama i
traktorima u Sumama, nesre¢e imaju veoma teske i ne predvidive posledice.
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Uporedenje broja tragi¢no stradalih u poljoprivredi i Sumarstvu
sa odabranim drugim oblastima

Aspekt uporedenja broja tragi¢no nastradalih u poljoprivredi i Sumarstvu u Sirem
druStvenom kontekstu, prikazan je uporedenjem broj tragi¢no nastradalih u udesima
svih zaposlenih, u saobracajniim udesima i samoubistava u Republici Sloveniji. Za
poredenje odabran je period od 2011. do 2012. (Tabela 2). Od odabranih podrucja za
broj smrtno stradalih u poljoprivredi i Sumarstvu u proseku vise nego kod udesa u
ostalim radnim procesima (npr gradjevinarstvo, industrija) u Republici Sloveniji.
Navedeno pokazuje veliku problematiku dogadjanja udesa u poljoprivredi i Sumarstvu.

Tabela 2. Tragi¢no (smrtno) nastradale osobe u odabranim oblastima nesreéa
Table 2. Tragically (deadly) person killed in the selected areas of the accident

Godina Udesi Svi radni udesi Udesiu Samoubistva
Year poljop./Sume All work saobracaju
Accident accidents Traffic Suicides
agric/forestery accident
2011 34 20 129 437
2012 19 21 122 443

Drustveno ekonomski troskovi smrtnih udesa u poljoprivredi i Sumarstvu

U slucaju nesre¢a na prvom su mestu posledice za pogodenog, rodake, prijatelje i
prakticki ne mogu biti vrednovani novcem. Medutim sa svakom takvom smréu dolazi do
velikih drustveno ekonomskih troskova.

Procena troskova najrazvijenija je za saobracajne udese u R.Sloveniji. Prema studiji:
-Procjena drustveno ekonomskih troskova saobracajnih udesa na cestama [3] u 2012.
godini, troSkovi za jednog smrtnog nastradalog u saobracaju iznosili su 1,60 miliona
eura.

Ako se jednako procene i posledice fatalnih udesa u poljoprivredi i Sumarstvu one
su u analiziranom 37 godi$njem periodu iznosili 2,70 milijardi eura, odnosno 2,3
milijarde eura u fatalnim udesima sa poljoprivrednim i Sumarskim masinama. To ukupno
iznosi 1/4 godi$njeg bruto nacionalnog budzeta R. Slovenije za 2016. godinu. Ako se
posmatra period 1981 do 2016., to prosecno iznosi 61,4 miliuna godisnje ili 0,71% bruto
nacionalnog budzeta R. Slovenije za 2016. godinu.

Ako troskove za 37 godina analiziranih nesre¢a budu preracunati u moguci broj
kupljenih novih traktora od 74 kW (100 KS) sa prosecnom cenom od 49,600 eura, to je
ukupno 45.774 traktora ili 1.237 novih traktora svake godine.

Ipak je relevantnije ove troskove analizirati za poslednjih 10 godina. U ovom
razdoblju u udesima povezanim sa poljoprivrednim i Sumarskim masinama smrtno je
stradalo je 228 osoba. Prema predhodno opisanoj metodi [3] za poslednjih 10 godina
predstavlja drustveni troSak 365 miliona eura ili 7.354 novih traktora snage 74 kW. To
relativno znaci 48,6% svih prodanih traktora u istom razdoblju kada je bilo u R.Sloveniji
prodano 15.122 novih traktora (razlicitih snaga).
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Navedene konstatacije ilustruju na Zalost istinsku veli¢inu drustveno ekonomskih
troskova posledica smrti vezanih za poljoprivredne i Sumske radove i masine .

Uticaj subvencioniranih ulaganja u poljoprivredne i Sumarske masSine
na poboljSanje stanja sigurnosti na radi

Svaki novi traktor ili maSina koji zamjenjuju staru znaci vecu i poboljSanu sigurnost
i zdravlje na radu i tako uticu na smanjenje broja udesa i druStveno ekonomskih troskova
udesa. U R.Sloveniji prosecna starost traktora u 2010 godini iznosila je 20,6 godina.
Preciznije to stanje je bilo prema [5, 6, 9]: 5% traktora mladih od 5 godina, zatim 18%
mlade od 12 godina. Nazalost danasnja situacija nije znatno bolja, pa je stoga potro$nja
javnih sredstva koja se ulazu u subvencionisanje kupovine poljoprivredne i Sumarske
tehnike opravdana i znacajna. U R.Sloveniji postoji Siroko proSireno misljenje javnosti
da poljoprivredna gazdinstva kupuju ve¢inu masina kroz subvencije, $to nije ta¢no. U
programu ruralnog razvoja za period od 2007. do 2013. godine samo je kupovina 13,8%
novih traktora subvencionisana iz javnih sredstava R.Slovenije.

Naime, u zakonskim merama kojima je predvideno sigurno povecanje ekonomske
vrijednosti Suma 1 modernizacija poljoprivrednih gazdinstava [11a, 13, 15],
subvencionisana je samo kupovina ukupno 1.536 traktora. Istovremeno je u istom
razdoblju nabavljeno 11.500 novih traktora. Mozemo zakljuciti da postoji sli¢na situacija
u kod prikljuénih i samohodnih poljoprivrednih ili Sumarskih masina, ali to se ne moze
potvrditi brojevima, jer podaci o prodaji ovih masina, za sada, nisu dostupni.

Nova i sigurnija tehnika pomaZe u smanjenju broja udesa pa je stoga
subvencionisanje kupovine iz javnih sredstava opravdano, ali je tih slucajeva daleko
manje od prevladavajuceg misljenja javnosti u R. Sloveniji.

ZAKLJUCAK

Poljoprivreda i Sumarstvo su radno intenzivne delatnosti gde sigurnost i zdravlje na
radu uviek nedostaje, odnosno ne posvecuje se dovoljna paznja ovom faktoru rada ljudi.
Narocito problemati¢na je situacija sa neprofesionalnim radnicima jer se Sumarstvom i
poljoprivredom bave svi koji imaju nekakav interes, viemena i zemlju ili Sumu.

Iako je u proslosti ulozeno mnogo energije, napora i mera za povecanje sigurnosti
na radu u poljoprivredi i Sumarstvu, svake godine smrtno strada ili se povredi veliki broj
ljudi, narocito neprofesionalnih radnika na poljoprivrednim gazdinistvima, medu kojima
su i deca mlada od 15 godina.

Uz nesrece pojedinaca i njihove probleme, nastali udesi uzrokuju velike druStveno
ekonomske finasijske troskove kod reSavanja problema posledica.

Glavni uzroci udesa i nesrec¢a sa poljoprivrednim i Sumarskim tehnikom su:

e podcenjivanje prisutne opasnosti 1 neodgovorno ponasanje (nepaznja,
neodgovarajuce psihofizic¢ko stanje radnika, umor, alkohol i drugi faktori),

e precenjivanje stvarnih sposobnosti ucesnika,

e stara tehnika (stari traktori i druge masine) i slaba tehni¢ka oprema (smrtni udesi sa

traktorima — prevrtanje traktora: oko 75% slucajeva bez sigurnosnih ramova ili

kabine — kotrljanje niz nagib i poklapnje vozaca),
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e losa ili nedovoljna obuéenost za rad, jer nove tehnologije u radnim procesima
donose nove opasnostri (primer: 2 tragi¢na udesa sa presama za okrugle bale i jedan
sa ma$inom u Sumarstvu za secenje drva),

e zanemarivanje obavezne upotrebe licne zastitne opreme,

e prirodne nepogode i drugi neuobicajeni uslovi rada za koje radnici nisu obuceni ,

¢ nedovoljno normativno regulisani uslovi za rad neprofesionalnih radnika u Sumama
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Abstract: Agriculture and forestry are among the labor-intensive industries where
knowledge about health and safety at work is never enough. In recent years, the risk of
accidents in the workplace is in forestry at the top, as well as farming is very high. Most
accidents happen with agricultural forestry and techniques. In R.Slovenia, circumstances
in non-professional workers sector are especially very critical, because working in
agriculture and forestry are not only involved farmers, but also everyone who has an
interest, time and agricultural land or forest. However, the situation is not problematic
only for individual forest and agricultural workers, but on the national level. The fact
that the exact data of accidents in the non-professional workers sector are not exactly
known demands detailed analyses about the causes of accidents.
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Abstract: The drying kinetics and determination of thermodynamic properties of sliced
tomato samples during hot air drying in a hybrid solar-electric crop dryer were presented. One
kilogram batch of freshly harvested tomato samples were sliced to 10 mm thickness and dried at
varying air velocities (1.0, 1.5 and 2.0 ms™) and temperatures (50, 55, 60, 65, and 70°C) using the
hybrid mode. In order to choose the best drying model, eight thin-layer mathematical models
were fitted to the experimental data. The high values of coefficient of determination, R* and the
low values of reduced sum of squares error (SSE) and root mean square error (RMSE) indicated
that the Midilli et al. model adequately described the drying process of tomato slices, with its
highest R? (0.9999), lowest SSE (0.1136) and lowest value of RMSE (0.0212) at 70°C
temperature and 2.0 ms™ air velocity. Arrhenius model was used to represent the drying constant
as a function of temperature. The effective moisture diffusivity increased with increase in
temperature and air velocity; with the highest value obtained at air velocity of 2.0 ms” and
temperature of 70°C, whereas it was lowest at air velocity of 1.0 ms™ and temperature of 50°C.
The mean activation energy required to dry 1kg batch of 10 mm sliced tomato samples was 39.34
kJmol™. Enthalpy and Gibbs free energy values were found to decrease with increasing drying
temperature as well as the entropy which also exothermically decreased with temperature.
Recommendations for further studies were stated.

Keywords: Thermodynamic properties, drying kinetics, tomato slices,
water desorption, activation energy.

INTRODUCTION

Tomato (Lycopersicon esculentum L.) is a perishable and seasonal crop generally grown and
widely eaten in most countries including Nigeria. It is one of the valuable fruit vegetables which
is economically rated to be the second most important vegetable crop after potato [1, 2]. In
developing countries such as Nigeria, tomato is a seasonal product, characterized by being in
good quality, rich in vitamins and minerals, high moisture (usually above 90% wet basis),

" Corresponding author: Email : ‘E-mail: nrnwakuba@gmail.com
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low fats contents especially at harvest, excessive and cheap in their seasons and scarce, costly
and in bad quality during out of seasons [3, 4]. In order to make it available on the market as long
as possible after harvest, the products are most often subjected to the drying process.

Its drying is a highly energy intensive operation as a result of the relatively high moisture
content at harvest; and for this reason, considerable amounts of energy is required to heat the
drying air so as to bring down the high moisture content to a safe storage level (usually 5 — 15%
w.b.) at a temperature range of 35 — 65°C [3, 4].

In order to analyze the drying behaviour of an agricultural product during drying process, the
study of its kinetics in thin layers is essential [5, 6, 7, 8]. Mathematical modeling involves
predicting and simulating drying behaviour of certain parameters and processes in a unified
manner regardless of the control mechanism, through empirical and phenomenological models
[9, 10]. Several mathematical models such as the Midilli et al. model, Page model, Newton
model, Fick's-diffusion model, Logarithmic model, Henderson and Pabis model etc. have been
used to describe the thin layer drying process of agricultural products. These models which
describe the characteristics of a particular product being dried are used to estimate the drying
time of several products and also to generalize drying curves needed for dryer design and process
optimization. The study of thermodynamic properties in the drying process of agricultural
products aims to proffer solutions to problems related to stability and optimization of process
conditions [10, 11]. It is necessary for optimal designing and dimensioning of crop dryers and
other devices in various processes of preservation of product quality as well as in the proper
understanding and provision of information on energy exchanges between one state of
equilibrium to the other [10, 12]. Given the above, this study is circumscribed to model the
drying kinetics and determine the thermodynamic properties of tomato slices at varying drying
temperatures.

MATERIAL AND METHODS
Theoretical principles

The plot of moisture ratio with drying time obtained from the experimental data was used to
represent the drying kinetics of tomato slices; since the initial value for moisture ratio is unity for
each of the experiments, the moisture ratio curve will explain the drying behaviour better than
that of moisture content curve [13]. Therefore, the moisture ratio, MR was calculated from
Equation (1a) as [14]:

M- M —
MR = —L—2¢ =7kt (1a)
MO_ME

Where: M, =Moisture content at any time, t (% db.); M, = equilibrium moisture content (% db.);
and M, = initial moisture content (% db.), t = drying time (mins.), k = drying constant (min™").

The values of M, are relatively small when compared to M, and M,, and thus had negligible error

[15, 16, 17], therefore the moisture ratio was calculated as Equation (1b):
- M
MR = y (1b)

o
The drying rate, DR was obtained as expressed in Equation (2) [1]:
M -M
DR = t+dt t (2)
Mop— Me

Where: M,.4 = moisture content (%wet basis, wb) at time t+dt; M, = Moisture content at time, t
(% wb); t = drying time (mins.).

The drying curves were fitted to eight commonly known thin-layer drying models as shown
in Table 1. The best of fit was obtained by using three statistical parameters: coefficient of

determination (R?), reduced sum of squares errors (XZ), and root mean square error (RMSE)
expressed as Equations (3) — (5) [5-10, 13, 15]:
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RZ — 1 _ I:Z%\]:l(MRpre_MRexp.i)z (3)
Z%\]:l(MRPFe_MRexpi)z
(MRex i~MR re,i)2
X=X @)
N - )2
RMSE = \/Zl:l(MRPr; MRexp,i) )

Where: MRy, ; =the ith experimental moisture ratio; MR .4 ;= the ith predicted moisture ratio; N
= number of observation; m = number of constants in the drying model; MR . = mean of
predicted moisture ratio.

Table 1. Thin-layer drying models.

M,\?gel Model name Model equation References
- Zarein et al., 2013; Darvishi
— ,(=kb) ) ; ;
1 Lewis MR =e 2012
n Zarein et al., 2013; Darvishi
_ (—kt ) 1 ’ 1
2 Page MR =e 2012
3 Henderson and Pabis MR = ae(~kt Zarein et aIEO210213, Darvishi,
4 Modified Henderson ~ MR = ae(kD 4 pe(-9D Zarein et al., 2013; Sahari and
and Pabis +c(e™ht) Driscoll, 3013
5 Logarithmic MR = aexp(—kt) + ¢ Zarein et al., 2013
6 Two-term MR = aekot) + pel-kit) Sahari and Driscoll, 2013
MR = aeCF0 + (1 Karathanos, 1999; Darvishi,
7 Verma et al. — a)el-o0 2012,
8 Midilli et al. MR = ae*t" 4 bt Zarein etal, 2013, Darvishi,

The effective moisture diffusivity (D.) of food materials characterizes their intrinsic property
of mass and moisture transport including molecular diffusion, vapour diffusion, hydrodynamic
flow and other mechanisms [2, 18]. Moisture transfer (water transport) during drying agricultural
crops takes place through molecular diffusion, and was described using the solution term of the
simplified Fick’s second law of diffusion expressed in Equations (6a) and (6b) as [5, 6, 19]:

—‘rrzDet
MR:M: Ee( L2 ) (6a)
o— Me TC
8 m2Det
In(MR) = ln; -0 (6b)

Where: MR = moisture ratio; D, = effective moisture diffusivity (m”s™"); L = half thickness of the
sliced tomato samples (mm); t = drying time (mins).

The D, was calculated, using the method of slopes as described by [5, 6, 19, 20]. A straight
line was obtained when the logarithm of moisture ratio (In MR) was plotted against drying time
(t) for different temperatures and air velocities at constant slice thickness. The slope (coefficient
k;) of the regression line is related to the effective diffusion coefficient (D) of sliced tomato
samples to be determined by substitution into Equation (7) as [19]:

2D
ki = = (7)

The activation energy (E,) was calculated by applying the drying constant (ky) of the best
fitted model to the Arrhenius as expressed in Equation (8) [1, 19]:
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Kq = Aoe(_%> ®)

The plots of the logarithm of the drying constant (In K4) against the reciprocal of the
absolute drying temperature (T, ") gave a linear function expressed as Equation (9) [6, 19]:

Ea
RgTa

InKy = InA, — )

Where: Ky = drying constant = effective moisture diffusion coefficient (m’s™); A, = pre-
exponential factor (m’™); E, = activation energy of diffusion of water (kJmol™); R, = gas
constant (8.3143 kJmol"°K); T, = absolute temperature (°K).

Substituting the slope of the linear function, kK, = R—a into Equation (9) yields the
g
activation of the slice tomato samples expressed as Equation (10):

Ea = kz.Rg (10)

The coefficient of determination (R?) of the model equation was obtained by fitting Equation
(9) into the experimental data using linear regression (Minitab version 17). The thermodynamic
properties of the drying process of tomato slice in a hybrid solar-electric crop dryer were
determined through method described by [10, 11] expressed as Equations (11) to (13):

AH = E, — RT, (11
AS = R(lnA0 - 1n‘;—§ - lnTa) (12)
AG = AH — T,AS (13)

Where: AH = enthalpy variation (Jmol™); AS = entropy variation (Jmol'K™"); AG = Gibbs free
energy variation (Jmol'); K = Boltsmann constant (1.38 x 107" Js™); h, = Planck constant
(6.626 x 10°*Js™); T, = absolute temperature (°K).

Experimental procedure

Drying experiment was performed using a hybrid solar-electric convective dryer (Figure 1)
designed and developed in the Engineering Workshop of Federal University of Technology,
Owerri, Nigeria. A local variety of fresh tomato samples (Gboko Spp.) were procured from a
rural market in Owerri, Imo State of Nigeria. The samples were washed and sliced into 10 mm
thickness size using a sharp stainless steel knife and a vernier caliper with the direction of cutting
perpendicular to the vertical axis of the tomato samples. The dryer heating unit (1500 W) was
switched on, the required air flow and temperature were initiated by the 4 x 4 matrix keypad of
the control unit. The drying chamber (with dimensions: 40 cm x 40 cm x 50 cm) was allowed to
maintain steady-state condition. When the optimum preset drying temperature was attained, the
arduino microprocessor automatically switches off the heating unit, and turns it on again when
the drying chamber temperature falls one degree below the preset temperature. The dryer was
programmed to operate at five different temperature thresholds of 50, 55, 60, 65 and 70°C, and at
three varying air velocities (1.0, 1.5 and 2.0 ms™).
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Figure 1. Isometric view of the hybrid drying system.

The initial mass of the 1 kg batch sliced samples was measured by a digital weighing balance
(0.01 g, Camry instruments, China) and recorded, and placed on the drying racks in such a way
that the drying air flows axially into the sample matrix (for faster drying). The initial moisture
content of the samples was measured by drying 20 g of representative sliced sample in an oven
dryer set at 105°C for 24 hours [8, 21, 22]. At every 30 minutes time interval, the control unit of
the dryer system (consisting of arduino microprocessor) measures, records and displays on the
screen, sample weight loss as well as the drying temperatures and relative humidities of the
drying racks, chimney, solar collector, and ambient environment. The difference between the
initial dried mass and the 30-minutes interval measured masses were used to calculate the
moisture content at any time, t as well as the percentage weight loss for each dried batch. The
weight losses were recorded by the use of a weight sensor attached to the weighing balance (with
a precision of 0.01 g) in the drying chamber. The experiment was repeated for varying sample
thicknesses, temperatures and air velocities for a batch of 1000 g. Drying was stopped when
variation in the mass of tomato samples on the drying racks remained approximately constant,
thus hygroscopic equilibrium was achieved. At this point moisture content decreased from 94.7%
to 12.5% (w.b.).

RESULTS AND DISCUSSION
Modeling of drying curves

The kinetics of water desorption in tomato slices was investigated using the moisture content
data (for 50, 55, 60, 65 and 70°C temperatures; 1.0, 1.5, and 2.0 ms™ air velocities; and constant
slice thickness of 10 mm) converted to moisture ratio using Equation (1b) and then fitted to the
eight drying models (Table 1). Amongst the evaluated models, Midilli model showed the best fit
to the experimental data of moisture ratio for all air velocity and temperature levels, having the
highest mean values of R* of 0.9996 and lowest mean values of x? (0.1814) and (0.00298)
RMSE. The Midilli model had the highest value of R?, and lowest values for x? and RMSE at
2.0 ms™ air velocity as shown in Table 2. At all temperature levels, the values obtained with the
Midilli model satisfied the criterion for goodness of fit: highest value of R? (0.9999), lowest
value of X2 = 0.1136, and lowest value of RMSE = 0.0212 at 70°C temperature and 2.0 ms™ air
velocity. The best fitted drying model describing the drying behaviour of sliced tomato samples
(at air velocity of 2.0 ms” and temperature of 70°C) in a hybrid solar-electric dryer is therefore
expressed as Equation (14):

MR omato = 4.926e(-08041t%%%) 4 0 007t [R*=0.9999] (14)



44 Nwakuba et al.: Thin Layer Modeling.../Agr. Eng.(2018/1). 39-51

Table 2. Statistical results obtained from the eight considered drying models at 2.0 ms™ air
velocity and varying drying temperatures.

Model Temp. 50°C Temp. 55°C Temp. 60°C

name R? x¥>2 RMSE R? x¥2 RMSE R? x> RMSE
Lewis 0.0987 2.5233 00242 09990 24218 0.0242 09996 2.4129 0.0218
Page 0.9959 0.6723 0.00692 0.9961 0.6719 0.00653 0.9973 0.6231 0.00601
Henderson o076 19273 00102 09981 1.9201 00100 09981 1.8407 0.00945
and Pabis

Modified

Henderson  0.9921 3.293  0.0197 09930 3.242 00181 0.9936 3.118 0.0174
and Pabis

Logarithmic  0.9985 0.8763 0.00722 0.9986 0.8701 0.00711 0.9989 0.8614 0.00703
Two-term  0.9955 0.7233 0.00726 0.9958 0.7015 0.00701 0.9962 0.6821 0.00631
Vermaetal. 09961 2649 00273 09961 2602 00220 09966 2531 0.0171
Midilli et 09993 02114 0.00438 0.9995 0.2106 0.00316 0.9997 0.1931 0.00281
al.

Model Temp. 65°C Temp. 70°C

name R? x> RMSE RMSE  R? X2
Lewis 0.9993 2.3704 0.02133 0.9996 22014 0.0198
Page 0.9980 0.5831 0.00601 0.9987 05704 0.00549
Henderson ) o584 18114 0.00945 09989 1.7931 0.00724
and Pabis ’ ’ ' ’ ’ ’
Modified

Henderson  0.9941 2504  0.0169 0.9944 2.894  0.0149
and Pabis

Logarithmic  0.9991 0.8401 0.00698 0.9994 0.8277 0.00684
Two-term  0.9966 0.6328 0.00622 0.9969 0.6014 0.00619
Vermaetal. 0.9972 2.217 0.0136 0.9974 2.109 0.0149
Midilli et 0.9998 0.1783 0.00243 0.9999 0.1136 0.00212
al.

Equation (15) was validated by plotting the values of the predicted moisture ratios against
those of the experimental and is presented in Figure 2. The high coefficient of determination (R*
=0.9998) which is close to unity, as well as the closeness of the points to the dotted lines indicate
strong correlation or equality between the predicted and experimental values. Thus the suitability
of the model to describe the drying behaviour of tomato slices in a convective hybrid solar-
electric dryer. The behaviour of moisture ratio as a function of the drying time of tomato slices
under the selected temperature levels at constant slice thickness is as shown in Figure 3.

Predicted moisture ratio

Figure 2. Predicted and experimental moisture ratio values for the Midilli model at 2.0 ms’
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Figure 3. Drying curves of tomato slices described by Midilli et al. model at 2.0ms™ and varying
temperature levels.

However, in the context of thin-layer drying models, [16] evaluated the drying of tomato
samples and found that the Midilli et al. model was the most suitable to describe the drying
process at temperature range of 20, 40 and 60°C and at a constant air velocity of 2.0 ms™.
Similarly, [23] in drying of lemon grass leaves observed that Midilli et al. model was the best in
describing the drying process at a temperature range of 30 to 60°C. [24] found also that Midilli et
al. was adequate in describing the drying process of Cumari do Para pepper (Capsicum chinense
Jacqui) at temperatures of 45, 55 and 65°C. All these corroborated with the present study.

Figure 3 illustrates that the higher the drying temperature, the shorter the drying time. This is
as a result of increased kinetic energy of internal water molecules to diffuse and evaporate at
higher rates from the interior and surface of the products to the ambient air respectively. This
thus, increases the drying rate and reduces the drying time. This is in agreement with the findings
of [25], in thin-layer drying of jujube fruits; [19] in drying of ginger slices; [6, 19] for okra slices;
[1] for tomato slices; [5] in drying of carrot slices. There is a sharper decrease in the moisture
ratio at the beginning of the drying process, which could probably be as a result of the high initial
moisture content of the tomato samples (94.7% w.b), which increases moisture loss. According to
[26], this occurs when the moisture content of the product sample exceeds 80% w.b., the internal
resistance to water transport is usually lower than the external resistance to moisture removal
from the sample surface to ambient/drying air, which marks the constant rate period. Owing to
that, there is internal resistance to moisture diffusion and the mechanism for controlling the
drying process is by diffusion. [26, 27] suggest that in this drying period, the decreasing rate of
the product internal moisture corresponds to the internal water migration that make up the drying
kinetics.

The drying constants, K4 for the Midilli et al. model at different temperatures are given in
Table 3. The natural logarithm of the drying constant, In(Ky) is described as a function of the
reciprocal of the absolute temperature, Ta" as presented in Figure 4. K, increases in absolute
values with temperature, due to greater heat transfer coefficient from the air to the product and,
there is an increase in moisture diffusion to the product surface as a result of increased air
velocity and temperature. The variations in the model parameters (a, n and b) are more related to
mathematical fits than to a drying phenomenon, since Midilli is a semi-empirical model [26, 28].
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Table 3. K4-values of the fitted drying model for different temperatures.

Temperature (°C) Midilli et al. model R’
50 MRomato = 2.974e(-03074672°%) 4 0 007¢ 0.9993
55 MR, omaro = 3.112e(0-401167°%) 4 9 007¢ 0.9995
60 MR omaro = 3.621e (04991869 4 g 007¢ 0.9997
65 MR, omaro = 4.824(0-6083672%%) 4 0 007¢ 0.9998
70 MR, omaro = 4.926€(0-804167%%%) 4 0 007¢ 0.9999
T,' (x 102 K™
2,9 2,95 3 3,05 3,1 3,15
0 L L L L J
_0’2 B
-0,4 -
g 0,6
= -0,8 4
-l -
_1'2 p
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Figure 4. Arrhenius-type relationship between drying rate and absolute temperature of sliced
tomato samples at constant air velocity and slice thickness.

The linear regression of the relationship between the logarithm of the drying constant and the
inverse of the absolute temperature is expressed in Equation (15) as:

5.1815

InKy = 14.863 — [R?=0.9967] (15)

a

The high R*value (0.9967) indicates strong correlation between the parameters of the linear
regression function. The moisture diffusivity, D, was calculated by substituting the values of
Equation (7) into Equation (6b) and presented in Table 4. From Figure 4, the Arrhenius
expression (Equation 8) can be written as:

38382.22
K4 = 724328.28 exp (8_3143Ta) (16)
Table 4. Effective moisture diffusivity (D) of tomato slices in different drying temperature
and constant air velocity and sample thickness.
Air velocity Diffusion coefficient (m?s™)
-1
(ms™) 50°C 55°C 60°C 65°C 70°C

1.0 4.9541x10°  5.4729x10° 59156 x10° 6.3817 x10°  6.8153 x107

15 5.1495x10°  5.8182x10°  6.2457 x10°  6.5041x10°  7.1163x10°

2.0 5.2364 x10°  6.1922x10°  6.3343x10°  6.9932x10°  7.5726 x10°

The D, values fall within the reported range for vegetables and other food materials [6, 13,
16, 17, 29, 30, 31]. Moisture diffusivity was affected by the drying temperature and air velocity:
D, values increased with increasing air temperature due to decrease in vapour pressure in the
product matrix [32, 33]. The minimum value of D, (4.9541x10° m’s") was found at the
minimum temperature, while at constant temperature values an increase in the air velocity
increased D, values probably because at a low air velocity (say 0.1ms™), the drying air may had
better contact with the sample surface but the rate of its heat and mass transfer was low as to
necessitate greater absorption of moisture which results in decreased moisture diffusivity.
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Similar observations were reported by other researchers for carrot, berberis fruit, red chillies,
apples, okra, ginger, tomato, bell pepper, melon, and field pumpkin [1, 2, 13, 14, 15, 17, 19, 30,
34, 35, 36].

The slope of Figure 4 provides the relationship between E, and R,, whereas the intersection
with the In(Ky)-axis indicates the A,-values. Table 5 shows that E,-values and their
corresponding R” and the pre-exponential factor values of the sliced tomato samples are within
the range of E,-values for food materials (12.7 to 110 kimol™) as reported by [1, 5, 14, 19].

Table 5. Activation energy, pre-exponential factor and R*-values of tomato slices at varying air velocities.

Air velocity (ms™) E, (kJmol™) R? Ao x 103 (m%?)
1.0 40.96 0.9692 8.62
1.5 39.21 0.9703 7.07
2.0 37.86 0.9734 6.31
Mean 39.342 0.971 7.333

From Table 5, the activation energy, E, of sliced tomato samples decrease with increasing air
velocity. The E,-values obtained from this present study are within the range (33.33 to 43.23
kJmol™") obtained by [16] for similar air velocity and temperature ranges. The high E,-values
were as a result of the relatively small amount of water removed by the thermal energy of the
drying air. Activation energy is the energy barrier that must be overcome in order to initiate
moisture diffusion. By increasing the temperature and drying rate (air flow), this energy barrier
can be easily overcome but there should be a compromise between drying temperature and
acceptable product quality [13]. Increasing the air velocity (at increased temperature) speeds up
the rate of surface moisture evaporation, and most importantly increases the heat transfer rate
which in turn increases the kinetic energy of the internal moisture for rapid collision, hence
reduced activation energy. The mean E,-value obtained from Figure 4 at varying air velocities
was 38.38 kimol™. Correa et al. [37] corroborated that the lower the E,, the higher will be the
water diffusivity in the product sample, i.e., the lower will be the energy necessary for physical
transformation to occur, which refers to the transformation of liquid free water to vapour
(drying). Similar observations were reported in the works of [6, 13, 16, 17] for sliced food
materials.

Thermodynamically, E, is defined as the ease with which water molecules surpass the energy
barrier during internal moisture diffusion [26, 38]. The thermodynamic properties of sliced
tomato drying were determined using Equations (11) to (13), and presented in Table 6.

Table 6. Thermodynamic properties of dried sliced tomato.
Temperature (°C) AH (Jmol™)  AS (Jmol™)  AG (Imol™?)

50 35695.45 -64.14 14968.61
55 35653.88 -64.05 14635.87
60 35612.31 -63.89 14327.36
65 35570.74 -63.77 14006.34
70 35529.17 -63.65 13687.67

Enthalpy decreased with increasing temperature, implying a lower energy requirement for
drying of sliced tomato at higher drying temperatures. The positive values of the enthalpy, AH
indicate that the drying process is an endothermic reaction, which requires addition or supply of
energy in the form of heat for the physico-chemical transformations to occur. As the temperature
of the drying chamber increased, entropy of the system also decreased; indicating increase in the
order of the system, which is entropically unfavourable [26].

Some researchers [26, 39] suggest that a substance such as water can have only entropy if the
degrees of freedom of the movement of translation or rotation are lost. Gibbs free energy (free
enthalpy) is a thermodynamic potential of a system that can be considered as a measurement of
maximum reversible work performed by a thermodynamic system in the process of moisture
adsorption or desorption (i.e., moisture gain or loss) [26, 40]. According to Costa et al. [26],
Gibbs energy provides clearer understanding of the thermodynamic driving forces that affect
reactions.
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However, in the drying of tomato slices, the effect of enthalpy was evident; which decreased
with increasing drying temperatures, with its maximum (14968.61 kJmol™) corresponding with
the minimum temperature (50°C) and its positive values indicating endergonic reactions: supply
of heat energy from the ambient environment — drying chamber, in which the sliced samples are
kept for heat and mass reactions to occur.

CONCLUSION

Thin-layer mathematical modeling and determination of thermodynamic properties of sliced
tomato samples during hot air drying in a hybrid solar-electric dryer were investigated at five
different drying temperatures (50, 55, 60, 65 and 70°C), three different air velocities (1.0, 1.5 and
2.0 ms™), and at a constant slice thickness (10 mm). The following results were obtained as
summarized below:

1. According to statistical analyses applied to the eight selected models, the Midilli et al.

model gave the best fit to the experimental data of drying of tomato slices with the
highest value of R2 (0.9999), lowest value of % = 0.1136, and lowest value of RMSE =

0.0212 at 700C temperature and 2.0 ms-1 air velocity.

2. The model equation is expressedas: MRiomaro = 4.926€(08041t7%%%) 1 0 027¢

3. The drying constant increased with increases in drying temperature. Temperature and air
velocity influenced both moisture diffusivity and activation energy. The value of
moisture diffusivity increased with increase in temperature and air velocity. The highest
effective moisture diffusivity was observed at air velocity of 2.0 ms-1 and temperature
of 700C, whereas it was lowest at air velocity of 1.0 ms-1 and temperature of 500C.

4. The activation energy of sliced tomato decreased with air velocity. The mean activation
energy required to drying 1kg batch of 10 mm sliced tomato samples in a hybrid solar-
electric dryer is 39.34 kJmol-1.

5. The effects of different drying temperatures on the thermodynamic properties of dried
tomato slices such as enthalpy, entropy and, Gibbs free energy were studied. Enthalpy
and Gibbs free energy decreased with increase in temperature, as well as entropy which
exothermically decreased with increasing temperature.

Further studies on optimization of the drying process and determination of thermodynamic
properties of different varieties of sliced fruits and vegetables at varying air velocities, sample
thicknesses and drying temperatures using different drying systems are recommended.
Experimental investigation on the heat and mass transfer parameters as well as the thermal
utilization efficiency and dried product quality assessment of various species of sliced vegetables,
roots and tuber crops using any solar-assisted hybrid dryer with a heat recovery unit is of great
importance for future work.
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MODELI | TERMODINMACKE OSOBINE TANKIH KRISKI PARADAJZA
SUSENOG VRELIM VAZDUHOM
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Sazetak: Prikazana je kinetika suSenja i odredivanje termodinamickih osobina uzoraka
narezanog paradajza tokom susSenja toplim vazduhom u solarnoj susari. 1 kg svezih uzoraka
paradajza su rezane na debljinu 10 mm i suSene na razli¢itim brzinama vazduha (1,0, 1,51 2,0
ms™) i temperaturama (50, 55, 60, 65 i 70 °C) hibridnim na¢inom susenja. Da bi se izabrao
najbolji model susSenja, uradeno je 8 tanko-slojnih matematickih modela sa eksperimentalnim
podacima. Visoke vrednosti koeficijenta determinacije, R2 i male vrednosti smanjene sume
kvadrata greske (SSE) i kvadratne greske (RMSE) ukazuju da su Midilli i sar. model adekvatno
opisali proces suSenja narezanog paradajza, sa najvis§im R2 (0.9999), najnizim SSE (0.1136) i
najnizom vrednosti RMSE (0.0212) pri temperaturi od 70°C i brzinom vazduha 2.0 ms™.
Arrenius model predstavlja konstantu susenja kao funkciju temperature. Efikasna difuzivnost
vlage se pove ava sa pove anjem temperature i brzine vazduha; sa najve om vredno$ u
dobijenom brzinom vazduha od 2,0 ms™ i temperaturom od 70°C, dok je bila najmanja brzina
vazduha od 1,0 ms" i temperatura od 50°C. Srednja energija aktivacije koja je potrebna za
suSenje 1kg $arze od 10 mm rezanih uzoraka paradajza bila je 39,34 kJmol™. Utvrdeno je da se
smanjuju vrednosti slobodne energije Enthalpy i Gibbs sa pove anom temperaturom susenja, kao
i entropijom koja je takode ekzotermno smanjena sa temperaturom. Navedene su preporuke za
dalje istrazivanje.

Kljuéne redi: termodinamicka osobine, kinetika suSenja, rezanci paradajza,
desorpcija vode, energija aktivacije.
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