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The study addresses the pressing issue of improving the efficiency of post-harvest processing of castor
(Ricinus communis), particularly the cleaning of its seeds. Castor is a valuable industrial crop, the seeds of
which contain up to 50% oil that is widely used across various industries. Despite the growing demand for
castor oil, the widespread introduction of this crop into agricultural production is hindered by the lack of
effective technical means for seed cleaning, which would take into account its specific physical and mechanical
properties. Existing grain cleaning machines are insufficiently effective for processing castor seeds, resulting
in significant losses of planting material and reduced oil yield.

The aim of the research is to develop an experimental prototype of a machine for cleaning castor seeds
and to determine the optimal operating parameters. The study presents the design and working principle of
the experimental setup, which consists of a mechanical seed separation unit, an aerodynamic cleaning system,
and a control system with a frequency converter. To evaluate the performance of the machine, experimental
studies were conducted in which the following parameters were varied: the distance between the crushing
cones, their rotational speed, and the air flow velocity.

As a result of the experimental studies of the processes of seed separation and cleaning, the dependencies
of the main operational indicators of the developed machine — productivity Q, power consumption P, specific
energy consumption E, share of unhulled fruits & and content of valuable seed in the receiver yss— on the design
and operating parameters (distance between the return and crushing cones o, rotational speed of the crushing
cone n, and air flow velocity V) were determined. Statistical analysis of the obtained regression equations
allowed for the assessment of the influence of each studied factor on the output indicators, identification of the
most significant parameters, and development of adequate mathematical models.

Parameter optimization was carried out using the scalar ranking method with minimization of a
multiplicative objective function in the Wolfram Cloud environment. This made it possible to determine the
optimal values of control parameters (6 = 10.8 mm; n = 563 rpm; V = 3.6 m/s) that provide the best
combination of energy efficiency and technological quality of the process (E = 0.0394 MJ/kg; Q = 163.4 kg/h;
P =1861 W; & = 0.099; yss = 0.958). The obtained results confirm the efficiency of the proposed machine
design and the feasibility of its further implementation in industrial conditions for cleaning castor seeds.

Key words: castor, seed cleaning, fruits, post-harvest processing, agricultural machinery, energy
efficiency, crushing cone, aerodynamic cleaning, experimental research, regression analysis, parameter
optimization, productivity, rotational speed, air flow velocity.

Eqg. 7. Fig. 5. Ref. 15.

1. Problem formulation

Under the current conditions of development of Ukraine's agro-industrial complex, the implementation
of new technologies and technical means for the efficient processing of non-traditional oilseed crops,
particularly castor bean, is gaining increasing importance [1, 2]. Castor bean (Ricinus communis) is a valuable
industrial crop whose seeds contain up to 50% oil, which is used in the chemical, pharmaceutical, aviation,
food, and mechanical engineering industries [3]. The demand for castor oil as an environmentally friendly and
multipurpose product is growing both in domestic and international markets [4].

However, the widespread adoption of castor bean cultivation in agricultural production is hindered by
insufficient technical support for its post-harvest processing, especially seed cleaning. Existing seed cleaning
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machines often fail to account for the specific physical and mechanical properties of castor seeds, leading to
damage, reduced quality of planting material, and lower oil yield during subsequent processing [5].
Therefore, there is a need to develop and improve castor seed cleaning machines that ensure high
performance, effective cleaning quality, and minimal loss of valuable material. Experimental studies of such
machines are critically important for the scientific justification of their design, operating modes, and further
implementation in production [6]. This will not only enhance the efficiency of castor processing but also
contribute to the development of national seed production, energy independence, and environmental safety.

2. Analysis of recent research and publications

A significant number of studies have been devoted to analyzing the performance of existing grain
cleaning machines (separators, trieurs, pneumatic separators) [7—9]. However, most of these machines are
designed for traditional crops such as wheat, corn, and sunflower, and do not provide adequate efficiency when
working with castor beans. Some publications [10, 11] present the results of attempts to adapt known designs
to meet the requirements of castor seed cleaning, but the results obtained require further investigation and
experimental validation.

Despite the existence of several studies [12, 13] addressing certain aspects of post-harvest processing
of castor bean, comprehensive research on the seed cleaning process—accompanied by the development and
experimental substantiation of an efficient machine for this purpose—remains insufficiently explored.
Therefore, research aimed at creating a specialized castor seed cleaning machine, taking into account its
morphometric characteristics and mechanical sensitivity, is highly relevant and has both scientific and practical
significance.

3. The purpose of the article

The aim of the study is to develop an experimental prototype of a castor seed cleaning machine and to
determine the main operating patterns and optimal process parameters.

4. Results and discussion

The test bench for studying the castor seed cleaning machine (Fig. 1) is designed for the experimental
investigation of the process of separating seeds from the fruit and subsequently cleaning them from impurities,
followed by their classification into appropriate fractions. Structurally, the bench is a system of interconnected units
mounted on a rigid frame, which ensures stable fixation of the equipment and operational stability. Raw material is fed
through a loading hopper, from where the mixture of castor fruits enters the seed separation unit. The main components
of this unit are the crushing and counter cones, mounted inside a housing with an internal lining (Fig. 2).

i - r. Dt M
Fig. 1. Test bench for studying the castor seed cleaning machine:
1 —frame; 2 — castor seed separation system; 3 — loading hopper; 4 — aerodynamic cleaning system;
5 — pneumatic separation channel; 6 — cyclone; 7 — centrifugal fan; 8 —fan electric motor; 9 — main electric
motor; 10 — seed collector; 11 — unhulled fruit collector; 12 — capsule particle collector; 13 — fine particles
and dust collector; 14 — control unit; 15 — Danfoss Micro Drive frequency converter
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The mechanical interaction between the crushing elements, which ensures the breakdown of fruits and
the release of seeds, is adjusted using a screw mechanism that allows variation of the gap between the cones.
The rotation of the crushing mechanism is driven by a conical eccentric sleeve-shaft, powered by the main
electric motor through a transmission system that includes a bevel gearbox, pulleys, and a belt. The
synchronized motion of individual elements is achieved through a chain drive with sprockets. Additionally,
the design includes an external lining and a distributor that facilitates uniform feeding into the crushing unit.

After mechanical separation, the mixture is fed into the aerodynamic cleaning system, which consists
of a pneumatic separation channel, a fan, and a cyclone. In the pneumatic channel, particles are separated
according to their aerodynamic properties: light impurities and dust are removed from the heavier fractions.
The airflow is generated by a centrifugal fan driven by a separate electric motor. Light particles are captured
in the cyclone and then discharged into dedicated collectors. The system includes collectors for seeds, unhulled
fruits, capsule fragments, and fine particles and dust, thus enabling a complete separation cycle.

The operation of the test bench is controlled via a control panel equipped with a Danfoss Micro Drive
frequency converter, which enables precise regulation of motor speeds depending on the properties of the input
material.

The bench provides the capability for detailed study of cleaning process parameters, adjustment of
operating modes, and evaluation of seed separation efficiency from the bulk material.

For conducting experimental studies on the castor seed cleaning test bench, modern measuring
instruments were used to ensure accurate determination of the operating process parameters.

The Danfoss Micro Drive frequency converter (VLT® Micro Drive FC 51 series) is employed as part of
the test bench for studying the castor seed cleaning machine as a motor control device and simultaneously as a
means of measuring the power consumed by the drive during operation. The main measuring device is the
multifunctional measuring instrument Solomat MPM500, designed for recording and analyzing airflow
parameters. A Benetech GM8905 tachometer was used to monitor the rotational speed of the machine’s working
parts. To determine the mass of different product fractions obtained during the operation of the castor seed

cleaning machine, electronic commercial scales VP1-Tv (BK) were used during the experimental research.

Fig. 2. Individual components of the test bench for studying the castor seed cleaning machine:
1 — counter cone; 2 — crushing cone; 3 — housing with internal lining; 4 — adjustment screw; 5 — sprocket;
6 — chain; 7 — external lining; 8 — distributor; 9 — conical eccentric sleeve-shaft; 10 — bevel gearbox;
11 —driven pulley; 12 — driving pulley; 13 — belt; 14 — main electric motor

The studies were carried out at the Oil Crops Institute of the National Academy of Agrarian Sciences of
Ukraine. The factors chosen for the research were the design and technological parameters that most affect the
process of separating and cleaning castor seeds: the distance between the counter cone and the crushing cone 6
(0-20 mm); the rotational speed of the crushing cone n (400-800 rpm); and the airflow velocity V (2-6 m/s).

The following criteria were selected for the study:

— machine productivity Q (kg/h), determined as the ratio of the mass of the input material to the
operation time;

— power consumption of the machine P (W), determined based on data from the frequency converter;

- specific energy consumption E (MJ/kg), calculated as the ratio of power P to productivity Q;
fraction of unhulled fruits and segments &f, determined by sampling 300 g in triplicate;

— content of viable seeds in the seed collector ys-s, determined by sampling 300 g in triplicate.

Experimental studies were conducted according to the Box-Behnken design for three factors, each
varied at three levels (a total of 15 experiments). Each experiment was repeated three times, allowing
assessment of the factors’ effects both individually and in interaction, as well as verification of the adequacy
of the resulting mathematical model.
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Based on the classical methodology of statistical data processing [14] and the Wolfram Cloud software package
[15], second-order regression equations of the dependencies of the study criteria on the factors were calculated.
The regression equation for the productivity of the developed machine Q is as follows (Fig. 3):
Q =-110.281 + 0.719514 n — 0.000562012 n? + 4.93852 § — 0.0568829 &2, 1)
where 0 is the distance between the concave and crushing cones, mm; n is the rotational speed of the
crushing cone, rpm; V is the air flow velocity, m/s.
The regression equation for the power consumption P of the developed machine is as follows (Fig. 3):
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Fig. 3. Dependence of the productivity Q and power consumption P of the developed castor seed
cleaning machine on the distance between the concave and crushing cones 6 and the rotation
speed of the crushing cone n

P =1315.67 + 0.000708 n? + 92.475 V + 0.518125n - 0.01856  n — 17.6425 3.
The regression equation for the specific energy consumption E of the developed machine is as follows (Fig. 4):
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Fig. 4. Dependence of the specific energy consumption E by the developed castor seed cleaning
machine on the distance between the concave and crushing cones 9, the rotation speed of the
crushing cone n, and the air flow velocity V

E =0.132427 +2.27395-107 n? + 0.00194495 V — 0.000250877 n — 6.88955-107 & n —
—0.00331736 & + 0.000079015 &2
Equation (3) describes a complex but logically justified dependence of the specific energy
consumption on the studied factors and allows determining the energetically optimal operating modes of the
machine, which ensure effective seed cleaning with minimal energy consumption (E = 0.0246 MJ/kg —
& =20 mm, n =582 rpm, V =2 m/s).
The regression equation for the fraction of unhulled fruits (segments) & is as follows (Fig. 5):
& =0.550796 + 1.5326-10° n? — 0.00182675 n + 4.625-10° 6 n + 0.00891542 & — 0.000285208 &2. 4)
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Overall, to minimize the fraction of unhulled fruits (& = 0.006), it is necessary to optimize the
combination (6 = 0 mm and n = 596 rpm), since their effects are interdependent and nonlinear. Excessive
increase of one or both parameters leads to a decrease in process efficiency, which is confirmed by the physical
nature of castor fruit crushing.

The regression equation for the content of viable seeds in the seed collector ys.s is as follows (Fig. 5):

Vss = 0.66582 — 4.16042-10~" n? + 0.000677083 V2 +0.00062715 n — 9.545-10° 8 n — 5

—0.00380917 V +0.0001256 V + 0(10143342 8 —0.000216417 &% ®)

400

Fig. 5. Dependence of the fraction of unhulled fruits (segments) & and the content of viable seeds in the

seed collector ys.s on the distance between the return and crushing cones J, the rotational speed of the
crushing cone n, and the air flow velocity V

20 800

Overall, equation (5) describes a complex nonlinear interaction between the experimental factors,
reflecting the physical processes of mechanical destruction of fruit shells, aerodynamic particle separation, and
preservation of seed integrity. This allows us to conclude that to achieve the maximum content of viable seeds,
it is necessary to ensure an optimal combination of air flow velocity, crushing cone rotation speed, and the
distance between the machine’s working elements: yss = 0.982 — 6 =20 mm, n = 524 rpm, V = 6 m/s.

To optimize the design and technological parameters of the castor seed cleaning machine, we will use
the condition of minimizing specific energy consumption and the fraction of unhulled fruits (segments) while
maintaining a high content of viable seeds in the seed collector:

E(8,n,V)— min,
& (8,n,V) — min, (6)
v, (8,n,V)—> max.

Using Wolfram Cloud and the method of minimizing a multiplicative function of the criteria complex
obtained through scalar ranking, one of the effective approaches to multi-criteria optimization was implemented.
This approach allows finding the best combination of factor values to achieve an optimal result simultaneously
across several criteria. Its essence lies in reducing a multi-criteria problem to a single-criterion one by
constructing a so-called multiplicative objective function that reflects the interrelationship among all criteria. In
cases where it is necessary to optimize multiple functions simultaneously (for example, minimizing specific
energy consumption, the proportion of unhulled fruits, and maximizing the content of viable seeds), instead of
separately optimizing each criterion, a single aggregated function is used in the form of the product of relative
values of each criterion, normalized by the desired or optimal values, taking into account their weights.

The general form of the multiplicative function is:

K- E(S,n,V)—Emi" & (S,n,v)f oy —ws_s(fs,_n,v)
EW-E™ g vty

Solving equation (7) together with (3), (4), and (5), rational values of the design and technological
parameters of the castor seed cleaning machine were obtained: 8 = 10.8 mm; n = 563 rpm; V = 3.6 m/s —
E =0.0394 MJ/kg; Q =163.4 kg/h; P= 1861 W; & = 0.099; yss = 0.958.
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5. Conclusion

As aresult of the experimental studies of the castor seed separation and cleaning process, dependencies
were obtained for the productivity of the developed machine Q, the consumed power P, the specific energy
consumption E, the fraction of unhulled fruits (segments) &, and the content of clean seeds in the seed intake
Ws-s on the distance between the counter and crushing cones 9, the rotational speed of the crushing cone n, and
the air flow velocity V. The conducted statistical analysis of the regression equations made it possible to
determine the influence of each studied factor on the target performance indicators of the machine, identify
significant parameters, and build adequate analytical models.

The application of the scalar ranking method with minimization of the multiplicative function in the
Wolfram Cloud environment allowed establishing the optimal combination of factor values (6 = 10.8 mm;
n =563 rpm; V = 3.6 m/s) that ensure maximum process efficiency, taking into account a combination of
technological (quality) and energy criteria (E = 0.0394 MJ/kg; Q = 163.4 kg/h; P = 1861 W; & = 0.099;
ys-s = 0.958). The obtained results confirm the feasibility of further implementation of the proposed design of
the castor seed cleaning machine in industrial practice.
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PE3YJIbTATHU EKCHEPUMEHTAJIBHUX JOCJIIKEHb MAIIWHUA JIJIS1 OUUILLHEHHS
HACIHHSA PULITUHU

Y pobomi pozensinymo axmyanvry npobnemy nioguiyeHHs eghekmuerocmi nicasiz3oupaibHoi 0opooKu
puyunu (Ricinus communis), 30kpema ouuwyenHs ii HACiHHA. Puyuma € yiHHOW MEXHIYHOW KYAbMmyporo,
Hacinua axoi micmume 00 50 % oxnii, wo wupoko 3acmocogyemuvca y pisHux eanysax. Ilonpu 3pocmaroyuii
NONUM HA PUYUHOBY OJIiI0, BNPOBAONCEHHIO YIET KYIbMYpPU 8 A2POBUPOOHUYMBO NEPEUUKOONCAE BIOCYMHICIb
eheKkmueHUx MEXHIYHUX 3ac0o0i8 OISl OUUWEHHSA HACIHHA, AKI 0 épaxogyeanu 1020 cneyudiuni ¢izuxo-
MexaniuHi eracmueocmi. ICHyOUl 36PHOOYUCHT MAWUHU HEOOCTHAMHBO ephekmusHi 05t 00pPOOKU PUYUHU, WO
3YMOBIIOE 3HAYHI BMPAMU NOCIBHO20 MAMEPIATLY MA 3HUNCEHHSL 8UX00Y OJIii.

Memoro docriddicennst € CmMBOpeHHs eKCHEPUMEHMANBHOZ0 3PA3KA MAUMUHU 011 O4UWEHHS, HACIHHA PUYLUHU
Ma GUSHAYEHHS. PAYIOHATILHUX PeXCUMHUX napamempis il pobomu. Y pobomi npedcmagieHo KOHCMpYKYilo ma
npunyun Oii 00CTIOH020 CMEHOY, WO CKIA0AcmbCs 3 GY31a MeXaHiuHO20 GIOOKDeMIeHHs. HACIHHSA, cucmemu
AepPOOUHAMIYHO20 OUUWEHHS A CUCIEMU KEPYBAHHS 3 YACMOMHUM Nepemeoprosadem. /s oyiHKu eqheKmusHoCmi
pobomu MauuHU NPOBEOEHO eKCHEePUMEHMATbHI QOCTIONCeHHs, Ni0 4ac SKUX 3MIHIOBATUCS TAKI napamempu:
8I0CMAb MidIC OPOOUTLHUMU KOHYCAMU, YACMOMA iX 00epmAaHHsl ma WUEUOKICIb NOGIMPSHO20 NOMOKY.

Y pezynomami nposederux excnepumenmanbHux 00CIOH#CeHb NPOYeCcie BiOOKPEeMIeHHs Ma OYUUEHHS
HACIHHA pUyuHy 6Y1U 6CIAHOBIIEHT 3AIeHCHOCH OCHOBHUX eKCIILYAMAYItIHUX NOKA3HUKIE pO3POONIeHOI MauuHu
— npodykmusrocmi Q, cnoxcueanoi nomyosicnocmi P, numomux eumpam euepeii E, uacmku Hepo3nyujeHux
no0ig & ma emicmy AiKGIOHO20 HACIHHA Y 3A0IPHUKY Y-y — 610 KOHCIPYKMUBHO-DENCUMHUX NAPAMEMPIE:
BIOCMAMI MIdHC 360POMHIM [ OPOOUTLHUM KOHYCAMU O, YACMOMU 0OepMAaHHs OpOOUILHOZ0 KOHYCY N T UBUOKOCHI
nosimpsaHo2o nomoky V. Ilposederuii cmamucmuyHuii anaiiz ompumManux piHaHb pespecii 003601U8 oyiHumu
BNIUB KONCHO20 3 00CHIOJNCYBAHUX (PAKMOPIE HA Pe3VIbMAmueHi NOKA3HUKY, GUAGUMU HAUOLTbW 3HAYYWI
napamempu ma nob6yoysamu aoekeamti mamemamudni mooeni. Onmumizayilo napamempis nposeoeHo 3a
00NOMO2010 MemoOy CKANAPHO20 PAHIICYBAHHA 3 MIHIMI3AUIEND MYTbMUNIIKAMUSHOL Yinbosoi GyHKyii y
cepeoosuwyi Wolfram Cloud, wo oano mosrciusicme  eusnauumu payionanvHi 3HAYEHHS Kepy8albHUX
napamempis (0 = 10,8 mm; n = 563 00/xs; V = 3,6 m/c), axi 3abe3neuyoms HAUKpawe NOEOHAHHSL eHEPeMUYHOT
egpexmusnocmi ma mexnonoeiunoi skocmi npoyecy (E = 0,0394 M/[xc/ke; Q = 163,4 xe/200; P = 1861 Bm;
& =0,099; wss = 0,958). Ompumani pesyromamu cgiouamos npo egekmusHicms 3anponoH08aHOI KOHCMPYKYIT
ma OOYiNbHICMb il NO0ALUI020 BNPOBAOICEHHA Y BUPOOHUYT YMOBU O/ OUUWEHHS HACIHHS PUYUHLL.

Kniouoei cnosa: puyuna, ouuwiennss HACiHHA, WI00U, NICT30UPAIbHA 00POOKA, MAUUHOOYOYEAHHS,
eHepeoeheKmusHicCmb, OPOOUILHULL KOHYC, AePOOUHAMIYHE OYULYEHHS], eKCNePUMEHMATIbHE OOCTIIONCEHHS, PeSpeciliHull
auaniz, onmumizayis napamempis, NPOOYKMUSHICHb, Yacoma 00epmanHts, WEUOKICHb NOBIMPSIHO20 HOMOK).

@. 7.Puc. 5. Jlim. 15.
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