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Abstract

This study presents an integrated mathematical model of the technological processing chain for saf-
flower seeds, comprising husking, pneumatic separation, and pressing operations. The model is based
on energy and momentum balance equations and enables the engineering analysis of the interactions
between consecutive unit operations within the technological chain. For the mechanical husking stage,
the critical conditions of husk rupture while preserving kernel integrity were determined, allowing the
identification of optimal operating regimes for raw material pretreatment.

Modeling of pneumatic classification demonstrated the existence of a stable aecrodynamic separation
zone in which the air flow entrains husk particles while kernels remain in the separation channel. The
calculated process parameters indicate that approximately 43% of the kernel and 25% of the husk can
be recovered, resulting in a theoretical final kernel yield of about 73% when the efficiencies of husking
and separation are considered. The pressing stage was analyzed using a momentum-based mechanical
model describing the balance of forces acting in the pressing zone. The results show that the techno-
logically efficient operating range of pressing lies between approximately 7 and 20 MPa. Within this
range, about 66% of the theoretical oil content is released at the initial pressing stage, while increasing
pressure towards the upper limit of the operating zone allows the oil yield to approach 95%, though at
lower energy efficiency. The proposed modeling approach enables analysis of the safflower processing
line as an integrated technological system. It provides a theoretical basis for the engineering design
and optimization of industrial oilseed processing.

DOI: 10.30657/pea.2026.32.32

Nomenclature

C;  drag coefficient, —
p,  air density, kg/m?
pp  particle density, kg/m’

p  brojected (aerodynamic) area of a particle, m*
Ay filtration surface area in the pressing zone, m?

air velocity, m/s

permeability coefficient, m?

dynamic viscosity of oil, Pa‘s

thickness of the pressed layer, m

average pressure in the pressing zone, Pa
o, critical compressive stress of the kernel, Pa
B safety factor
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1. Introduction

The growing demand for vegetable oils with high nutritional
and biological value requires the development of efficient and
resource-saving processing technologies. Developing effec-
tive and resource-efficient technologies requires information
on the physical properties of processed grain raw materials
(Kruszelnicka et al., 2021; Gierz et al., 2024). Among non-
traditional oilseed crops, safflower (Carthamus tinctorius L.)
has attracted increasing attention due to its high content of lin-
oleic acid, tocopherols, and other biologically active com-
pounds, which determine its wide application in the food,
pharmaceutical, and cosmetic industries (Zhou et al., 2020;
Ergéniil & Ozbek, 2020; Nazir et al., 2020). From a produc-
tion engineering perspective, the efficiency of safflower oil
production is strongly influenced by the correct design and in-
tegration of technological operations such as husking, separa-
tion, and pressing. These operations form an interconnected
technological chain in which the performance of each stage
directly affects the efficiency and stability of subsequent pro-
cessing steps.

The quality and yield of safflower oil are largely determined
not only by the extraction method but also by the conditions
of raw material pretreatment, including husking, separation,
and pressing. Numerous studies show that the degree of hull
destruction, the particle size distribution of the material, and
the integrity of the kernel have a decisive influence on the ef-
ficiency of subsequent stages of the technological chain and
the final oil recovery indicators (Kaur et al., 2022; Nde et al.,
2020; Ahmad et al., 2025).

Modern oil extraction technologies (cold and hot pressing,
solvent extraction, and supercritical CO extraction) exhibit
significant differences in energy consumption, yield, and
product quality. At the same time, mechanical pressing re-
mains the most widely used method for small and medium-
sized processing enterprises due to the relative simplicity of
the equipment, environmental safety, and the possibility of ob-
taining oil with minimal thermal and chemical impact (Ben-
kirane et al., 2024; Huang et al., 2019).

Recent studies have shown that the efficiency of oilseed pro-
cessing depends strongly on the interactions among pretreat-
ment, pneumatic classification, and mechanical oil extraction.
Mechanical pressing remains one of the most widely used ex-
traction methods due to its environmental safety and preserva-
tion of biologically active compounds (Cakaloglu et al., 2018;
Rani et al., 2021). Oil recovery efficiency is also influenced
by particle size distribution, compaction behavior, and the ma-
terial's filtration properties (Savoire et al., 2013).

Considerable attention has been devoted to pneumatic sep-
aration and particle transport processes. Kharchenko et al.
(2024) demonstrated that airflow distribution and aerody-
namic particle properties significantly affect separation effi-
ciency and kernel losses. Modern studies also emphasize the
importance of integrated and resource-saving processing sys-
tems for improving oil yield and energy efficiency (Cravotto
et al., 2023; Bakhshabadi et al., 2025).

Despite extensive research, most studies focus on individual
technological  operations  without considering their
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interactions within an integrated processing chain. Therefore,
the development of mathematical models describing the inter-
connected processes of husking, pneumatic separation, and
pressing remains an important engineering and scientific prob-
lem.

At the same time, increasing pressing intensity by raising
pressure, temperature, or the speed of the working elements
often leads to deterioration of oil quality, increased energy
consumption, and destruction of the kernel structure. This em-
phasizes the need to optimize technological regimes based on
scientifically grounded models that account for the physical-
mechanical properties of the raw material and the interrelation
among the individual stages of the process (Indartono et al.,
2019; de Figueiredo et al., 2019).

In recent years, particular attention has been paid to me-
chanical husking and pneumatic classification. For oilseed
crops with dense husks, these operations are critical, as insuf-
ficient husk destruction reduces oil recovery, while excessive
destruction leads to the formation of fine fractions and dust,
worsening separation and pressing conditions (Yusrina et al.,
2024; Chu et al., 2022). Studies by several authors have shown
that the use of energy and momentum criteria enables more
accurate descriptions of the conditions for husk rupture and
the aerodynamic behavior of particles in an airflow (Zhou et
al., 2024; Stepanenko et al., 2024).

Despite the substantial volume of research, most existing
studies focus on optimizing individual operations in the tech-
nological chain without considering their mutual interactions.
The lack of a systemic approach leads to situations in which
improving the parameters of one stage may reduce the effi-
ciency of subsequent processes (Ji et al., 2021).

Most published studies investigate husking, pneumatic sep-
aration, or pressing as independent technological operations.
For example, Romanic¢ et al. (2022) focused mainly on dehull-
ing efficiency, Chen et al. (2022) investigated aecrodynamic
particle separation, while Piravi-Vanak et al. (2024) analyzed
the effect of pressing parameters and compared mechanical
pressing with hot pressing and solvent extraction as alternative
methods for producing vegetable oils. However, the interac-
tion between these processes within a single production chain
has not been sufficiently studied.

The aim of this study was to develop an integrated mathe-
matical model of the technological chain “husking—separa-
tion—pressing” based on energy and momentum balances. The
proposed model enables system-level engineering analysis of
interconnected unit operations and provides a theoretical basis
for the optimization and design of industrial oilseed pro-
cessing lines.

2. Materials and Method

The parameters used in the mathematical model were exper-
imentally determined under laboratory conditions using a pi-
lot-scale setup consisting of a mechanical husking system,
pneumatic separation chamber, and screw press with adjusta-
ble operating modes.

Prior to the experiments, safflower seeds were conditioned
to a moisture content of 7-9%. Husking experiments were
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carried out at rotational speeds of 5.2—8.2 rad/s. The critical
husk destruction energy and kernel damage energy were de-
termined based on the kinetic energy of particle interaction.
The efficiency of pneumatic separation was evaluated accord-
ing to the mass fractions of husk and kernel at different airflow
velocities.

Pressing experiments were performed at pressures of 5-30
MPa using a laboratory screw press. The empirical coefficient
a and filtration-related parameters were determined from the
relationship between pressing pressure and oil yield.

Each experiment was conducted in triplicate (n = 3). The
obtained data were statistically analyzed by calculating the
mean and standard deviation. The experimentally determined
values were subsequently used as input parameters for the
mathematical model.

2.1 Energy balance equations

During mechanical husking, the seed is subjected to pres-
sure, friction, and shear forces, and the supplied energy ex-
ceeds the husk's strength, ensuring its rupture without damag-
ing the kernel. The energy balance equations used to describe
husking are based on the classical law of conservation of en-
ergy and on kinetic energy relationships commonly applied in
particle fracture mechanics (Karinkanta et al., 2015; Vogel et
al., 2003). Such an energy balance enables the determination
of the conditions for husking and optimization of the equip-
ment's operating regimes.

The total energy of a particle during motion consists of the
energy ensuring movement (Eovement), the energy of non-use-
ful losses (Econsumpiion), and the energy expended on husk rup-
ture (Ehusking):

Etotal = Emovement + Econsumption + Ehusking (1)

The kinetic energy depends on the mass and velocity of the
particle:

1 2
Emovement = Emv )

here, m — is the mass of the kernel (or an equivalent particle),
kg; v —is the relative velocity of the kernel between the rollers,
m/s;

Therefore, the complete energy balance equation can be
written as follows. This equality represents a specific energy
criterion for the condition of husk rupture:

Espeed =FE ¢ sk TE. consumption (3 )

Based on this, the main energy condition (husking criterion)
can be written in the following form:

1 2
;mv = Ec,husk + Econsumption (4)

here, E., sk - critical energy required for husking, J; Econsumprion
- energy losses due to friction, inelastic impacts, and defor-
mations, J.

The main objective of mechanical husking is to ensure hull
rupture by exceeding the husk's strength limit through the ki-
netic and deformation energy transferred to the seed, while
preventing damage to the kernel. Therefore, a second con-
straint is introduced:

Ec,husk + Econsumption

)

2
< Emv Ec,kernel

here, E., rernei— critical energy leading to kernel fragmentation.
From the viewpoint of the energy balance, the process must
operate within an energy range in which the hull is effectively
separated while the kernel remains intact.
The minimum (critical) velocity required to accom-
plish husking—separation is:

Z(Ec + Econsumption) (6)
Ues = m

2.2 Momentum balance equations

The momentum balance is described using Newton’s second
law:

w _ Y F, p=mu (7

here ¥ F denotes the sum of all external forces acting on the
particle.

The momentum balance equations for pneumatic separation
are derived from Newton’s second law and aerodynamic drag
theory (Rhodes et al., 2008; Michaelides et al., 2022).

For the husk, the condition is that it must be entrained and
carried away by the air flow:

Fa, husk = Mhpuskg (8)
For the kernel, the condition is that the air flow must not
entrain it and should settle downward:

F d, kernel < Miernel (9)

When a particle moves in a pneumatic channel with energy
losses, the air flow performs work against the aerodynamic
drag force:

1
Fy = EcdpaAp(u - U)Z (10)
here, Cy — is the drag coefficient (depending on the particle
shape); p, — is the air density; A, — is the projected (aerody-
namic) area of the particle, m?; u — is the air velocity.
By substituting the values of the aerodynamic drag forces, the
comparative expression can be written as follows:

1
for the husk: 2 CahuskPaAnusk (U — V) = Mpysg
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L1 2
for the kernel: 2 Cd,kernelpaAkernel (u - U) 2 Mkernet9d

From these conditions, a single common interval is obtained:

an

thuskg

— < |u—v]
Cd,kernelpaAhusk

kaernelg

Cd,kernelpaAkernel

This leads to the formula for the terminal (limiting) velocity,
which depends on the particle properties — the velocity re-
quired to keep the husk or kernel suspended in the air flow

(12)

here, p, - is the particle density (husk or kernel); p, — is the air
density; d - is the equivalent diameter; Cy — is the drag coeffi-
cient. The adopted aerodynamic parameters were selected
based on experimental observations, literature data, and com-
monly accepted engineering assumptions used in pneumatic
separation models. The adopted acrodynamic parameters were
selected based on experimental observations, literature data,
and commonly accepted engineering assumptions used in
pneumatic separation models.
The main condition for separation:

u Z Ut husk and u< Ut kernel

To validate the developed aerodynamic model, the critical
lifting velocities of safflower husk and kernel particles were
experimentally determined in a laboratory pneumatic channel.

The airflow velocity was gradually increased until stable
particle entrainment was observed. The critical lifting velocity
was determined as the minimum airflow velocity at which the
particles remained suspended or were continuously trans-
ported by the airflow.

The drag coefficients (Cd) adopted in the model were se-
lected from the literature and refined based on experimentally
observed aerodynamic behavior, accounting for particle
shape, density, and equivalent diameter.

From this follows the concept of the separation zone:

Umin=mMaX(Ushusk),  Umax=TIN (Ut kernel)
Umin S U< Umax

2.3 Determination of the mass fractions of safflower
kernel and husk

The total masses of the kernel and husk are calculated as the
sum of the masses of particles determined based on the results
of trajectory classification:

ARCHIWUM INZYNIERII PRODUKCJI

_ V' Nkernel —
Mkernel - Zi—l mkernel,equiv,i, Mhusk -

Nhusk
Zi—l mhusk,equiv,i.

here, Niemer - 1 the number of particles classified as kernels;
Niusk - 1s the number of particles classified as husks; #iemer,equiv,i
, Mhuskequivj - are the equivalent masses of the corresponding
particles.

2.4 Mathematical description of the pressing process
based on energy and momentum balances

Pressing is considered the final and decisive stage of the
technological chain: husking—separation—pressing. Mathemat-
ical modeling of the pressing process, based on data on the
particle size, density, and mass fraction formed at the previous
stages, makes it possible to predict oil yield, optimize pressure
and the speed of the working elements, reduce energy con-
sumption, and improve product quality (Shirato et al., 1970;
Wakeman et al., 2005).

To describe the mechanical basis of the process, the law of
conservation of momentum is used, that is, Newton’s second
law:

2F=mar (13)

here, Y F - is the sum of all forces acting on the material, N, m
— is the mass of the material, kg; v - is the axial velocity of the
material particles, m/s.

In the steady-state regime, the pressing process is assumed
to be quasi-stationary; therefore:

— =0, >F=0

The main forces acting in the pressing zone are:

F), - the force generating pressure from the pressing element

(screw or piston); Frs - the internal resistance force of the ma-

terial layer (elasto-plastic resistance); Fj:c - the friction force

during sliding along the wall; Fjy - the hydrodynamic re-

sistance force opposing oil flow through the porous medium.
Thus, the momentum balance:

Fp:Fr'es+Ffr'ic+thd (14)

Thus, the complete momentum balance in the pressing zone:
HQL

PA:O—A+MN+E (15)
Alternatively, in a simplified form:
uN uQL
P = —+—
T (16)

This equation shows that the pressing pressure is a function
of the material's mechanical resistance, friction forces, and oil
filtration.
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The condition for oil release, according to the momentum
balance, is that only when the pressing pressure exceeds the
sum of the material deformation resistance and friction forces
does an effective pressure gradient arise in the porous struc-
ture (4Pqy > 0), initiating oil filtration (Q > 0).

That is, the pressing condition:

P>Pres+Pﬁ’ic (17)
here, P — is the average pressure in the pressing zone (Pa).
If AP.y> 0, the volumetric flow rate of the extracted oil can
be determined according to Darcy’s law, m*/s:

KAy
Q =—L AP, (18)

here, k - is the permeability coefficient of the material, m*; Af
- is the filtration surface area, m?; u - is the dynamic viscosity
of the oil, Pa's; L - is the thickness of the pressed layer, m. The
adopted mechanical and filtration parameters were selected
based on experimental measurements, literature data, and
commonly accepted engineering assumptions used in oilseed
pressing models. The adopted mechanical and filtration pa-
rameters were selected based on experimental measurements,
literature data, and commonly accepted engineering assump-
tions used in oilseed pressing models.

In this case, the minimum pressure can be expressed as fol-
lows:

uN
Ppin = Ocomp + A_ + APpin
f

19)

here, ocomp - is the average stress corresponding to the re-

. . . N .

sistance to material compaction; Z— - represents the fraction of
f

pressure caused by friction.

Taking into account the structural strength of the material
and the condition for preventing clogging of the porous chan-
nels for oil release, the maximum allowable pressure applied
during pressing is determined by the following formula:

max = (] _B)O- cr. (20)
here, o., - the critical compressive stress of the kernel (the on-
set level of micro-fragmentation); f - is the safety factor (typ-
ically 0.05-0.15).

Then, the “pressing operating zone” can be expressed as fol-
lows:

uN
Ocomp +—

A +APmm—P<(1_B)O-cr

@n

The integrated mathematical framework combining the in-
terconnected stages of husking, pneumatic separation, and
pressing into a unified technological chain represents the au-
thors’ original contribution. In particular, the proposed rela-
tionships describing the operating zones of cleaning, separa-
tion, and pressing, as well as the combined engineering

interpretation of the process parameters, were developed
within the framework of the present study.

The calculated operating pressure range of the pressing pro-
cess was determined using Equations (19)-(21), which define
the lower and upper pressure limits required for stable oil fil-
tration and prevention of excessive material compaction. The
resulting pressing operating zone, bounded by the minimum
and maximum permissible pressure, is illustrated in Fig.1.

Pmax

Maximum pressing, MPa

PI'IHI)

Pressure P, MPa

Fig. 1. Pressing operating zone as a function of the conditional pres-
sures

The amount of oil released during pressing directly depends
on the applied pressure. Based on experimental and theoretical
studies, this relationship is expressed as follows:

Moi=Myn(P), Mou(P)=Mo(1 767,1})) (22)
where: M,; - is the mass of the extracted oil, kg; My — is the
theoretical amount of oil contained in the pressed material, kg;
n(P) - is the pressing efficiency; and o - is an empirical coef-
ficient that accounts for the structural properties of the pressed
material and the intensity of oil release.

Based on this functional relationship, the boundaries of the
operating zone are determined by the following conditions:

M(Pmin) :Mn; M(Pmax) :Mﬁn, (23)
where, M, - is the initial oil release at the beginning of press-
ing, and Mp, - is the saturated or final oil release.

From the relationship between pressure and oil release, the
limiting pressure values are determined by the following for-
mulas:

Pminz_iln(l_h) Pmaxz_lln
)
Mo

Thus, the resulting system of equations forms the
mathematical basis for determining the operating pressure
range and the pressure-dependent oil yield during pressing.
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3. Results

To validate the mathematical model, laboratory studies of
safflower seed husking, pneumatic separation, and pressing
were conducted. The experimental data were compared with
the calculated model predictions.

The validation criteria included the mass fractions of kernel
and husk after separation, as well as oil yield at different press-
ing pressures. The adequacy of the model was evaluated using
relative error, coefficient of determination (R?), and root mean
square error (RMSE).

The comparison demonstrated good agreement between the
calculated and experimental data: the R? values ranged from
0.93 to 0.97, while the average relative error did not exceed 5—
7%. The obtained results confirm the applicability of the de-
veloped model as an engineering tool for optimizing safflower
processing conditions.

3.1. Engineering calculation of the mechanical de-
watering process (removal of husk from the kernel)
based on the energy balance

Using the energy balance equations to determine effective
technological regimes for kernel cleaning, the husking zone
can be defined by the following values (determined experi-
mentally): grain mass: m=4.0-107 kg; energy expended on
husk removal: E. jus=2.2-1073 J; energy of nonproductive
losses: Econs=1.0-10~% J; critical energy of the kernel: E. termer
=8.0-1073 J. The grain mass, husk rupture energy, energy
losses, and critical kernel damage energy were determined
experimentally under laboratory conditions using mechanical
compression and impact tests. The critical values were
identified from the onset of stable husk rupture and visible
kernel fragmentation.

Let us determine the minimum and maximum relative ve-
locities required for the kernel cleaning process. The relative
velocity for husk removal was calculated according to Equa-
tion (6):

2(Ec,husk + Econs) 2(2.2-10734+1.0-107%)
Omin = m N 40-10-5

=10.72 m/s

The relative velocity for the kernel is calculated as follows:

2E 2:8.0-1073
Vmax = J clernel _ j =20.00 m/s

m 4.0-10°5

Thus, based on the energy balance Equations (3)—(6), the con-
dition for the “kernel cleaning zone” is:

Unmin < U< Upmax, 10.72 < v < 20.00

That is, if v < v the husk is not destroyed and the product

leaves insufficiently cleaned; if v > v, the kernel is damaged,
and the oil quality decreases; if v = v, the hull is effectively
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separated while the kernel remains intact, which corresponds
to the optimal operating regime.

Thus, the developed model, which accounts for the grain's
structural and mechanical properties, enables theoretical de-
termination of the husking condition rather than empirical es-
timation.

Using the balance (3)-(6), the critical velocity range re-
quired for effective husk rupture without kernel damage was
determined. The resulting kernel cleaning zone, which defines
the optimal operating conditions for mechanical husking, is
presented in Fig. 2.

0,008 — - — - +— - — - — —_

0,006

0,004

Energy, J

0,002

|
|
|
|
0 5 10 15 20 25 30
Relative velocity, m/s

— — — E¢jusk + Econsump.

1
Emov. = imvz — - — Eckern.

Fig. 2. Kernel cleaning zone based on the energy balance

The graph allows selection of mechanical equipment oper-
ating parameters for kernel cleaning without empirical testing.
However, on a theoretical basis, the pretreatment regimes are
determined by the critical specific energy of husk destruction,
Ec, which depends on material properties (husk thickness,
elastic modulus, and the strength of the bond between the ker-
nel and the husk).

The energy-balance model not only describes the mecha-
nism of husk separation but also serves as an engineering
foundation for designing the technical and technological pa-
rameters of the entire process. As a result, reliable husk re-
moval is ensured, kernel damage is reduced, energy consump-
tion is lowered, and the overall processing efficiency is
increased.

3.2 Engineering calculation of the mechanical pneu-
matic classification process based on the momentum
balance equations

To determine the separation zone based on the momentum
balance equations, the following initial values are adopted: air
density p,=1.2 kg/m’, effective (equivalent) density:
Piusk=200 kg/m?; drag coefficient of husk: C,jus=2.0; equiva-
lent diameter of husk: dnusk=4.88 mm=0.00488m; kernel den-
Sity:  premer=1100 kg/m’; drag coefficient of kernel:

400
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Cakerner=1.0; equivalent diameter of kernel: dierner=2.5 mm;
gravitational acceleration: g =9.81 m/s

The terminal velocities of the husk and kernel particles were
determined according to Equation (12):

4-198.8-9.81-0.00488
3-1.2-2.0

Up pusk = =23m/s

4-1098.8-9.81-0.0025
3-1.2-1.0

=54m/s

ut,kernel =

According to Equations (8)—(12), these values define the
“separation zone” during pneumatic classification; that is, the
following condition is satisfied: husk particles are entrained
by the air flow, while kernel particles are not sustained by the
flow and settle downward.

Up husk < Vair < U kernets 2-3 m/s < ugy <54m/s

Experimental observations confirmed the adequacy of the
calculated aerodynamic parameters. During pneumatic classi-
fication, stable husk entrainment and kernel settling were ob-
served within the airflow velocity range predicted by the de-
veloped momentum balance model.

The experimentally observed critical lifting velocities were
in satisfactory agreement with the calculated terminal veloci-
ties, confirming the applicability of the selected drag coeffi-
cients and the validity of the proposed mathematical approach.

Using the momentum balance Equations (8)-(12), the termi-
nal velocities of safflower husk and kernel particles were cal-
culated to determine the airflow range in which effective
pneumatic separation occurs. The resulting separation zone,
where husk particles are entrained while kernels settle down-
ward, is presented in Fig. 3.

55 T I

o
=)
Y

e
<}
N

S
5]

Terminal velosity level, m/s

35
30
25
0 25 50 75 100 125 150 175 200
Air flow velosity u, m/s
— - — Ut, kernel — — — Uf, husk

Fig. 3. Separation zone based on the momentum balance

The graph based on the momentum balance equations
makes it possible to determine the separation conditions in
pneumatic classification using a graphical-analytical ap-
proach in accordance with the aerodynamic behavior of kernel
and husk particles: within a given range of air velocity, husk
particles are carried away by the flow, while kernel particles
settle downward — the range of calculated terminal velocities
of the husk and the kernel bounds the separation zone.

Thus, the required operating regimes are justified theoreti-
cally rather than empirically, accounting for particle mass,
density, size, and drag coefficients. This allows selecting the
airflow rate, channel cross-section, and fan capacity by calcu-
lation, and predicting the separation efficiency in advance.

As a result, the model serves as an engineering design tool,
ensuring effective husk separation without kernel losses, re-
ducing energy consumption, and increasing the overall effi-
ciency of the technological process.

3.3 Determination of the mass fractions of safflower
kernel and husk

The efficiency of the mechanical cleaning of safflower
seeds and pneumatic classification is characterized by the ac-
tual amount of the main product obtained — the kernel — and
the by-product — the husk. Therefore, to quantitatively assess
the technological process, the mass fractions of the kernel and
the husk are determined as follows: mass of safflower kernel:
My=100 g; kernel fraction: Nrernei=2400 particles,
Mierneleg=0.018 g;  husk  fraction:  Nus=3100 particles,
m;,usk,eq=0. 008 g.

If the particles are assumed to be homogeneous, the accu-
mulated masses can be written and determined in a simplified
form as follows:

Miernet=Niernel Miernel,eq=2400-0.018=43.2 g,
Muusk=Npusk Miusk,eq=3100-0.008=24.8 g
Taking into account technological losses:
Meons=Mo— (Mrerner™Miusi) =100—(43.2+24.8)=32 g

If the mass fractions of the kernel and the husk are determined:

Mgkernet 43.2
Y, =—==—=10432
kernel Mo 100
Mnusk 24.8
Y, = =—=10.248
husk Mo 100

To assess technological efficiency, the following indicators
are adopted: the degree of husk removal (Kge, = 0.96), the
efficiency of pneumatic classification (nsep = 0.85), and
the coefficient of mechanical kernel damage (Kdam =
0.05).

The selected indicators - degree of husk removal, pneumatic
classification efficiency, and kernel damage coefficient - were
adopted as the main technological criteria because they di-
rectly characterize the quality of separation, kernel integrity
preservation, and the overall efficiency of the processing
chain. Final output mass of the kernel:
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Y}in.kernel = Kgen * Nsep * (1 = K34m)=0.96-0.85 - (1 —
0.05) = 0.726 = 72.6%

The initial raw material is distributed into 43.2% kernel and
24.8% husk, and, taking into account the efficiencies of me-
chanical cleaning and pneumatic classification, the theoretical
final kernel yield is approximately 72.6%, confirming the cor-
rect matching of air velocity to particle inertia.

The mass fractions of the kernel and husk enable quantita-
tive assessment of cleaning quality and separation capability,
and they also serve as the main criterion for experimental ver-
ification of the correctness of models based on energy and mo-
mentum balances.

3.4 Engineering calculation of the pressing process
based on energy and momentum balances

The relationship between oil yield and pressing pressure
was analyzed ising Equations (22)-(24), which describe the
exponential increase in the amount of extracted oil as the ap-
plied pressure rises within the operating zone. Based on the
calculated values of the initial oil release at P,,;,, and the final
near-saturation oil release at B, the corresponding depend-
ence of oil yield on pressing pressure is presented in Fig. 4.

M m —— -t — == —
|
en |
~4 |
- 2 ' >
E Puin <P = Pyay, |
2 I
= fw(])mu:l) "Mfﬂ. 1
o M(])nm.\):Mﬁ” i —
|
J
M fin f—m — ¢ —— L L L L L L L sy
| |
| |
P min P max

Maximum pressure, MPa

Fig. 4. Dependence of oil release on pressing pressure in the operat-
ing zone

Calculation of the limiting pressure values. To quantita-
tively substantiate the operating zone of the pressing process,
the following parameters are adopted: filtration surface area
Ar=0.002 m?; friction coefficient - 4=0.30; normal force in
the pressing zone - N=800 H. Accordingly, the pressure com-
ponent due to friction forces is - uNA=0.12 MPa; the struc-
tural stress of the material resisting compaction is -
Ocomp=0.0 MPa; and the minimum pressure required to initiate
oil filtration is - APi,=1.0 MPa.

The developed analytical relationships enable a quantitative
interpretation of the dependence between oil yield and
pressing pressure. The operating zone of the pressing process
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is defined by the range between the lower and upper limiting
pressures, Pmin < P < Pmax. At the minimum pressure Pmin,
oil release begins, corresponding to the initial oil yield M;,.
As the pressure increases within the operating zone, oil release
intensifies and gradually approaches a saturation level. Near
the maximum pressure Pmax, the extracted oil mass
approaches its limiting value Mg;,, while further pressure
increases result primarily in higher energy consumption rather
than substantial additional oil recovery.

Taking these values into account, the minimum pressure
was calculated according to Equation (19):

Prin = Ocomp + % + APy, == 6.0+ 0.12 4+ 1.0
= 7.12 MPa.

To determine the maximum pressure, the structural strength
limit of the material and a safety factor are introduced:
Ocr.core=22,0 MPa; the safety factor is f=0,10 (10%)
Accordingly, the maximum allowable pressure was deter-
mined according to Equation (20):

Prw=(1—p) Ocrkerne=0.9-22.0=19.8 MPa.

Thus, based on the results of the performed calculations, it
was established that the operating pressure range of the press-
ing process lies within the following interval:

7.12<P<19.8 MPa.

The obtained pressure range, shown in the graph, quantita-
tively substantiates the pressing zone and characterizes a tech-
nologically efficient operating regime of the pressing process.

The graph of the pressing operating zone clearly illustrates
its dependence on the conditional pressure: the abscissa
represents the pressing pressure P (MPa), while the ordinate
shows the limiting values, where P, - is the minimum pres-
sure at which oil release begins (below this pressure, the ma-
terial is only compacted and no filtration occurs), and P - iS
the permissible upper limit, beyond which the porous channels
become blocked and the process may become inefficient. The
range between these two limits, Ppuin < P < Pua, 18 indicated
by the shaded area and represents a technologically stable and
efficient pressing regime; that is, within this interval, the cel-
lular structure is disrupted, and reliable oil separation is en-
sured.

Calculation of the limiting values of oil yield. To quantita-
tively evaluate the dependence of oil yield on pressure within
the pressing operating zone, the oil release at the initial (Pyn)
and final (Puq) pressures is calculated.

For the calculations, the following data are adopted: mass of
cleaned safflower kernels, Myemer = 10 kg; kernel oil content,
w = 0.40.

Based on these data, the theoretical oil content in the kernels
is determined as follows:

Mo=Mierner w=10-0.40=4.0 kg
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An empirical coefficient characterizing the structural fea-
tures of the pressed material is adopted: a=1.51-10"7 Pa™! (de-
termined experimentally).

Determination of the initial oil release (at Ppin). At the initial
stage of pressing, that is, at the minimum pressure P , oil
release begins. The initial amount of oil released correspond-
ing to this pressure is calculated using the following formula:

Mi=M(Pin)=My(1—e *""").
Substituting the given values:
OPwin=1.51-1077-7.12-10°=1.076,
Min=4.0(1—e "77%)=4.00.659=2.64 kg.

Thus, the initial oil release at the minimum pressure is equal
to:

M;=2.64 kg (Puin=7.12 MPay).
Determination of the final (near-saturation) oil release (af Prax
). When the pressure approaches the maximum value Py, 0il

release enters the saturation zone. In this case, the amount of
extracted oil was determined according to Equation (22):

M =M(Poax) =My(1—e 4Pmx),
Based on the results of the numerical calculation:
OPpax=1.51-1077-19.8-10°=2.9898
Mpu=4.0(1—e2%%)= 4.0-0.9496=3.7984=3.8 kg.

Thus, at the maximum pressure, the final (near-saturation) oil
release is obtained:

Myu=3.8 kg (Pua=19.8 MPa)

The performed calculations show that within the operating
zone of the pressing process, oil release increases significantly
and, as the pressure rises, approaches a saturated value. Tak-
ing these results into account, we will construct a graph illus-
trating the stages of change in oil yield as a function of press-
ing pressure.

To assess the stability of the calculated pressing operating
zone, a sensitivity analysis was performed by varying the main
model parameters. The baseline values were: p = 0.30,
occomp = 6.0 MPa, APmin = 1.0 MPa, ocr = 22.0 MPa,
B =0.10, N =800 N, and A = 0.002 m?. Under these condi-
tions, the calculated operating pressure range was:

uN

Prin = Ocomp T 7"‘ APy in = 7.12 MPa

Pmax = (1 _ﬁ)acr = 19.8 MPa

The sensitivity analysis presented in Table 1 evaluates the
influence of the principal mechanical and filtration parameters
on the boundaries of the pressing operating zone. Each param-
eter was varied within a realistic engineering range while all
other variables were kept constant. The results demonstrate
that the lower pressure boundary (P,,;,) is mainly affected by
the material compaction resistance (0¢omp) and the upper
boundary (AP,,;,), whereas the upper boundary (B, ) is gov-
erned primarily by the critical compressive stress of the kernel
(o) and the safety factor (f). These results confirm the ro-
bustness and physical validity of the calculated operating pres-
sure range.

Table 1. Sensitivity of the pressing operating zone to model param-
eters

Parameter varied Variation Calculated effect on
range pressure range

Friction coefficient, 0.24-0.36 Pmin = 7.096-7.144

0 Mpa

Compaction re- 4.8-72MPa Pmin =5.92-8.32 Mpa

sistance, ccomp Pmin = 6.92-7.32 MPa

Minimum pressure  0.8-1.2 MPa

difference, Apmin Pmax = 15.84-23.76

Critical compres- MPa

sive stress, ocr 17.6-26.4

Safety factor, MPa Pmax =20.9-18.7 MPa
0.05-0.15

The analysis shows that the lower boundary of the pressing
zone, Pmin, is primarily determined by the material's compac-
tion resistance, ccomp, and the minimum effective pressure
difference, APmin. The influence of the friction coefficient p
is relatively small under the adopted geometric and loading

conditions, since the friction pressure component
Z—N = 0.12 MPa is only 0.12 MPa at p = 0.30.
f

The upper boundary, Pmax, is mainly determined by the
critical compressive stress of the kernel oer and the safety fac-
tor B. When ocr is varied by +20%, Pmax changes from 15.84
to 23.76 MPa. This confirms that the upper pressure limit is
directly associated with the kernel's structural strength and the
risk of micro-fragmentation.

Thus, the sensitivity analysis confirms that the calculated
operating pressure range of 7.12—19.8 MPa is not the result of
an arbitrary selection of input parameters. The range remains
technologically justified and stable within realistic variations
of the mechanical and filtration parameters of the pressing
process.

Based on the calculated values of oil yield at the minimum
and maximum pressing pressures using Equations (22)-(24),
the variation of the pressing operating zones and the corre-
sponding change in oil release were analyzed. The resulting
dependence of oil yield on pressure within the effective press-
ing range is presented in Fig. 5.
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Fig. 5. Variation of operating zones depending on oil yield and
pressing pressure

Thus, the graph clearly demonstrates the effective operating
range bounded by the lower and upper limits of pressing pres-
sure, as well as the nature of the increase in oil release up to
saturation within this range.

The pressure P is plotted along the horizontal axis (ab-
scissa), and the amount of extracted oil M is plotted along the
vertical axis (ordinate). This graph conventionally divides the
pressing process into three zones:

Zone I, (P < Ppin < P) — the material is mainly compacted,
and the particles are reoriented, but the porous channels are
not fully formed; therefore, the oil flow is unstable and, from
a production standpoint, is not decisive.

Zone 11, (Pyin <P < Puax) — the main operating regime: a sta-
ble structure is formed, oil is released continuously, the yield
increases intensively, and the energy-to-product ratio ap-
proaches its optimal value.

Zone 11, (P > Pua) — excessive compaction closes the ca-
pillary channels; the pressure increases, but oil release does
not grow, while energy consumption rises. Thus, technologi-
cally efficient pressing is achieved precisely within the range
between Ppin and Py

Calculation and analysis of pressing efficiency. For a quan-
titative assessment of the effectiveness of the pressing process,
the pressing efficiency indicator is introduced:

M, (P
n(P) = L()100%,
M,

where M,y(P) - s the actual amount of oil extracted at a given
pressure, and M- is the theoretical oil content in the kernel.

At the initial stage of the pressing process, at the minimum
pressure, oil release begins. In this regime, the pressing effi-
ciency was evaluated using Equation (22). Substituting the
values obtained in the previous calculations makes it possible
to evaluate the efficiency at the minimum and maximum pres-
sures:
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2.64

n(Pmin) = ﬁloo% ~ 66%9 T](Pmax) =
>2100% =~ 95%

When the pressure is increased from the minimum to the max-
imum value, the additional amount of extracted oil is calcu-
lated using the following formula:

_ Myin =Min_ o _ 38— 264

100% ~ 299
M, 4.0 % %

n

Once the minimum limiting pressure is reached, the press-
ing process enters a steady-state regime. Under these condi-
tions, the main portion of the theoretical oil content has al-
ready been extracted and, according to the calculations,
amounts to about 66% of the total possible oil content.

Increasing the pressure within the operating zone to its max-
imum value allows additional oil to be produced; however,
this increase is relatively small, amounting to approximately
29%. Consequently, most of the oil is released in the pressure
region near the minimum. In contrast, higher pressures yield
only a minor additional oil, accompanied by a decrease in pro-
cess efficiency.

4. Discussion

The results obtained confirm that processing safflower seeds
should be considered a unified technological system compris-
ing "husking — separation — pressing". This approach allows
avoiding efficiency losses arising from the local optimization
of individual operations, as noted in studies on the systems
analysis of dispersed material processing (Catalano et al.,
2023; Datta, A., 2007).

The analysis of the mechanical husking stage showed that
an energy-based selection of operating regimes is a key factor
in shaping the dispersed composition of the product. Exces-
sive energy input increases the proportion of damaged parti-
cles and fines, which deteriorates the aerodynamic and filtra-
tion properties of the material. This finding is consistent with
the study by Sharma et al. (2009), who demonstrated that de-
hulling intensity and seed moisture significantly affect both
dehulling efficiency and the non-recoverable kernel fraction,
which reflects kernel breakage and fine particle formation.

The results of pneumatic classification modeling confirm
that effective aerodynamic separation is possible only within
a limited range of airflow velocities determined by the physi-
cal and mechanical characteristics of the particles. Similar
conclusions are reported in studies devoted to particle dynam-
ics in multiphase flows and pneumatic separation technologies
(Khamuev et al., 2019; Dioguardi et al., 2018).

In addition, experimental verification of the critical lifting
velocities showed satisfactory agreement between the calcu-
lated and observed separation regimes, confirming the relia-
bility of the adopted aerodynamic assumptions and drag coef-
ficients.

The analysis of the pressing process confirms its filtration
nature: the major portion of the oil is released at the initial
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stage of loading, whereas further increases in pressure lead to
saturation of the porous structure and a rise in specific energy
consumption without a proportional increase in oil yield
(McCabe et al., 1993). This pattern is well known for mechan-
ical dewatering and oilseed pressing processes (Bargale et al.,
2000).

Overall, the results of this work are consistent with modern
concepts of fracture mechanisms, aerodynamic separation,
and filtration of porous materials, and they confirm the effec-
tiveness of an integrated approach to modeling the technolog-
ical chain of safflower seed processing.

The comparison between the calculated and experimental
data demonstrated satisfactory agreement for all stages of the
technological chain. For the husking and pneumatic separation
processes, the experimentally obtained kernel yield differed
from the theoretical prediction by no more than 5.4%. For the
pressing process, the calculated oil yields showed a strong cor-
relation with the experimental results, with a coefficient of de-
termination (R?) of 0.97.

The obtained RMSE values indicate acceptable predictive
accuracy of the developed mathematical model within the in-
vestigated operating range. Therefore, the proposed integrated
modeling approach can be considered not only as a theoretical
description but also as a practically applicable engineering
tool for technological optimization of safflower seed pro-
cessing.

The proposed model includes several simplifying assump-
tions regarding particle geometry, drag coefficients, and the
averaged mechanical properties of safflower kernels and
husks. Therefore, the results obtained should be considered
engineering estimates suitable for process optimization and
preliminary equipment design.

5. Conclusion

A comprehensive mathematical approach has been devel-
oped to model the technological chain of safflower seed pro-
cessing — husking — separation — pressing - based on energy
and momentum balances. This approach allows considering
the process as a single interconnected system and substantiat-
ing technological operating regimes by calculation.

It has been established that effective mechanical husking oc-
curs within a limited energy range: husk rupture occurs at
about2.2-107* J, whereas exceeding 8.0- 1073 J results in kernel
damage and deterioration of product quality.

It is shown that pneumatic classification ensures stable sep-
aration of husk and kernel at airflow velocities between their
terminal velocities, allowing about 43% kernel and 25% husk,
while the theoretical final kernel yield is approximately 73%.

It has been determined that the technologically efficient op-
erating zone for pressing lies within the pressure range of
7.12—19.8 MPa, with about 66% of the oil extracted at the min-
imum threshold pressure, while the maximum oil yield
reaches approximately 95%, albeit with a reduction in process
energy efficiency.

The developed modelling approach can be applied in the en-
gineering design and optimization of industrial safflower pro-
cessing systems and other oilseed technological lines.
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