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Abstract

To improve the separation efficiency of chili seeds, heat treatment on the adhesion between
the seeds, peel, and embryo seat was studied. This study was conducted to explore the
separation effect of heat treatment on chili seeds based on different temperature conditions.
Firstly, the physical properties and thermal properties parameters of the materials (chili
seed, peel, and embryo seats) were measured. These physical data were imported into
ANSYS 2022 software to carry out a thermal steady-state simulation experiment. And the
effects on seed activity were studied with different temperature conditions. The results
indicated that it can effectively reduce the adhesion force between seeds, fruit peels, and
embryo seats at 120 °C for 60 s. The maximum thermal stresses of the chili peel, seed, and
embryo seat were 3.687 MPa, 0.878 MPa, and 0.662 MPa, respectively. At the same time, the
germination rate of seeds under this treatment condition remained above 80%, ensuring
the high activity of the seeds. This study provided a theoretical basis for the separation
technology of chili seeds, and it was expected to bring practical guidance for the efficient
utilization and extraction of chili seeds.

Keywords: seed activity; separation effect; physical properties; temperature conditions;
chili seed

1. Introduction

Chili is part of the Solanaceae family with edible and medicinal values, and it is
widely planted in China. Chili seeds can become edible oil and flour containing fiber
and protein after processing [1,2]. Therefore, the application of chili seeds has significant
benefits [3,4]. However, at present, most chili seeds are still separated manually with low
efficiency, requiring a large amount of labor [5,6]. As shown in Figure 1, the separation of
chili seeds generally includes the following steps: crushing chili peppers, salvaging peels,
and separating seeds. Manual seed harvesting is time-consuming and labor-intensive,
which seriously restricts the development of the chili industry. Therefore, it is imperative
to conduct research on the mechanized seed extraction of chili peppers in China.

Some scholars have already made some efforts in this research field. To obtain high-
quality chili seeds for subsequent planting, it is crucial to ensure the high activity of
chili seeds. However, most of the current separation methods are directly crushing and
separating the chili pepper [7]. These methods cannot effectively separate the chili seed
from the embryo and peel. Many scholars improved the separation efficiency of tomato
seeds using heat treatment [8]. When threshing high-moisture rice, they reduced the
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number of broken leaves produced by combined harvesters through drying [9]. This

heating method really improves the removal rate of the grain.

Figure 1. The process of manually separating seeds: (a) crushing chili peppers, (b) salvaging peels,
and (c) separating seeds.

Computational Fluid Dynamics (CFD) is an efficient numerical method used to sim-
ulate complex physical phenomena [10,11]. CFD has been widely applied in multiple
industrial and technological fields [12-15]. Most scholars analyze the conditions of the
plant seed drying environment by CFD numerical methods, such as rice, wheat, corn,
peanuts, and soybeans [16-25]. The thermal steady-state simulation was conducted on
agricultural materials such as chili peppers with CFD. And it is necessary to measure the
physical characteristics of crops, thermal properties parameters, and interactions between
the environment and contact surfaces [26]. For most inherent physical properties, precise
instruments can be directly used for measurement, such as three-dimensional dimensions,
density, Poisson’s ratio, shear modulus, etc. [27]. For thermal property parameters, relevant
physical parameters are quantitatively measured through thermal imaging and calculated
using formulas. There may be some deviation in the calculated parameters, so model
evaluation should be conducted [28].

Appropriate thermal conditions can improve separation efficiency and increase the
utilization rate of recovered seeds [29,30]. Currently, Steady-state-Thermal of ANSYS 2022
software is used for simulation analysis of grain thermal stability. The goal of this study
is to improve the separation efficiency of chili seeds, so heat treatment on the adhesion
between the seeds, peel, and embryo seat was studied. The thermal steady-state simulation
experiment was conducted to analyze thermal stress. The measured physical properties
were imported into ANSYS 2022, and the thermal steady-state model was established.
Suitable heating conditions were found to reduce the adhesion force, not affecting the
activity of chili seeds. This could provide guidance for the development of separation
technology for chili seeds.

2. Materials and Methods
2.1. Test Materials

The mature chili grown in the mountainous areas of Guizhou were used in this study.
They usually have smooth skin and a deep red color, and the seeds are long and narrow, as
shown in Figure 2. A total of 100 chili seeds were selected randomly for the experiment.
Their three-dimensional sizes (L x W x T) were measured by a vernier caliper with an
accuracy of 0.01 mm in Table 1. And the density of each part was measured using the
soaking method with 10 g of seeds, peels, and embryonic seats, respectively. The experiment
was repeated three times, and the results were shown in Table 2.
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Chilli embryo seat
Chilli peel

Pepper seeds

Figure 2. Main components of chili pepper fruit.

Table 1. Three-dimensional sizes of chili seeds.

Length Range/mm Width/mm Thickness/mm
Line chili seeds 3.83~4.41 2.86~3.51 0.81~1.05

Table 2. Density of various parts of chili pepper.

Line Chili Peel Thread Chili Seeds Line Chili Embryo Seat

Sample group (kg/m?)

943 £ 8.7 1065 + 10.21 987 £ 9.61

Note: values are presented as mean =+ standard deviation.

2.2. Measurement Methods for Physical Parameters
2.2.1. Measurement of Poisson’s Ratio and Elastic Modulus

As shown in Figure 3, the TA.XTPLUS texture analyzer (Stable Micro Systems, Go-
dalming, Surrey, UK) was used to conduct compression tests [31]. During the test, the chili
peels were placed horizontally on a flat plate. Then a circular probe with a diameter of
8 mm was used to apply pressure along the thickness direction of the peel. This operation
was stopped after loading at a rate of 0.10 mm/s for 8 s. After five repeated experiments, an
electronic vernier caliper with an accuracy of 0.01 mm was used to measure the deformation
of the fruit peel in the thickness and width directions.

[\

Figure 3. TA XTPLUS texture analyzer for compression test of chili peel.

2.2.2. Measurement of Thermal Expansion Coefficient

As shown in Figure 4, the TMA (PerkinElmer Pyris Diamond DMTA, PerkinElmer,
Inc., Waltham, MA, USA) instrument was selected to measure the coefficient of thermal
expansion [32]. Before the experiment, the samples including chili peels, seeds, and embryo
seats were prepared and cut into small pieces that meet testing requirements. The surface
of the sample was cleaned with ethanol or acetone to remove impurities and oil stains.
Then they were dried to ensure purity.
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Figure 4. TMA instrument for tensile test of chili peel.

Before the experiment, the TMA instrument power supply was turned on until the
self-test was to be completed. A suitable probe was selected based on the characteristics
of the sample, and the preset parameters were set. The displacement and stress changes
in the sample in real time were obtained with different temperatures. After the test was
completed, the test was stopped, and samples were carefully taken after the furnace was
cooled to a safe temperature. At the same time, the data were recorded.

2.2.3. Measurement of Water Absorption Rate

The water absorption of materials is closely related to the study of viscosity in CFD
simulations. By analyzing the water absorption characteristics, more accurate surface
characteristic parameters and boundary conditions can be provided for CFD simulation.
Before the experiment, 5 g of seeds, peels, and embryo seats were taken from fresh chili
peppers. The samples were then completely immersed in distilled water. A temperature
control device was used to ensure a constant temperature of 25 °C, as shown in Figure 5.
The wet weight after soaking was measured with a precision balance, and the test was
repeated 3 times.

()

Figure 5. The initial dry weight of test samples: (a) chili seeds, (b) chili peel, and (c) chili embryo seat.

2.3. Measurement Methods of Thermal Properties Parameters
2.3.1. Measurement of Specific Heat Capacity

According to the law of conservation of heat, the specific heat capacity of the seeds,
peels, and embryo seat of chili peppers was inversely derived [33]. Firstly, 10 mL of water
was weighed, and the initial temperature of the water was recorded. The sample was
heated to a specified temperature and was quickly put into the water in the container.
Then the temperature of the water mixed with the sample was recorded. The specific
experimental process was shown in Figure 6.
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Figure 6. Specific experimental process.

2.3.2. Measurement of Thermal Conductivity

Thermal conductivity is a key factor in analyzing the effect of temperature on crops.
Before the test, the chili peel was cut into thin slices to obtain a smooth surface. One side of
the sample was heated with a heating plate, and an infrared thermal imaging device was
used to detect the temperature distribution of the chili peel. A transient heat conduction
model was adopted in this experiment, which was used to deduce the material’s thermal
conductivity. At this point, the heat conduction equation is as follows:

%—f =aV?T (1)
k
o= p_c )

In the formula, p—density; c—specific heat capacity; k—thermal conductivity;

a—thermal diffusivity; —T—the rate of change in temperature over time; and V>T—the
spatial gradient of temperature.

Based on experimental data, generate a spatial image of the temperature variation
over time and perform numerical fitting using the heat conduction equation [34]. The
least squares method is used to fit the difference between the theoretical model and the
actual data in order to calculate the thermal diffusivity and further derive the thermal
conductivity. For thermal diffusivity, the one-dimensional heat conduction formula can

be used:
oT (x, 1) °T(x,t)

of YT o2 ®)

In the formula, T(x, t)—temperature changes with space and time. This equation

describes the process of heat propagation inside chili seeds. Temperature data of chili
seeds at different locations and time points were obtained through thermal imaging. Firstly,
temperature data Texp (xi, t]-), where x; is location and t; is time, indicate the measured
temperature at different locations and times. Secondly, the temperature is measured every
10 s. The position x; can be different points, such as several positions measured by a thermal
imager. Next, define the boundary conditions and initial conditions. Usually, the following
conditions can be set. Initial condition: At the initial time t = 0, the temperature of the
chili seeds is T (assuming uniform temperature); the other end is an adiabatic boundary.
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Discretize the partial differential equation using the finite difference method to obtain an
approximate computational model.

Then, the least squares method was used for fitting, and the temperature data of chili
seeds at different time points were measured through experiments Texp (X, tj). The next
goal is to fit these experimental data through numerical models to determine the thermal
diffusivity in the model. Construct an objective function using the least squares method
x2(et). To measure the difference between theoretical profiles and experimental data. The
objective function can be defined as follows:

2

x? (0) = Zi,j (Tmodel (xi/ ti, 0‘) — Texp (xi/ tj)) 4)

In the formula, Todel (xi, tj, oc)—theoretical temperature calculated based on the ther-
mal diffusion equation and the current thermal diffusion rate; Texp (xi, tj)—temperature
data obtained from experiments.

To minimize the objective function, x?( ) was used to simulate numerical optimization
algorithms «. And the genetic algorithm (GA) was utilized to gradually approach the
optimal solution. The algorithm parameters were set as follows: PopulationSize_Data = 20,
MaxGenerations_Data = 50, CrossoverFraction_Data = 0.7, and MigrationFraction_Data = 0.2.

3. Results
3.1. Results for Physical Parameters
3.1.1. Poisson’s Ratio and Elastic Modulus
Based on the load displacement data recorded, the elastic modulus, Poisson’s ratio,

and shear modulus of the chili peel were calculated using the following formula. The chili
seeds and embryo seats were also applicable. The data are shown in Table 3.

W -
P ®)
oz F/A
E”_E_e/Tl (©)
E
G=_""F* 7
2(1+p) @

Table 3. Poisson’s ratio, elastic modulus, and shear modulus of chili seeds, peels, and embryo seat.

u E, (Mpa) G (Mpa)
Thread Chili Seeds 0.36 = 0.13 23.41 +£9.23 8.61
Line Chili Peel 0.42 4+ 0.25 248 +1.67 0.87
Line Chili Embryo Seat 0.40 +0.18 3.56 4+ 1.89 1.27

In the formula, u—Poisson’s ratio of chili peel; e'—the deformation of the chili peel
in the width direction; e—the deformation in the thickness direction of the chili peel;
Wj—Iload the width of the front chili peel; Wp—the width of the chili peel after loading;
T1—the thickness of the pepper seeds before loading; T,—the thickness of the pepper
seeds after loading; E,—elastic modulus of chili peel; 0,—axial compressive stress of the
chili peel; e,—axial strain of the chili peel; F—the maximum yield force of the chili peel
under axial compression; A—contact area of the chili peel; and G—shear modulus of the
chili peel.
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3.1.2. Thermal Expansion Coefficient

According to the TMA instrument, the relation graph was drawn between elongation
and temperature (Figure 7). Then the relative elongation of the sample was calculated
according to the formula, as shown in Table 4.

AL=a-Ly-AL )

2000 250 50
B Chili peel 1600 M Chili embryo seat [ 200 4 [
Bl Chili seeds|
1200 150 30
TMA(um) TMA(um) TMA(um)
800 100 20
400 50 10
0 0
0
120 120 120
100
%0 2 ) 9%
temperature(Cel) 70 temperature(Cel) 70 temperature(Cel) L B
50 50 50
(a) (b) ()

Figure 7. The relationship between elongation and temperature: (a) Line chili peel, (b) line chili
embryo seat, and (c) thread chili seeds.

Table 4. Thermal expansion coefficient of chili pepper.

Thread Chili Seeds Line Chili Peel Line Chili Embryo Seat
Thermal expansion coefficient (1/°C)  0.0000297-0.000124 0.000875-0.007570 0.0000216-0.000156

In the formula, a—Ilinear expansion coefficient per hour; Lo—initial length; and
AL—the change in relative elongation of the sample when the temperature rises from
t; to tp.

3.1.3. Water Absorption Rate

The specific data is shown in Figure 8. Then, the water absorption rate was calculated
using the following formula.

7.210

Chili embryo seat3
Chili embryo seat2
Chili embryo seatl
6,386 S. S8 5.6 58 . 5. Chili peel3
5.55 NSRS, 5.85 Chili peel2
5.974 5 5. 5.58 5 5. 5. 5.92 Chili peell
532 545 5.55 575 582 8. Chili seeds3
535 548 5 5. 5. - Chili seeds2

535 538 S. -5 58 . Chili seeds!

5.150

Water absorption capacity

Figure 8. The wet weight and heat map after immersion.

Q=UW-U ©)
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R:Qz—Q1

— (10)

In the formula, Uj—dry weight; Uy—wet weight; and (t, — t;)—it is the time interval
between two points in time.

3.2. Results for Thermal Properties Parameters
3.2.1. Specific Heat Capacity

Based on the specific heat capacity of water (4.18 J/g °C), the heat absorbed by the
sample was calculated, and the specific heat capacity was obtained (Table 5).

myp X1 X (T3 — Tl) =mpy X Cy X (Tz — Tg) (11)

Table 5. Specific heat capacity of each part.

Thread Chili Seeds Line Chili Peel Line Chili Embryo Seat

Specific heat capacity
(/g°0)

1.684-1.821 1.824-2.016 1.781-1.922

In the formula, m;—the quality of water; my—the quality of the sample; T3—the final
common temperature; T1—the initial temperature of water; and To—the initial temperature
of the sample.

3.2.2. Thermal Conductivity

As shown in Figure 9, the temperature distribution of the chili peel was obtained using
an infrared thermal imaging device. Finally, the thermal conductivity was derived from
Formula (10), as shown in Table 6.

—135.4

()

Figure 9. Thermal imaging of materials: (a) chili peel, (b) chili seeds, and (c) chili embryo seats.
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Table 6. Thermal conductivity of various parts.

Thread Chili Seeds Line Chili Peel Line Chili Embryo Seat

Thermal conductivity
(W/m-K)

0.256-0.455 0.098-0.281 0.097-0.276

3.3. Thermal Property Parameter Model Analysis

To further verify the specific heat capacity and thermal conductivity, Fourier’s law is
applied to evaluate the test data. And it was used for temperature changes (AT) and heat
flux (Q) to regress the thermal conductivity or specific heat capacity. It was assumed that
when the system eventually reaches a steady-state, the calculated thermal conductivity can
be compared with experimental data to verify the rationality of this steady-state assumption.
The experimental data can be fitted to a simple model for the initial estimation of thermal
conductivity. When the time is long, the steady-state assumption is closer to the actual
situation. The regressed thermal conductivity (A) is as follows:

Q=A-A- AT (12)
L

In the formula, A—the cross-sectional area of an object; L—distance of heat conduction.

Regression analysis can be used to verify whether the inferred thermal conductivity
matches the actual data.

Q=m-Cp-AT (13)

In the formula, m—the quality of the object.

Coefficient of determination (R?) and the Mean Absolute Error (MAE) can be used to
evaluate the ability of regression models to validate the inferred thermal conductivity and
specific heat capacity [35]. The equation is as follows:

n — —\12
R2 = (X (i — @) (vi = V)] 4
Y (u — ) 0, (vi — 9)° .
MAE = %Z?:Jui — i (15)

In the formula, u; is the i-day value simulated by the model; I standard values are
calculated using the P-M model; u is the average value; u; is the value; V is the average
value; N is the sample size of the test set; and the intimate relationship R? ratio of 1 indicates
the degree of fit between the model and the data. An MAE close to 0 indicates a small
model error.

By Fourier’s law regression simulation, the error range of applying the steady-state
assumption under transient conditions can be evaluated. If the relative error is not large,
it can indicate the effectiveness of the steady-state assumption under the experimental
conditions. R? and MAE were used to evaluate the ability of regression models to vali-
date the inferred thermal conductivity and specific heat capacity. Evaluation of thermal
conductivity model is as follows: (thread chili seeds R? = 0.767-0.854, MAE = 0.341-0.589,
line chili peel R? = 0.744-0.861, MAE = 0.289-0.415, line chili embryo seat R? = 0.772-0.875,
and MAE = 0.265-0.384). The specific evaluation is shown in Figure 10. It can be seen
that the experimental data is relatively stable within a certain range and can be used as
parameters for a subsequent thermal stress analysis. The specific evaluation data are shown
in Tables 7 and 8 below.
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Figure 10. The specific evaluations of (a) R? assessment, (b) MAE assessment.
Table 7. R? evaluated data.
Thermal Conductivity Specific Heat Capacity
Thread Chili . ore Line Chili Thread Chili . 1. Line Chili
Seeds Line Chili Peel Embryo Seat Seeds Line Chili Peel Embryo Seat
0.786 0.842 0.872 0.866 0.845 0.932
0.794 0.784 0.772 0.897 0.879 0.904
0.851 0.744 0.845 0.946 0.821 0.906
0.845 0.794 0.843 0.845 0.932 0.921
0.854 0.812 0.784 0.954 0.912 0.926
0.821 0.861 0.796 0.966 0.921 0.940
0.775 0.811 0.875 0.942 0.925 0.941
0.767 0.836 0.792 0.932 0.884 0.899
0.771 0.797 0.794 0.941 0.919 0.912
0.835 0.788 0.858 0.918 0.911 0.926
Table 8. MAE evaluated data.
Thermal Conductivity Specific Heat Capacity
Thread Chili . . Line Chili Thread Chili . . Line Chili
Seeds Line Chili Peel Embryo Seat Seeds Line Chili Peel Embryo Seat
0.437 0.289 0.341 0.286 0.315 0.205
0.341 0.401 0.316 0.225 0.304 0.214
0.512 0.321 0.265 0.341 0.289 0.256
0.589 0.389 0.295 0.348 0.475 0.241
0.532 0.299 0.274 0.388 0.396 0.206
0.398 0.297 0.356 0.402 0.415 0.199
0.358 0.415 0.343 0.245 0.354 0.268
0.451 0.405 0.471 0.267 0.322 0.196
0.433 0.364 0.384 0.287 0.291 0.274
0.441 0.291 0.396 0.236 0.311 0.229

3.4. Activity Verification of Chili Seeds Under Different Temperature Conditions

The fresh chili peppers were cut into sections, and the seeds were taken out. The

seeds were then placed in a cup filled with water; full seeds were selected according to the

suspension state. As shown in Figure 11, a Heating and Drying Oven (Henan Huafeng
Instrument Co., Ltd., Zhengzhou, China) was applied in the experiment (DHG-9053a). The
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heat time was set for 50 s, 55 s, and 60 s separately. And the temperature gradient was
between 60 °C and 120 °C. After heat treatment, 50 seeds were selected from each group

for cultivation. The seed germination was observed to verify the effect of temperature on
seed activity after two weeks (Figure 12).

Figure 12. Picture of germinated seeds.

Under different conditions, the thermal stress of chili seeds, peels, and embryo seats
will increase with the increase in temperature and heating time. The normal germination
rate of chili pepper seeds will be seriously affected, as shown in Figure 13. It was found

that when the heat temperature was 120 °C and heat time was 60 s, the normal germination
rate of chili seeds dropped to 84%.

R

o Bl
k< =N

=
w

Figure 13. The germination number of seeds under different temperature conditions
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3.5. The Thermal Steady-State Simulation Test

To further analyze the influence of thermal stress, a thermal steady-state simulation
was carried out with ANSYS Fluent 2022 software. Firstly, 3D models of the materials
were built. And they were imported into the steady-state thermal geometry structure.
The physical parameters were set, including some parameters measured in the above
experiments, as shown in Table 9. Then the mesh was divided, and the temperature
boundary condition was set (the initial temperature was 22 °C).

Table 9. Setting physical parameters in ANSYS Fluent 2022.

Physical Parameters Thread Chili Seeds Line Chili Peel Line Chili Embryo Seat
Density (kg/m?) 1065 943 987
Poisson’s ratio 0.36 0.42 0.40
Elastic modulus (MPa) 23.41 2.48 3.56
Shear modulus (MPa) 8.61 0.87 1.27
Thermal expansion coefficient (1/°C) 0.00007685 0.0042225 0.0000888
Specific heat capacity (J/g °C) 1.7525 1.92 1.8515
Thermal conductivity (W/m-K) 0.3555 0.1895 0.1865

It was found that as the temperature increased, the thermal stress increased. And
with a heat temperature of 120 °C, the thermal stress of the chili peel, chili embryo seat,
and chili seed reached 3.687 MPa, 0.662 MPa, and 0.878 MPa, respectively. The stickiness
between the chili seeds and the skin and embryo seat was smaller, which greatly improved
the separation effect for subsequent crushing processing. Figure 14 showed the variation in
thermal stress at 120 °C without affecting the seed germination rate. The same applies to the
skin and embryo of chili peppers. Therefore, the temperature of 120 °C was advantageous
for seed crushing and separation.

5517265 Max
56

(b)

Figure 14. Thermal stress analysis for the (a) chili peel, (b) chili embryo seat, and (c) chili seeds.
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4. Discussion

After the initial crushing of the chili pepper, the embryo seat of the peel is easy to
adhere, which is not conducive to the subsequent seed separation and extraction. Based on
previous research by the research group [36], the impurity rate was 11.31% for the extraction
of chili seeds. According to the literature [37,38], heat treatment can soften the pulp, reduce
the internal adhesion of the pulp, and is conducive to crushing and separation. In this
study, to reduce adhesion between materials, the chili pepper was heated. We will elaborate
on the efficacy of our approach by analyzing the thermal stress observed in our results. At
a heat temperature of 120 °C, the thermal stress of the chili peel, chili embryo seat, and chili
seed was smaller, which significantly reduced the adhesion between the pepper materials.
Therefore, with the heating pretreatment, the separation effect of pepper seeds was greatly
improved by mechanical crushing and separation. However, high temperature treatment
affected the germination rate and also brought on some seed loss. The high germination
rate under heat conditions (>80%) demonstrates the method’s reliability in simulating
fire-induced germination.

The wide range of germination responses to heat was evidenced within Cistaceae, and
it depends on the differential role of fire within this plant family [39]. In our study, it was
also found that with the heat temperature of 120 °C and heat time of 60 s, the normal
germination rate of chili seeds dropped to 84%. And the result revealed that a temperature
of 120 °C was advantageous for seed crushing and separation without affecting the seed
germination rate. Jiang et al. verified this conclusion by the extraction of pectin with heat
from the seeds and peel of a watermelon [40].

In the future, the effect of heat treatment on chili seed separation will be further
studied. Subsequent segmented heating is considered, using different temperatures for
multiple heating cycles [41]. The core idea is to reduce the damage of high temperature to
seeds while ensuring effective separation between chili seeds and peels.

5. Conclusions

According to different temperature conditions, the separation effect of heat treatment
on the adhesion between the seeds, peel, and embryo seat was studied. To ensure the accu-
racy of simulation experiments, the physical parameters of chili seeds, peels, and embryo
seats were measured. The experiment was conducted, and it was found that the normal
germination rate of chili seeds dropped to 84% when the heat temperature was 120 °C
and heat time was 60 s. Thermal stress analyses of chili seeds, peels, and embryo seats
were simulated using the ANSYS Fluent 2022. The results showed that at a temperature of
120 °C, the thermal stresses of the peel, seed, and embryo seat were 3.687 MPa, 0.878 MPa,
and 0.662 MPa, respectively. And the separation efficiency of chili seeds was significantly
improved. Therefore, the research has important practical significance and provides a
theoretical basis and technical support for the separation technology and extraction of
chili seeds.
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