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Operation mechanism analysis and
parameter optimization of airflow-
rotating disc separation device for

agricultural film fragments
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ZaKan%3*

To reduce the impurity and loss rates during agricultural film fragment separation, an integrated
airflow and mechanical separation approach was devised, and the airflow-rotating disc separation
device with air suction mechanism and curved disc rotating screening mechanism was designed. The
processes of throwing, collision and slipping were analyzed, considering film compressibility. The
factors affecting the separation performance were identified as feeding quantity, airflow velocity and
disc rotational velocity. Subsequently, a Box-Behnken response surface experiment was conducted,
using fan rotational velocity, disc rotational velocity, and feeding quantity as factors, with impurity
removal rate and film leakage rate as the evaluation indices. The multiple regression equations were
established to depict the relationships between the factors and the indices, followed by the response
surface analysis. The optimal parameter combination was a fan rotational velocity of 1450 r/min, a disc
rotational velocity of 54 r/min, and a feeding quantity of 130 kg/h, attaining an impurity removal rate
of 96.51% and a film leakage rate of 21.92%. The discrepancies between the verification values and the
prediction values were 4.61% and 5.30% respectively, signifying the equations’ reliable predictability.
This research lays the groundwork for the design of film fragment separation apparatuses.
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Plastic film mulching technology has been widely adopted in cotton plantations in Xinjiang, leading to a
significant increase in cotton yields'. However, repeated use of this mulching technique over successive years has
resulted in the gradual accumulation of residual films in the fields, posing a serious threat to both the ecological
environment and agricultural productivity?. While the development and implementation of residual film
recycling machinery have alleviated the pollution caused by film residues to some extent>*, the recovered films
are often mixed with cotton straw and soil, which severely hinder their subsequent recycling and utilization®. At
present, although agricultural residual films are recycled, they are not effectively reused. Instead, they are typically
piled up, discarded, or buried in situ, leading to resource wastage and secondary environmental pollution®’.
Therefore, there is an urgent need for research into technologies for separating films from impurities.
Currently, the most used technology for separating residual films from impurities is airflow-screen separation.
This method enhances the dispersion of the mixture on the sieve surface through the combined effects of airflow
and vibration, improving the stratification and sieve-through efficiency of different components®, thereby
enabling the separation of residual films and impurities. The most widely used equipment for this process
is the airflow-drum screen, with impurity content in the separated films ranging from 5.86 to 13.71%. It is
driven by the idler roller transmission method, making the rotating drum rotate around the axis. The cross-
sectional area of the screen drum shaft is about 2.24 m?, and the working efficiency is 202 kg/h~250 kg/h.
Thus, the working efficiency per unit area can be calculated as 90 kg/h~ 112 kg/h®-!!. The airflow-vibrating
screen is also applied, with impurity content in the separated films about 3.08%. It adopts a belt-drive system to
actuate the double-crank connecting-rod mechanism, causing the sieve surface to vibrate. The working area is
approximately 2.10 m?, and the working efficiency is 1026 kg/h. Thus, the working efficiency per unit area can
be calculated as 489 kg/h'2. However, one major limitation is that the screen holes can easily become blocked
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by the films during separation, leading to a decline in operational performance!*!*. This blockage issue is also
observed in other screening equipment, such as the jitter screen used in corn harvesters!”, the vibrating screen
in rapeseed combine harvesters'®, and the drum screens in urban solid waste processing'’. To address this
problem, researchers have enhanced the cleaning mechanism of sieves by integrating machine vision and bionic
technology, which improves performance but also increases the complexity and energy consumption of the
equipment. In contrast, the airflow-rotating disc film impurity separation device proposed in this study uses
a chain drive system to rotate the main shaft and the driven shaft, thereby making the discs turn. The working
area is approximately 0.78 m?, and the working efficiency is 130 kg/h. Thus, the working efficiency per unit area
can be calculated as 167 kg/h. Moreover, the dynamic sieve holes with forced displacement drive the materials
to continuously move towards the sieve tail, actively clean the sieve holes, and reduce the possibility of material
blockage!®. Compared with vibrating and drum screens, the device features a simple transmission method and
component structure, a high energy-consumption utilization rate, a strong self-cleaning ability for sieve holes,
and relatively low difficulty in equipment manufacturing and maintenance.

The complex dynamic behavior of residual films and impurities interferes with the transport process and
affects separation efficiency. Understanding the motion characteristics of these materials is crucial for analyzing
the causes of incomplete separation. Zhang (2024) and Peng (2021) analyzed the critical conditions for the
sliding, downward motion, and ejection of soil and residual film along the sieve surface under crank linkage
action'®!°. Zhou et al. (2023) examined the critical rotational speed conditions for sliding, throwing, and
centrifugal motion in a drum screen?’. Most research on the motion characteristics of films and impurities has
focused on critical condition analysis based on D’Alembert’s principle and Newton’s second law, and has paid less
attention to the motion behaviors before and after the critical state or the interactions between different motion
phases. In contrast, Song et al. (2023), Fang et al. (2020; 2021), and Wang et al. (2019) classified the multi-process
motions of materials such as Fritillaria ussuriensis Maxim (FUM), straw, and grain into distinct chronological
stages. These stages were interconnected through velocity continuity?!~2%, offering a more comprehensive
analysis of the complex dynamic behavior of materials. This approach provides valuable insights for studying the
motion characteristics of residual films and impurities.

Based on the studies mentioned above, a novel separation method for films and impurities has been
investigated, which utilizes the dual-action of airflow and rotational disc mechanical separation. By integrating
the effects of airflow and disc motion, this approach combines two forces innovatively to enhance material
separation. A systematic study of the separation process has been conducted, with a focus on the key stages of
material throwing, collision with the disc, and relative slipping of components. Additionally, a relationship model
has been established, linking fan velocity, disc rotational velocity, and feeding quantity with both the impurity
removal rate and the film leakage rate. This model provides valuable insights for optimizing the separation
process. Overall, the research offers a solid theoretical foundation for the development of advanced separation
technologies for films and impurities.

Theory and analysis of film and impurity materials separation process

Structure and working principle of the separation device

Figure 1 vividly presents the three-dimensional structural schematic diagram of the airflow-rotating disc film
impurity separation device, which was drawn by SolidWorks 2022 software. As shown in Fig. 1, the separation
device is mainly composed of a feeding conveyor, elevator, disc sieve, suction hood, pipeline, cotton impurity
collection box, residual film collection box, fan, receiving conveyor and soil impurity collection box. Crucially,
the main structural parameters, which play a fundamental role in the device’s performance, related to the disc
sieve are detailed in Table 1. To further elaborate on the components, the disc sieve and suction hood, which
are important working parts of the device, achieve the separation of residual film and impurities through their
synergistic effect with the disc and airflow. Their specific details are presented in the following figures: Fig. 2
shows the arrangement of sieve discs, and Fig. 3 displays the structure of the suction hood.

The working principle of this device is as follows: when the device works normally, the film and impurity
materials are transported to the elevator through the feeding conveyor, and then transported to the disc sieve.
Under the action of transportation and loosening of the sieve, the smaller-sized soil and straw impurities fall into
the receiving conveyor through the gaps between the discs, and are transported to the soil impurity collection
box. Simultaneously, the remaining materials are transported to the end of the disc sieve. When the materials
pass below the suction hood, the films enter the residual film collection box under the action of airflow, and the
large stones and straw impurities continue to be transported to the cotton impurity collection box.

Analysis of separation process

Figure 4 shows the motion trajectory of the film and impurity materials on the disc sieve. From P, to P,, the
materials go through different motion stages with complex force conditions closely related to the airflow and
disc sieve movement. The motion of the materials under the dual action comprises four stages: (1) Before the
collision with the sieve disc: the throwing process in the windless area (P, ~ P, stage); (2) Before the collision
with the sieve disc: the throwing process in the windy area (P,~ P, stage); (3) Collision stage with the sieve disc
(P, stage); (4) After the collision: the relative slipping of cotton straw, soil and residual film to the separation
stage (P, ~ P, stage).

(1) 'The throwing process in the windless area (P, ~ P, stage).
Figure 5 shows the force analysis of the throwing process in the windless area (P, ~ P, stage). The film and

impurity materials are thrown from point P, to point P,, with an initial velocity of v, and a horizontal angle
of a,.
0
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Fig. 1. Airflow-rotating disc film impurity separation device. The overall structure of the device, along with the
relative positional relationship, connection, and layout of each component, is shown, with these components
working in concert to achieve the separation of agricultural film and impurities.

Parameter Value

Overall dimensions of length, width and height, L x Wx H, mm x mm xmm) | 2200 x 1500 x 1300

Matching power (kW) 7

Disc sieve working width (Ww, mm) 520
Radius of the curved edge of the irregular sieve disc (R, mm) 270
Number of irregular sieve discs (pcs) 243

Table 1. Comprehensive overview of the main structural parameters of the disc sieve: dictating installation
prerequisites.

At this stage, the materials are subjected to gravity G. Ignoring the air resistance, Eq. (1) represents the
motion model of the materials in the 0~ ¢, time.

dvie _
mlz —
dt
{ dviy (1)

where, m is the mass of the film and impurity materials, kg; g is the acceleration of gravity, 9.81 m/s>.
The initial conditions are as follows: =0, v, =v,cosa, v, =v,sina,, x,=0, and y,=0. Then, Eqgs. (2) and (3)
are obtained by taking the first-order and the second-order integrals of Eq. (1), respectively.

U1z = Vo COS o (2)
U1y = Vp sin g — gt1

{ xr1 = vot1 COS Qg 3)
Y1 = vot1 sinap — %gt%

where, x, is the displacement of the material in the x-direction after the movement of ¢, time, m; y, is the
displacement of the material in the y-direction after the movement of ¢, time, m.

(2) The throwing process in the windy area (P,~ P, stage).

Figure 6 shows the force analysis of the throwing process in the windy area (P,~ P, stage). When the film
and impurity materials move from point P, to point P, they are subjected to the gravity G and wind force

W
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Fig. 2. Arrangement of sieve discs. The discs are arranged with adjacent ones on the same shaft having a 60°
phase angle («), those on adjacent shafts having a 30° angle (f), in an interlaced pattern, and the adjacent -
shafts distance being 200 mm (D).

At this stage, Eq. (4) represents the motion model of the material during the time interval from ¢, to t,.

md“Til = Fycosf

dvay .
m-—3*% = Fysin 8 —mg (4)

Fy = %kposz
S=1IL1Ls

where, v, is the partial velocity of the material in the x-direction after the movement of t, time, m/s; v, is the
partial velocity of the material in the y-direction after the movement of ¢, time, m/s; k is the airflow resistance
coefficient; p, is the density of the air, kg/m? § is the film and impurity materials windward area, m% L, is the
length of the materials, m; L,is the width of the materials, m.
Combining Egs. (2) and (3), (5) and (6) are obtained by taking the first-order and the second-order inte-
grals of Eq. (4).

2
Vap = LS (45 — 1) cos B + vo cos ap

2 . .
Voy = & giv (t2 — t1)sin B + vo sinag — gtz (5)
v2 = /3, + V3,
oy = arctan (U—zy-)
V2g
2 2
o kpgiv (t% _ t?) cos B — %tl (t2 — t1) cos B + vota cos ap 6)

2 2 . .
Yo = heoSvT (t% — t%) sin 8 — &‘%tl (t2 — t1) sinf + vota2 sin g — %gt%
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Fig. 3. Structure of suction hood. The suction hood has its main structural parameters with the length of the
bottom (L) being 520 mm, the height of the shoulder (H,) being 400 mm, and the bottom width (D) being
150 mm.

where, o ;s the angle between Vo and v.,% x, is the displacement of the material in the x-direction after the
movement of £, time, m; y, is the displacement of the material in the y-direction after the movement of ¢, time.

(3) Collision with the sieve disc (P, stage).

In the study of the collision stage, the following assumptions are made: (1) inelastic collision occurs when
the film and impurity materials collide with the sieve disc; (2) when a collision occurs, the changes in the
displacement and velocity direction are neglected. Figure 7 shows the force analysis of the collision stage.
The initial kinetic energy E, of the material when it starts to contact the sieve disc and the final kinetic en-
ergy E, after the collision are shown in Eq. (7).

{ Eo = imovl )

_ 2
E1 = §m’U3

Due to the small relative velocity between the internal components of the film and impurity materials, the energy
consumption during the collision is small. It is assumed that there is no energy loss in the system during the
collision, and the initial kinetic energy E, is transformed into the final kinetic energy E, and deformation energy
AE. Then, the initial kinetic energy E, can be expressed as Eq. (8).

I o 1 o

Emvg = Em’lig + AFE (8)

During the collision, the sieve disc is mainly subjected to the impact force in the normal direction of the contact
point. Combining Eq. (4), Eq. (9) represents the impact force F_ of the materials.

kpoSv2

sin (8 — o) 9)

Fim = mgcoso —

Assume that the deformation of the film and impurity materials only occurs in the normal direction of the
contact point with the sieve disc, with the maximum deformation amount being §. Combined with Newton’s
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Fig. 4. Analysis of the whole motion process of the film and impurity materials separation. The simplified
structure of the sieve disc is represented by arcs, and the arcs of different colors represent different positions of
the sieve disc after rotation. The linear frame is used to represent the simplified structure of the suction hood,
and the linear arrow represents the direction of the airflow. The connection curve between adjacent points of
P, P,, P,and P, is the trajectory of the material. Note: v is the air velocity, m/s; w is the angular velocity of the
sieve disc, rad/s; ¢, is the time it takes for the film and impurity materials to move to the point P, s; ¢, is the
time it takes for the material to move to the point P, s; t,is the time spent on the movement of the material
from point P, to point P, s; t, is the time it takes for the material to move to the point P,, s.

third law and elastic wave theory®, the force F, _that the materials are subjected to from the sieve disc is
expressed by Eq. (10).

_ 2 gj —_
Py = 2190000 RSB Z0) (0 < < o) (1o

where, h is the deformation of the material when it collides with the sieve disc, m.
Equation (11) expresses the kinetic energy change after the collision (deformation energy AE).

[ng cos o—kpoSv? sin(ﬁfa)]zé
24ES (11)

s
AE = f 2};5%’ dh =

0
S" = L1B,[id+iAd < B <id+ (i + 1)Ad]

where, E is the modulus of elasticity of the film and impurity materials; S’ is the contact area of the material with
the sieve discs, m% B is the contact length of the material with the sieve discs in the width direction, m; i is the
number of sieve discs contacted by the material, pcs; d is the thickness of the sieve discs, m; Ad is the gap between
the sieve discs, m.

The velocity v, of the film-impurity material after colliding with the sieve disc can be expressed by Eq. (12).

oo — 102 — [2mg cos o — kpoSv?sin (8 — Uﬂ2 1) (12)
’ 2 12mES’

(4) The relative slipping of cotton straw, soil and residual film (P, ~ P, stage).

After the collision, the film and impurity materials continue to move along the sieve disc, and the internal
components of the residual film, cotton straw and soil maintain their relative slipping until they are separated.
The spatial distributions of the film and impurity material components are more complex. To simplify the
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Fig. 5. Force analysis of the throwing process in the windless area (P, ~ P, stage). It contains a process of
oblique throwing. Note: v, is the initial velocity of the material at point P,, with the horizontal component
v,, and the vertical component v, , m/s; & is the angle between the projection direction and the horizontal
plane, v, is the velocity after the movement of t, time, with the horizontal component Vi, and the vertical
component v, , m/s; G is the gravity of the material, N.

analysis, the cotton straw and soil are regarded as a whole, named straw-soil mixture, and the film and impurity
materials are regarded as a mixture of residual films and straw-soil mixture. The distribution of the straw-soil
mixture in the upper layer and the residual films in the lower layer is studied. It is assumed that the displacement
of the film and impurity materials on the sieve disc is a straight line during the time interval from ¢, to ¢,.

The partial velocity v, of v, in the tangential direction of the contact point and the linear velocity v_ of the
sieve disc at the point of contact are illustrated by Eq. (13).

v3q = v3 cos (a1 + o)
Vs = WT (13)

W= 30

where, 7 is the rotational velocity of the disc sieve, r/min.

Figure 8 shows the force analysis of the whole material, and Fig. 9 presents the force analysis of material
component. As shown in Figs. 8 and 9, if v,_>v,, the film and impurity materials tend to slip to the right relative
to the sieve disc, so the friction direction is the opposite (to the left), and the material performs deceleration
motion. Conversely, if v, <v, the slipping trend of the material is to the left, the friction direction is to the right,
and the material undergoes accelerated motion.

As shown in Fig. 8, the material is in force equilibrium in the normal direction at the point of contact with the
sieve disc. Equation (14) gives the force balance equation in the normal direction of the whole material.

{ P + 22059 Gin (B + ) + mw?rsin (0 — o) = mg cos & (14)
Fr. = mw*r

The straw-soil mixture and residual films are isolated and analyzed separately in terms of force as shown in
Fig. 9. When the straw-soil mixture and residual films are subjected to the wind force, their windward areas and
the forces exerted by the airflow are different.

When analyzing the windward area of the straw-soil mixture, the following assumptions are made: (1) #
cotton straws and n” soil particles are laid flat in the upper layer of residual films; (2) cotton straws are assumed
to be straight cylinders with uniform moisture content and diameter in all parts, and their windward area is a

>
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Fig. 6. Force analysis of the throwing process in windy area. Under the action of airflow, the oblique throwing
trajectory of the material changes, and the falling point of the material on the sieve surface is located on the
second disc. Note: F, is the wind force of the film and impurity materials, N; 8 is the angle between F, and the
x-axis, °.

rectangular projection area at the level of the cylindrical axis; and (3) soil particles are assumed to be equal-
diameter spheres that do not disintegrate under the action of the airflow, and their windward area is a circular
area with the same radius as the sphere. The force balance equations in the normal direction of the segmental
material are signified by Eq. (15).

Fni+ W sin (8 + ) + miw?r + Ah)sin (0 — 0) = m,gcosco

FN—|—Wsin(ﬁ—‘ra)—&—mgw%sin(@—a):ngcosa+FN2 (15)
S1 =n'dily +n"wr?
So = L1Lo

where, S | is the windward area of the mixture, m2; m ,is the mass of the mixture, kg; Ah is the thickness of the
residual film material layer, m; S, is the windward area of the residual film material layer, m?% m, is the mass of
the residual films, kg; d, is the average diameter of cotton straws, m. [, is the average length of cotton straws, m;
r, is the average radius of soil particles, m.

From the geometric relationship in Fig. 10, there is a relationship shown in Eq. (16) among the key structural

parameters of the sieve disc.

oc=wt—¢
O=wt—c+ 7
rsine = Rsing’ (16)

r= ?R ( (cose)? +2 — coss)

When the relative movement trend of the material is to the right, the resultant force of the wind force F, ., inertia
force F,,, gravity G, and friction f, in the normal direction provides acceleration for the straw-soil mixture,
and the resultant force of the wind force F, ,, inertia force F , gravity G, friction f2 and friction fin the normal
direction provides acceleration for the residual films. The motion models of the straw-soil mixture and residual
films, as shown in Eq. (17), are obtained as follows.
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Fig. 7. Force analysis of the collision stage. It contains the process of the mixture material’s deformation.
Note: v, is the velocity of the material after the movement of ¢, time, m/s; v, is the velocity of the material after
collision with the sieve disc, m/s; o is the angle between the tangent direction of the contact point and the x-
axis, % 8 is the maximum deformation amount of the material when it collides with the sieve disc, m.
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Fig. 8. Force analysis of the whole material. The friction force and airflow force play a major role, and the
relative displacement between the components of the mixture is generated. Note: F,, is the support force of the
sieve disc on the material, N; F is the inertial centrifugal force of the integral material on the sieve disc, N; fis
the friction force of the sieve disc to the integral material, N.
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Fig. 9. Force analysis of material components. Note: F,;, is the support force of the residual films on the straw-
soil mixture, N; F, | is the inertial centrifugal force of the straw-soil mixture on the residual film layers, N; F, , is
the wind force of the straw-soil mixture, N; fz is the friction force of the residual films to the straw-soil mixture,
N; G, is the gravity of the straw-soil mixture, N; F '\ 1 the pressure on the residual films from the straw-soil
mixture, N; F , is the inertial centrifugal force of the residual films on the sieve disc, N; F, , is the wind force of
the residual films, N; f2 is the friction force of the straw-soil mixture to the residual films, N; G,is the gravity of

the residual films, N. F,, and F,;, are a pair of action and reaction forces, which are equal in size and opposite
in direction.

ma % = iy |m,gcoso — B051°% gin (8 4 o) — myw?(r + Ah)sin (6 — o)

+miw?(r 4+ Ah) cos (0 — o) — W cos (8 + o) — m, gsino
k‘poS1’U2

m,gCosSo + M, gCcoso — 1

sin (8 + o)

!
dvg _
ma—g =K

17
prSQUQ ( )

—myw?(r + Ah)sin (6 — o) — maw’rsin (6 — o) — sin (8 + o)

—p1 |m,gcoso — W sin (8 + ) — miw?(r 4+ Ah) sin (0 — U)]

+maw?rcos (0 — o) — W cos (B 4 o) — magsino

Where, v, is the velocity of the straw-soil mixture after the movement of ¢, time, m/s; g, is the friction coefficient
between the straw-soil mixture and the residual films; v, is the velocity of the residual films after the movement
of t, time, m/s; i is the friction coefficient between the residual films and the sieve disc.
'The initial conditions are as follows: when ¢,=0, X, =0, X,’= 0, and v, =v, , Egs. (18) and (19) represent the
. ; q
first-order and the second-order integrals of Equations (17).
2
va = £ (p1sino + cos o) — % [sin (B + o) — p1 cos (B + o))
—w?(r + Ah) [p1sin (6 — o) — cos (0 — )] ta + vag

vy = Z(psino + coso) — % [sin (84 o) — pcos (B + o)] (18)
—w?r [usin (0 — o) —cos (0 — )] ta + (1 — p1) (%) I coso

(= 1) 2951 cos (B + 0) — (i — 1) (Z22) w?(r + AR sin (0 — ) ta + vs
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Fig. 10. The schematic diagram of the geometric relationship of the force. Note: 6 is the angle between the
inertia force and the x-axis, ° R is the radius of the curved edge of the sieve disc, m; r is the rotation radius

of the contact point, m; ¢’ is the angle between the curved edge radius of the contact point and the shortest
rotation radius of the edge where the point is located, °; ¢ is the angle between the rotation radius of the contact
point and the shortest rotation radius of the edge where the point is located, °; ¢ is the rotation time of the sieve
disc, s.

X4 = % (sino — p1coso) + % [cos (B + o) + pisin (8 + o))

—1w?(r+ Ah) [ sin (0 — o) — cos (60 — o) 13 + vagts

X} = % (sinc — pcoso) + %2% [cos (B+ o) + psin (B8 + )] (19)
—1w?r [usin (0 — o) — cos (0 — o) t3 + (n — p1) (%) L sino

2
1= ) B8 i (B4 0) — (s — o) (22) @ (r + AR sin (6 — o) £ + vagta

X

where, X 4,18 the displacement of the straw-soil mixture after the movement of ¢ , time, m; X 4’ is the displacement
of the residual films after the movement of ¢, time, m.

If the straw-soil mixture and residual films are to be completely separated, the displacement difference AX
between the mixture and films needs to satisfy the conditions shown in Eq. (20).

AX = Xi — X4 > 14 (20)

Substituting Eq. (19) into Eq. (20), the critical condition for the complete separation of the straw-soil mixture
and residual films, which has the parameter relationship shown in Eq. (21), is obtained.

Scientific Reports |

(2025) 15:7782 | https://doi.org/10.1038/s41598-025-92730-1

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

2 f—
AX :k/‘po;) [cos (B+0) (& - i) +sin (8 + o) pma(S1 + S2) = pa S (ma + m2)}
4w m2  Mmi mimsa
_ 12 — o) —n L (™) g
W Ahcos (0 —o)t” + (u1 — p) o {cosa (mg) sin J:| (21)
+ %uﬁ sin (0 — o) t° ['ul(ml t+ma)(r £ Ah) = pmu(r + Ah) = Mmﬂ} > Ly
ma

Similarly, the critical condition for complete separation when the relative movement trend of the material is to
the left is obtained, as shown in Eq. (22).

2 —
Ax =Fpov [cos (B+0) (i - é) 4 sin (8 + o) K51+ 5) — S (m +m2)}
4w mi ma mims
_Lp o) _ i[ . (@) i ]
5w Ahcos (0 — o)t + (u1 — p) 3 |coso i, ) SO (22)
+ %wQ sin (0 — o) t° [ﬂl(ml +ma)(r + Ah)ﬂ; prma (v + Ah) = HmQr} > Ly
2

From the above analysis, before contacting the sieve disc, the motion states of the film and impurity materials
in the windless area are affected by the initial velocity, throwing angle and other factors. In the windy area,
the motion state is affected by mass, airflow velocity, windward area and other factors. In the collision stage,
the motion state is affected by mass, airflow velocity, contact area with the sieve disc, compression amount of
the material and other factors. In the relative motion of cotton straw, soil and residual film to the separation
stage, the motion state is affected by the mass, disc rotational velocity, sieve disc structure size, airflow velocity,
windward area, friction coeflicient, residual film material layer thickness and other factors. The mass of the
material is related to the feeding quantity. The windward area, compression amount of the material and residual
film material layer thickness are related to the spatial distribution of internal components. The contact area is
related to the disc sieve working width. The friction coefficient is related to the material properties. When the
proportion and spatial distribution of the internal components and the structure size of the device are fixed,
the material movement state is mainly related to the parameters such as feeding quantity, airflow velocity and
disc rotational velocity. The airflow velocity is mainly affected by the fan rotational velocity. Therefore, the
relationship between the airflow velocity and fan rotational velocity is further explored.

Materials and methods

Simulation of airflow-disc sieve double action flow field

The airflow-rotating disc film impurity separation device is based on the differences in the aerodynamic
characteristics of the residual film, cotton straw and soil, and the turbulence generated by the fan is used to
separate the mixed materials. Through Fluent flow field simulation, the distribution law of the airflow field in
the double action area of the device is investigated, and the influence of different fan rotational velocities on the
airflow velocity of the sieve surface is analyzed. Different wind pressure parameters are used to characterize the
different fan rotational velocities.

Based on the structural dimensions of the device, SolidWorks 2022 software is used to establish a three-
dimensional model of the double action region. The model is saved in IGES format and then imported into
ICEM software for fluid domain extraction and meshing. A tetrahedral unstructured mesh with high precision
is adopted. The connection port between the suction hood and pipeline is set as the pressure outlet of the model,
and the discharge port below the disc sieve is set as the pressure inlet. The standard k-¢ turbulence model and
simple algorithm are adopted?®. The initial wind pressure parameter of the pressure outlet is set to -100 Pa, and
the other wind pressure parameters are set to -50 Pa, -75 Pa, -125 Pa and — 150 Pa, respectively. By analyzing the
simulation results, the most suitable wind pressure for the film and impurity materials separation is obtained,
and the airflow velocity of the connection port between the suction hood and pipeline under the wind pressure
is recorded.

After analyzing the results, a matching experiment between the wind pressure and fan rotational velocity
is carried out. The frequency converter controls the fan rotational velocity of the separation device. The
airflow velocity of the connection port between the suction hood and the pipeline is measured 5 times by a
thermal airflow velocity anemometer (Model: Hima AR866A; Accuracy: 0.01 m/s; Manufacturer: Dongguan
Wanchuang Electronic Products Co., Ltd.). The value of each measurement is recorded and the average value of
the 5 measurements is obtained. The frequency converter is continuously adjusted to change the fan rotational
velocity until the error between the average value and the simulated airflow velocity is less than 5%. The current
fan rotational velocity is recorded, which provides the data basis for the experiment of separation performance.

Experiment of the separation performance

Experimental conditions and equipment

In July 2022, the experiment of the film and impurity materials separation performance was carried out in
the equipment debugging room of Ruiyida Machinery Equipment Co., Ltd., Shihezi Development Zone,
Shihezi City, Xinjiang Uygur Autonomous Region. Figure 11 shows the constructed airflow-disc sieve type film
separation test bench.

Scientific Reports |

(2025) 15:7782 | https://doi.org/10.1038/s41598-025-92730-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

9

Fig. 11. Airflow-disc sieve type film separation test bench.

The experimental material was the crushed film and impurity materials after the bundle crushing device
jointly developed by Xinjiang Academy of Agricultural Reclamation Sciences, Shihezi Development Zone
Ruiyida Machinery Equipment Co., Ltd., and Shihezi University. The maximum profile size of the experimental
material was less than 400 mm, and the maximum profile size in the range of (0,100] mm accounted for less than
15%. The average impurity content in the experimental material was 81.09%.

The main instruments and equipment for the experiment include a bench scale (Model: HLT-908; Accuracy:
1 g, Manufacturer: Huaritai Electronic Scale Co., Ltd.), hand-held tachometer (Accuracy: +1%, Manufacturer:
Shanghai Tachometer Factory) and plastic bags.

Experimental scheme

Based on the pre-experiment, fan rotational velocity A (870 ~ 1450 r/min), disc rotational velocity B (26 ~ 54 r/
min) and feeding quantity C (110 ~ 198 kg/h) were determined as the experimental factors. The impurity removal
rate Y, and film leakage rate Y, were used as evaluation indexes for the separation performance of the device.

(1)  Impurity removal rate Y.

The residual films were sorted and washed from the residual film collection box after separation. The rate of
impurities in the separated films is the total mass of the material in the box minus the mass of the washed
films, and then with the total mass of the material in the box ratio. Equation (23) gives the definition of the
rate of impurities in the separated films.

M, —m.
y= JTm x 100% (23)
J

where, y is the rate of impurities in the separated films, %; M. is the total mass of the material in the residual film
collection box, kg; m_ is the mass of the washed films, kg.
The impurity removal rate is the total impurity mass of the experimental material minus the impurity mass
of the material in the residual film collection box, and then with the total impurity mass of the experimental
material ratio. Equation (24) gives the definition of the impurity removal rate Y.

_  Mxs—M;xy

Y1
! M x s

x 100% (24)
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where, Y, is the impurity removal rate, %; M is the total mass of the experimental material, kg; s is the average
impurity content of the experimental material, %.

(2) Film leakage rate Y,

The film leakage rate is the total residual film mass of the experimental material minus the mass of the
washed films in the residual film collection box, and then with the total residual film mass of the experi-
mental material ratio. Equation (25) gives the definition of the film leakage rate Y,

_Mx(1—=s)=M;x(1-y)

% M x (1—s)

x 100% (25)

where, Y,is the film leakage rate, %.

The experiment was conducted using three-factor and three-level Box-Behnken response surface analysis, and
Table 2 presents the factor level taking and coding table. A total of 17 groups of experiments were conducted,
each group was repeated 5 times, and the average was taken as the result. Design-Expert 13 software was used
for the experimental scheme and analysis of the results.

Experimental steps

First, the experimental materials were randomly grabbed and evenly laid on the feeding conveyor. Then, the
power supply of the test bench was connected, and the fan rotational velocity and disc rotational velocity were set
by the frequency converter. When the separation device was running stably, the feeding conveyor and elevator
were started, and the materials were transported to the disc sieve. When all materials passed through the sieve
surface, the power supply was turned off, and the materials in the residual film collection box were weighed,
sorted and recorded.

Results and discussion

Results of simulation

Analysis of the initial model simulation

Figures 12 and 13 respectively depict the airflow velocity distribution cloud diagram and velocity vector diagram
of the suction hood width direction neutral surface.

As shown in Figs. 12 and 13, the airflow generated by the fan mainly affects the movement of the film and
impurity materials on the sieve disc directly below the suction hood. Before entering the suction hood (I), the
airflow is distributed along the edge of the sieve disc, forming a low-velocity region. In this region, the velocity
is greater than the suspension velocity of the residual film but less than that of the cotton straw and soil, so that
the films tend to enter the suction hood. When the airflow enters the suction hood along the edge of the disc
(II), an accelerated region is formed. This is due to the decrease in the airflow movement space formed by the
sieve disc and suction hood, forming a ‘throat tube;, which contributes to the rapid stratification and separation
of the materials. In this region, the residual films quickly concentrate on the upper layer of the film and impurity
materials and enter the suction hood. After the airflow enters the suction hood (III), two micro-velocity regions
are formed at 1/3 of the two edges of the suction hood near the bottom. This is because the airflow through the
‘throat tube’ still has an accelerating trend, converging towards the middle of the suction hood. The airflow in the
middle area of the suction hood accelerates upward. This is because the hood has a wide lower and narrow upper
structure, resulting in a continuous decrease in the airflow movement space and increasing acceleration of the
airflow. From bottom to top, an airflow belt with a velocity level higher than the level is formed, which promotes
the residual films to pass through the hood quickly without blockage.

To further analyze the variation law of the airflow velocity on the sieve surface under the double action, the
distribution of airflow velocity measurement points was established as shown in Fig. 14. Furthermore, Fig. 14a
shows 11 measurement point columns such as A ~ A’ established in the length direction of the sieve surface, and
Fig. 14b illustrates the distribution of 29 measurement points in the width direction of each measurement point
column. Thus, a total of 319 measurement points is taken.

Through the CFD-Post module, the airflow velocity at each measuring point is extracted when the wind
pressure is -100 Pa, and the change trend of airflow velocity is obtained, as shown in Fig. 15. The change law
of airflow velocity at symmetrical positions on both sides of the middle line (column 6) is consistent, which is
manifested as the periodic fluctuation of airflow velocity from columns 2 to 10, and the overall change law is
approximately ‘jagged. Among them, the airflow velocity near the edge of the suction hood (columns 2 and
10 as one group, columns 3 and 9 as another group) shows a periodic fluctuation that first attenuates and then
increases in the width direction of the disc sieve, and the velocity trend near the center (columns 4 ~ 8) is the

Fan rotational velocity | Disc rotational velocity | Feeding quantity
Level | A/(r-min’) B/(r-min') C/(kgh)
-1 870 26 110
0 1160 40 154
1 1450 54 198

Table 2. Factor level taking and coding table for Box-Behnken experiment.
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Fig. 12. Airflow velocity distribution cloud. The main variation range of the airflow is 1.23 m/s to 12.30 m/s.
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Fig. 13. Vector diagram of air velocity distribution. Note: I represents the stage before the airflow enters the
suction hood; II represents the stage of airflow entering the suction hood; III represents the stage after the
airflow enters the suction hood.

opposite. This is because the adjacent discs on the same shaft are arranged at a phase angle of 60°, and the
adjacent discs on the adjacent shaft are staggered at a phase angle of 30°, thus, different airflow motion spaces
are formed in the cross-section of each column of the measuring points (Fig. 14b). The corresponding airflow
motion space changes periodically, and the airflow velocity also fluctuates periodically. The law is that the airflow
velocity near the sieve disc is small, and the velocity far from the disc is large. This is due to the negative pressure
field formed by the fan and suction hood. Under negative pressure, the airflow in the external flow field passes
through the sieve discs and enters the suction hood from the bottom of the disc sieve. When the airflow bypasses
the disc, the streamline turns inward (Fig. 16), and there is a reverse pressure gradient. The kinetic energy of
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Fig. 14. Distribution of airflow velocity measurement points in the airflow-disc sieve double action area. (a)
Measuring points along the length of the disc sieve. A~ A’ represent Column 1~ Column 11 in sequence. (b)
Measuring points along the width of the disc sieve. (I) represents Column 1 (also Column 11); (II) represents
Column 2 (also Column 10); (IIT) represents Column 3 (also Column 9); (IV) represents Column 4 (also
Column 8); (V) represents Column 5 (also Column 7); (VI) represents Column 6.
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Fig. 15. Trend of airflow velocity on the sieve surface of the initial model.

air is converted into pressure energy, and the velocity decreases. After passing through the discs, the velocity
increases under the action of the fan and the suction hood. Therefore, the airflow velocity near the discs is in
the decreasing stage, and the velocity far from the discs is in the continuous acceleration stage, which makes the
transverse airflow of the sieve surface always fluctuate. The airflow velocity difference aggravates the disturbance
of the migration trajectory of the material on the sieve surface, which is beneficial to the movement of the
residual films in the lower layer to the upper layer, and then realizes separation under airflow attraction. The
airflow velocity of the sieve surface (columns 1 and 11) away from the suction hood is basically stable, and the
average velocity is 0.95 m/s. This is because there is no obstacle near the measuring point, which has no effect
on the airflow motion space.

Analysis of the effect of wind pressure on airflow velocity

Figure 17 presents the trends of the airflow velocity on the sieve surface under different wind pressure conditions.
Figure 17a, b, c and d represent the variation trends at the air inlet under —50 Pa, -75 Pa, -125 Pa, and - 150 Pa
wind pressure, the overall trends being basically the same. With the increase in wind pressure, the airflow
velocity increases, but the growth rate gradually decreases, indicating that the wind pressure has a significant
effect on the airflow velocity. When the negative wind pressure increases from 50 to 150 Pa, the growth rate of the
airflow velocity near the discs decreases from 22.67 to 9.61%, and that of the velocity far from the discs decreases
from 27.80 to 11.58%. This shows that when the negative wind pressure continues to increase to a critical value,
the airflow velocity tends to be stable. During the separation process, the airflow velocity on the sieve surface

Scientific Reports |

(2025) 15:7782 | https://doi.org/10.1038/s41598-025-92730-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

L -

: \ sl ) ‘ | A \ ¥ '.‘
\ ! : \\ " : \
A | {44 ‘ { . ‘ 't‘?“\" A ' ||
I ‘ J.“ /4 \ : ! } A ' ,
A X

A AN ) |

Fig. 16. Airflow distribution around the measurement points. P, refers to the measuring point near the sieve

disc; Py refers to the measuring point far from the sieve disc.

needs to be between the suspension velocity of the residual film and that of impurities such as cotton straw and
soil. The maximum airflow velocity cannot exceed the suspension velocities of cotton straw and soil, and the
minimum airflow velocity cannot be smaller than the suspension velocity of the residual film. In the previous
experiments, the suspension velocity range of the residual film was 1.04 ~ 3.20 m/s, the suspension velocity range
of the cotton straw was 6.70 ~ 8.59 m/s, and the suspension velocity range of the soil was 6.40 ~ 15.80 m/s. When
the wind pressure is -125 Pa, the maximum velocity far from the discs is 3.57 m/s, and the minimum is 1.57 m/s,
which are higher than the suspension velocity of the residual film, which can make the residual films at the
measuring point on the far screen surface separate from the cotton stalks and stones under the action of airflow.
When the wind pressure is -125 Pa, the airflow velocity far from the discs has covered the range of the residual
film suspension velocity, and the utilization rate of the airflow is high, which meets the airflow demand during
the separation process. Under this condition, the airflow velocity of the connection port between the suction
hood and pipeline is 13.67 m/s.

When the fan rotational velocity is 1160 r/min, the average value of the airflow velocity of the connection
port between the suction hood and pipeline is 13.15 m/s, and the error with the airflow velocity value under the
wind pressure of -125 Pa in the simulation test is 3.80% (less than 5%), which provides a basis for the setting of
the fan rotational velocity in the film and impurity materials separation experiment.

Results of separation experiment

Regression analysis of experiment results

Table 3 showcases the Box-Behnken experimental design and results, unveiling how fan rotational velocity
A, disc rotational velocity B, feeding quantity C influence impurity removal rate Y, and film leakage rate Y,
According to Table 3, Design-Expert 13 data analysis software was used for multiple regression fitting analysis.
A variance analysis was conducted on the experimental results and regression models, and the results are shown
in Table 4. Coded regression models with the impurity removal rate Y, and the film leakage rate Y, as response
functions and the influencing factors as independent variables were obtained, as shown in Eq. (26).
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Fig. 17. Trend of airflow velocity on screen surface under different wind pressure conditions, plotted by Origin
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2018 software (https://www.originlab.com/). (a) Wind pressure is -50 Pa; (b) wind pressure is -75 Pa; (c) wind

pressure is -125 Pa; (d) wind pressure is -150 Pa.

1 0 0 0 94.50 38.11
2 0 1 -1 95.46 51.12
3 0 0 0 95.10 40.26
4 0 0 0 94.69 38.72
5 1 -1 0 90.07 23.63
6 -1 -1 0 96.81 26.46
7 1 1 0 96.07 20.62
8 0 0 0 96.35 33.32
9 -1 0 -1 95.73 48.15
10 | -1 1 0 94.16 44.82
11 (0 1 1 93.36 45.47
12 |1 0 -1 94.84 26.41
13 |0 -1 -1 95.28 39.33
14 | -1 0 1 94.11 44.87
15 |0 0 0 94.84 39.27
16 |0 -1 1 93.45 30.26
17 |1 0 1 92.32 35.80

Table 3. Box-Behnken experimental design and results: unveiling how A, B, C influence Y, and Y,

Scientific Reports |

(2025) 15:7782

| https://doi.org/10.1038/s41598-025-92730-1

nature portfolio

T Measuring points in = direction


https://www.originlab.com/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Impurity Film leakage

removalrate Y, |rateY,
Sources | F P F P
Model 7.23 0.0081** | 8.93 0.0043**
A 12.13 | 0.0102* | 28.67 | 0.0011**
B 2.54 0.1547 15.37 | 0.0057**
C 14.00 |0.0072** | 0.6352 | 0.4516
AB 32.17 | 0.0008** | 7.83 0.0266*
AC 0.3483 | 0.5736 2.75 0.1412
BC 0.0313 | 0.8645 0.2004 | 0.6679
A? 1.65 0.2392 10.03 | 0.0158
B? 0.8396 | 0.3900 2.88 0.1336
c? 0.9807 | 0.3550 13.22 | 0.0083*
Residual
Lackoffit [ 118 [04220 [334 [0.1372

Table 4. Variance analysis of the regression models: dissecting the relationships between experimental factors
(A, B, C) and response variables (Y, Y,). Note: ** means extremely significant (P < 0.01); * means significant
(P <0.05).

Y1 = 95.10 — 0.9387A + 0.43B — 1.01C + 2.16 AB — 0.225AC

—0.0675BC — 0.4780A2% — 0.3405B2 — 0.3680C*

Ya = 37.94 — 7.23A + 5.29B — 1.08C — 5.34AB + 3.17TAC (26)
+0.885BC — 5.90A% — 3.16 B + 6.77C*>

The P-values of the impurity removal rate (Y,) and film leakage rate (Y,) are all less than 0.01, indicating that
the established regression models of Y, and Y, are highly significant. The P-values of the lack-of-fit terms are all
greater than 0.05, indicating that the models have a high degree of fit. The coefficients of determination R? of the
models are 0.903 and 0.920, respectively, indicating that the models can explain more than 90% of the variability
of the experimental data, and are suitable for the prediction of the impurity removal rate and film leakage rate
of the separation device.

By analyzing the P-value of each factor, the effect of the factor on the impurity removal rate Y, is in the order
of feeding quantity C, fan rotational velocity A, disc rotational velocity B in descending order, and the effect on
the film leakage rate Y, is in the order of fan rotational velocity A, disc rotational velocity B, feeding quantity C
in descending order.

Sensitivity analysis
To further analyze the response of the device’s separation performance to parameter deviations, a parameter
sensitivity analysis was conducted based on the Box-Behnken experiment. According to Table 3, the mean and
range of the corresponding impurity removal rate and film leakage rate under different levels of each factor can
be obtained. Under different levels of fan rotational velocity A, the mean values of the impurity removal rate
are 95.20%, 94.78% and 93.33% respectively, with a range of 1.87%. The mean values of the film leakage rate
are 41.08%, 39.54% and 26.62% respectively, with a range of 14.46%. Under different levels of disc rotational
velocity B, the mean values of the impurity removal rate are 93.90%, 94.72% and 94.76% respectively, with a
range of 0.86%. The mean values of the film leakage rate are 29.92%, 38.32% and 40.51% respectively, with a
range of 10.59%. Under different levels of feeding quantity C, the mean values of the impurity removal rate are
95.33%, 94.73% and 93.31% respectively, with a range of 2.02%. The mean values of the film leakage rate are
41.25%, 33.91% and 39.10% respectively, with a range of 7.34%. Thus, C causes the largest range of the impurity
removal rate, while B causes the smallest range. This indicates that the change of C has the greatest influence
on the impurity removal rate, followed by A, and B has the least influence. A causes the largest range of the film
leakage rate, while C causes the smallest range. This shows that A has the greatest influence on the film leakage
rate, followed by B, and C has the least influence. This is consistent with the results of the factor significance
analysis of variance given in Table 4.

The sensitivity coefficient y is introduced for parameter sensitivity analysis?’. Equation (27) gives the
calculation method for the coefficient.

| = fla+Ar)— f(z)
H= AI’X f(x) (27)

where, x is the initial input value of the parameter; Ax is the input variable value of the parameter; f(x) is
the calculated output result corresponding to the initial input value; fix+Ax) is the calculated output result
corresponding to the variable value. The larger 4 is, the greater the influence of the parameter on the analysis
index, and vice versa.
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According to Eq. (27), the mean values of the sensitivity coefficients of the impurity removal rate under
different levels of A, B and Care 0.02, 0.01 and 0.02, respectively; the mean values of the sensitivity coefficients of
the film leakage rate are 0.32, 0.43 and 0.26, respectively. Therefore, the sensitivity of A, B and C to the impurity
removal rate, from high to low, is A=C> B. However, the overall sensitivity levels of the three parameters to the
impurity removal rate are relatively low. The sensitivity of A, B and C to the film leakage rate, from high to low,
is B> A > C. This is different from the above-mentioned analysis of variance and range analysis. The main reason
is that the sensitivity coeflicient analysis is based on the relative change ratio between parameters and results,
which can effectively explain the relative influence degree. In contrast, the analysis of variance decomposes
the total variation and comprehensively considers the influence of factors and their interactions on the results.
The range analysis judges the importance of factors by comparing the ranges of test results under different
levels of each factor, only considering the difference between the maximum and minimum values. Therefore,
the results of the sensitivity coefficient analysis are also reasonable. As can be seen from the above analysis, the
parameter changes have a relatively low sensitivity to the impurity removal rate and a relatively high sensitivity
to the film leakage rate. That is, as the parameters change, the impurity removal rate varies within a small range,
while the film leakage rate varies within a large range. Therefore, when considering the weight of the response
targets of the impurity removal rate and the film leakage rate during the operation and optimization phases of
the separation device, the priority and weight of the film leakage rate indicator can be moderately increased to
ensure the stable and efficient operation of the device.

Response surface analysis

Figure 18 shows that the interaction of fan rotational velocity A and disc rotational velocity B influences the
effect of the impurity removal rate Y,, when the feeding quantity C is fixed at the central level (C=154 kg/h).
When A is at a lower level, Y, exhibits a decreasing trend with the increase of B. When A is at a higher level, Y,
shows a gradual increase with the increase of B. When B is at a lower level, Y, exhibits a decreasing trend with the
increase of A. When B is at a higher level, Y, shows a gradually increasing trend with the increase of A.

Figure 19 shows that the interaction of the fan rotational velocity A and disc rotational velocity B affects the
film leakage rate Y,, when the feeding quantity C is fixed at the central level (C=154 kg/h). When A is at a lower
level, Y, shows an increasing tendency with the increase of B. When A is at a higher level, Y, shows a tendency
to increase firstly and then decrease with the increase of B. When B is at a lower level, Y, tends to increase and
then decrease with the increase of A. When B is at a higher level, Y, tends to decrease with the increase of A.

The impurity removal rate Y,(%)

Fig. 18. The surface plot of impurity removal rate response, generated by Origin 2018 software. It shows the
interactive effects of fan rotational velocity A and disc rotational velocity B on impurity removal rate Y.
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Fig. 19. The surface plot of film leakage rate response, generated by Origin 2018 software. It shows the
interactive effects of fan rotational velocity A and disc rotational velocity B on the film leakage rate Y.

Reason analysis: When the disc rotational velocity B (B=26 r/min) is at a lower level, the film and impurity
materials maintain a low-velocity migration. The vertical displacement after the collision with the disc is small,
and there is basically no gap between the material layers. According to Eq. (17), when the materials move along
the sieve disc, the velocity difference between the residual films and the straw-soil mixture is small, the relative
motion trend is weak, and separation is difficult. Owing to the coverage of the straw-soil mixture, the effect of
airflow on residual films is weakened. The residual films pressed underneath are transported with the movement
of the cotton straw and soil to the cotton and soil impurity collection boxes. Consequently, the impurity removal
rate Y, decreases, and the film leakage rate Y, increases. As the fan rotational velocity A increases from 1120
to 1450 r/min, the wind force continues to strengthen. In this case, the surface layer of broken straw and soil
particles with a small mass overcome gravity and are transported to the residual film collection box under the
action of airflow. The force component of gravity of the straw-soil mixture in the normal direction is partially
offset by the wind force, the pressure on the residual films is reduced, and the bonding strength between the
residual film layers is reduced. The broken films (the maximum outside dimensions in the range of 0 ~ 100 mm)
are drilled from the gap of the residual film layers, and migrated to the residual film collection box under the
action of air flow. As a result, the impurity removal rate Y, continues to decrease, and the film leakage rate Y,
gradually decreases.

When the disc rotational velocity B (B =54 r/min) is at a higher level, the film and impurity materials maintain
rapid transport. The vertical displacement after the collision is large, and the gaps are generated between the
material layers. When moving along the sieve surface, the velocity difference between the residual films and
the straw-soil mixture is large, the relative motion trend is obvious, and it is easy to separate. In the process of
movement, the broken films drill out from the gap between the material layers, and move to the residual film
collection box under the action of air flow. As the fan rotational velocity A increases from 870 to 1450 r/min, the
wind force continues to increase, and the pressure of the straw-soil mixture on the residual films decreases. In
this case, the acceleration and motion velocity of the residual films in the vertical direction gradually increase,
and the films are rapidly transported to the residual film collection box. As a result, the impurity removal rate Y
gradually decreases, and the film leakage rate Y, gradually decreases.

When the fan rotational velocity A (A =870 r/min) is at a lower level, the wind force is small. With the disc
rotational velocity B increasing from 26 to 54 r/min, the transport velocity of the film and impurity materials
increases. The velocity difference between the residual films and the straw-soil mixture also increases, and the
separation tendency is enhanced. Due to the insufficient airflow intensity and the short time of full contact with
the airflow, when the residual films are separated from the straw-soil mixture, there are fewer residual films that
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Impurity removal rate | Film leakage rate
Items Y,/(%) Y,/(%)
Predicted value 96.51 21.92
Physical test values 1 91.32 2743
Physical test values 2 93.44 26.69
Physical test values 3 90.93 27.55
Average value of physical tests | 91.90 27.22

Table 5. Optimization results for maximizing Y, and minimizing Y,.

can be transported to the residual film collection box. After migrating through the suction hood, the residual
films are mixed with the straw-soil mixture. As a result, the impurity removal rate Y, gradually decreases, and
the film leakage rate Y, gradually increases.

When the fan rotational velocity A (A =1450 r/min) is at a higher level, the wind force is large. With the disc
rotational velocity B increasing from 26 to 39 r/min, the transport velocity of the film and impurity materials
gradually increases. The vertical displacement after the collision gradually increases, and the gaps between
the material layers gradually become more. When moving along the sieve surface, the separation trend of the
residual films from the straw-soil mixture increases, the pressure of the straw-soil mixture on the residual films
gradually weakens, and the amount of residual film migrating to the residual film collection box increases.
During the movement, the broken films drill out from the gap between the material layers, and maintain a
slower migration velocity. In this case, the broken films leak directly from the sieve disc gap before reaching the
double action area. As a result, both the impurity removal rate Y, and the film leakage rate Y, gradually increase.
With the disc rotational velocity B increasing from 39 to 54 r/min, the separation trend of the residual films
from the straw-soil mixture continues to increase, and the amount of residual film migrating to the residual film
collection box continues to increase. During the movement process, the broken films drill out from the gap, and
maintain a faster migration velocity. In this case, the broken films quickly move to the double action area, and are
transported to the residual film collection box under the action of the airflow. As a result, the impurity removal
rate increases, while the film leakage rate decreases.

Parameter optimization

The impurity removal rate is related to the purity and quality of the separated residual films, while the film leakage
rate is related to processing costs, production continuity and environmental impact. From the perspective of
actual production, the main purpose of designing this separation device is to provide key pretreatment technical
equipment for the resource utilization of waste residual films. By doing so, it can reduce the environmental
pollution caused by plastic films and improve the efficiency of resource utilization. When this separation device
is used to process the film-impurity mixture, it can yield relatively clean residual films. This, in turn, raises the
added value of the residual films and boosts economic benefits. Therefore, it is necessary to ensure the highest
impurity removal rate first, and secondly, to keep the film leakage rate at a relatively low level, to improve the
resource utilization rate of residual films. Taking the maximum impurity removal rate Y, and the minimum film
leakage rate Y, as the optimization objectives, the optimization module in the Design-Expert 13 data analysis
software is used to optimize the target. The objective function and constraint conditions are as listed in Eq. (28)
below.

A=
—

4507/ min (28)
54r/ min

The optimal parameter combination for the device is obtained as follows: fan rotational velocity is 1450 r/min,
disc rotational velocity is 54 r/min, and feeding quantity is 130 kg/h. The theoretical values of the separation
performance index after optimization are: the impurity removal rate Y, is 96.51%, and the film leakage rate Y, is
21.92%. Table 5 depicts the optimization results for maximizing impurity removal rate Y, and minimizing film
leakage rate Y.

As shown in Table 5, a physical verification test was carried out, and the results show that the average
impurity removal rate is 91.90%, the average film leakage rate is 27.22%, and the error between the physical
test value and the predicted value is 4.61% and 5.30%, respectively. The reasons for the errors may be the non-
uniformity of the film-impurity materials. For example, the caking and uneven distribution of residual films
and impurities may lead to insufficient representativeness of each sample taken. Another possible cause is the
human-related factors in the test operation process. For instance, the uniformity of film-impurity material
feeding and the timing of equipment start-up and shutdown can interfere with the test results. Although
there are errors between the predicted values and the actual test results, the errors are small. It still indicates
that the parameter optimization has relatively high reliability, and the constructed response model has good
predictability. Subsequently, regarding the sample selection issue, more scientific sampling methods, such as
multi-point sampling and stratified sampling followed by uniform mixing before measurement, will be adopted
to ensure the representativeness of the samples. For the test operation issue, detailed operation specifications
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and procedures will be formulated, and the operators will be trained to reduce errors caused by human factors.
Meanwhile, in the process of test data processing, reasonable statistical methods and error analysis models, such
as taking the average of multiple measurements and conducting uncertainty analysis, will be used to improve the
accuracy and reliability of the test results.

Conclusions

(1) Before contacting the sieve disc, the motion state of the film and impurity materials in the windless area
is affected by the factors such as the initial velocity and throwing angle; the motion state in the windy area
is affected by the factors such as the mass, airflow velocity and windward area. In the collision stage, the
motion state is affected by the factors such as the mass, airflow velocity, contact area with the sieve discs and
compression amount of the material. In the relative motion stage, the motion state is affected by the factors
such as the mass, disc rotational velocity, sieve disc structure size, airflow velocity, windward area, friction
coefficients and residual film material layer thickness. Through analysis, it is determined that the main
factors affecting the motion state are the feeding quantity, airflow velocity (fan rotational velocity) and disc
rotational velocity.

(2) A Box-Behnken response surface experiment was carried out, and the regression models of feeding quanti-
ty, fan rotational velocity and disc rotational velocity on the impurity removal rate and the film leakage rate
are established, respectively. Through the analysis of variance, it is determined that the order of influence
on the impurity removal rate from large to small is: feeding quantity, fan rotational velocity, disc rotational
velocity; the order of influence on the film leakage rate from large to small is: fan rotational velocity, disc ro-
tational velocity, feeding quantity. Through the dual-objective optimization solution, the optimal parameter
combination of the device is obtained: the fan rotational velocity is 1450 r/min, the disc rotational velocity is
54 r/min, and the feeding quantity is 130 kg/h. The corresponding impurity removal rate is 96.51%, and the
film leakage rate is 21.92%. The average impurity removal rate of the verification test is 91.90%, the average
film leakage rate is 27.22%, and the errors between the predicted value and the physical test values are 4.61%
and 5.30%, respectively. This indicates that the established regression models are reliable and have a certain
reference value.

Discussion

Currently, the separation of the film-impurity mixture mainly relies on manual sorting, which has problems such
as high labor intensity, low production efficiency, high production costs and poor working conditions. After the
separation of residual films, the main utilization method is recycling granulation, which converts the recovered
films into relatively low-end products, such as drip irrigation tapes or turnover baskets. Compared with the
traditional manual sorting method, this device shows certain advantages. In terms of energy consumption, it has
a high energy utilization rate when processing materials per unit area, resulting in lower energy-consumption
costs. In the aspect of impurity disposal, the normal operation of the device reduces labor costs. Moreover,
the separated impurities can be further classified for recycling or properly disposed of, avoiding secondary
pollution, which is in line with the concept of sustainable development. Regarding environmental impact, the
device can operate continuously, greatly improving the resource utilization efficiency of residual films, reducing
the environmental pollution caused by the plastics, and promoting the green and sustainable development
of agricultural production. Meanwhile, the physical effects such as mechanical vibration and airflow noise
generated during its operation are at a relatively low level, resulting in less dust rising. This reduces the health
risks for operators exposed to a high-dust environment for a long time.

However, the device still has some potential limitations. In terms of operating performance, the film-
impurity separation device designed in this study has an impurity removal rate of over 90%, but the film leakage
rate exceeds 20%. This indicates that the device performs well in promoting the separation of residual films
from impurities, yet the utilization rate of raw materials is slightly insufficient. The possible reasons for this
are as follows. First, the moisture content of the film-impurity mixture, closely related to the harvest weather,
is relatively high, making the films extremely likely to adhere to each other. For instance, when harvesting in
the early morning with heavy dew, the moisture content of the materials will increase significantly. Moreover,
the currently recycled film-impurity mixtures are transported in bales, and this method makes it difficult
for the moisture inside the mixture to evaporate. Second, when the film-impurity bales are pre-processed by
crushing, the uniformity of their crushing scale and spatial distribution is poor, which in turn interferes with the
separation performance of the device. Finally, as for the design of the device structure, there is still a need for
further optimization to reduce the film leakage rate.

In the future, regarding the environmental factors, especially the impact of humidity, a pre-treatment process
will be added at the front end of the feeding section, and drying equipment will be used to remove the moisture
from the materials. To address the issues of non-uniform particle size and distribution of the operating objects,
from the perspective of the material composition of residual films and impurities, a simulation model of the
film-impurity mixture will be established to control the consistency of the materials, which is convenient for the
study of the device mechanism. Based on this, the gas-solid coupling method will be used to study the movement
and dynamic characteristics of the device, as well as the influence of structural and operating parameters on
the movement state of the materials. For the optimization of the device structure, measures such as adjusting
the airflow velocity distribution, optimizing the structural parameters of the disc sieve, or adding a secondary
separation stage will be taken to reduce the film leakage rate while ensuring a high impurity removal rate. For
the mixture of residual films and impurities under the sieve, in-depth resource utilization will be carried out by
developing process routes for manufacturing artificial stalk-plastic boards and autoclaved aerated blocks using
this mixture as raw materials.
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