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ABSTRACT:  In this paper, the screening performance and particle flow of non-cohesive and 

cohesive materials in banana screens with different shapes of aperture are investigated. In our 

study, the particles have different cohesiveness, i.e. surface energy, depending on the case. 

Apertures are also rectangular in shape, with different aspect ratios and orientations according 

the cases. Based on the model, the screening process was simulated by DEM(discrete element 

method). The screening performance was evaluated in terms of the passing percent of 

undersize particles, and the flow characteristics were investigated based on the average 

velocity and the mass distribution of the particles on each panel. The results of the study can 

help in the design of aperture, structure and material of banana screen for screening of non-

cohesive and cohesive materials. 

KEY WORDS:  Banana Screen, Screening Performance, Cohesive Material, Aperture 

Shape, DEM 

1. INTRODUCTION 

Screening is the operation of separating material according to particle size and is widely 

applied in mineral processing as well as in the metal, food, and pharmaceutical industries [1–

3]. Among various screening devices, the vibrating screen is one of the most commonly used 

options [4]. In particular, banana screens are recognized for their high performance and large 

capacity [5,6]. Their deck is typically designed with a steep inclination at the feed end and a 

lower inclination toward the discharge end, which increases particle–deck interactions and 

improves the probability of particles passing through the apertures. The screen deck generally 

consists of three or five panels. 

To understand particle flow behavior on the deck and its relation to screening performance, 

numerous experimental and numerical studies have been conducted. Simulation has become a 

primary tool for such investigations, with the discrete element method (DEM) being one of the 

most widely used approaches. Prior research has examined the influence of (i) material 

properties such as particle size, shape, size distribution, density, and cohesion; (ii) geometric 

parameters such as deck inclination angle and screen length; and (iii) kinematic parameters 

such as amplitude, vibration frequency, and vibration direction on screening performance. 

Several DEM-based studies have provided key insights into banana and vibrating screen 

behavior. Cleary compared screening using spherical and non-spherical particles on the same 
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sieve and reported that particle shape in the discrete model strongly affects separation 

efficiency [7]. Cleary et al. further simulated particle flow and screening in a real-sized double-

deck banana screen to capture industrial-scale behavior [8,9]. Dong et al. investigated banana 

screen performance using DEM and suggested that performance can be improved by 

decreasing vibration amplitude and/or frequency, adopting cyclical vibration instead of linear 

vibration, reducing deck inclinations, and using a five-deck configuration rather than a three-

deck configuration [10]. Liu et al. examined the effects of discharge-end inclination and angle 

increment, concluding that excessively small discharge-end inclinations hinder the screening 

process, whereas overly large inclinations reduce efficiency due to excessive particle velocity; 

they also noted that the deck angle increment produces a similar effect to the discharge-end 

inclination on the screening process [6]. 

Beyond deck configuration, screen media and aperture geometry have also been studied. 

Kejun Dong et al. numerically analyzed the effect of aperture shape on non-viscous cohesive 

particle flow and screening performance, showing that for the same open area, elongating 

rectangular apertures increases the passing percentage, particularly when the elongation aligns 

with the particle flow direction [11]. Davoodi et al. assessed screen media configuration and 

aperture shape effects and reported that wire decks contain more holes than rubber and 

polyurethane decks, which has a larger influence, especially near the feed region before bed 

formation; they further indicated that aperture shape effects on overall efficiency may be 

limited, although different deck sections can exhibit different passing percentages depending 

on aperture shape [12]. 

Particle cohesion is another critical factor affecting screening outcomes. Cleary et al. 

studied cohesion effects in industrial sieves and reported that very high cohesion can cause 

overflow of normal particle flow, intermediate cohesion may allow flow to be adjusted for 

proper treatment, and low cohesion produces behavior similar to non-cohesive materials [13]. 

Chi Yu et al. simulated cohesive particle motion in vibrating flip-flow screens (VFFS) and 

found that flow characteristics significantly influence separation performance; VFFS are 

particularly suitable for screening highly cohesive and fine materials [14]. 

Building on this body of work, the present study investigates the effect of mesh aspect 

ratio on the flow behavior and screening of cohesive particles in a banana screen.  

 

2. SIMULATION METHODS 

2.1. Contact Model of Cohesive Particles (Hertz–Mindlin with JKR) 

When clay or water adheres to particle surfaces, cohesive forces arise between particles. 

Under such conditions, the commonly used Hertz–Mindlin contact model is not sufficient to 

comprehensively represent particle–particle cohesion and particle–wall interactions. 

Therefore, this study adopts the Hertz–Mindlin with JKR model, which explicitly accounts for 

cohesive forces and can better reflect both particle–particle and particle–wall interactions 

[14,15]. The model evaluates normal elastic behavior by incorporating particle surface energy 

during particle motion and screening, based on the Johnson–Kendall–Roberts (JKR) theory 

[16]. 
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Fig. 1. Contact model of cohesive particles. 

Figure 1 illustrates the contact process between two cohesive particles. 𝑅1and 𝑅2denote 

the radii of particles 1 and 2, respectively. The contact radius is 𝑎, while 𝑎0is the adhesive 

contact radius when cohesion is considered. The normal overlap is denoted by 𝛿𝑛. Due to 

cohesion acting at the contact surface, the contact radius expands from 𝑎to 𝑎0. 

The cohesive work 𝑊between cohesive particles is given by: 

𝑊 = 𝛾1 + 𝛾2 + 𝛾12 (1) 

where 𝛾1and 𝛾2are the surface energies of particles 1 and 2 (J/m2), and 𝛾12is the interfacial 

energy between particles 1 and 2 (J/m2). For identical particle materials, 𝛾12 = 0 and 𝛾1 =
𝛾2 = 𝛾, hence 𝑊 = 2𝛾. 

The contact radius and normal overlap relations are: 

𝑎 = √𝛿𝑛𝑅∗ (2) 

𝛿𝑛 =
𝑎0
2

𝑅∗
−√

4𝜋𝛾𝑎0

𝐸∗
 (3) 

where 𝛾is the surface energy, 𝑅∗is the equivalent radius, and 𝐸∗is the equivalent Young’s 

modulus. These equivalent properties are defined as: 

1

𝑅∗
=

1

𝑅1
+

1

𝑅2
 (4) 

1

𝐸∗
=

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
 (5) 

Here, 𝐸1and 𝐸2are the elastic moduli of particles 1 and 2 (N/m 2), and 𝜈1and 𝜈2are their 

Poisson’s ratios. 

Based on these quantities, the normal elastic contact force between cohesive particles is: 

𝐹JKR = −4√𝜋𝛾𝐸∗𝑎0
3 +

4𝐸∗𝑎0
3

3𝑅∗
 (6) 

When the surface energy is 𝛾 = 0(non-cohesive case), 𝐹JKRreduces to the standard Hertz 

contact force 𝐹Hertz. 

A key feature of the JKR formulation is that it can produce attractive cohesion forces even 

when particles are not in physical contact (Fig. 2). The maximum separation gap for which a 

non-zero force exists is: 
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𝛿𝑐 = −√
4𝜋𝛾𝑎𝑐

𝐸∗
+

𝑎𝑐
2

𝑅∗
 (7) 

With 

𝑎𝑐 = [
9𝜋𝛾𝑅∗2

2𝐸∗
(
3

4
−

1

√2
)]

1/3

 (8) 

For 𝛿 < 𝛿𝑐, the model returns zero force. The maximum cohesion force occurs when particles 

are separated by a gap smaller than 𝛿𝑐; this maximum value, known as the pull-out force, is: 

𝐹pullout = −
3

2
𝜋𝛾𝑅∗ (9) 

In addition, the friction force calculation differs from the Hertz–Mindlin (no-slip) model 

because it depends on the positive repulsive component of the JKR normal force. 

Consequently, the JKR friction model yields higher friction forces when the cohesive 

component of the contact force is stronger. The importance of this friction correction under 

strong cohesion has been noted and demonstrated in previous studies [17,18]. 

 

 

Fig. 2. Force acting between two cohesive particles according to different models. 

 

2.2. Banana Screen Geometry and Material Model 

Simulations are performed using an industrial single-deck, five-panel banana screen. As 

illustrated in Fig. 3, the screen is 6 m long and 2.4 m wide. The panel lengths and inclination 

angles are summarized in Table 2, with each panel having a thickness of 8 mm. 
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Fig. 3. Schematic figure showing screen and aperture dimensions. 

 

The apertures have rectangular shapes with different orientations and dimensions. Each 

aperture is characterized by 𝑎𝑥and 𝑎𝑦, representing dimensions along the X- and Y-directions, 

respectively. To isolate the effect of aperture aspect ratio, seven rectangular aperture types are 

defined with equal open area ratio across all cases (Table 1). The aspect ratio is represented by 

𝑎𝑥/𝑎𝑦, while the number of apertures varies to maintain the same overall opening area ratio. 

Table 1: Aperture geometry cases with equal open area ratio. 

(case, 𝑎𝑥, 𝑎𝑦, 𝑎𝑥/𝑎𝑦, number of apertures, opening area ratio) 

case ax(mm) ay(mm) ax/ay Number of apertures 
Opening area 

ratio 

1 70 210 0.33 360 0.35 

2 70 140 0.5 540 0.35 
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3 70 105 0.67 720 0.35 

4 70 70 1 1080 0.35 

5 105 70 1.5 720 0.35 

6 140 70 2 540 0.35 

7 210 70 3 360 0.35 

To better represent real material behavior, particles are modeled as non-spherical shapes. 

Following Cleary et al. [8,9] and Fernandez et al. [5], particles are represented as super-

quadrics: 

(
𝑥

𝑎
)
𝑚

+ (
𝑦

𝑏
)
𝑚

+ (
𝑧

𝑐
)
𝑚

= 1 (10) 

The particle characteristics and the particle size distribution used in the simulations are 

provided in Table 3. The feed rate is set to 277.8 kg/s (1000 t/h). 

2.3. Simulation Parameters 

The banana screen operating conditions and material/contact parameters used in the 

simulations are listed in Table 2, including vibration settings, material density, elastic 

properties, restitution, friction coefficients, and surface energy values representing non-

cohesive and cohesive conditions. 

Table 2: Simulation parameters (screen, vibration, material, and contact properties). 

Parameters Dimension 

Screen width(m) 2.4 

Panel number 1 2 3 4 5 

Panel length(m) 1.2 1.2 1.2 1.2 1.2 

Panel incline(°) 33 27 21 15 10 

Panel thickness(mm) 8 8 8 8 8 

Vibration frequency, f (Hz) 15 

Vibration amplitude, A (mm) 5.5 

Vibration motion Linear, 45°with horizontal line 

Particle density (kg/m3) 1 400 

Poisson’s ratio 0.3 

Young's modulus (N/m2) 1×107 

Coefficient of restitution Particle-particle 0.3, Particle-wall 0.2 

Static friction coefficient Particle-particle 0.5, Particle-wall 0.4 

Rolling friction coefficient Particle-particle 0.01, Particle-wall 0.01 

Surface energy of cohesive particle(J/m2) 0(non-cohesive) or 10, 20, 30(cohesive) 

 

Table 3: Feed particle size distribution. 

Size fraction Size (mm) Feed composition (weight %) 

1 170 5 

2 120 5 

3 85 10 

4 75 10 

5 54.5 10 

6 45.5 10 

7 38.5 10 

8 31.5 10 

9 25 10 

10 20 10 

11 16.5 10 
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3. RESULTS AND DISCUSSION 

3.1. Passing percent for Non-Cohesive material in Each Panel 

The effect of aperture aspect ratio on screening performance is discussed in this section. 

Figure 4 presents the steady-state particle flow patterns on the banana vibrating screen for 

different rectangular aperture shapes (defined by 𝑎𝑥/𝑎𝑦). 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 
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(g) 

Fig. 4. Flow characteristics of non-cohesive material on a banana vibrating screen with 

different aperture shapes: (a) 𝑎𝑥/𝑎𝑦 = 0.33, (b) 0.5, (c) 0.67, (d) 1, (e) 1.5, (f) 2, (g) 3. 

 

  

(a) (b) 

  

(c) (d) 
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(e) 

Fig. 5. Passing percent through the screen: (a) Panel 1, (b) Panel 2, (c) Panel 3, (d) Panel 4, (e) 

Panel 5. 

 

To quantify separation behavior, the passing percentage through each panel relative to the 

feed is examined for each particle size group. For Panel 1 (Fig. 5a), the passing percentage 

increases as the aperture becomes more elongated, while the lowest passing percentage occurs 

with square apertures. For the same aspect ratio, apertures elongated in the Y-direction yield 

higher passing percentages than those elongated in the X-direction. In addition, passing 

percentage decreases with increasing particle size: small particles (𝑑 < 30 mm) exhibit more 

than 50% passing through Panel 1. 

In Panel 2 (Fig. 5b), the overall throughput is lower than in Panel 1, likely because a large 

fraction of fine particles has already passed through the first panel. Nevertheless, small particles 

still show relatively high passing percentages (approximately 20–35%), whereas large particles 

pass poorly through Panel 2. 

For Panel 3 (Fig. 5c), the trend differs from Panels 1 and 2: the passing percentage tends 

to be higher for larger particle sizes. However, this increase is not always sharp and can vary 

depending on aperture shape. 

Finally, Panels 4 and 5 (Fig. 5d–e) show minimal passage of small particles, with passage 

occurring mainly for larger particles. This behavior is attributed to upstream separation: most 

small particles have already dropped through earlier panels and thus constitute only a small 

fraction of the oversize stream reaching Panels 4 and 5. Consequently, these downstream panels 

primarily act on the remaining coarse particles, which become stratified and therefore have a 

greater opportunity to pass through the screen surface. 

 

3.2. Cumulated Passing Percent for Cohesive Material with Different Surface Energy 

Level 

Figure 6 presents the cumulated passing percent of materials under different surface energy 

levels (i.e., different cohesion strengths). For the non-cohesive condition (𝛾 = 0 J/m2; Fig. 6a), 

the influence of aperture shape is limited, and the cumulated passing percent exceeds 95% for 
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all aperture cases. Even in this condition, a consistent directional effect can be observed: for 

the same aspect ratio, apertures elongated along the flow direction tend to produce higher 

passing percentages, as indicated by comparisons between the paired cases 𝑎𝑥/𝑎𝑦 = 0.33vs. 

3, 0.5 vs. 2, and 0.67 vs. 1.5. 

 

  

(a) (b) 

  

(c) (d) 

Fig. 6. Cumulated passing percent through the screen at different surface energy levels: (a) 0 

J/m2, (b) 10 /m2, (c) 20 /m2, (d) 30 /m2. 

 

As the surface energy increases, the material becomes more cohesive and the cumulated 

passing percent decreases (Fig. 6a–d). This reduction is most pronounced at the highest 

cohesion level. At 𝛾 = 30J/m2, the screen with square apertures yields the lowest cumulated 

passing percent, equal to 80.72%. Notably, the square-aperture configuration produces the 

lowest cumulated passing percent for both cohesive and non-cohesive materials. 

In addition, the sensitivity to aperture aspect ratio increases with cohesion: differences in 

cumulated passing percent among aperture cases become larger as surface energy rises. In other 

words, at higher surface energy, the gap in cumulated passing percent between square apertures 

and highly elongated apertures (e.g., aspect ratio 3) becomes more significant. 
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A change in the preferred aperture orientation is also evident with cohesion level. For high 

surface energy materials (𝛾 = 20 and 30 J/m2; Fig. 6c–d), rectangular apertures perform better 

when their long side is oriented perpendicular to the material flow direction, rather than parallel 

to it. In contrast, for low surface energy materials (𝛾 = 0 and 10 J/m2; Fig. 6a–b), the opposite 

trend is observed. 

 

3.3. Average Velocity of Particles on Each Panel 

Screening performance is closely related to particle velocity on the screen surface. In this 

study, the mean particle velocity along the Y-axis (i.e., along the screen surface direction) is 

evaluated for each panel and aperture aspect ratio. Figure 7 summarizes the average Y-direction 

velocity for the seven aperture cases. 

As an example, Fig. 7(a) shows the velocity profile for 𝑎𝑥/𝑎𝑦 = 0.33. The lowest average 

velocity occurs on Panel 1, which is likely because the material is fed onto this panel and some 

particles initially move in the direction opposite to the main flow. The highest average 

velocities are observed on Panel 2 or Panel 3, after which the velocity decreases on Panel 4 and 

drops rapidly on Panel 5. This pattern can be attributed to the acceleration of particle motion 

on Panels 2–3 and the smaller inclination angles of Panels 4–5. The velocity distribution along 

the deck is consistent with the panel-wise passing behavior reported in Fig. 5. 

Cohesion also influences particle transport. As surface energy increases, particle velocity 

generally decreases, with the reduction being particularly noticeable on Panel 4. This is because 

stronger adhesive forces increasingly hinder particle motion along the screen surface. In 

addition, when comparing different aperture shapes, the maximum average velocity is obtained 

at 𝑎𝑥/𝑎𝑦 = 0.33, and the velocity decreases as the aspect ratio increases. Despite these 

magnitude differences, the longitudinal trend of velocity variation for cohesive (adhesive) 

material along the screen length remains similar to that of non-cohesive material. 

Linking these observations to the cumulated passing results, cohesive materials exhibit 

lower Y-direction velocities than non-cohesive materials and also show lower cumulated 

passing percent. This indicates that cohesive (sticky) material is not easily stratified and/or does 

not readily pass through apertures due to adhesion between particles, between particles and the 

screen, or both. Therefore, even though cohesive material tends to have a longer residence time 

on the deck as a consequence of reduced velocity, this does not translate into improved 

screening because sticking forces inhibit effective separation. 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

 

(g) 

Fig. 7. Average Y-axis direction velocity of particles on the screen: (a) 𝑎𝑥/𝑎𝑦 = 0.33, (b) 0.5, 

(c) 0.67, (d) 1, (e) 1.5, (f) 2, (g) 3. 

 

3.4. Mass Distribution of Cohesive Material on Each Panel 

The mass distribution of material on the screen surface not only reflects the screening 

process, but also provides a basis for screen structural and material design. In this study, the 

mass distribution is analyzed for materials with different surface energy levels (i.e., different 

cohesive strengths) on a banana vibrating screen with varying aperture aspect ratios. 
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(a) (b) 

  

(c) (d) 

Fig. 8. Mass distribution of material on the screen as a function of aperture shape and cohesive 

strength. 

Figure 8(a) presents the mass distribution for non-cohesive material (surface energy = 0 

J/m2). In this case, most of the material mass is concentrated on Panel 1 and Panel 5. This is 

attributed to the fact that material is fed onto Panel 1, while particle velocity on Panel 5 is 

relatively low. In contrast, the mass retained on Panels 2 and 3 is small, which can be explained 

by their higher flow rates and the fact that a large portion of undersized particles has already 

passed through earlier panels, as discussed previously. 

Regarding the influence of aperture shape for non-cohesive material, decreasing 

𝑎𝑥/𝑎𝑦from 1 to 0.33 leads to a reduction in the total mass on the screen surface. When 

𝑎𝑥/𝑎𝑦increases from 1 to 3, the response becomes non-monotonic: the total mass first 

decreases and then increases again. 

For cohesive materials (Fig. 8b–d), the mass distribution differs from the non-cohesive 

case. Material mass is no longer concentrated only on Panels 1 and 5, but also becomes 

significant on Panel 4. The amount of material on Panel 4 is strongly affected by aperture shape. 

Specifically, when 𝑎𝑥/𝑎𝑦 = 0.33, the mass on Panel 4 is the smallest among all aperture cases. 

As 𝑎𝑥/𝑎𝑦increases, the mass on Panel 4 increases and reaches its largest value at 𝑎𝑥/𝑎𝑦 = 0.5. 

This variation follows a similar tendency to the total mass of material on the screen. 

Increasing cohesion further amplifies material accumulation. As surface energy rises, the 

total mass on the screen surface increases (Fig. 8a–d), likely because cohesive forces between 

the material and the screen hinder material movement. This interpretation is consistent with the 

previously observed reduction in average Y-direction particle velocity along the screen length. 
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Overall, even as cohesion increases, the pattern of mass distribution and the trend of total 

mass variation with aperture shape remain broadly similar to those observed for non-cohesive 

materials. 

 

4. CONCLUSION  

This work employed a DEM framework with the Hertz–Mindlin with JKR contact model 

to systematically evaluate the influence of aperture aspect ratio and orientation on the flow 

behavior and screening performance of non-cohesive and cohesive materials in an industrial 

five-panel banana vibrating screen. The findings confirm that banana-screen separation is 

governed by a coupled interplay between particle size relative to aperture, panel inclination 

sequence, and cohesion-driven changes in transport and stratification. 

For the non-cohesive case (𝛾 = 0 J/m2), screening is highly efficient, with cumulated 

passing percent exceeding 95% for all aperture configurations, indicating that aperture 

geometry has only a secondary influence under free-flowing conditions. The panel-wise 

analysis nonetheless reveals a consistent mechanistic pattern: fine undersize particles are 

preferentially removed in Panels 1–2, while particles closer to the aperture size tend to pass 

later in Panels 3–5, even though most undersize is still removed within the first three panels. 

These trends align with the observed velocity distribution along the deck, where the feed zone 

(Panel 1) exhibits the lowest mean transport velocity due to initial bed formation and transient 

counterflow motion, followed by accelerated transport on Panels 2–3 and a progressive 

reduction in velocity on Panels 4–5 as inclination decreases. 

As cohesion increases (𝛾 = 10–30 J/m2), screening performance deteriorates 

systematically. The cumulated passing percent drops with rising surface energy, and the 

performance becomes more sensitive to aperture geometry. Square apertures consistently yield 

the lowest cumulated passing percent, reaching 80.72% at 𝛾 = 30J/m2, demonstrating that 

cohesion amplifies geometric effects that are comparatively weak in non-cohesive screening. 

In addition, cohesion alters the preferred orientation of rectangular apertures: at low surface 

energy (0–10 J/m2), elongation aligned with the flow direction tends to support higher passage, 

whereas at high surface energy (20–30 J/m2), improved performance is obtained when the long 

side of the aperture is oriented perpendicular to the flow direction. This shift indicates that, 

under strong adhesion, passage becomes increasingly controlled by the ability of particles to 

detach, reorient, and intermittently engage apertures rather than simply by advective transport 

along the deck. 

Cohesion also modifies the internal flow regime by reducing transport velocity and 

increasing material hold-up. Mean Y-direction velocity decreases with increasing surface 

energy—most notably on Panel 4—showing that adhesive forces hinder particle motion along 

the screen surface. However, a longer residence time does not translate into higher separation 

efficiency for cohesive materials, implying that sticking forces suppress effective stratification 

and reduce the frequency of successful particle–aperture encounters. Consistent with this 

mechanism, mass distribution results show that non-cohesive materials accumulate mainly on 

Panels 1 and 5, whereas cohesive materials exhibit additional and significant hold-up on Panel 

4, with this hold-up being strongly dependent on aperture shape. The total mass retained on the 

deck increases with surface energy, reflecting cohesion-driven reductions in flow rate and 

enhanced particle–screen adhesion. 
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