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Abstract: The zigzag (ZZ) classifier is a sorting and classification device with a wide range of appli-
cations (e.g., recycling, food industry). Due to the possible variation of geometry and process set-
tings, the apparatus is used for various windows of operation due to the specifications of the sepa-
ration (e.g., cut sizes from 100 µm to several decimetres, compact and fluffy materials as well as 
foils). Since the ZZ classifier gains more and more interest in recycling applications, it is discussed 
in this paper, with regards to its design, mode of operation, influencing parameters and the research 
to date. Research on the ZZ-classifier has been ongoing on for more than 50 years and can be divided 
into mainly experimental studies and modelling approaches. 
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1. Introduction 
Recycling plays a key role in the strive for a circular economy [1–6]. In addition to 

the liberation of components and valuable materials, an an efficient sorting is key to every 
successful recycling process. Here, valuable components or materials are separated from 
other constituents of a feed. Sorting can be divided into different categories based on the 
physical properties used for separation [7]. A separation process can be characterised by 
a so-called Tromp curve, also known as a partition curve T(ξ) [8]. The partition curve 
describes the amount of material of a specific particle property ξ transferred from the feed 
(F) into the concentrate (C). This specific particle property can be the particle size in siev-
ing [9], the particle density in jigging [9], or the settling velocity in air classification. To 
calculate the partition curve, the property distribution must be known for both products 
(concentrate and reject) or one product and the feed material. 

𝑇𝑇(𝜉𝜉) =
𝑞𝑞C(𝜉𝜉)
𝑞𝑞F(𝜉𝜉)

𝑅𝑅m,C 

Here, qC(ξ) and qF(ξ) are the density distributions of the characteristic feature ξ and 
the recovery of mass Rm,C which is defined as: 

𝑅𝑅𝑚𝑚,C =
𝑚𝑚C

𝑚𝑚ges
∙ 100 % 

The mass recovery Rm,C characterises the mass output mC in the concentrate C in re-
lation to the total mass mges. On the basis of the partition curve, it is possible to evaluate 
the separation process by means of the median cut size T(ξ) = 50 % and the separation 
efficiency κ (slope of the partition function). The separation efficiency is often calculated 
as follows [10,11]: 

𝜅𝜅 =  
𝜉𝜉25
𝜉𝜉75

 

Thereby applies T(ξ25) = 25 % and T(ξ75) = 75 %. 
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One category of separation is gravity sorting which separates particles according to 
their density, shape and size by using the relative motion of the particles and a fluid. 
Therefore, the core part of gravity sorting is the force balance between field, flow and 
inertia forces of a particle. Due to this balance, particles move on settling velocity-depend-
ent trajectories which are used for size classification and shape or density depending sort-
ing [7,12,13]. 

Furthermore, density separators are classed by the feeding system, flow regime, gen-
eral design features and operation mode (continuous or batch) [14]. Depending on the 
used fluid used, the process can be either wet (e.g., water) or dry (air). An advantage of 
dry operation is a higher cost efficiency since wet operation requires the treatment and 
deposition of process water and its deposit [15]. Moreover, dry-operated apparatuses can 
be easily used for mobile and semi-mobile applications which avoids problems with pro-
cess water treatment and its disposal [16]. Some of the machines for dry gravity separation 
are also known as air classifiers. The classification is a sorting according to the size of the 
particles. Independent of the operation mode, the feed material is separated into the light 
product (along with the fluid flow) and the heavy product which follows the direction of 
the force field [17–19]. 

Other operation modes are upstream/counterflow or crossflow separation depend-
ing on the directions of fluid flow and acting force field [20]. Counterflow classifiers are 
the simplest form of air classifiers, characterised by the vertical tube-like process space 
and an air stream directed upwards. Although the simple design of this classifier is an 
advantage, the disadvantages are low separation efficiencies and accumulation of parti-
cles whose settling velocity equal the velocity of fluid in the separation zone [16]. In cross-
flow classifiers, the feed material moves crosswise to the main flow of the fluid and the 
particles are deflected further as their settling velocity decreases. In contrast to upstream 
separators, more than two products can be generated [12]. However, cross-flow classifiers 
also suffer from a certain sorting inefficiency [21].  

Zigzag air classifiers unite the advantages and overcome most of the disadvantages 
of upstream or crossflow air separators. Therefore, this separator type is subject of the 
present review. In addition to its designs and modes of operation, the applications and 
state of knowledge are summarized and discussed. 

2. Design and Mode of Operation 
2.1. General Design 

The main component of a ZZ-classifier is a characteristic, segmented channel. The ZZ 
classifier was first mentioned by Stebbins in 1920 in a patent (A.H: Stebbins: US Patent 
1861248) [22]. Figure 1 illustrates a typical zigzag channel with its characteristic geometric 
parameters height (h), width (b), depth (d), horizontal distance (L) of the exposed edges, 
and step angle (α). Different geometries are documented for industry and research. In 
industry, a stage has an angle of 120°. Companies like JÖST [23], Trennso [24], Hosakawa 
Alpine [25], Hamatec [26], and RecyclingWorld [27] offer ZZ with this geometry. How-
ever, the other geometric parameters vary depending on the manufacturer. Although the 
distance between the exposed edges of the channel (see Fig 1) usually differs, most of the 
ZZ classifiers offered tend to have a distance greater than L > 0. Alternatively, the edges 
lie directly on top of each other (L ≈ 0). Overlapping classifier edges (L < 0) are rare and 
can be found only in special applications [28]. Decisive for the throughput are the dimen-
sions of the cross-section (b/d) which is usually scaled to the channel depth d. In industry, 
a ratio b/d of less than or equal to 1 is usually used. For higher mass throughputs, smaller 
ratios are also used [29]. 
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Figure 1. Structure and geometric parameters of a zigzag channel. 

2.2. Mode of Operation. 
As shown in Figure 2, a mixed feed material is fed into the ZZ channel [30]. On the 

one hand, heavy, dense and/or compact particles will fall down the channel in the direc-
tion of the heavy product outlet. On the other one, fine, light and/or non-compact particles 
are carried upwards by the air flow in the direction of the light product outlet. Therefore 
regarding the product outlets, the classifier is considered a counter-flow classifier [31]. 

 
Figure 2. Characteristic terms for ZZ classifiers. 

Due to the characteristic form of the ZZ channel, the particles oriented to heavy prod-
uct outlet will hit the lower segment wall and either rebound and continue falling or start 
sliding down the wall. At the edge of each segment, those particle trajectories cross the 
fluid flow. Therefore, the ZZ classifiers are also referred to as cross-flow separators in the 
other literature At each edge of the ZZ classifier, the particles are fluidised on their way 
to one of the product outlets, where, the particles are fluidized again and separated ac-
cording to their size, shape and density. This offers the distinct advantage over upstream 
classifiers with straight channel geometries since the ZZ channels aligns several separat-
ing units in series increasing the total separation efficiency of the apparatus [32].  
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Another feature of the ZZ geometry are the "vortex rolls" [33], which occur in the 
convex parts of the segments [30,34]. These vortex rolls (Figure 3) generate the so-called 
recirculation zones where the air flow detaches from the lower channel wall behind an 
edge [35]. As a result, the “main flow” (Figure 3) has the highest air velocities [36–38] and 
vortices form between the wall and main flow [31]. As described above, particulate mate-
rial is not lifted in this recirculation zone by a directed air flow butcontinues to move 
downwards, e.g., by sliding down the lower wall due to gravity (Figure 4). Material close 
to the separation criteria (e.g., cut size) will be recirculated repeatedly in vortex roll the 
until it is randomly discharged in one of the products [31]. 

 
Figure 3. Flow regime in the ZZ. According to [39]. 

 
Figure 4. Solids flows and separation zones in the ZZ. According to [21,40]. 

In addition to separation, the vortices can cause deagglomeration from being sup-
ported by wall friction and impact forces through the interaction of particles with the wall 
[41]. All those deagglomerating effects contribute to the comparatively high separation 
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efficiency of ZZ classifiers [31]. In addition, the separation efficiency increases by increas-
ing the number of stages, i.e.,the number of fluidisation events in the apparatus. 

An air cyclone has to be installed next to the ZZ channel in order to remove the light 
product from the air flow [28]. The cut sizes of ZZclassifiers amount to 0.1–10 mm [30,33] 
depending on the particle density and shape. The specific throughput is typically between 
5 and 15 t/(m2 h) [36,37]. The throughput can be easily increased by operating several clas-
sifiers in parallel [42,43]. 

Moreover, there are other factors that influence the separation mechanism (cut size, 
selectivity) and thus the quality of the separation. Flow fields and therefore process per-
formance in air classifiers are usually significantly influenced by secondary flows. These 
are caused by walls bounding the separation zone [31]. The secondary effects include par-
ticle rotation as well as oscillating of particles, especially for flat particles tumbling [39]. 
Besides, interactions of particles with each other or between particles and the wall influ-
ence the process, of which collisions, friction, sticking and vicinity effects are examples. 
But particle-airflow interactions also influence the process result [30]. For example, exces-
sive loading of the gas flow can lead to swarm effects [14].  

Over the years, different variations of the geometry were developed, which were 
supposed to circumvent the influences mentioned by the geometry in the best possible 
way. However, the variations shown below could only be used for special cases and are 
not state of the art today. The Duke and Utah channels (Figure 5) were developed and are 
mainly used in the USA [29]. The Utah throat attempts to increase the intensity of the 
eddies through its geometry and thus supports deagglomeration. The Duke throat at-
tempts to solve the problem of reagglomeration that occurs with the conventional and 
Utah designs. This is achieved by providing a clear path for the rising material and a sep-
arate chute for the descending material. Furthermore, additional air supply stages as well 
as variants for the production of more than two products have been developed [30]. In 
addition, chutes with a circular cross-section are also possible, as are variations of the 
chute using flattened corners and baffles. Moreover, the design of the air inlet influences 
the flow regime at the bottom of the ZZ channel promoting back-mixing effects and thus 
reducing the separation efficiency [39]. The design of the air outlet at the upper part of the 
ZZ channel influences the particle removal rate due to exit effects of the air flow. When 
the channel narrows, the flow accelerates, resulting in a faster discharge of particles [39]. 

 
Figure 5. Variation of ZZ classifier geometry: (a) zigzag (b) Utah (c) Duke according to [39]. 

2.3. Advantages and Disadvantages of the Classifier Concept 
The ZZ classifier is mainly used as a sorting but sometimes also as classifying device, 

mainly because of its simple design, low CAPEX and OPEX as well as good separation 
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characteristics [28]. As already mentioned, the channel geometry offers a sufficient varia-
bility (e.g., channel depth or stage angle) to adapt the device to specific conditions or ma-
terial properties [30]. Furthermore, the classifier offers a multi-stage separation in a single 
channel with one single air stream [39]. Due to the repetitive sorting of rising and descend-
ing particles, the particles undergo repetitive individual sorting stages [39]. This cascade 
of sorting zones results in the high separation efficiency of the classifier, which is κ = 0.59–
0.8 [18,31–33,44]. In addition, it is possible to cover a wide range of cut sizes going from 
ten to microns and a broad range of particle density and shape for sorting [36]. 

However, disadvantages of the ZZ classifier are problems with inhomogeneous feed 
materials. Variations of size, shape, and density can cause segregation and funnel flow in 
the feed hopper [37,38] decreasing the separation efficiency due to fluctuating feed com-
positions. Unknown dynamics during the process can lead to insufficient reliability of ZZ 
operation [36,45]. In addition, particle interactions contribute to reduce the efficiency in 
separation [45]. Increasing the number of stages has a positive effect on the separation 
efficiency. However, it also increases the height of the apparatus as well as the pressure 
drop [14] and energy consumption [36,38,46]. High settling velocities of individual parti-
cles cause additional complications, as high air velocities are required for separation. 
These lie in the highly turbulent flow regime, whereby turbulent remixing negatively in-
fluences the sorting result [45].  

According to Senden [39], a negative influence also arises from the geometry of the 
duct in general. The resulting turbulence leads to back-mixing in several parts of the ap-
paratus and additionally to stochastic disturbances such as particle wall and particle par-
ticle interactions. Since there is no defined directional movement of the particles, it is dif-
ficult to predict the individual particle behaviour and thus the separation result only on 
the basis of the particle properties. In addition, the repeated crossing of air flow and up-
lifted particles with the trajectories of larger and/or heavier particles causes mixing and 
thus decreases the separation efficiency [14]. 

2.4. Fields of Application 
The ZZ classifier is mainly used in the field of recycling of solid waste materials. This 

can be explained by the already mentioned high selectivity in a wide range of sizes and 
densities as well as the advantageous dispersion of material in the process chamber. A ZZ 
classifier is usually operated at feed rates of 5–15 t/m2h [44]. In addition, a solid to air ratio 
of up to 2 kg/m3 can still lead to stable separation at a separation efficiency of 0.8 [28]. Air 
velocity of 2 m/s is industrially considered the lower limit, industrially, whereas 1 m/s is 
the lower limit of laboratory applications [28].  

The ZZ classifier can be used for classification (e.g., classification of choppy, fibrous 
and flat material) and sorting of primary and secondary raw materials [30], especially in 
the tobacco and tea industry, where the device is used to separate stalks and leaves [44]. 
In addition, vegetables are separated from grains, husks and shells or stones [44,47]. Fur-
thermore the ZZ classifier is applied during the processing of spices and herbs as well as 
in the textile industry for the separation of fibres and finished textiles [42].  

Another major field of application is the processing of municipal and industrial solid 
waste [22,39,48–52]. Here, ZZ classifiers have been established  for composting plants 
and separating foils [53] and harder materials such as glass, stones, and metal pieces from 
compostable material [17,54]. In the recycling of building materials, impurities such as 
paper, plastics, foils and wood chips [15,16,55] are separated from mineral constituents. 
Also, the recycling and purification of thermal insulation systems (mainly polystyrene) 
[56] and thermoset composites is a common application [57]. 

Another field of application is the processing of electronic scrap [17,58]. For example, 
copper wires are separated from the insulation in cable recycling [35,42,44,58]. Plastics, 
wood, fibres, glass, and rubber [35,58] are separated from metal scrap (e.g., in recycling of 
fridges). And in the recycling of printed circuit boards, fine metallic and non-metallic par-
ticles are separated [59–62]. The ZZ classifier is also used in car recycling producing the 
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so-called shredder light fraction [58,63,64], which is a mixture of chopped light polymeric 
materials. 

In general, in plastics recycling, metal is sorted from plastics and different types of 
plastics can be separated. The ZZ is also used for the recycling of PET bottles [65], or bottle 
capsules [13], as well as for dedusting plastic granulate [44]. Although more than 100 years 
old, latest studies show that the ZZ classifier is still up to date and will be a solid pillar for 
future recycling topics, e.g., the recycling of electric vehicles components. One example in 
this field is the recycling of lithium-ion batteries [66,67]. Here, the ZZ was already used in 
several pilot studies for the separation of current collector foils from cell housing and sep-
arator foils [68–70]. 

3. Research to Date 
The following chapter shows the existing research on the ZZ air classifier. This is 

categorized into experimental studies on one side and evaluation of models of the sepa-
ration behavior of the air classifier on the other side. 

3.1. Experimental Studies 
Table 1 gives an overview of the materials in the experimental investigation. 

Table 1. Overview on treated (model) materials in the experimental investigation of the ZZ classifier. 

Authors Products 
Fastov et al. [34] red brick, chalk 

Senden [39] paper, polystyrene balls 
Rosenbrandt [71] paper, polystyrene balls 
Worell et al. [72] paper, plastics, aluminium, steel 

Vesilind et al. [52] plastics, aluminium 
Connor et al. [73] polystyrene 
Peirce et al. [53] polystyrene balls 

Biddulph et al. [74] polystyrene, polypropylene 
Peirce et al. [51] municipal solid waste (MSW) 

Tomas and Gröger et al. [55,75–78] building waste (concrete, brick) 
Mann et al. [40,43] sand, gravel 

Schwechten et al. [28,79] silicia flour 

The first experimental and mathematical investigations of the ZZ classifier were pub-
lished by Kaiser [30] in 1963. He dealt with the flow regimes in the channel and the influ-
ences on the separation process. Through his investigation, he found that the ZZ classifier 
does not only separate according to the sinking velocity, butthat the separation is influ-
enced by the impact and sliding behaviour of the grain due to shape, elasticity and coef-
ficient of friction. Moreover, he stated out that the separation limit is independent from 
the feed load. 

Fastov et al. [34] investigated the separation of ground red bricks, which simulate an 
easy flowing material, and chalk (simulating a loose material tending to agglomerate). 
The stage angle was varied at 90, 120 and 150°, respectively, along with different ratios of 
stage height (H) to channel width (b) (90/90, 90/60, 90/45). The tests showed that only an 
angle of 90° is of interest, although no reasons are given for this hypothesis. The experi-
ments showed that the separation limit depends on feed load. These results are contrary 
to those of Kaiser. An optimum for the brick powder was found at 90° and H/b 90/60 and 
for chalk at 90° and H/b 90/90, respectively.. However, no explanation is given as to why 
this is the best configuration. 

The most extensive study on step geometry until now was written by Senden [39]. 
Unfortunately, the study is limited to low particle concentration. In this work, the step 
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angle was varied in the steps 90, 120 and 150°, respectively,  and the channel depth d was 
between 51.8 and 141.4 mm. In addition, changes were made to the feed position in seg-
ments 1, 3, 5, or 7 (counting from bottom to top), respectively. The test material was cheq-
uered paper of different lengths and thicknesses as well as polystyrene balls with a diam-
eter of 4.5 mm. The air velocity was varied between 0.6 and 3.9 m/s. 

The aim of Senden’s investigation was to evaluate the performance of the individual 
stages and to evaluate the particle movement in the stages, as the basis of a stochastic 
model. For this purpose, single particle experiments were carried out examining repeat-
edly whether a particle was discharged into the light or heavy product. The investigations 
on residence time for paper particles resulted in a range of 6.5–55 s. The shortest time was 
measured at 90°, at a channel depth of 20.3 mm, and an air velocity of 1.04 m/s, whereas 
the longest one was at 150°, 51 mm and 1.42 m/s, respectively. The best combination in 
terms of separation performance (residence time, separation efficiency) and throughput 
for municipal solid waste (MSW) was found at 120° and a segment length to depth ratio 
of 2. 

Longer residence times of up to 30 s were measured at 90°, which can be explained 
by the higher number of transitions between ascending and descending particles. At 90° 
the descending particles are accelerated perpendicularly to the opposite wall. They hit the 
wall, bounce back and have to reaccelerate. This effect slows down the transport of parti-
cles. Therefore, Senden preferred a stage angle of 120° in terms of separation efficiency 
and throughput. In general, the experiments show a trend that reducing channel depth 
increases the separation efficiency. Even though a stage angle of 150° showed the best 
classifier performance, Senden excludes these experiments with regard to the variations 
of a ZZ classifier. With 150°, the particle motion strongly derivates from the counter cur-
rent flow behaviour. Despite the extensive experiments, the investigations must be 
viewed critically with regard to the interaction of the particles, since only low concentra-
tions prevail. Due to this, Rosenbrandt extended Senden's investigations. 

Rosenbrandt [71] attempted to close the gap with the investigations on higher mass 
flows of up to 62.3 kg/h, i.e., 2.21 t/h m2. He used the same samples as Senden [39], exam-
ined stage angles of 90 and 120°, respectively, as well as different channel depths at higher 
particle concentrations in order to examine the interactions of the particles with each other 
and the wall. At a higher particle concentration, the separation efficiency is nearly con-
stant. However, due throughputs are higher at 120° than at 90°, respectively. In addition, 
the recovery of mass of the heavy product decreases with an increasing feed rate at 90° 
but stays constant/increases for 120°. The author explains this with the deceleration of 
particles as described by Senden. At a stage angle of 120°, the opposite phenomenon oc-
curs due to the formation of agglomerates. Furthermore, Rosenbrandt is also the first au-
thor to describe that the separation efficiency decreases and the capacity increases when 
the channel is enlarged and the feed inlet is placed closer to one of the outlets. 

Worell et al. [72] studied the separation of lightweight materials (paper and plastics) 
from metals (aluminium and steel), simulating municipal waste. The authors introduced 
a concept that is intended to serve as the evaluation of density separation performance. A 
100 % efficiency is only given if 100 % of the lightweight material reaches the upper prod-
uct discharge and 100 % of the heavy material reaches the lower product discharge. With 
the help of this evaluation method, the results of different channel variations (zigzag, Utah 
and Duke throat) were evaluated. 

Vesilind et al. [52] studied the effect of feed rate on the classifier performance . They 
used a 50 % mixture of square plastic or aluminium foils at feed rates from 3.9–59.0 kg/h 
and a stage angle of 120°. As the feed rate increases, the residence time and separation 
efficiency decrease. The maximum residence time of 130 s is measured at a feed rate of 3.9 
kg/h i.e., 0.13 t/h m2 decreasing constantly down to 95 s. According to this, even low con-
centrations influence the movement of particles and thus the classifier performance. In 
addition, the investigation showed that maximum particle concentration occurs directly 
below the feeder and decreases at both exits of the classifier. 
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Connor et al. [73] investigated stage angles between 105–135° to define an optimal 
stage angle and to assess the influence of particle size and shape. Test materials were pol-
ystyrene particles of different shapes. In accordance to Worell et al. [72], the best product 
purity was achieved at an angle of 110° for all sizes and shapes of feed particles. 

Stage angle, stage height, and feed rate were further investigations by Peirce et al. 
[53]. Stage angles of 120–180° and stage heights of 10.2–30.6 cm were investigated, 
whereby the column length and width were held constant. The focus was on single parti-
cle experiments with polystyrene balls with a diameter of 2 and 3.6 cm using the Worell 
et al. [72] procedure. No significant correlations between separation efficiency and stage 
angle or wall length were found. While the separation of small particles (diameter: 1.8 cm) 
could be efficiently influenced by chances of the air velocity, larger particles (3.6 cm) did 
not show the same effect. 

Biddulph et al. [74] introduced a new test procedure to compare a conventional ZZ 
channels and straight channels in theory and experiment. They separated a binary mixture 
of polystyrene and polypropylene in a 9- and 5-staged ZZ classifier with a step angle of 
115° (depth: 190 mm; width: 30 mm). They applied the diffusion convection model for air 
classifiers with air or water as fluid [45,80].To evaluate the performance of the classifiers, 
the authors developed a simple method based on the effective diffusivity: the smaller the 
diffusivity, the better the separation efficiency. However, both ZZ configurations show 
comparable diffusion coefficients despite different lengths. Based on the test results, the 
authors concluded that the channel geometry of ZZ reduces the “wall flow” effect com-
pared to straight channels. 

Peirce et al. [51] studied different channel geometries (Figure 6) and operation modes 
of ZZ at different feed rates and channel heights. They compared zigzag, straight, and 
stepped triangle shapes as well as pulsed, non-pulsed, and passively-pulsed classifiers. 
The test material was MSW. Regardless of whether zigzag or stacked triangle as well as 
short or tall sifters were used, higher feed rates resulted in lower separation efficiency, as 
already noted by Kaiser [30] and Senden [39]. 

 
Figure 6. Forms of ZZ classifier investigated by Peirce et al. and Schwechten et al. according to [28] 
[51]: (a) ZZ non pulsed, (b) ZZ passive pulsed, (c) stacked triangle passive pulsed, (d) Hybrid air 
classifier. 

The research group of Tomas [16,55,75–78] was concerned with the first attempts to 
separate building waste. They varied air flow rate, absolute pressure drop within the zig-
zag channel, and relative pressure drop compared to the subsequent filter and measured 
temperature and relative humidity at significant points. A ZZ classifier with 20 stages was 
used, which proved to be suitable for separating building waste such as concrete brick 
mixtures. A maximum separation efficiency of κ = 0.86 was achieved. 

Mann et al. [43] investigated the influence of velocities and air load on the separation 
of sand and gravel. They tested 12 combinations of solid to mass ratios and channel ve-
locity. In addition, the authors found that increasing channel velocity increases the cut 
size, which is obvious, and decreases the product quality. The ratio of segment height to 
channel width especially influenced the channel velocity and thus the vortex rollers. The 
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authors recommended to focus further investigations on experiments in conjunction with 
numerical process simulations in order to obtain a better understanding of the process. 

Finally, Schwechten investigated new geometries of the ZZ and patented a hybrid air 
classifier (Figure 6) [28,79]. In contrast to most screening machines and conventional ZZ 
classifiers, this classifier enabled cut sizes of down to 100–200 µm, due to a new channel 
geometry. Here, the channel sides are inclined 30° below the vertical, resulting in overlap-
ping sight edges (L < 0). This avoids the formation of material strands and enables the 
classification of fines. Despite these changes, the advantages of the conventional ZZ clas-
sifier (throughput, air load, separation efficiency, pressure drop, operation costs) were 
retained. 

To summarize, the experimental studies show that the channel shape of the classical 
ZZ (Figure 6) is the best shape for separation for cut sizes larger than 200 µm. Further-
more, a step angle of 120° is best suited for the separation of materials in the majority of 
studies. It is also shown that the feed rate is indirectly proportional to the separation effi-
ciency. 

3.2. Modelling Approaches 
The models shown below in detail are briefly summarized in Table 2 according to 

their authors and type. 

Table 2. Overview of modelling with the ZZ Classifier. 

Authors Type of Modelling 
Kaiser [30] Stochastic model 
Senden [39] Stochastic model based on Markoff chains 

Rosenbrandt [71] 
Development of Senden model to higher 

particle load 

Tomas and Gröger et al. [55,75–78] Analytical model based on turbulent 
crossflow separation 

Gillandt et al. [81] CFD simulation (2D) 

Mann et al. [40,43] 
empirical correlations modelling based on 

empirical correlations 
Hagemeier and Glöckner et al. [37,82] CFD simulation (3D) 

Friedrich et al. [83] CFD simulation (3D) 
Bartscher [29] CFD simulation (3D) 

Lukas et al. [36] 
analytical model based on turbulent 

crossflow separation in hydrocyclones 
[84,85] 

Kaiser [30] published an analytical model which is easy to handle but over-simplified 
the process and therefore it has only limited significance. 

Senden's model [39] is based on experimentally-determined ascent and descent prob-
abilities, as well as movement patterns of single particles (Table 3). Its stochastic calcula-
tions use Markov chains to indicate the probabilities for separation into the light or heavy 
product in an individual segment. Markov chains are defined by the fact that a compre-
hensive knowledge of previous events is not necessary [86]. Their forecast of future events 
is just as good as with knowledge of the entire history of the process. Therefore, the model 
for one channel segment does not consider the separation in adjacent segments, i.e., 
whether the particle has entered from above or below. Senden’s model is the only model 
that allows statements about the influence of stage angle. Nevertheless, it is limited since 
it does not consider any backmixing or particle interactions. 
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Table 3. models of Senden [39], Rosenbrandt [71] and Tomas et al. [55,75–78]. 
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Rosenbrandt [71] extended Senden's model to higher particle concentrations using a 
modified "one step memory" model (Table 3), which enables to evaluation of the effect of 
the number of segments, position of feeder, and residence times for a defined step angle. 
Furthermore, the transition probabilities and partition curves can be determined. The 
transition probability is the probability that a particle moves from one stage to the next 
higher or next lower stage with a single transition. As shown in Figure 7 the model re-
vealed that the probability of a particle to ascent or descent differs in all stages. 

 
Figure 7. Transition probability of a particle in stages of the ZZ classifier. Data deriving from [71]. 

Tomas and Gröger [55,75–78] developed a semi-empirical model which is an exten-
sion of the "suspension tapping" hydro classification model by Schubert and Neeße [84] 
and Schubert et al. [85]. The model (Table 3) describes the separation performance based 
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on a multi-segment approach which uses single-segment grade efficiencies. Like Kaiser's 
model [30], this one is easy to handle and limited in its predictions since the complexity 
of the setup is simplified by only few parameters like number of stages and flow rates. In 
addition, the application limitations of the model, which is e.g., given by a certain Boden-
stein number, are insufficiently propagated and need to be expanded [40]. 

Gillandt et al. [81] investigated the fluid flow without particles in the ZZ channel with 
laser Doppler anemometry and compared this to a 2D CFD simulation. Smoke particles 
traced the main air flow as well as the recirculation zones. The authors tested three turbu-
lence models (Standard-k-ε-, ReNormalisation Group (RNG) -k- ε-, Reynolds-stress-
model) all based on a Reynolds-Averaged-Navier-Stokes (RANS) simulation. They fa-
voured the Re Normalisation Group (RNG) -k-epsilon model since it was suitable for low 
concentrations and for calculating particle trajectories. Using glass beads in a range from 
0.1–1 mm the separation behaviour was analysed. However, the simulated cut size was 
significantly larger and the separation efficiency overestimated in comparison to the ex-
periments. The authors explained this with the insufficient wall impact model and lack of 
attention to interactions between particles. Based on these investigations, He et al. [87] 
carried out further single-phase simulations in ZZ without particles. He et al. [88] also 
investigated mixed waste material phase simulations, which were limited to separation in 
air classifiers with straight channel geometries. 

Otto et al. [89] used a hybrid model to describe separation. He combined the PSM 
(pipe separation model) of Schubert et al. [90] with an artificial neural network, whereby 
the network was trained to predict parameters of the PSM for the separation including 
different temperature and humidity. However, the problem is the comprehensibility of 
the results, as neither experimental setup, separation results nor qualitative assessment of 
the prediction quality are shown in detail. 

Glöckner et al. [38] investigated the classification of sand in a ZZ with a 120° step 
angle. In the first tests, Tomas' model [55,75–78] showed good agreement with the exper-
imental data. However, the process optimum was hard to determine, since the optimum 
depends on the process target and for the authors these are both dispersion and selectiv-
ity. Therefore, further investigations with CFD modelling have been recommended which 
were done by Hagemeier et al. [37,82]. Hagemeier et al. used a 3D RANS approach. Three 
different turbulence models (realizable-k- ε, SST k-ω, and the Reynolds-stress-model) 
were compared according to pressure loss, cut size and separation efficiency. Unfortu-
nately, all simulations overestimate the investigated parameters. Therefore, the authors 
did recommend not to simulate the ZZ classifier by these approaches but to use a two-
way-coupled DEM-CFD-simulation instead. 

Friedrich et al. [83] investigated the classification of glass beads in a size range of 0.8–
5mm using a 10-staged ZZ classifier with a stage angle of 120°. The simulation used a one 
way coupled CFD-DEM comparing different RANS-turbulence models (standard k-ε, 
RNG-k-ε, realisable-k-ε, standard k-ω, menter-SST-k-ω model). It was shown that the sim-
ulated volumetric flux differs less than 10 % from experimental data for the realisable k-
ε. However, the simulations showed again a higher separation efficiency than the experi-
ments and the partition curves differed significantly. The authors explain these differ-
ences by the neglect of dynamic effects like pulsation of ventilator or the neglects of inter-
actions of particles. The best result gave the realisable k-ε turbulence model, as the cut 
sizes agreed well. 

Mann [40] divided the process into several sub-processes and linked them in Matlab. 
This enabled him to quantitatively describe the particle behaviour such as the reversal of 
the particle movement direction below. Mann describes the macroscopic distribution of 
the particles in the channel, including their residence-time behaviour. This revealed that 
ZZ classifiers reach a global stationary state after a few seconds. However, a much longer 
period of time is required before relevant process variables such as cut size, separation 
efficiency and product purity reach steady state. Mann thus points out a decisive limit of 
the process model of Tomas and Gröger. 
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Roloff et al. [91] investigated the particle dynamics in a ZZ classifier using multi-
camera shadow imaging at several locations. The experimental materials were glass 
spheres of 1–4 mm of six different size classes used at variable loads and flow rates. Their 
four cameras allowed simultaneous imaging of particle populations at four zigzag posi-
tions. This novel technique served as a basis to validate multiphase CFD-DEM models or 
to develop dynamic process models. It was found that the turbulence of air affects particle 
tracks; the more pronounced the more upstream the stages are located. The results de-
pended also on the particle diameter. The variations of the particle trajectories within the 
classifier decrease with decreasing particle diameter, because the smaller particles tend to 
follow the fluid movement and thus travel more directionally than coarse particles. And 
an increase of air velocity or solid load, i.e., mass flow caused an increased collision rate 
between the particles. 

Bartscher [29] simulated two stages of the ZZ classifier. He compared a 3D finite vol-
ume method with the measurements from the particle-tracking, laser Doppler veloci-
metry. Compared to 2D simulations, this three-dimensional approach allows the study of 
the shape of the vortex structures in the corners as well as in the edges. The simulation 
showed that the description and the assumptions for particle transport of heavy particles 
in the recirculation zones and light particles in the main air flow are highly simplified. 
Both upward and downward transport take place over most of the channel width, and 
only small areas can be assigned exclusively to upward and downward transport. In ad-
dition, light particles are transported faster than heavy ones. According to the settling 
velocities of the particles, a transport into the direction of the wrong product outlet occurs 
due to reduced particle velocities. This slow movement can be occurring in recirculation 
zones, which extend far into the inner section of the channel. 

Bartscher concluded that there is no optimal global stage geometry, but only an op-
timum relating to specific processing goals. The trend shows that a shift from the cut size 
to larger particle size is accompanied by a decrease in separation efficiency. In addition, 
small channel widths and large segment heights homogenise the fluid flow. The greatest 
separation efficiencies at large stage angles, which are similar to upflow classifiers, are 
only suitable for well-dispersed goods, as already noted by Senden [39]. 

Another modelling was carried out by Lukas et al. [36]. The authors use Schubert's 
pipe separator model (PSM) [84,85], a solution of the Fokker-Planck equation) for the clas-
sification of glass beads in the range of 0–5 mm in two-, three- and four-stage ZZ classifi-
ers. The PSM fits for three- and four-stage ZZ classifiers, but not for two-stage ZZ classi-
fiers. The difference is caused by the particle trajectories assumed, which represent only 
convective and diffusive transport with constant properties along the entire length of the 
ZZ channel. In the short overflow distance of a two-stage ZZ classifier, local effects such 
as wall particle interactions cannot be compensated for, although they are present in all 
examined geometric configurations. However, the differences in the 2-stage configuration 
are small, butthe model fits perfectly for the three- and four-stage channels. Furthermore, 
the experiments and the modelling of these again show that a sharper separation (up to 
0.92) and smaller cut size can be achieved with a higher number of steps (Figure 8). The 
adapted PSM revealed also that the solid’s flow directed upwards is a function of particle 
load and air velocity. 
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Figure 8. separation sharpness and cut point velocity for different number of stages. Data repro-
cessed from [36]. 

Lukas et al. [36] combined theoretical developments [40], systematic experiments of 
particle laden turbulent airflow, and numerical simulations (CFD) [43,91,92]. The aim was 
to develop a reduced model to be integrated into the DYSSOL programme for simula-
tion [36]. After model fitting, there was good agreement between experiment and model. 
Nevertheless, further investigations were needed for final predictive numerical studies. 

To summarize the model evaluation, the separation behavior can be described in 
principle. However, there is no model that includes the particle properties like particle 
interaction in addition to the classifier design. When choosing a model, a decision must 
currently be made between good manageability (Tomas and Gröger [55,75–78]) and accu-
racy (Bartscher [29]). Lukas et al. [36] show first approaches to combine these two by in-
tegrating the model into DYSSOL.  

4. Conclusion and Outlook 
For more than 100 years, the ZZ classifier has proven its value and been used in var-

ious applications. The apparatus is suitable for both classification and separation having 
its main field of application in the recycling of solid wastes. The research focused initially 
on experimental studies to understand the influence of different materials, channel geom-
etries, and process parameters on the separation result. In addition, new channel geome-
tries were developed and evaluated. However, the process characteristics depend 
strongly on the aforementioned factors so that an accurate layout of a ZZ classifiers has to 
rely still on preliminary experimental campaigns. 

In order to gain a better understanding of the separation, more attention was later 
paid to particle movement and particle fluid interaction. With the help of stochastic mod-
elling, attempts were made early to predict the separation result. As to be expected, the 
models differed both in type, boundary conditions, and objectives. These differences limit 
the general applicability of the respective models. In general, a direct comparison of the 
models is usually not possible, as the evaluation methods and measured parameters differ 
and decisive variables such as size, shape and density of the feed particles are not or only 
insufficiently specified. 

First attempts try to close this gap by providing a general model that determines the 
separation efficiency and cut size depending on channel geometry, feed material and pro-
cess parameters. However, this model is still not found and needs to be developed in the 
coming years. In particular, further attention has to be paid to particle properties (e.g., 
size, density and shape) and particle interactions (particle particle, particle wall) in order 
to simulate the particle behaviour more accurately in the classifier channel. This is essen-
tial, especially with regard to the separation of secondary raw materials, which have a 



Processes 2022, 10, 764 15 of 18 
 

 

mostly non-cubical shape and consist of heterogeneous mixtures. In the future, simula-
tions will not be limited by the computing capacity anymore which will allow e.g., DEM 
CFD coupled evaluation. Finally, it will also be important to develop further adequate 
online measurement technology to record the particle movements and particle properties 
in the process chamber, to link this information to numerical simulation. 
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