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ABSTRACT

The EU's circular economy concept necessitates the recycling of material streams
used once or multiple times into the production—consumption cycle again and again.
The commonly known problem - that the number of recycling cycles of plastics is
limited — drives the economy towards metal usage again, because metal recycling
cycles are limitless. Therefore, the efficient and economic separation of mixed al-
uminium and copper scraps in the 30—-100 mm particle size range is an important
issue for our society. In this study fundamental and applied research was carried
out for the application of a gas-solid fluidised bed separator for aluminium-copper
scrap recycling. A laboratory scale aero-suspension dense media separator was
developed. Fundamental fluidisation experiments were carried out with this device
and a powder rheometer. Afterwards pilot-scale and later industrial-scale separators
were designed and built. The results indicate that the well-known Ergun fluidisation
model can be the basis of a new process engineering design method for sizing dry
fluidised bed separators.

1. INTRODUCTION

Among humanity’s greatest challenges today is the pro-
vision of material and energy for civilised life. Even though
the collection and recycling of scrap metals is only a very
small part of the whole, if we do it in an energy-efficient
way (Hou et al., 2022; Zhumadillayeva et al., 2020), we con-
tribute to the goal of securing material for mankind. This is
the research gap this paper addresses. The fluidised bed
aero-suspension dense media separator is a well-known
type of equipment (e.g., Anjaneyulu & Khakbar, 1995; Basu,
2006; Beeckmans & Minh, 1977; Gibilaro, 2001; Sahu et al.,
2009; Fan and Zhou, 2021), however its design is still based
on experiment, process engineering design methods need
to be further improved.

Based on its operating principle, there is a solid-gas flu-
idised bed made by blown-in air from the bottom into the
bulk granular separation medium. The mixture density of
the fluidised solid-gas dense media can be controlled by
the quantity of the air blown in. The heavier particles of the
feed will sink, and lighter particles will float. Compared to
wet dense media separation, there is no need for any liquid,
and therefore no need for the clarification for the separat-
ed products or a water handling system. The dry fluidised
bed method of separation needs to be explored because
it produces low pressure drop and high efficiency (Anam
& lkhwan, 2020) and that helps with fulfilling the targeted

aim of waste-to-material recycling for the circular econ-
omy. Therefore, dry dense media separators are widely
applied in the industry. The first application of fluidisation
was invented by Brétz in 1900 (Ghosh, 2013). Brotz applied
a counter-current water flow to loosen a sand water filtra-
tion bed. Dry dense media separation is widely applied in
the pharmaceutical industry (Dévay, 2013) and in waste
management (Everett & Peirce, 1990). A gas-solid fluidised
bed separator was applied on a laboratory scale for shred-
ded municipal bulky solid waste separation (Sekito et al.,
2006). The work of Sekito et al. (2006) was later further im-
proved by Yoshida et al. (2010), when the chlorine content
of processed plastic part of municipal solid wastes was
significantly decreased by a fluidised bed dry separator.
Separation of harmful impurities from refuse derived fuels
(RDF) was carried out in a solid-gas fluidised bed (Kriiger
et al., 2014). There are other applications of dry fluidised
bed separation technology for waste processing; Oshitani
et al. (2003) used this technology for recycling automotive
shredder residue materials.

There are several scientific and practical challenges to
be solved for the development of a separation machine. The
most important might be how to establish homogeneous
solid-gas distribution in the fluidised bed. There are several
unwanted phenomena that might occur during insufficient
bed operation, such as bubbling, slugging, channelling and
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agitation, and turbulent fluidisation (Ghosh, 2013). Figure 1
shows the typical pressure loss of fluidised solid-gas beds
as a function of the air velocity (Dévay, 2013; Thanh & Duc,
2020).

When the flow rate of air blowing is increased from 0
up point A the solids are still packed in the bed and the
pressure loss increases linearly with air velocity because
of the laminar flow between the particles (Dévay, 2013). Be-
tween points A and B, the velocity increases exponentially
and from point B the solid particles start to levitate. Be-
tween points B and C they may have better orientation and
that decreases the resistance; therefore, the pressure loss
also decreases a little. From points B to E good fluidisation
can be established. In this desirable zone the particles typ-
ically do not contact, they are levitating in the air stream,
and the pressure loss does not depend on the fluid velocity,
nor does it depend much on the solids concentration ei-
ther in this zone. From point E, the transport of the particles
starts, which is another process, namely pneumatic trans-
port. This is clearly avoidable in fluidised bed technologies.
Figure 1 is extremely important for the process engineer-
ing point of view. The air flow rate range between points D
and E is small; it is a practical challenge to establish stable
conditions here. The density of the fluidised solid-gas bed
depends on the air flow rate in zone D-E and this range is
limited. The density of the fluidised solid-gas bed is crucial
for the separation because this is the cut density. The den-
sity of the applied solids as separation medium basically
determines the mixture density. However, theoretically it is
possible to set a different fluidised solid-gas bed density
and therefore a different cut density by changing the air
flow rate. According to Zhou et al. (2019) the bed density in
the aero-suspension dense media separator can be deter-
mined theoretically for a given fluidisation air velocity using
the two-phase theory, but empirical validation is necessary.
Li et al. (2017) applied CFD techniques for fluidised-bed
separator optimisation by using the composite force field
or flow field to enhance the recovery of coarse particles
and expand its application in the coarse coal slime separa-
tion and metal beneficiation. Zhao & Wei (2000) measured
the rheological properties of fluidised aero suspensions
with a settling body measurement device. If the solid-gas
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FIGURE 1: The pressure loss of fluidised solid-gas beds as func-
tion of the air velocity (Dévay, 2013).

two-phase system is fluidised the mixture behaves like a
one-phase fluid, and the rheological properties of this mix-
ture can be interpreted and measured. However, if the fine
solids are not fluidised, they behave totally differently; the
phenomenon of powder flow happens in this case. Accord-
ing to Zhao & Wei (2000), fluidised aero suspensions are
typically Bingham plastic fluids with two rheological fea-
tures; namely, their viscous flow can be characterised by
the yield stress and the plastic viscosity.

Thanh & Duc (2020) summarised their theoretical and
empirical results on dry fluidisation applied for the drying
of refined salt. They comprehensively summarised the
different theoretical models for the determination of the
minimum fluidisation velocity in the literature. This is not
repeated here (the equations of Kozeny-Carman, Wen-Yu,
Beayens-Geldart, Goroshko, Goroshko-Todes, Leva and
Kunii-Levenspiel are not); only the equations given after-
wards are reported. The first equations and model of the
field were published by Ergun in 1952. According to Ergun
(1952), at the point of the “minimum particulate fluidisation
state” (point D in Fig. 1) the air stream must have sufficient
pressure and velocity to pass through the static bed of the
dense fluidisation medium. The dense fluidisation medium
can be characterised by the mean particle size (dp), mean
shape factor (F), mean particle density (r) and the void
fraction (porosity) of the solids in the bed (e_). The applied
shape factor here is the so-called surface proportional one.
The volume of a non-spherical particle has to be determined
first, and then the volume equivalent particle diameter can
be calculated. The surface proportional shape factor is the
ratio between the surface of the original particle and the
surface of its volume equivalent sphere. Therefore, F=1 of
a sphere because the specific surface of a sphere is the
smallest. Physical properties (density r, and absolute vis-
cosity m,) of air of the given temperature are known. The re-
lationship between the air pressure (Dp) and minimum fluid-
isation velocity (V_) for any particle shape is given by Eq. 1.
HA—:f =150- —(1;‘§$f) 4175 —(1;;’;0 : ’Z—‘:if M

The pressure of the air stream at this minimum fluidisa-
tion point must be large enough to overcome the weight of
the particles of the separation medium in the bed (Eq. 2).

ap = (o =rps) g @

where A is the effective (used) cross section of the sep-
arator and m is the mass of the particles of the separation
medium. Previously it was pointed out by Zhao and Wei
(2000) that a flowing aero-suspension can be treated as a
Bingham plastic behaviour fluid (equivalent liquid), but here
at point D, the aero-suspension itself is quiescent. Accord-
ing to the model of Ergun (1952), we can talk about an air
flow in the pores of the loosened particles of the separa-
tion medium with velocity v_, therefore a Reynolds number
(Re, ) can be defined using the physical properties of air
and the ®-d_term as the size parameter (Eq. 3).
PrVmed-d
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The gas-solid fluidised bed separator is an upgrading
unit, because separation happens at a quality, namely at

Remf =
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the density (Drzymala, 2007; Pillay et al., 2022). In this form
this unit represents a two- product separation process.
An upgrading separation process can be characterised by
the yield, content, and recovery or loss values (Drzymala,
2007). Mass yield of product A (y,) equals the mass flow
rate of product A over the mass flow rate of the feed. The
component content of component 1 in the feed is A, and
in product A is a,. By this data the component recovery of
component 1 into product A is e=y,-A,/a,. The component
loss can be calculated similarly, representing the unsuc-
cessful separation of component 1 getting into product B.

To address the above-mentioned challenges, laborato-
ry-scale test equipment has been developed. Our research
team has carried out fundamental examinations of different
air inlet systems to determine how to avoid phenomena that
disturb stable fluidisation flow. The specific air flow rate and
pressure - needed for a given height and material solid-gas
fluidised bed - were measured. The air flow rate versus bed
resultant density functions and the settling velocity of given
scrap particles in solid-gas fluidised beds of given density
were also measured. Based on the lab-scale examination a
pilot-scale separator was designed and built. Fundamental
research with the pilot scale machine was carried out and
after that the industrial size separator was designed and
built. Fundamental applied research with the industrial scale
machine was carried out with aluminium-copper scraps.

2. MATERIALS AND METHODS

The research work described in the article was largely
carried out with equipment created by the authors; this sec-
tion presents three such tools.

2.1 Laboratory-scale test equipment

Figure 2 shows a photo of the developed laborato-
ry scale test equipment (A=0.025 m? effective separator
cross section). The air was supplied by a compressor in
the laboratory. The pressure was first regulated by a ded-

icated pressure regulator valve (1). This static pressure
plays a key role because the downstream fluidised bed and
the technical air distribution system represent a given flow
resistance and that determines how much energy is con-
sumed, namely what air flow rate will be developed in the
common operating point.

The air flow rate was measured indirectly by a Ventu-
ri tube (2) and a differential pressure meter (3). The lab-
scale fluidised bed separator (4) had two parts, the bottom,
and the top. The air distribution system was built into the
bottom part. Many different systems were tested to reach
stable fluidising conditions. The top part was made with
transparent walls to allow us to observe flow disturbances.

2.2 Pilot-scale separator

Figure 3 shows two photographs of the pilot-scale ae-
ro-suspension dense media separator. The left -hand photo
shows the side view and the right-hand photo shows the
top view of the machine.

The machine is an aero-suspension dense media sep-
arator with an endless chain to discharge the separated
products. A similar design was made by the China Uni-
versity of Mining and Technology in 1994 (Sahu, 2009; He
et al,, 2016). The so called CUMT separator was installed
and operated in a coal mine of Qitaihe Coal Co. for dry coal
upgrading. Figure 4 shows the schematic drawing of the
chain system with 6 rollers. The 6 bearings of the chain
routing rollers can be well seen on the left-hand side of
Figure 3. The Venturi tube with a differential pressure me-
ter and the air distribution head are also shown. Effective
cross-sectional area of the bed is 0.146 m2. The pilot-scale
device was loaded with zirconium-oxide media, as shown
on the right-hand side of Figure 3.

2.3 Industrial-size machine

Figure 4 shows the schematic drawing of the industrial
scale aero-suspension dense media separator (the effec-

FIGURE 2: Laboratory scale test equipment (1 pressure regulator, 2 Venturi tube, 3 differential pressure meter, 4 laboratory model fluidised

bed reactor).
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FIGURE 3: (Left) Side view of the pilot-scale aero-suspension
dense media separator; (Right) Top view of the pilot-scale ae-
ro-suspension dense media separator.

tive cross-sectional area of the bed is 0.291 m?). The me-
chanical engineering design of this machine was made by
the Institute of Machine Tools and Mechatronics of the Uni-
versity of Miskolc. The machine has a massive steel frame.
The frame is necessary to withstand the load because of
the moving chain and comb elements of the discharge sys-
tem in the fluidised bed. The discharge chain should work
in non-fluidised separation medium as well. There are two
endless chains at the front and back sides of the machine
and cross-sectional combs are installed between them to
discharge products. There are two toothed wheels and four
non-toothed rollers. One toothed wheel is driven.

The centre part of the machine is charged with the bulk
separation medium. The level of medium charge is higher

Feed

than the level of the upper horizontal chain section, but it
is lower than the product discharge points. The air is sup-
plied by a compressor because the inlet pressure should
be higher than 1 bar. There are built-in mechanical and air
nozzle cleaning parts to clean the chains from the particles
of the separation medium. The machine is modular; the
width can be modified by changing the depth parts of it.
Figure 8 shows a photo about the industrial scale machine.

2.4 Powder rheometer

The fluidisation behaviour of the different types of
dense media was investigated in a Freeman Technology
FT4 powder rheometer. During the measurements an air
speed of up to 160 mm/s was used in a 25 mm measure-
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FIGURE 4: Schematic drawing and operational principal of the industrial-scale aero-suspension dense media separator.
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ment cell to fluidise the material. These parameters were
determined by preliminary tests. The total energy con-
sumption for the rotation of a rotated paddle mixer (helix
angle -5°) in the fluidised material was measured. The tip
speed of the paddle was 80 mm/s.

2.5 Materials

Iron-oxide and zirconium-oxide powders were tested as
working media during the development. The selection cri-
terion of these materials was their high densities, because
only with the application of high-density bed material can
aero-suspension of suitable density be made. Different
particle size fractions were made by manual laboratory
sieving with a standard 200 mm laboratory sieve series.
The size fractions were as follows in the case of iron pow-
der: 0-100, 100-160, 160-200, 200-250, 250-315 and
315-400 pm.

The 160-400 pym iron powder size fraction was used
for the laboratory scale fluidisation experiments and all
others for the powder rheometer testing. The particle den-
sity of this fraction was measured many times in labora-
tory pycnometers; the average particle density was 6820
kg/mé®. The bulk density was measured by a volume cali-
brated glass cylinder; the average bulk density was 3085
kg/mé3. The porosity of the loosened bulk state iron powder
fraction was g_=0.548 (volume of air/volume of bulk). The
mean shape factor of this used iron powder size fraction
was determined by an optical microscope and image anal-
ysis (®=1.9; Figure 5).

Another material, zirconium-oxide, was also used for
the laboratory-, pilot- and industrial- scale tests. The parti-
cle density of the 200-300 pm size fraction was 6060 kg/
m? and the loosened bulk density was 3600 kg/m?®. The par-
ticle shape of zirconium-oxide can be considered spherical,
according to image analysis (®=1; Figure 6).

The firm Inter-metal Ltd. collects mixed metal scrap
from the area of Pest County, Hungary. The bigger metal
pieces are cut by a guillotine shear as pre-shredding. Mag-
netisable particles are separated by a magnetic separator
and fine particles are classified by sieving. The oversize

product (30-100 mm) of the sieve goes into an eddy-cur-
rent separator and its products are the useful conductive
and the non-conductive contamination waste streams. The
conductive product typically contains mainly aluminium
and some copper. Without the aluminium—copper separa-
tion the value of this recycled metal is rather limited and
this is the current challenge for the company. Samples
were taken from the conductive product and one sample
is shown on the left-hand side of Figure 9, used for the pi-
lot-scale experiment described in Section 3.

3. RESULTS AND DISCUSSION

To understand the behaviour of the separation medi-
um on the separation, fluidisation experiments were per-
formed in a powder rheometer with iron powder and zirco-
nia. The iron powder was divided into narrow particle size
fractions and the measurements were performed with the
size fractions given in Section 2.5. In the case of zirconia,
balls with a nearly perfect spherical shape and very low sur-
face roughness were used. Figure 7 shows the results of
the fluidisation tests, where the total energy consumption
to rotate a rotated paddle mixer with the same speed and
path length in the fluidised material is presented. This total
energy requirement was used to represent the effect of the
air speed applied for the fluidisation of the material, and
to evaluate the effect of the particle size and media type
on the fluidisation of the media. For the 0-100, 100-160
and 160-200 pm fractions of the iron powder, as well as in
the case of the zirconia balls (200-300 pm), the liquid-like
behavioural state was reached, since the energy required to
rotate the mixer stabilised as a function of the air velocity.
For the coarser iron powder fractions, the air velocity was
proved to be too low to achieve liquid-like behaviour. Mixing
the iron powder without air velocity required much more en-
ergy than was required for zirconia balls, which can be ex-
plained by the spherical shape and smooth surface of the
zirconia balls. For the different fractions of the iron powder,
160-200 mJ of total energy was measured without the use
of air, while for the zirconia balls it was only 30—-40 mJ.

FIGURE 5: Particle shape of iron powder taken by an optical mi-
croscope.

FIGURE 6: Particle shape of zirconia taken by an optical micro-
scope.

J. Faitli et al. / DETRITUS / Volume 24 - 2023 / pages 13-22

17



This is of great importance in the design of the mechanical
material discharger of the separator, as a much lower pow-
er drive chain may be required using the zirconia balls. As
a result of the fluidisation, in the case of iron powder, the
energy required to rotate the mixer was reduced by 30—-50
times compared to the initial state.

If we examine the necessary air velocity for the lig-
uid-like behaviour for each fraction, we can see that with
the maximum particle size of the fraction, the required
air velocity increases linearly in the case of iron powder.
In the case of the zirconia balls, liquid-like behaviour was
achieved at an air velocity lower than that of the iron pow-
der compared to its particle size. Based on the performed
tests, the separation medium should be as narrowly distrib-
uted in size as possible to be able to accurately adjust the
air velocity required to reach the fluid state. The separation
medium should have the smallest but still suitable particle
size, because in this case a significantly lower air veloci-
ty is necessary for the fluidisation, which determines the
required air flow. A medium with spherical particle shape
seems to be more advantageous, as much less energy will
be required to operate the separator.

Preliminary experimental series were carried out with
the lab-scale test rig shown in Figure 2. Various quantities
(m) of 160-400 pm iron powder were placed in the equip-
ment and the non-fluidised height (H_ ) of the charge was
measured first. Then the spring valve of the pressure regu-
lator was gradually opened to a given point to set the reg-
ulated pressure after the regulator. Fluidisation conditions
of the charge were visually observed. If the regulated pres-
sure was too low, and therefore the air flow was too low,
insufficient fluidisation took place. Increasing the pressure
firstly resulted in good fluidisation conditions, while further
increase led to increasingly high dust formation above

the charged bed. The condition of the fluidised bed was
manually checked by some aluminium and copper scrap
particles hanging on wires. The surface of the fluidised
bed looked like boiling water; many times, bubbles were
randomly released. Figure 8 shows the industrial machine
filled with zirconium-oxide charge and a bubble is clearly
visible. Even though — on the surface — bubbling and dust-
ing phenomena were not constant, the average height of
this “bubbling zone” was also measured. A level increase
of the charge in the reactor was not observable, only a
bubbling zone developed above the material bed. Table 1
shows the measured results.

Results shown in Table 1 highlighted a design problem
with the lab-scale test device, namely that the air veloci-
ty was too high in the air supply tubing, and therefore this
pipe system was modified afterward. Pressure loss of the
small tubing air supply was significant compared to that
of the fluidised bed. Based on the results of the lab-scale
tests the pilot-scale machine (Figure 3) was designed
and built. Systematic fluidised bed fundamental and sep-
aration experiments were carried out. One of the aims of
these tests was to determine the air supply requirements
for the industrial size machine. The charge was filled into
the 0.146 m? effective surface area pilot-scale machine
at a non-fluidised height of 30 cm and the pressure reg-
ulator was set to 0.26; 0.38 and 0.4 bar-s. The measured
air flow rates were 121; 148.7 and 159 m?/h respectively.
Although the set regulator pressure differences were rel-
atively small, totally different fluidisation conditions were
achieved: non-sufficient fluidisation for the smallest pres-
sure, good fluidisation with slight air breakthrough for the
medium and unacceptable air breakthrough for the high-
est was observed. For the air flow rate measurements a
Venturi tube was used. The diameter of the smaller Venturi
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FIGURE 7: Fluidisation test results of the different media.

18

J. Faitli et al. / DETRITUS / Volume 24 - 2023 / pages 13-22



TABLE 1: Results of preliminary experiments carried out with the lab-scale test rig.

No. 1. mass of charge, m = 8 kg; non-fluidised height, H = 11 cm;

Regulated pressure after the regulator [bar] 1 1.5 2 2.5 3
Height of bubbling zone [cm] 2 3 4 5 6
Air velocity in the 21 mm supply tube [m/s] 87.6 101.6 110.2 119.7 127.5
Condition Not working Not working Not working Not working Not working
No. 2. mass of charge, m = 12 kg; non-fluidised height, H . = 15 cm;

Regulated pressure after the regulator [bar] 1 1.5 2 2.5 3
Height of bubbling zone [cm] 0 3 4 6.5 8.5
Air velocity in the 21 mm supply tube [m/s] 92.4 105.4 114.9 123.9 129.5
Condition Not working Good Z‘LQST zif;t] E:Jgs':
No. 3. mass of charge, m = 16 kg; non-fluidised height, H ; = 16.5 cm;

Regulated pressure after the regulator [bar] 1 1.5 2 2.5 3
Height of bubbling zone [cm] 0 2 4 6 8
Air velocity in the 21 mm supply tube [m/s] 87.6 101.4 111.3 120.5 134.7
Condition Not working Good glljgsrt] ;':gt] gl']gs?

pipe section was 0.027 m and that of the bigger pipe sec-
tion was 0.04 m. When good fluidisation was taking place
the pressure loss on the Venturi tube was 1700 Pa, which
corresponds to 148.7 m¥h air flow rate and 1021 m3/m?h
specific air need for the pilot-scale separator. On the basis
of the results of the pilot-scale tests the industrial machine
(Figure 8) was designed and built. Systematic fluidised bed
separation experiments were carried out.

FIGURE 8: Photograph of the industrial-size aero-suspension
separator.

Results of one test are shown here just as an exam-
ple (Figure 9 left and right). Five kg of material was evenly
fed to the equipment by a vibrated feeder for 60 seconds
(Figure 9 left). Mass flow rate of feed was m, = 300 kg/h.
The copper-aluminium scrap sample is shown on the right-
hand side of Figure 8. Mass yield of the Al product was g,
=81.25% and e, = 84.23% of the Al and e, = 0% of the Cu
in the feed was recovered to the Al product. Mass yield of
the Cu product was g, = 18.75% and e, = 15.77% of the
Al and e, = 100.0% of the Cu in the feed was recovered to
the Cu product. 270 g of aluminium remained in the equip-
ment. However, if the machine operates continuously, this
remaining material is also discharged from the equipment.
The Al product was pure a,, = 100% aluminium, but the
Cu product was not clean, it contained some aluminium.
These incorrectly separated Al particles were probably dis-
charged to the Cu product in two different ways: (1) an Al
particle was stuck to the combs, travelled through the fluid-
ised bed by the chain and then fell out on the Cu side; or (2)
on the Cu side a dead space (non-fluidised separation me-
dium) was formed and an Al particle which was trapped in
this volume was discharged on the Cu side. Flat aluminium
particles are difficult for the combs to handle. At discharge,
flat particles may slip back into the separation space under
the teeth of the combs (this was the reason for the 270 g
of residual aluminium). Certain crumpled aluminium parti-
cles stick to the teeth of the combs, even very tightly, and
the combs can make several turns with them. By install-
ing more than one comb, the combs would be subjected
to a lower load, so the capacity would be increased. The
different magnitude tests that were carried out are a good
basis to improve process engineering design methods of
aero-suspension dense media separation. Table 2 summa-
rises the main technical parameters of the laboratory, pilot
and industrial scale machines and experiments.

The theoretical minimum differential pressure (Ap) that
can provide enough hydrodynamic force to lift the particles
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FIGURE 9: (Left) Feed of pilot experiment (30-100 mm copper-al-
uminium scrap); (Right) Products of pilot experiment (Al and Cu
products).

of a given load of separation medium in a bed can be cal-
culated from Eq. 2. Then the minimum fluidisation velocity
(V) can be calculated from the Ergun equation (Eq. 1).
The quadratic Ergun equation was not solved analytically;
instead, the positive solution of V_. was iteratively calculat-
ed by Microsoft Excel. The earlier defined Reynolds number
describing the air flow through the pores of the fluidised
separation medium was calculated by Eq. 3. Results are
shown in Table 3. The development and size upgrading of
the different separators were based on the measured spe-
cific air need for sufficient fluidisation of a given separation
medium charge. A theoretical specific air need value can

TABLE 2: Summary of different test data.

also be calculated by Eq. 4. The minimum fluidisation ve-
locity is the velocity of air through the pores, therefore, if
this velocity is multiplied by a unit cross section (A ) and
divided by the porosity, the result is the specific air need
(Q,) for the given height of separation medium charge and
machine.

Qq = Lo (4)

Emf
The height of the iron powder load in the laboratory sep-
arator is almost half that of the zirconium-oxide charge in
the pilot-scale and industrial equipment, but the necessary
minimum fluidisation velocity is much higher. This result

Test Separation medium

Separator

iron powder

LAB
dp:280 pm; pp:6820 kg/m? g _=0.548; ®=1.9

laboratory scale separator (Fig. 2)
A=0.025 m?% H_=0.165m; m=16 kg

zirconium-oxide

pilot scale separator (Fig. 3)

PILOT
d =250 pm; p =6060 kg/m?; & =0.406; d=1 A=0.146 m2 H_=0.3 m; m=158 kg
IND zirconium-oxide industrial scale separator (Fig. 8)
d,=250 pm; p =6060 kg/m?; &, =0.406; d=1 A=0.291 m? H_=0.3 m; m=315 kg
20 J. Faitli et al. / DETRITUS / Volume 24 - 2023 / pages 13-22



TABLE 3: Measured and calculated main technical parameters for laboratory-, pilot- and industrial-scale equipment.

Calculated Measured
Test H. [m] V. [m/s] Re [ Ap [bar] Q, [m?/m?h] p [bar] Q, [m?/m?h]
LAB 0.165 0.886 31.44 0.031 5823 1.5 5057
PILOT 0.3 0.148 2.47 0.106 1313 0.38 1021
IND 0.3 0.148 2.47 0.106 1313 0.38 1021

is in good correlation with the powder rheometer tests,
indicating that the particle shape of iron powder is not
spherical, and its surface is not smooth. The industrial size
separator is a wider machine than the pilot-scale version;
therefore, all of their calculated and measured specific
data in Table 3 are identical. The difference is in the mass
of the separation medium charge and in the separator sur-
face. The calculated theoretical minimum differential pres-
sure is significantly lower than the measured pressure after
the regulator valve. In the case of the laboratory separator,
it is much smaller. This indicates an initial insufficient ma-
chine design because the head pressure after the regulator
valve supplies all the flow losses of the connecting pipes,
the air distribution system and most importantly the drilled
holes in the distribution pipe sections. Too small diameters
of structural components of the laboratory separator were
used. Although the necessary quantity and pressure of air
were supplied for the fluidisation, the auxiliary losses were
too high. The specific air need values measured and cal-
culated (by Eq. 4) are very similar. This indicates that the
Ergun equation can be used for the process engineering
design of aero-suspension dense media separation. If the
material properties of the separation medium are known,
the air need for a given height separation medium load can
be estimated by Eq. 4 using the Ergun minimum fluidisation
velocity. The head pressure of the air supply system must
be higher than the calculated minimum value. The calcu-
lation of the head loss of the air supply and distribution
system can be determined by standard fluid dynamics cal-
culations. This means that using the presented method, an
aero-suspension dense media separator can be designed
by just knowing the material features without any tests.
This developed and validated process engineering design
method of gas-solid fluidised bed separators can be used
by both academia and industry.

4. CONCLUSIONS

A laboratory scale fluidised bed separator was built and
charged with different granular materials to study fluidisa-
tion. A pressure regulator can be applied and by opening
its spring valve up to a given point, a steady-state air flow
rate can be set. If the air supply was low the charged bed
was not fluidised. There was only a very narrow air flow
rate range within which a good fluidised bed was formed.
In this narrow range, the surface of the charged bed started
to “boil”, forming bubbles. Al particles floated and Cu par-
ticles settled in this good fluidised bed. If the air flow rate
was further increased, bubbling increased and dust was
released, and the operational conditions were no longer
appropriate.

Different size fractions of iron powder and zirconium-ox-
ide were tested in a powder rheometer. Mixing the iron
powder without air fluidisation required much more energy
compared to mixing zirconia balls, which can be explained
by the spherical shape and smooth surface of the zirco-
nia balls. The fluidised powder rheological tests resulted in
much lower driving energy for the zirconia balls. As a gen-
eral conclusion a narrower particle size distribution of the
separation medium is better because fluidisation is easier
and spherical shape and smooth surface are better be-
cause of the lower mixing (fluidisation) energy need. Based
on the results of the lab-scale tests a pilot-scale and later
an industrial scale machine (400 kg/h) were designed and
built. Separation experiments were carried out with alumin-
ium-copper scrap in the 30-100 mm particle size range.
This is a limitation of the machine, because only this size
range can be separated with this machine. The Al products
were typically clean, but the Cu products contained some
aluminium contamination. For the Cu product a secondary
separation step might be necessary to produce pure cop-
per. The Ergun model was used to calculate the minimum
pressure difference and fluidisation air velocity for separa-
tion experiments with iron powder and zirconia at the scale
of the laboratory, pilot and industrial-size equipment. It is
concluded that the specific air need of a given type and
height separation medium machine can be calculated by
the Ergun model, because the measured and calculated
values are in good agreement. The measured pressures
after the air supply regulator valves were higher than the
calculated Ergun minimum differential pressures because
the air supply system covers the flow losses of the pipes,
air distribution system and also the drilled holes of the dis-
tribution pipe sections. When the machine design is proper
these auxiliary losses are low but cannot be zero.

In addition to the machine development, the developed
process engineering design method on the basis of the
newly introduced specific air need for a given height of
separation medium charge parameter for gas-solid fluid-
ised bed separators has the advantage, that — even without
building the machine - the technical parameters can be
calculated just on the basis of results of simple material
testing.
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