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Abstract

In this work, lab-scale cold fluidization equipment is designed and constructed to investigate the mixing and segregating phenomena 

of binary fluidized beds. The focus of the investigation is carbon reduction with the fluidized bed technology-based Chemical Looping 

Combustion (CLC). Nowadays, aspiration to carbon reduction focuses on the solid fuels. Therefore, it is of great importance to integrate 

the benefits of CLC technology with the use of solid fuels. The measurements of fuel particles in the fluidized bed are extended from the 

homogeneous and spherical shape to the inhomogeneous, non-spherical shape. During the tests, an iron-based oxygen carrier (OC) for 

chemical looping combustors is examined with different particle sizes. In addition, the tests included the examination of three different 

fuel samples (crushed coal, agricultural pellet, and Solid Recovered Fuel (SRF)), which can be utilized in chemical looping combustion 

with In-situ gasification. The experiments are carried out using the bed-frozen method. With this method, the vertical concentration of 

active particles could be measured. The results show that the particle size of the oxygen carrier does fundamentally influence its vertical 

placement, and the non-spherical character of most alternative fuels must also be considered for optimal reactor design.
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1 Introduction
Nowadays the fluidized bed technology is widespread, it 
is applicable for low grade mixed fuel utilization. This 
technology can be beneficially combined with a spe-
cial CO2 separation technology, the Chemical Looping 
Combustion, CLC [1].

To achieve sustainability in the energy industry, it is 
indispensable to increase the ratio of renewable energy 
[2–4]. The biomasses and waste-derived fuels (including 
Solid Recovered Fuel, SRF) have outstanding renewable 
potentials [5]. However, most of these solid fuels have 
non-spherical shapes, which may cause several problems 
during their utilization in the energy conversion facili-
ties. It is also to mention that even in case of fossil fuels, 
their use in fluidized bed based chemical looping combus-
tors does definitely decrease the carbon footprint of the 
energy industry [6]. Furthermore, if there is biomass in 
the fuel mix, and the whole amount of the produced CO2 
can be captured, it is possible to achieve negative CO2 
emission [7]. 

The core idea of Chemical Looping Combustion is to 
separate the nitrogen and oxygen from the combustion air. 
Two reactors are used, the air reactor and the fuel reactor, 
as shown in Fig. 1 [8]. Oxygen carrier (OC) is circulated 
between the two reactors in order to transfer oxygen from 
the air reactor to the fuel reactor [9]. 

As a consequence of this process, the exhaust gas from 
the air reactor is nitrogen and a few residual oxygen. 
Similarly, the exhaust gas from the fuel reactor is CO2 and 
water vapor (H2O). After condensing it, the gas will be 
pure CO2, which can be deposited or utilized instead of 
emitting into the atmosphere [10].

The greatest disadvantage of Chemical Looping 
Combustion is that its basic solution can apply only gas-
eous fuels [11]. For making it capable also for solid fuels, 
two main directions were elaborated, the Syngas Fueled 
Chemical Looping Combustion (SG-CLC) [12] and the 
In-situ Gasification Chemical Looping Combustion 
(IG-CLC) [13, 14]. In both cases the solid fuel must be 
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gasified. In the first solution, a separate gasifier must be 
built to generate syngas, while in the latest one, the gasifi-
cation takes place directly in the fuel reactor.

In case of the IG-CLC technique, which is one focus area 
of our current research, the fluidized bed fuel reactor is the 
scene for two processes in the same time, gasification of sol-
ids and oxidation of the gas (Fig. 2). It means that both oxy-
gen carrier and fuel particles must be fluidized simultane-
ously. In some applications, a common inert bed material is 
used, which is sand in the most cases. Note that the mixing 
and segregation behavior of the currently investigated two 
solids (oxygen carrier and fuel) in an inert bed is of high rel-
evance also in many other applications like Oxygen Carrier 
Aided Combustion (OCAC, [15]), e.g. It is also important to 
mention that the relevance covers both both in steady state 
operations and transitions between two operation modes of 
the technologies in question. The current investigations are 
useful also if the fluidization of the two classes of active 
particles take place in two separate reactors, of course, so 
for the development of SG-CLC facilities as well.

The core aim of this study is to give an answer for two 
still open and coherent questions regarding the utiliza-
tion of solid, non-spherical fuels in Chemical Looping 
Combustors: on the vertical distribution of both oxygen 
carrier and fuel particles in the fluidized bed fuel reac-
tor. More specifically, two different sizes of oxygen car-
riers were investigated, together with three typical shapes 
of fuel particles as spherical, cylindrical, and disc-shaped 
ones in a cold model at different superficial gas velocities 
by means of the bed frozen method. 

2 Materials and methods
2.1 Bed material
A commercially available silica sand was used as the 
bed material throughout the experiments. It was sieved 
into a narrow particle interval ranging from 600-710 μm 

in order to minimize its inhomogeneity. After this prepa-
ration, the particle size distribution was measured by a 
Horiba Particle size meter equipment, the result of which 
is shown in Fig. 3. Based on the same measurement, the 
mean diameter was determined to be 662.41 μm. The den-
sity of the sand was 1458 kg/m3.

2.2 Oxygen carriers
Iron-based oxygen carriers were considered in the current 
study as they seem to be the most attractive ones for indus-
trial applications due to their outstanding availability and 
economicalness [16]. Two sorts of iron filing were inves-
tigated, differing from each other only in their sizes. A 
sample of 400 μm and another one of 1000 μm particle 

Fig. 2 The technical solution of the In-situ Gasification Chemical 
Looping Combustion (IG-CLC) combines the widespread fluidized bed 
gasification technology with the fuel reactor of an ordinary Chemical 

Looping Combustor (CLC)

Fig. 3 Cumulative particle size distribution of the silica sand used as 
bed material in all current experiments.

Fig. 1 Scheme of the Chemical Looping Combustion technology
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diameter was investigated, to be referred to hereafter as 
OC1 and OC2, respectively. As a preliminary charac-
terization of these powders, their minimum fluidization 
velocities were measured by the commonly used method. 
The results of these measurements can be seen in Fig. 4, 
indicating about an order of magnitude difference in their 
minimum fluidization velocities (0.026 m/s and 0.19 m/s 
for OC1 and OC2, respectively).

2.3 Fuel samples
Because the shapes of biomass particles and other waste 
derived fuel particles differ significantly from the sphere, 
the shape effect was also investigated in this study. Three 
different particles were investigated (Table 1), which are 
characterized by markedly different shapes on the one 
hand, and which are typical and promising candidates as 
IG-CLC fuels, on the other hand.

Crushed coal was considered as a basis as its shape is 
traditionally considered to be rather close to spherical. A 
Hungarian brown coal sample was used characterized by 
its mean particle diameter of 4.6 mm and 1245 kg/m3 density.

Biomass pellets are typical renewable fuels, and their 
geometry represents another industrially relevant class. 

Commercially available sunflower shell pellets were 
used of about 4 mm diameter, 15 mm typical length, and 
711 kg/ m3 true density.

The shapes of waste-derived fuel particles are rather 
versatile. In order to gain industrially relevant results, 
real SRF samples were used from a Hungarian delivery, 
instead of geometrically homogeneous, synthetic par-
ticles. In spite of its complex composition, the shape of 
this fuel is rather close to flat, disc-like geometry, which 
can be considered as a third one besides the spherical and 
cylindrical ones described above. The waste derived fuel 
applied throughout the experiments is classified as a 4,2,2 
SRF, according to the European standard EN 15359

2.4 The experimental setup
To examine the vertical distribution of several types of 
active particles, a lab-scale experimental equipment was 
designed (Fig. 5). The fluidizing air firstly goes through 
an inlet orifice to measure the volume flow of the air. The 
pressure drop on the inlet orifice can be measured by a 
digital manometer. A radial flow blower is responsible to 
ensure the necessary air volume flow. The air flow can be 
controlled by an inverter. For the fluidizing air distribu-
tion, a plexiglass distributor plate was used. The number 
of blower holes was 1160 and the ratio of the open surface 
was approximately 7 % of the total fluidizing surface.

The riser is a plexiglass tube with 192 mm internal 
diameter. Through the transparent tube, visual observa-
tion is also feasible. The pressure drop of the bed can be 
measured by four pressure tapings under the distributor 
plate. The superficial gas velocity can be calculated from 
the volumetric flow and the cross section of the riser.

2.5 The bed-frozen method
There are several ways to observe mixing and segregation 
phenomena in fluidized beds like magnetic particle track-
ing [17], electromagnetic tracking [18], bed-frozen method 
[19–21]. In case of the bed-frozen method, firstly an arbi-
trary, stationary fluidized state should be achieved with the 
mixture of the examined active particles and the bed mate-
rial. The stationary state can be guaranteed by ensuring an 

Fig. 4 Measured bed pressure drops as functions of superficial gas 
velocities for determining the minimum fluidization velocities of the 

two investigated Oxygen Carrier samples OC1 and OC2.

Table 1 Summary of biomass particle properties 

Biomass type Size Density [kg/m3]

Coal average diameter: 4 mm 1700

Pellet diameter 6 mm
length: 10 ±5 mm 1100

SRF average diameter 4,531 mm 1350
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appropriate mixing time. For the next step, the fluidizing 
air is suddenly taken away. In the frozen bed the distribu-
tion of the active particles is preserved. The frozen bed can 
be divided into cells using separating plates [19, 22]. The 
amounts and concentrations of the investigated active par-
ticles (oxygen carriers and fuels) in the inert bed can then 
be measured by separating them from the bed  material.

The entire procedure is outlined in Fig. 6 as it was 
carried out for the three different shaped fuels. For the 
two sorts of oxygen carrier, the procedure was slightly 
altered. The number of cells was three for investigating 
the fuels (with heights of 2–6–2 cm), while it was five 

in case of the oxygen carrier measurements (2 cm high 
each). Additionally, a sieve was used for separating the 
fuels from the sand, while it could be carried out by 
means of a magnet in case of the much smaller but mag-
netizable oxygen carrier particles.

3 Results and discussion
In order for the results to be comparable, we used dimen-
sionless values. The dimensionless gas velocity can be 
calculated as the ratio of the measured gas velocity and 
the minimal fluidization gas velocity of the sand. This 
way, 1 means the minimal fluidization velocity where the 
fluidization starts.

The minimal fluidization velocity derived from the flu-
idization curve (Fig. 7) of the bed material can be mea-
sured with the experimental equipment. To determine the 
dimensionless height, relative values were used as well, 
where 1 means a bed height equal to that of the frozen 
bed. The dimensionless fuel masses were derived with the 
same rule as before, using the ratio of the fuel mass from 
one cell to the mass of the full added fuel in the bed.

3.1 The oxygen carrier distribution
To characterize the mixing state in the fluidized bed, the 
well-known Nienow mixing index [20] was used accord-
ing to Eq. (1):

M
x
x
top= . 	 (1)

If this index is above 1, the concentration of the active 
particles in the top of the bed (xtop ) is higher than the aver-
age concentration in the entire bed (x). Thus, M > 1 means 
that the particle has flotsam nature, while M < 1 means the 
opposite, that the particles have jetsam nature.

Fig. 6 Sketch of the bed-frozen method. (The details refer to its realization on the fuel particle experiments.) The frozen fluidized bed with the riser 
(3) is separable over the distributor plate (1) and the samples divides into three cells (4) with putting separating layers (5) into the gaps (2), then the 

active particles can be separated by sieving (6) from the bed material (7). 

Fig. 5 The cold bubbling fluidized bed reactor. (1) inlet orifice to 
measure the volume flow, (2) inverter controlled radial blower, (3) air 

distributor (4) the examined fluidized bed, (5) riser
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Instead of including all the measured concentration 
data into this paper, just the M values deducted from 
them are shown in Fig. 8 This diagram clearly indicates 
the characteristic difference between the two oxygen car-
riers, in spite of their very similar origin and identical 
density. Note that although this type of measurements is 
always burdened by the distorting effect of the bubbles, 
a very clear distinguishing between OC1 and OC2 can be 
observed. The M value of OC1 is namely definitely and 
permanently above unity, while in case of OC2 this flu-
id-mechanical characteristic is just the opposite.

As a consequence of the above measurements, it can 
be stated that the distribution of the iron-based oxygen 
carrier depends markedly on its particle size when in the 
same bed material.

The finest (OC1) oxygen carrier floated to the higher 
part of the bed during the whole superficial gas velocity 
interval. This great difference between the behaviors of 
the two oxygen carriers was unexpected. The density of 
the iron is approximately 3 times larger than the density 

of the bed material. Because of the large density differ-
ence, both samples should have behaved as jetsam par-
ticles. Nevertheless, the Archimedes law does not solely 
determine the location of an active particle in a bubbling 
fluidized bed. In case of special circumstances, when 
the surface of the larger density particle is significantly 
smaller than the other particles, it can be a flotsam par-
ticle despite the larger density. This phenomenon is the 
segregation direction reversal [23]. Note that in case 
of the oxygen carrier, the direction of its accumulation 
(upwards or downwards) is a crucial issue regarding the 
basic design of the reactor as this type of active particle 
must be extracted and circulated.

3.2 Fuel particle distribution
Oppositely to the oxygen carrier, fuel particles should not 
be extracted anywhere from the reactor as they must remain 
there until complete consumption. Because of this, in their 
cases a crucial target of reactor design is their keeping in 
the bed body instead of allowing them to tend towards any 
extremes, to the top or bottom. It is also known that because 
of the rather heterogeneous composition of real SRF and 
biomass fuels, some of their particles tend to flow definitely 
above the bed and others sink to the bottom. As these ones 
get practically completely outside of the bed, their amount 
cannot really be characterized as concentrations, much 
rather as portions of the entire fuel amount in the reactor.

Because of the above considerations, the measured results 
are visualized in Fig. 9 as fuel masses normalized by the 
entire fuel mass, and their more detailed distribution inside 
the bed body was not further examined. According to this, 
the distance between the two upper lines in these diagrams 
indicates the ratio of the fuel found on the top, and the upper-
most line is always constant one. Consequently, the distance 
in the middle (between the first and second lines) represents 
the relative amount of fuel found in the bed body, while the 
lowest portion (below the first line) is for the relative amount 
of fuel found in the bottom. The behavior of non-conven-
tional waste based fuels as SRF deviates from the conven-
tional spherical shape fuels. In the segregation zone, when 
the gas velocity is close to the minimal fluidization gas 
velocity, the top and the bottom cells contain considerable 
amounts of active particles at the same time. There is no one-
way segregation as in the case of the agricultural waste pel-
lets, because it is not only the bottom or the top cells that fill 
with fuel particles in the segregation zone. 

The measured distribution map of crushed coal in Fig. 9 
shows approximately constant function of superficial gas 

Fig. 7 The fluidization curve of the bed material. When the fluidization 
starts, the bed pressure drop becomes constant, independently of the 

fluidization gas velocity.

Fig. 8 Measured Nienow mixing indices (M-values of Eq. (1) of the two 
investigated oxygen carriers. These of OC1 (400 μm) are higher than 1, 
in contrast to OC2 (1000 μm), in which case they are lower than 1 at the 

whole interval.
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velocity. The top of the fluidized bed is actually empty. 
In case of high gas velocity, a small amount of active parti-
cles can be found at this position. The highest fuel amount is 
in the bed body. There is more fuel in the bottom of the bed 
in case of low superficial gas velocity, since the gas flow lifts 
less fuel into the bed body in this case.

The distribution curves indicate significant segregation 
in case of low superficial gas velocity by the cylindrical 
biomass pellets. The direction of the segregation is down-
ward (similar to that of the spherical particles), which 
means that this fuel sample in the examined bed material 
behaves as jetsam. In most cases, an accumulation of the 
fuel in the bottom is undesirable, and it should be avoided 
by proper design assuring an appropriate gas velocity.

The behavior of the disc-shaped and heterogeneous 
SRF follows mostly that of the others, however, it seems 
to be more complex. The basic difference and diffi-
culty is that there is no gas velocity, which can be opti-
mal for keeping the majority of the fuel in the bed body. 
This is most probably because of the very heterogeneous 

composition of this fuel, including both jetsam and flot-
sam particles [24], and it raises the thought for operating 
with non-constant air velocity. All in all, the SRF parti-
cles cannot be considered as spherical objects.

4 Conclusions
With regards to the impact of mal-distribution of active par-
ticles in bubbling fluidized bed (BFB), the experimental part 
of this work was carried out with a self-developed experi-
mental equipment. In this study, we examined the mixing 
and segregating phenomena of two iron based oxygen carri-
ers and three different shaped fuel samples in bubbling flu-
idized bed. The distribution of the oxygen carrier particles 
was heavily dependent on the mean particle size. In the case 
of the 1000 μm sample, the oxygen carrier particles behave 
as jetsam particles as, at low gas velocities the bottom of 
the bed has high active particle amount. In contrast with 
this, the same oxygen carrier material with significantly 
smaller mean particle size (400 μm) has flotsam nature in 
the same bed material. The measured results on the fuel 
particles demonstrated that the distribution of crushed coal 
was approximately independent from the superficial gas 
velocity at the applied velocity interval. The bed body (mid-
dle cell) has high enough fuel concentration to maintain the 
advantages of the fluidized bed technology. The biomass 
pellet has remarkable segregation nature at low gas veloci-
ties. This problem can be solved by increasing the superfi-
cial gas velocity up to 1.8 times the minimum fluidization 
velocity, because in that case, the whole fuel amount is in 
the body of the bed. When superficial gas velocity was close 
to the minimal fluidization velocity, not only the bottom or 
the top of the bed fills with active particle, but both cells end 
up with high fuel concentrations. This means that the SRF 
contains flotsam and jetsam particles together.
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