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Chemical-looping combustion (CLC) in packed-fluidized bed reactor was investigated. Experiments were carried
out in a cylindrical laboratory-scale bubbling fluidized-bed reactor with an inner diameter of 78 mm and a hight
of 1.27 m. Ilmenite concentrate particles in the size range 90-212 pm was used as oxygen carrying fluidizing
solid. Two different types of random packings were used: aluminum silicate balls (ASB) with a diameter of 12.7
mm and bulk density of 1439 kg/m> and 25 mm stainless steel thread saddles (RMSR) with bulk density of 204
kg/m°. The superficial gas velocity was 0.3 m/s. The fuels were CO and GH,. The bed temperature was 840 °C for
CO and 940 °C for CHy. The height of the packed bed was kept constant at 1 m. The fluidized oxygen carrier bed
height was varied from 2 cm to 40 cm. Results showed that fuel conversion in packed-fluidized beds is highly
dependent on oxygen carrier bed height and the nature of the packing. Packed-fluidized beds with RMSR packing
resulted in a significant improvement in fuel conversion, compared to a bubbling bed with no packing. With
30-40 cm bed height, CO conversion was ~99.5% with RMSR packing and 91-96% without packing. The cor-
responding numbers for CH4 were ~84% and ~78%. Further, the RMSR packing has very high void factor (0.96).
Thus, it should have limited effects on particle inventory, pressure drop and throughput. The most likely
mechanism for improved fuel conversion is improved gas-solid mass transfer due to be reduced bubble size. The

ASB packing has low void factor (0.43) and provided mixed results with respect to fuel conversion.

1. Introduction

Chemical-Looping-Combustion (CLC) is a promising technology for
generation of heat and power with inherent CO» capture. The chemical-
looping concept also have other potentially important applications such
as combustion, gasification, reforming, and hydrogen production [1-6].
CLC utilize solid metal oxide particles and a setup with two inter-
connected reactions, typically referred to as the Air Reactor (AR) and
Fuel Reactor (FR), see Fig. 1.

In the fuel reactor, the oxygen carrier particles are reduced by the
fuel (C,Hy,), which in turn is oxidized to CO4 and H5O. In the air reactor,
the particles are oxidized with O, from air. The reactor temperature is
typically in the range 800-1000 °C. An example of the reactions in each
reactor vessel and for the whole system can be found in reactions (1-2)
below, where M_O represents the oxidized oxygen carrier and M the
reduced oxygen carrier.

C,H, + <2n+ 1/2m) M_0—-nCO, + Y2mH,0 + <2n+ 1/2m) M D)
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M+1£0,-M_0 (2

The main advantage with CLC is that it prevents dilution of flue gases
with air and eliminates the need for a separate and costly gas separation
step after combustion [7-10]. The reactors in the CLC process can be
designed using different principles, such as bubbling fluidized bed,
circulating fluidized bed, fast fluidized bed, moving bed or fixed bed
[11-15]. Among the alternatives, two interconnected fluidized bed re-
actors presents advantages such as good temperature control and steady
flow of oxygen carrier particles between the air reactor and fuel reactor
[1]. One challenging issue with fluidized bed reactors is the potential for
reduced gas-solid mass transfer at high superficial gas velocities when
deep beds are used, due to bubble growth. Large bubbles result in
reduced contact between gases and solids which is necessary to achieve
high fuel conversion. It could also lead to other undesirable fluidization
phenomena such as slugging.

The idea to apply random packings in fluidized bed reactors to pre-
vent bubble growth in chemical-looping combustion has recently been
suggested [16]. The concept of using random packings in fluidized beds
is referred to as packed-fluidized bed or confined fluidization. The effect
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Nomenclature
i component i (—)
m momentary mass of the oxygen carrier (kg)
M, molar mass of oxygen (kg/mol)
Moy mass of oxygen carrier in its fully oxidized form (kg)
n* total molar flow rate at the reactor outlet (mol/s)
n;* molar flow rate of component i (mol/s)
t time (s)
X conversion of oxygen carrier (—)
Vi outlet volume fraction of gas component i (—)
Y fuel gas conversion (—)
® degree of oxygen carrier reduction (—)
Oxygen Depleted Air Flue Gas
Ny) (CO,, H,0)
M O
Air Fuel
Reactor Reactor
(AR) (FR)
Air Fuel
(NZ’ 02) (CnHm)

Fig. 1. Schematic description of Chemical-Looping Combustion (CLC).

of packings on fluidization was first investigated by Gabor and Mecham
[17] and Sutherland et al. [18], who investigated the effect of spherical
packings on hydrodynamics and heat transfer rates in fluidized beds.
They documented fundamental fluidization properties and observed
that a combination of packed beds and fluidized beds can improve the
heat transfer rate. A few studies on packed-fluidized beds have been
done afterwards about topics such as catalytic reactions [19-22] and
hydrodynamic properties such as minimum fluidization properties and
pressure drop [23-26]. However, there is still a lack of basic research
and understanding of this field.

Recently, Aronsson et al. [16] successfully applied spherical pack-
ings in CLC batch experiments and found improved fuel conversion rates
compared to a conventional bubbling fluidized bed. However, there are
no studies on other forms of packings and their effect on fuel conversion
in this field of research.

1.1. Aim of this study

The aim of the present work is to investigate the use of non-spherical
random packing material RMSR 25-3 packings in CLC batch experi-
ments. This family of packings is deemed interesting for this application
since it has a void factor > 95%. Therefore, it has negligible impact on
oxygen carrier inventory in a given reactor and could be expected to
have limited impact also on pressure drop and solid flux. The results are
benchmarked against spherical packings (ASB) and bubbling bed
without packings.
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2. Method
2.1. Bed material and packings

In this work, ilmenite concentrate was used as fluidizing solid in the
reactor. Ilmenite mineral is an ore consisting of iron and titanium oxides
(FeTiOs, Fe,TiOs, FeoO3, TiOy, Fe304) and various impurities. Ilmenite
concentrate has been ground and physically beneficiated to increase the
content of iron and titanium oxides. Ilmenite as oxygen carrier in
chemical-looping-combustion (CLC) has been thoroughly investigated
in the literature and been shown to be an attractive and affordable bed
material for this process [27-30]. One problematic aspect when using
ilmenite in experiments is that the material tends to change physical
properties during operation. Ilmenite particles that has been subject to
repeated oxidation and reduction typically has lower density compared
to the fresh particles, and displays improved reactivity with fuel and
increased porosity [30]. This behavior can create problems when
analyzing data generated during experiments. However, by using
ilmenite that has been activated over numerous redox cycles the risk for
such problematic behavior can be minimized [31]. Thus, in this study,
ilmenite particles that previously had been utilized as bed material in a
continuous CLC pilot reactor was used. The batch of particles was
generated in the campaign by Moldenhauer et al. [32] and have previ-
ously also been used in other experimental work [16,33]. The measured
bulk density of particles was 1633 (kg/m>), when calculated by pouring
ilmenite particles into a container with a known volume, measuring its
change in mass and dividing it by its volume. The ilmenite particles were
sieved to the size range 90-212 pm. The average diameter of particles
was 178.9 pm.

Two different types of packings were used. The first was aluminum
silicate balls (ASB) with a diameter of 12.7 mm, a void factor of 0.43 and
bulk density of 1439 kg/m3. The second was an evolved packing sup-
plied by RVT process equipment GmbH, namely 25 mm stainless steel
thread saddle RMSR (Rauschert Metal Saddle Rings). It has a surface of
235m?/m°, a void factor of 0.96 and a bulk density of 204 kg/m°. Due to
excellent mechanical strength and mass transfer efficiency of RMSR
saddles, their typical applications are in HyS absorption and stripping
towers, quench towers, steam stripping, distillation, CO, absorption and
stripping and etc. Fig. 2 shows pictures of the packings used in this study
and Table 1 describes their main properties.

2.2. Gases

Investigated fuel gases were carbon monoxide (CO) and methane
(CHy). Nitrogen (N2) was applied as the inert gas and air was used in the
oxidation step as the oxidizing gas. The flow rates of gases during
operation are specified in Table 2.

a) b)

Fig. 2. Pictures of packings used in this study: a) stainless steel thread saddle
(RMSR), b) aluminum silicate balls (ASB).
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Table 1
The characteristics of packings.
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Table 3
Vertical position of measurement points relative to the distributor plate.

Packing  Material Void factor of Bulk density Nominal size
packing (=) (kg/m®) (mm)
RMSR Stainless steel 0.96 204 25
ASB Aluminum 0.43 1439 12.7
silicate
Table 2

The flow rate of gases during the batch CLC process.

Position Height (cm) Measured data

Windbox - Temperature and Pressure
1 3.65 Temperature and Pressure
2 8.88 Temperature and Pressure
3 13.65 Temperature and Pressure
4 15.65 Temperature and Pressure
5 31.65 Temperature and Pressure
6 47.65 Temperature and Pressure
7 63.65 Temperature and Pressure
8 79.65 Temperature and Pressure

Process Oxidation  Inert  Reduction with Reduction with
Cco CHy

Gas Air N, CO N, CH; N,

Flow rate (L,/min) 21 10 15 6 10 9

2.3. Experimental setup

Fig. 3 shows the reactor system used in this work. Experiments were
conducted in a cylindrical laboratory-scale reactor made of high tem-
perature 253 MA steel. The reactor had an inner diameter of 78 mm and
a hight of 1.27 m. The fuel gas, N, and air was fed into the system by
Bronkhorst El-Flow Prestige FG-201CS mass flow controllers (MFC),
with less than 0.2% deviation. The gases entered the reactor via the
windbox. A gas distribution plate with 61 circular 0.6 mm holes and a
thickness of 5 mm was located at the top of the windbox. A small gas
flow was applied also during down time, to prevent particles smaller
that the holes of the distributer plate to fall into the windbox. The
reactor was located inside an electric furnace, allowing it to reach
desirable temperature levels. Since the windbox was located inside the
furnace, the fuel, air and inert gas were pre-heated to temperatures close
to bed temperature before entering the reactor. The hot gas exiting the
reactor was collected by a ventilation hood located above the reactor
exit.

Horizontal gas sampling tubes were connected to the bed through the
front wall of the reactor to collect and analyze gas compositions. Only
one was in use at each given time, while the rest were plugged. Also,
several pipes, inclined at 45°, were connected to the system through the
back side of the reactor at the same measurement point as sampling
tubes to collect the temperature and pressure signal data. Table 3 il-
lustrates vertical positions of the measurement points relative to
distributor plate. To avoid condensation in the sampling gas, a heated
PTFE tube was applied to the chosen sampling tube, so that the gas

Gas Outlet

Packing

Gas Sampling «-|
Tubes

Fig. 3. Schematic illustration of the experimental reactor system and gas
sampling tubes.

temperature was kept at approximately 190 °C. The gas analyzing in-
strument was a SICK GMS810, which was equipped with a thermal
conductivity sensor for Hy, nondispersive infrared sensors for CH4, CO
and COy, and a paramagnetic sensor for O,. The flow rate to the gas
analyzing instrument was 2 L,/min. Gas samples were collected from
sampling point 6 (47.65 cm above distributer plate) for bed heights up to
10 cm and from sampling point 7 (63.65 cm above distributer plate) for
bed heights in the range of 15-40 cm.

2.4. Experimental procedure

For packed-fluidized bed experiments, the reactor was first filled
with packings up to 1 m height. Then, ilmenite particle was added
gradually from a minimum bed height of 2 cm up to maximum bed
height of 40 cm. For each bed height a number of reduction and
oxidation cycles were conducted, during which pressure, temperature
and outlet gas concentration data were recorded for analysis. During
heat up, the bed was fluidized with 21 L,/min air. The reactor set
temperature was 840 °C for CO experiments and 940 °C for CH4 ex-
periments. The reason for using different temperatures for the two fuels
is the well-established difference in the reaction rate in CLC for these
two gases, when using ilmenite as oxygen carrier. Thus, since the aim of
the study was to examine the impact of packing materials, rather than
the impact of temperature on the reactivity of ilmenite with fuel gases,
the temperature levels were chosen so that high but not complete fuel
conversion could be expected. By doing so, any improvement when
using packings could be seen clearly. After stabilization of bed temper-
ature on the chosen level, the flow was switched to inert Ny, followed by
fuel once the reactor was flushed from oxygen. The flow rates are re-
ported in Table 2 above. Fuel was fed to the reactor for a sufficiency long
time period, so that a mass-based conversion of oxygen carrier (X) of
about 0.8 wt% was achieved. Consequently, the reduction period varied
between 3 s and 120 s based on the amount of ilmenite in the bed, see
Table 4 below.

After the reduction period, fuel feeding was changed to N with 10
L,/min flow rate for 300 s to ensure that the reactor was completely
purged from fuel. Finally, air was introduced into the bed with 21 L,/
min flow rate and oxidation of ilmenite proceeded until the Oy con-
centration in the bed reached its initial value. Each set of experimental
parameters was repeated at least two times to ensure that the gathered
data were stable and predictable. Once finished, more bed material was
added to reach the next experimental bed height. Then, the procedure
explained above was repeated for the new bed height and so on. Also, a
set of experiments were done without packings to have as reference.

A summary of the experiments performed are gathered in Table 4.
The reason for the slightly different bed heights used for RMSR packing
is that the bed mass added was based on a provided void factor which,
when checked, was proven to be incorrect. Thus, the bed heights were
recalculated after new measurements of void factor. This should not
have major implications for conclusions, as will be shown below.
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Table 4
Performed experimental data. Packing height was fixed at 1 m in beds with
packing.

No. Packing Fuel  Settled bed Ilmenite mass in ~ Time of
height (cm) bed (kg) reduction (s)

1 - co 2 0.15 6

2 - Cco 3 0.23 9

3 - Cco 5 0.39 15

4 - co 10 0.78 30

5 - Cco 15 1.17 45

6 - Cco 20 1.56 60

7 - co 30 2.34 90

8 - Cco 40 3.12 120

9 RMSR- Cco 1.8 0.15 6
saddle

10 RMSR- co 2.7 0.22 9
saddle

11 RMSR- co 4.4 0.37 15
saddle

12 RMSR- Cco 8.8 0.75 30
saddle

13 RMSR- (¢0] 13.3 1.12 45
saddle

14 RMSR- Cco 17.7 1.50 60
saddle

15 RMSR- co 26.6 2.25 90
saddle

16 RMSR- CcOo 35.4 2.99 120
saddle

17 ASB Cco 2 0.07 3

18 ASB Cco 3 0.10 5

19 ASB CcO 5 0.17 8

20 ASB Cco 10 0.33 15

21 ASB Cco 15 0.50 23

22 ASB co 20 0.67 30

23 ASB Cco 30 1.01 45

24 ASB Cco 40 1.34 60

25 - CH4 2 0.15 3

26 - CH; 3 0.23 5

27 - CHy 5 0.39 8

28 - CH; 10 0.78 15

29 - CHy4 15 1.17 23

30 - CHy; 20 1.56 30

31 - CH; 30 2.34 45

32 - CH; 40 3.12 60

33 RMSR- CHy; 1.8 0.15 3
saddle

34 RMSR- CHy 27 0.22 5
saddle

35 RMSR- CHy 4.4 0.37 8
saddle

36 RMSR- CH4 8.8 0.75 15
saddle

37 RMSR- CHy; 133 1.12 23
saddle

38 RMSR- CHy 17.7 1.50 30
saddle

39 RMSR- CHy4 26.6 2.25 45
saddle

40 RMSR- CHy 35.4 2.99 60
saddle

41 ASB CHy4 2 0.07 1

42 ASB CHy 3 0.10 2

43 ASB CHy 5 0.17 3

44 ASB CHy4 10 0.33 6

45 ASB CHy 15 0.50 9

46 ASB CHy; 20 0.67 12

47 ASB CHs; 30 1.01 18

48 ASB CH4 40 1.34 24

2.5. Data evaluation

In this study, CO and CH4 was used as fuel, for which eq. (1) can be
written as eqs. (3) and (4) respectively:

CO+M_0—-CO,+M 3
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CHy+4M_0—-CO,+2H,0+4M 4

The conversion of fuel gas to CO» (y) is defined in expression (5) for
CO and (6) for CHg:

1" co.out

. 1" €0y out ()

Yoo =1—— . - .
N co.our +n CO; ,out N co,out +n CO; out

Yo, = 1 =1 ctyou + 1 cO0u

. . . _ N €0y out . (6)
N CHyout N COz0m T N CO0u = i —— et 1" oy + 1 coom
where n;* is the molar flow rate of component i.
The oxygen carrier conversion (X) is defined in expression (7):
m
X=1- 7)
m()X

where, m is the momentary mass of the oxygen carrier and m,, is the
mass of oxygen carrier when fully oxidized.

The momentary oxygen carrier conversion is calculated according to
eq. (8) for CO and eq. (9) for CHy.

" nM,

Xi=Xi1 + / . (ycoz)dl ®)
—1 Moy
" nM,

Xi=Xi1+ / m, 2 (4YC02 +3yco —sz)dl ©®)
-1 ox

where, M, is the molar mass of oxygen, n* is the total molar flow rate at
the reactor outlet and y; is the outlet volume fraction of gas component i.

In CLC, it is common that fuel conversion varies slightly with the
degree of oxidation of the oxygen carrier. Typically, a fully oxidized
oxygen carrier provides higher fuel conversion than a reduced oxygen
carrier. In this paper, fuel conversion data are reported predominantly
as the average values for y¢op and ycy4 for @ ranging from 0.999 to 0.992.
Data for @ > 0.999 are not included since the immediate transient period
following the switching of gases are difficult to interpret for the reactor
setup used. Reduction then proceeds to @ = 0.992 or 0.8 wt%, which is
considered as a reasonable degree of reduction for ilmenite in future
practical applications.

3. Results
3.1. Average fuel conversion as function of bed height
Average fuel conversion for v = 0.992-0.999 as function of bed

height is depicted in Figs. 4-5.
Fig. 4-5 shows that in general deeper beds provide improved fuel

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ge ()

YCO_Avera

- -&-RMSR
L -#-ASB
-@-NO Packing

(=3
J—
(=3

20 30 40
H (cm)

Fig. 4. Average CO conversion (Yco average) as function of bed height H
at 840 °C.
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Fig. 5. Average CH,4 conversion (ycua average) as function of bed height H
at 940 °C.

conversion. This is expected since a deep bed allows for longer residence
time and increased opportunities for the fuel to meet the oxygen carrier.
With bed depths lower than approximately 15 cm the effect of adding
packings is not clear, but there seems to be an improvement in CHy
conversion with RMSR. It shall be pointed out that the packing materials
used has the nominal dimensions of 12.7 mm and 25 mm. For low bed
heights this means that the packing depth is only a few stacked layers of
packing, which may be insufficient to achieve an even flow profile. Also
bubble size could be expected to be small with low bed heigh, leaving
limited space for improvement. See section 4 below for further
discussion.

For beds deeper than 15 cm, CO conversion is much improved
compared to beds with no packing at the same bed height. This obser-
vation agrees well with results presented by Aronsson et al. [16] who
investigated semi spherical expanded clay aggregates and ASBs as
packings for syngas and CO at 915 °C. It was observed that fuel con-
version increased for both spherical packings, compared to a bed with no
packing under the experimental conditions used, i.e. bed height range of
5-25 cm and superficial gas velocity of 0.23 m/s. In a packed bed with a
depth of 35 cm there is essentially full conversion of CO already at
840 °C.

The impact of packings on CHy4 conversion was less straightforward.
RMSR packing resulted in a significant improvement, while ASB packing
resulted in reduced performance, compared to the reference case
without packing. Possible explanations will be discussed in section 4
below.

3.2. Average fuel conversion as function of bed mass

Average fuel conversion for @ = 0.992-0.999 as function of bed mass
is depicted in Figs. 6-7. These figures are related to Fig. 4-5 via the void
factor of the packings, meaning that the bed mass for a certain bed
height when using ASB packing is much lower than for the RMSR
packing.

In Fig. 6-7, it can be seen that addition of packings can reduce the
need for oxygen carrier particles significantly. For example, Fig. 6 shows
that in order to achieve 97% CO conversion in beds with no packings,
more than 3.1 kg ilmenite is needed. In packed-fluidized beds containing
RMSR packings, the amount will decrease to 2 kg and for ASB packings it
will decrease to around 1 kg. Fig. 7 shows that for packed-fluidized beds
containing RMSR packings, CH4 conversion reaches >70% with 1.3 kg
oxygen carrier, while more than 3 kg is needed in a bubbling bed with no
packings.

3.3. Average fuel conversion as function of pressure drop

Fig. 8-9 show the effect of packings on fuel conversion as function of
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pressure drop.

Fig. 8 follow the expected pattern, with significant improvements in
fuel conversion for given pressure drop for both ASB and RMSR for the
cases which corresponds to deeper bed heights than 15 cm. For example,
Fig. 8 shows that for 97% CO conversion, the pressure drop with RMSR
packing is around 2.6 kPa while it increases to 3.2 kPa and more than
4.1 kPa for ASB and non-packed beds respectively. This trend agrees
well with literature that correlates pressure drop with fluidizing solids
and packing mass [16,34]. The improvement for ASB is less dramatic
than for the case looking at mass in Fig. 6. In Fig. 9 it can be seen that the



N. Nemati and M. Rydén

1:
_ ]
- E
o ]
on ]
< 1
g ]
< E
5 ]
™
5 ozf e ARMSR
= 21 X ASB
01 El @ Non Packed Bed
0 F————t————t————t ——— —————t————
0 1 2 3 4 5 6

Bed Pressure Drop (kPa)

Fig. 9. Average CH, conversion (Ycu4 average) s function of pressure drop over
the bed at 940 °C.

pressure drop for a given conversation rate of CHy is much lower in the
RMSR packed-fluidized bed, compared to the alternatives.

3.4. Fuel conversion as function of oxygen carrier conversion in deeper
bed

A comparison between fuel conversion y for beds 26-40 cm as
function of ilmenite conversion X is shown in Fig. 10-11.

It can be observed from Fig. 10 that the while the degree of reduction
of the oxygen carrier influences the results, relatively stable fuel con-
version is achieved over the whole reduction period.

4. Discussion

The results presented in Figs. 4-11 show that the addition of packings
to a bubbling fluidized bed, under most circumstances, improves fuel
conversion. In many instances the improvement is very significant. The
effect is limited or non-existent at low bed heights but becomes more
noticeable in deeper beds. This observation is believed to be due to
bubble formation and bubble growth in the bed. In a shallow bed the
bubbles are small in size and the effect of the packing on gas-solid mass
transfer could be expected to be low. But by increasing the bed height,
bubbles will have the chance to coalescence and grow in the bed with no
packings. Thus, the surface area between bubbles and oxygen carrier
will decrease. At higher bed heights, Packed- fluidized beds can improve
the average conversion of fuel gas to values higher than non-packed beds
by preventing bubble growth and by breaking down bigger bubbles into
smaller ones.

Aronsson et al. [16] who investigated semi spherical expanded clay
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Fig. 10. CO conversion yco as function of X at 840 °C.
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Fig. 11. CH,4 conversion ycpg4 as function of X at 940 °C.

aggregates and ASB as packings for CLC experiments suggested that the
increases in fuel conversion is due to an improvement of the gas-solid
mass transfer through the inhibition of bubble growth. The mecha-
nism would be that the packings becomes a physical constraint on
bubble size. Aronsson et al. [26] have also shown increased mass
transfer rate of water vapor in humid air to fluidized silica gel particles
during experiments performed in a cold-flow model.

It is important to point out that the gas-solid mass transfer is only one
factor influencing fuel conversion in CLC. Reaction kinetics between the
fuel and oxygen carrier is another very important factor, which differs
greatly for different combinations and process parameters. Packings will
affect the fuel conversion only if mass transfer is a significant bottleneck,
which for current experiments seems to be bed heights greater than 15
cm.

As outlined in Table 1, RMSR has a void factor of 0.96. So, in a
bubbling fluidized bed with RMSR packing the fluidized particles and
gas occupy 96% of the space. While not explicitly examined in this
paper, this sort of packing is not expected to have huge negative impact
on most other key parameters. Previous studies have shown very limited
impact of RMSR packing on factors such as heat transfer and particle
segregation [35,36]. However, the results presented in this paper sug-
gests that RMSR packing retains the ability to hinder bubble growth and
improve gas-solid mass transfer. While it would not be uncomplicated to
apply packings in solid fuel CLC, this could be an interesting approach to
improve the overall performance of the CLC fuel reactor without the
need for the use of exotic and expensive oxygen carriers. For gaseous
fuel application the design of a packed-fluidized bed reactor could be
rather straightforward. For solid fuel applications more elaborate de-
signs that differs from conventional solid fuel boilers might be needed.
Notably, top feeding of solid fuels seems unlikely to be capable of taking
full advantage of the concept.

In Table 1 it can also be seen that ASB has a void factor of 0.43,
meaning that in a bubbling fluidized bed with ASB packing the fluidized
particles and gas would occupy only 43% of the space. This is expected
to have very significant impact on factors such as solids throughflow, as
have been shown by Aronsson et al. [26]. Also, ASB packings is expected
to intensify tendencies towards channeling, which could result in
reduced mass transfer and increase vertical segregation of particles.
Such tendencies have been observed during cold-flow experiments with
ASB packing, but as of this moment this phenomenon has not been
studied in detail. Similar tendencies have not been seen for RMSR
packings. Increased tendencies towards channeling could be an expla-
nation for the relatively poor performance with ASB for experiments
with CH4. Note that the actual gas velocity will be up to 90% higher for
the CH4 experiments than for the CO experiments, due to the volume
expansion during CH,4 conversion and the higher temperature used. This
could have a profound effect on channeling.



N. Nemati and M. Rydén

5. Conclusion

The effect of adding two different kinds of random packings to a
bubbling fluidized bed during CLC experiments was examined. The ox-
ygen carrier was ilmenite concentrate. The packings were 12.7 mm ASB
and 25 mm RMSR. Reduction was performed with two fuels, CO at
840 °C and CH4 at 940 °C. Oxidation was performed with air. The
following conclusions could be drawn:

o At bed heights lower than 15 cm, beds with RMSR and ASB packings
had roughly the same fuel conversion as an ordinary bubbling bed
without packings.

For bed heights 15-40 cm, y¢p improved drastically when RMSR or
ASB packing were used, compared to the corresponding case with no
packing. CO conversion >99.5% was achieved with bed height above
30 cm for packed-fluidized bed, while the unpacked bed had y¢o of
91-96%. This can be considered as a dramatic improvement. It is
believed that it has to do with improved gas-solid mass transfer due
to hampering of bubble growth.

For bed heights 15-40 cm, also ycy4 improved greatly when RMSR
packing were used, compared to corresponding case with no packing
(from ~78% to ~84%). However, the use of ASB packing resulted in
reduced ycy4. The reason is not immediately obvious. It is speculated
that this could be related to the fact that the actual gas velocity will
become very high when CHy is used as fuel and that ASB packing
have shown an increased risk for channeling.

The improvement in fuel conversion becomes even more significant
if it is considered as function of oxygen carrier mass, or pressure drop
over bed.

Overall, the RMSR packing was found to provide very significant
improvement in fuel conversion both for CO and CHy. It also has a
void factor of 0.96, meaning that it should not influence factors such
as solids throughflow or pressure drop greatly. Thus, the use of this
sort of packing materials to improve the performance of CLC looks
promising.
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