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Abstract

Fluidized beds have been around for more than 100 years and new applications are
constantly developed. One of them, chemical looping combustion technique(CLC),
works by letting the fuel react with fluidized solid oxygen carrier instead of air.
Previous work have shown that CLC can produce combustion conditions with pure
CO, flue gas stream [1], which would be more cost e [edtive to pressurize and store
compared to flue gas stream from air-combustion. One of the drawbacks of CLC
is poor gas-mass transfer and the fluidized bed inability to achieve counter-current
flow[1]. One approach that has shown improvement on the mass transfer is to
introduce packing material to the fluidized bed to facilitate counter-current flow.
Earlier work has shown packing material in the fluidized bed greatly increased the
conversion of fuel to CO, in CLC applications.

This study investigated the potential of generating counter-current flow patterns for
packed-fluidized bed, which can allow for reactor designs with better performance
than thermodynamic equilibrium. To investigate the mixing response, a laboratory-
scale cylindrical tubular reactor with dimensions 1 m high and 12 cm in diameter
was used. Olivin sand with a diameter of 250-300 um was used as bed material. The
bed was fluidized with no packing material as a reference and the experiment were
done with ASB 25.4 mm and ASB 6.35 mm as packing materials, at a 2-2.5:1 ratio
packing to bed height, with a bed height of 20 cm. A magnetic tracer, magnetite of
size 180-212 um, together with magnetic sensors placed 13(outlet) and 47(inlet) cm
from the the distributor plate were used to investigate the degree of plug flow using
a pulse input method.

Pressure drop over the reactor was measured with 4 sensors, 13.2, 7.6 and 2.1 cm
from the bottom. One was placed in the windbox before the distribution plate
as reference. The bed was fluidized at superficial gas velocity of 0.1 and 0.3 m/s.
Experiments were repeated three times per setup expect for when superficial gas
velocity was 0.1 m/s and there was no packing in the bed. This due to insu [cieht
fluidization.

Introducing packing material ASB 2.54 mm increased the degree of plug flow for both
velocities, high velocity of 0.3 m/s showed higher degree of plug flow compared to
0.1 for the packing material ASB 25.4 mm. ASB 6.35 mm was too small and blocked
the outlet yielding no plug flow or meaningful results. Using packed-fluidized bed
increase the potential for plug flow and potential for e [cieht counter-current flow for
fluidized bed. More work has to be done to further investigate the e [edt of confined
beds on counter-current flow patterns.

Keywords: packed-fluidized bed,tracer, pulse input, fluidized bed
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1

Introduction

1.1 Background

Fluidized bed technology have been around for around 100 years and research is still
being made to increase the e ciency and adaptability of uidization applications.

In 2008 the total installed capacity of uidized bed combustion(FBC) was 3@W,

[2].

Fluidized beds are devices where a two-phase continuum of solid particles and a
uid are made to behave similarly to a liquid, by means of a uid stream. In a
typical application, gas is injected from underneath the bed, through a distributor
plate. The plate usually consist of a metal mesh with holes with a diameter smaller
than the solid particles. The bed becomes uidized when the gas that ows through
start exerting a high enough friction force upwards to overcome the weight of the
particles due to gravity.

One common applications for uidized beds is combustion process, however drying,
coating or adsorption have also adapted uidized bed technology[3]. The key ad-
vantages of using uidized bed devices for combustion processes are that subpar fuel
can be burned at a large scale. Valmet has shown that this is possible when using a
circulating uidized bed(CFB) where the uidizing bed acts as a heat distributor,
allowing the fuel to burn more e ciently and emitting fewer harmful emissions such
as nitrogen oxides [4]. Sumitomo also uses CFB for their combustion processes.

The world needs to rapidly reduce greenhouse gas emissions, mainly carbon diox-
ide(CO,). Carbon capture and storage (CCS) has received a lot of attention as a
key technology for achieving net zero emissions. One method of capturing carbon
dioxide is to extract it directly from the ue gases of the combustion processes;
however, this method has its drawbacks. Because air is used as the oxidizer, the ue
gases will contain nitrogen gas, excess oxygen, £@nd water vapor. Capturing
CO, from such ue gases requires a signi cant amount of energy, which reduces the
e ciency of the entire combustion process. [5].

A novel approach to the problem is to let the fuel react with an oxygen car-
rier(ilmenite ore for example) instead of oxygen in the air. This can be done by
using two internally connected reactors, called chemical-looping combustion(CLC).
In the rst reactor(fuel reactor), fuel and a uidized oxygen carrier react to form
heat and CQ,. After reacting with the fuel, the oxygen carrier has lost its oxygen
and is transferred to the second reactor, known as the air reactor. The oxygen car-
rier absorbs oxygen and returns it to the fuel reactor, and the whole process can be
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repeated. The key concept of CLC is that the process produces one stream with
high concentration of CQ and one stream with mostly air. Leading to cheaper and
more e cient carbon capture since no further extra energy is required in order to
obtain pure CO, after combustion. An advantage compared to post combustion
capture and storage.

One issue with CLC is that at a commercial scale, the process is limited by the mass
transfer between the bubble and solid phases. The limitation originates from the
growth of bubbles, rather than the reactivity of the gas and solid. Jesper Aronsson et
al. have shown that introducing packing material to the fuel reactor greatly increased
conversion rate of fuel to CQ [1]. According to Aronsson, this improvement was
due to the e ect of packings preventing the growth of bubbles, resulting in higher
mass transfer between the bubble and solid phases. However; more research has to
be made on the study of mass transfer between gases and solids, particularly when
con de bed technology is utilized in conjunction with CLC.

In the general case, uidized bed act as a simple stirred reactor where the bed
material is perfectly mixed. If packing material is introduced to the reactor counter-
current ow could be achieved with respect to solid and gas phases. Counter-current
ow is common in the industry, particularly in heat exchangers. Two ows with

di erent properties can e ectively exchange properties, be it mass, heat or chemical
with each other when utilizing counter-current ow.

Counter-current ow setups allows for an almost constant gradient(di erence) be-
tween properties, meaning a higher driving force for exchanging properties. Other
type of ows such as co-current(parallel) ow can, in the best case, exchange fty
percent of their properties before meeting thermodynamic equilibrium. For example
in an equilibrium reaction where reactants react to form product, counter-current
ow would push the equilibrium towards more product. Pablo Moreno has shown in
his thesis that packed- uidized bed can facilitate cross ow in the reactor.[6]. This
work will investigate if counter-current ow can be achieved in a packed- uidized
bed. If this could be achieved, it would allow for better reactor designs and potential
for CLC with better performance than thermodynamic equilibrium.

1.2 Aim

The purpose of this study is to determine whether solids plug ow is possible in a
packed- uidized bed, utilizing a pulse input of a tracer to study the mixing response.
Investigating the di erences between automatic and manual sampling in order to
determine which technique is superior is a secondary goal.
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Theory

In this chapter the overall theory of the work is presented.

2.1 Fluidized beds

Fluidized bed are, as mentioned in section 1, devices where solid particles are sus-
pended by a uid owing upwards. The solid particles are collectively called the
bed and the uid can be either a gas or a liquid. The uid is injected from un-
derneath the bed, through a distributor plate. If the uid has a low velocity the
friction force that it exert on the bed of particles will not be enough to overcome
the force of gravity on the particles. Instead it ows through the void between the
bed of particles, this state is referred to a xed bed. Increasing the ow rate of the
uid until the friction force equals the gravitational force transforms the bed into a
uidized bed, which is distinguished by the bed being fully suspended by the uid.
The bed is at this point uidized and the bed of solid particles starts to behave as

a liquid. Increasing the super cial gas velocity further results in bubbles formation,
the system is at this point known as bubbling uidized bed. Bubbling uidized beds
are more commonly used for gas-solid systems, the bubbles coalesce and grow as
they progress further up the bed. The bed is a two phase system with respect to
di erent solid particles concentration, known as bubble and emulsion phases. The
bubble phase will have low amount of solid particles in it, less than one percent
by volume[7]. The emulsion phase is characterized by high concentration of solid
particles.

If the super cial gas velocity is increased further, a phenomena called slugging can
start to occur. When slugging occurs the bubble diameter becomes equal or larger
than the diameter of the reactor. The mass transfer in the slugging regime is lower
than in bubbling uidized bed regime. Figure 2.1 shows the di erent regime for a
uidized bed. The bed height increases as the bed becomes more uidized by the
increase in gas ow.
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Figure 2.1: Schematic gure illustrating di erent regimes of a uidized bed, source

[8].

The critical super cial gas velocity, where the bed is fully suspended, is called min-
imum uidization velocity( uns [ms 1]). Super cial gas velocity is de ned as volu-
metric ow of the gas divided by cross-sectional area as

u= ) [ms (2.1)

The onset of uidization starts when the friction force exerted on the bed is equal
to the weight of the particles. It can also be expressed with respect to the pressure
drop as

Poed= Lot 1 mi)( s g)i [9] (2.2)

Where L ¢ is the height of the bed, .; the void fraction of the bed, rhoskgm 3
density of uidizing solids and rhog density of the uidizing gas. Lower g is the
acceleration of gravity(9.81ms 2) and g. a conversion factor(lkgmN s ?). As
the bed transforms from xed bed to uidized bed the pressure drop over the bed
increases until minimum uidization velocity is reached.

When u,; is reached the bed becomes uidized and the pressure drop stays relative
constant, illustrated in gure 2.2.

Figure 2.2: Pressure drop over bed p versus super cial gas velocityg,), where
U, is incrementally increased pastiyy .[10]
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2.2 Packed- uidized bed

One aspect of uidized bed is the potential for reduced gas-solid mass transfer rate
when the bed is uidized and bubbles are present. Fluidized bed technology is
more favorable for heat and mass transfer compared to other reactors, however the
mass transfer can be improved. It has been showned by Jesper Aronsson et al to
potentially be the rate limiting step in fuel conversion when using the uidized solids
as an oxygen carrier and gas as the fuel[1]. One disadvantage with bubbling uidized
bed is that the bulk of the fuel(gas) is located in the bubbles. The mass transfer
occur at the boundary between gas and solids in a uidized bed and therefore mass
transfer decrease as bubbles grow in size [11]. If the bubble growth could be reduced
in the uidized bed system the mass transfer with respect to solid and gases would
increase.

A novel approach to this problem is to introduce packing material distributed ran-
domly in the reactor. The terms used for this are packed- uidized or con ned
uidized bed. The packing material is larger in diameter than the uidized solid
particles, The uidiziation will occur in the void of packing material. The void of
the packing material is measured by the void factor which is fraction of volume of
packing over the total volume of the vessel. Sutherland et al. have shown that the
pressure drop for con ned bed is lower than for a bed without packings, given the
same bed height [12].

Figure 2.3 shows a schematic picture of a con de uidized bed. The packing material
prevent the bubbles from coalescing and grow in size by e ectively breaking down
the bubbles as they hit the packing material. It has been shown by Aronsson et
al that the mass transfer between gas and uidizing solids increased by a factor of
1.9-3.8 when introducing packings to the reactor [13].

Figure 2.3: Schematic diagram of a packed uidized bed. Grey circles represent
packing material, white bubbles are the bubble phase and the brown color represent
the gas emulsion phase. Source [14].
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2.3 Plug ow and tracer method

Two common type of ideal reactor models in the chemical industry are continuous
stirred tank reactor(CSTR) and plug ow reactor(PFR). CSTR are, as the name
suggest, a tank with an inlet of reactants and a mixer that stirs such that the uid
is well mixed. Figure 2.4 shows a schematic diagram of a principal CSTR.

Figure 2.4: Schematic diagram of a continuous stirred tank reactor(CSTR) [15].

One disadvantage of the CSTR is the non-uniformal residence time distribution.
Assume reactant A and B react to produce product P. As A + B— P, some
reactants will residence a short amount of time and some reactants much longer.
This means that the number of residence time are in nite. CSTR are also limited
by chemical equilibrium. Another disadvantage is that the concentration of reactant
Is constant throughout the reactor. This concentration is low because it is equal to
the concentration of reactants at the outlet. Since the reaction rate is proportional
to the reactants concentration the overall reaction rate is low, leading to a low
production of the product.

To overcome these problems a reactor which utilize the concept of plug ow can
be used. Figure 2.5 shows the setup for the experiments. Instead of having a tank
reactor that is continuously stirred, the reactor takes the shape of a tube with an
inlet and an outlet. The concentration of reactants will be low at the outlet and
increase towards the inlet. To increase the residence time of a plug ow reactor the
reactors length is simply increased.
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Figure 2.5: Schematic diagram of a reactor that utilize plug ow.

A plug ow reactor is an ideal tubular reactor, it's ideal since all the molecules move
in a constant speed and are not mixed axially, they therefore move as a plug. Figure
2.6 shows a small volume element(i.e plug). The assumptions are that there is no
axial mixing upstream or downstream of the plug and that the uid is perfectly
mixed radially. As the plug moves the residence time becomes a function of the
plug position in the reactor. The residence time distribution looks like a pulse[16],
see gure 2.6. For non-ideal plug ow, axial dispersion will most likely occur due to
back mixing of the ow. Other deviation from ideal plug ow can be due to dead
spots in the uid in the tube, or channeling of uid through the tube[17]. Dead
spots occurs where there is stagnant ow, channeling when the uid favors a certain
path in the reactor.

If the ow from in ow towards out ow move as a plug and meet the gas ow coming
from the bottom they will behave as counter-current ow with respect to each other.
As mentioned in chapter 1 counter-current ow increases the mass transfer poten-
tial with respect to gas and solids. If gas is the fuel and uidizing solid particles
the oxidizer it would mean that almost fully reacted gas meets fully oxidized bed
material.
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Figure 2.6: Schematic diagram of an ideal plug ow and its residence time, picture
from [16].

The tracer input technique is a common technique for measuring the residence time
distribution in reactors. One common method is the pulse input method where an
inert tracer with known concentration is injected in the inlet of the reactor and its
concentration is measured at the outlet. In an ideal plug ow reactor the measured
signals would look identical. However due to axial dispersion they will not look
identical in a real plug ow reactor. Figure 2.7 shows the general behavior of the
tracer curve. The more dispersion that occurs due to a ecting factors, the more
spread out the tracer curve gets.

Figure 2.7: Tracer curve behavior close to plug ow, picture from [16].

A good tracer should have similar uid dynamic properties as the bulk of the ow.
Reynolds number can be used to ensure commonality between the tracer and the
uidized solid particles. Reynolds number describes the turbulence of a uid or
something behaving as a uid( uidized beds for example). Flow with high Reynolds
number tend to be turbulent and ow with low Reynolds number tend to be laminar.
Reynolds number is given by

(2.3)

Where ujms 1] is the velocity, [gcm 2] the density and [Pa s]the dynamic viscos-
ity. The inert and the tracer will experience the same super cial velocity and uid
viscosity, thus giving the equation
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R
s G
Which can be used to choose correct particle diameter for the inert tracer to match
the behavior of the uidising bed material. The ow will have a high degree of
plug ow(close to ideality) if the pulse signal upstream looks like the pulse signal
downstream. Real ow are not ideal and will have non-ideal plug ow, meaning the
pulse signal downstream will look more stretched out compared to the one upstream,
as gure 2.7 shows.

(2.4)

2.4 Dispersion model

To model and measure the degree of plug ow one can either use the tank in series
model or the dispersion model. The dispersion model is characterized by the single
dispersion numberu%. The ows tendency to disperse can be due to turbulent
mixing, molecular di usion or laminar velocity pro le[18]. The dispersion humber
can be used to get a quick glance of the spreading process of the tracer. Large
number means there is a fast spreading of the tracer curve. A small number means
slow spreading of the tracer curve. 'ﬂ% = 0 there is no spread and the ow is ideal
plug ow.

In this study the method used in example 3 page 67 from [18] will be used to
calculate the dispersion number. The dispersion number is calculated using the one
shot input method. It can be used since the pulse input is non-ideal the tracer curve
for the inlet will have some variance. Referring to gure 2.7 it will look not like
the rst pulse but more like the second pulse. The dispersion number is therefore
calculated as

D 2
o = > (2.5)
where 2 is given by
V2
Iy (2.6)

where 2 is the di erence between the variance of the inlet and outlet signals,
v[ms 1]is the super cial gas velocity and V is the free volume in the reactor between
the inlet and outlet, it can be calculated as the length of reactor times the void factor.
The variance of either inlet or outlet signal can be calculated using the following
equation P
2 _ ti2 Ci 2

=+ —— t (2.7)

Ci

If and only if the time interval is uniformly spaced. The mean of the curvet, can
be calculated the same way if the time intervals are equal as

t= p 2 (2.8)
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2.5 Bulk Density

Bulk density is given by
— X m; mcup
i N Ve

where i is each measured sample and n is the total number of samples.

10

(2.9)
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Methods

In this chapter the methods, experimental setup and procedures used in the exper-
iments are presented.

3.1 Experimental Setup

This section describes the experimental setup, physically and technically.

3.1.1 Reactor

The experiments were carried out in a cylindrical rector vessel made of Plexiglas
with an inner diameter of 12 cm and a length of 1 m at laboratory-scale. Figure 3.1
shows the setup and the reactor excluding the top funnel where the tracer was poured
in. Pressure sensors are located 2.1 7.6 and 13.2 cm from the bottom plate of the
reactor. The air enters the reactor via a gas distribution plate located at the bottom
of the reactor, air reaches the windbox before it ows through the plate. A pressure
sensor is located in the windbox. Giving a total of 4 pressure sensors. Inductance
sensors for the magnetic tracer are located 13.2 cm(outlet) and 47 cm(inlet) from the
bottom distributor plate. The four pressure sensors measure pressure using Huba
Control pressure transmitters which are digitized through a NiDAQ A/D converter
and recorded in the program LabView-. The sensors have a sensitivity of 500
mPa. The air that is fed to the system is regulated using a Bronkhorst mass ow
meter. The output data from the two magnetic sensors were recorded and analyzed
in LabView—on a di erent computer.

11
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