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Abstract

Chemical Looping Combustion (CLC) is a technology that can be used as a gas
separation technology for Carbon Capture and Storage (CCS). Compared to other
alternatives, it is considered to have lower investment and operational costs per
amount of CO5 captured. CLC utilizes fuel and air reactors where the use of fluidized
beds can be an advantage. For industrial applications, fuel conversion rates for
higher bed heights need to be improved. One possible solution could be to add
packings in the reactors to inhibit bubble growth and possibly increase the fuel
conversion rate by increasing the mass transfer rate.

This project investigated possible improvements of fuel conversion rate in a packed
fluidized bed for Chemical Looping Combustion(CLC). Two types of fuel, Syngas
and CO, were tested with two different types of packings, RMSR and Hiflow® ring,
as well as without packings. All tests were conducted with a small laboratory scale
reactor and bed heights between 10 and 60 cm.

The results show that the fuel and CO conversion rates increase as the bed height
increases. This could be due to spouting or insufficient fluidization when having
a lower bed height, leading to a shorter reaction path. The relative increases in
conversion rate are the highest for lower bed heights. However, for taller beds
the conversion rates are above 96 % without packings and approach 100 % with. A
fluidized bed equipped with RMSR has the best overall fuel conversion rates but use
of packings in general showed an improvement when compared to the experiments
without them. For higher beds without packings there were some observations
indicating large bubble formation. The lack of similar observations when packings
were used could indicate that the they are inhibiting the formation of large bubbles
as intended. In conclusion, the use of packings in a fluidized bed for CLC seems
to increase the the fuel conversion rate, possibly through the inhibition of bubble
growth.

Further studies, with taller beds as well as with other packings with different ge-
ometries and materials, under different operating temperatures and pressures, are
recommended. Study of bubble formation and inhibition with packings in a fluidized
bed can also contribute to the understanding of the effect of packings for bubble
inhibition and hence the rates of mass transfer and fuel conversion.

Keywords: Packed-fluidized bed, Chemical-looping combustion, CCS, metal random
packing, fuel conversion
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1

Introduction

Reducing CO4 emissions is an urgent issue when mitigating the environmental effects
expected from global warming. This cannot be achieved solely through political
and social efforts. Technological means are also required if the stated targets of
organizations such as the Intergovernmental Panel on Climate Change (IPCC) are
to be met. One of the many methods used to decrease CO, emissions is Carbon
Capture and Storage (CCS). CO, is separated from other gases produced during
combustion processes, captured and then stored in a manner so that it cannot be
released into the atmosphere, for example in an underground geological formation.[1]
This way, the emissions from the combustion of fossil fuels are contained and zero
emissions can be achieved. If fuels that are low carbon, such as biomass or biogas,
are utilized, even net negative emissions can be expected over a long time span.[1]
According to some models, enabling negative emissions is currently the only way
to achieve the stated environmental goals.[2] These technologies are obviously not
complete solutions to the problem but they will contribute to the mitigation efforts
and increase the available time when looking for more fundamental solutions and
adjusting society so that lower CO, emissions become a reality. The viability of the
concept has been recognized and many CCS projects have been launched all over
the world in the past decades. [3]

1.1 CLC for CCS

There are several gas separation technologies such as adsorption, amine scrubbing
and oxy-fuel combustion. Each technology has strengths and weaknesses in terms
of cost, efficiency and operational range.[4] Due to the exhaust mainly being CO,
and water vapour, CLC is one of the technologies that simplifies the separation of
COg from other gases formed during combustion. A fundamental principle of CLC
is the utilization of air and fuel reactors and a simplified schematic of it is shown in
figure 1.1. A metal oxide (Me,O,) acts as an oxygen carrier between the reactors
and a carbon based fuel reacts with oxygen in the fuel reactor. This allows for two
separated outlet gas flows of oxygen depleted air, and COy and HyO. The HyO can
easily be separated from the CO, by condensation, therefore there is no need for a
complex separation system. 5]
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Oz depleted air CO2, H20

= b

MEKO\;

Air reactor (AR) :> Fuel reactor (FR)

- — MEXOy-l - —

& h

Air Fuel

Figure 1.1: CLC simplified schematic

Initially, CLC with gas fuels have been the most studied but due to the ease of
transport and cost the most used fuel today is solid and the development efforts of
CLC designed for both gas and solid fuels have been intensified in recent years.[6]
Many different designs for CLC reactors have been suggested and studied. One
design that has gained traction is similar to the general concept of a Circulating
Fluidized Bed (CFB) and is shown in figure 1.2.[6] An interconnection between the
air and fuel reactors allow a continuous transfer of oxygen carrier particles while
the outlet flows are completely separated. This design can be applied even with
solid fuels but an adaptation of the fuel reactor is required due to the intermediate
reaction involving char.[6]

flue gas
= Nz + O,
“
W
g 2
by ' Co,
H.O
¥ 4
&
! 3
S/
&l
- 4
fuel
T~ T

air

Figure 1.2: Example of CLC design [6]

The conventional gas separation methods result in a relatively high energy penalty in
comparison to this method. Furthermore, CLC can be implemented in the existing
systems, bringing a relatively low investment cost. One specific case calculation
even shows that the total cost for CCS with solid fuel CLC is estimated to be 20 €
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per tonne of COy [7]. Many CLC experiments have been run on small scale units
in the range of 0.3 to 100 kW over a total of 11,000 hours, with various different
types of fuels and oxygen carriers[8]. Some of the challenges that must be faced
when up-scaling the technology have become apparent. For instance, selection of
suitable oxygen carrier materials, improvement of gas conversion rate in fuel reactor,
downstream treatment and bio fuels. [6][9]

1.2 Fluidized bed for CLC

As previously mentioned fluidized beds are typically used in the CLC design due to
the many advantages that fluidization brings. Fluidization particles act as oxygen
carriers in the bed. Extensive research has been done regarding the selection of
particle types for CLC, based on criteria such as reactivity, fuel conversion rate and
chance of agglomeration, as well as monetary cost, environmental cost and safety.[10]
A conclusion as to what is the optimum choice of bed particle is yet to be seen, but

the most frequently used oxygen carriers in pilot plants have been FeTiOs/ilmenite,
CuO, Fey03 and iron ore[6][10].

Undesired large bubbles can form during fluidization, hindering effective solid-gas
mass transfer. The phenomena increases in likelihood in relation to a higher gas
velocity and higher pressure drop due to bed height. This is one of the apparent
challenges when scaling up for commercialization[8]. Aronsson et al [11][12] have
suggested that the limiting factor for the fuel conversion of CLC in a fluidized bed can
be the mass transfer rather than the chemical reaction. This led to the idea of adding
packings with the intention of eliminating the large bubbles that occur. Packings
are often used in chemical separation processes to increase contact surfaces and are
available in different shapes and materials. The experiments resulted in increased
fuel conversion rate in comparison to the case without packings and concluded that
packings can possibly enhance the gas—solids mass transfer rate. [13] This shows a
potential improvement in the fuel reactor for CLC when utilizing packings. However,
this study is limited to two kinds of packings and low bed heights in the range of
2 ¢cm to 25 cm. The higher bed with higher pressure drop increases the risk of
slugging and bypassing, which is the reason why higher bed heights need to be
further investigated. As an improvement of gas-solid mass transfer in larger scale
fuel reactors can be a key to commercialization [8][14], more research also needs to
be done with different types of packings.

1.3 Aim

The aim of the project is to investigate the effects of different types of packings,
namely Hiflow® ring and RMSR, as they are yet to be tested in terms of fuel
conversion rate for CLC in a fluidized bed reactor. Since the material of the packings
is same, the geometrical form of the packings are likely to be the main cause of any
difference in bubble inhibition between the two. The bed height is varied in a wide
range from 10 cm to 60 cm, with increments decided by time constraints when
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testing. Additionally, water-gas shift effect is investigated by testing two different
types of gases: CO, and Syngas which consists of 50% CO and 50% H, and is
similar to the composition of gasified biogas. These experiments are conducted in
the hope that the findings will take us a step closer to up-scaling and industrial
implementations.

1.4 Focus of the study and limitations

This study focuses on CLC fuel conversion rates in a fluidized bed reactor equipped
with two different types of packings. The study is limited to fuel conversion rates in
a reactor with gaseous fuel, therefore ash chemistry is not taken into account. The
effects on conversion rates due to chemical reaction details are also not considered.
Only the effects of packings and bed height are considered. The bed height is limited
from 10 cm up to 60 cm due to limitations in reactor height and risk of spouting.
Only Tlmenite is investigated as the bed particle, as earlier studies have proven it to
be a valid oxygen carrier and that is the most important property for this project.



2

Theory

2.1 Fluidization

Fluidization is a phenomena where solids behave as if they are fluids when a gas
flows through them, examples of the fluid-like behavior being light objects floating
on the fluidized solid and solids having flow like properties. These properties pro-
vide advantages such as smooth continuous flow, quick and well mixing, enabling
circulation of solids, high mass and heat transfer rate and easier handling compared
to liquids. [15] Fluidization has many applications such as combustion, gasification,
synthesis reactions, drying, coating and adsorption. [15]

Fixed bed Minimum Smooth Bubbling
fluidization fluidization| fluidization

I M1 NI NI

Gas or liquid Gas or liquid Liquid Gas
(low velocity)
(a) (b) {e) (d)
Slugging Slugging Turbulent Lean phase

{Axial slugs) (Flat slugs) fluidization fluidization
L2 e with pneumatic
transport

Gas or liquid
(high velocity)

(e) ) @ (h)

Gas

Figure 2.1: Fluidization state in a bed [15]

Intensive research regarding fluidization has been conducted by Kunii and O. Lev-
enspiel. The state of fluidization is categorized as shown in figure 2.1. a) shows gas
merely passing through the void space between particles since the drag force on the
solids is smaller than the gravitational force at low velocities. This state is called a
fixed bed. With increasing gas velocity, the net force on a particle becomes zero and
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this is the state of minimum fluidization. The bed expansion starts occurring at this
point and continues until it reaches maximum expansion at bubbling fluidization.
When the bed particles are fine solids, the bubbles coalesce and form large bubbles
as in figure 2.1 e) and can even cover the cross-sectional area as shown in f). This
phenomena is called slugging and is often observed in a narrow, long beds. Another
notable phenomenon is spouting. At high gas velocity, gas transports solid particles
through the bed to the top as if it was a fountain and this can cause spillage of
particles. By increasing the velocity further, turbulent fluidization where entrain-
ment occurs, and equipping, for instance a cyclone, to collect entrained particles
becomes a requirement in the case of continuous operation.[15] In the application of
fluidized beds in CLC, bubbling fluidization is a desirable state as it is suitable for

fine solids and gives uniform temperature distribution as well as enabling continuous
operations.[15]

According to Geldart[16], the quality of fluidization is mostly influenced by the
particle size and the size distribution, the fluid-solid ratio and the geometry of the
bed. In the case of gas as a fluid, there is a classification of fluidization characteristics
known as the Geldart groups where the particle types are divided into four groups
depending on the density difference between the fluid (air at atmospheric pressure)
and the solid. Ilmenite, which is used in this project, belongs to group B. This group
contains particles with a mean size between 40 and 500 ym and a density in the
range of 1.4 g/cm?® to 4 g/cm?. A property of group B is that the bubbling occurs at
the same time as reaching minimum fluidizaiton and that the bubble size becomes
larger as the bed height and gas velocity increase.[16] This group also tends to have
moderate bed expansion as well as moderate solid and gas mixing. Spouting can
happen at lower bed heights. [17]

T T T ] LI ’ T T T [ mTrT [ T =
r y =
E o
T 7 b
Z
a [i ? Spoutable
£ %
o - ,2 =
E v
e %
1 “ i i
[ | ///// : 7
o L AL, ] -
S osf %, N i
c G
| 2 .
L Cohesive -
0.1 L n G ool 1
10 50 100 500 1000

dp (um)

Figure 2.2: The Geldart group classification [16]

The motion of fluids in a fluidized bed caused by density differences is described by
a dimensionless number called Archimedes number Ar as in equation 2.1 which is
often used for conventional packed fluidized bed.
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_ 3
AT: Pf(,Op 2pf>gxsv
I
The Reynolds number at the minimum fluidization is given by the equation 2.2 [17]
which is dependent on the minimum fluidization superficial velocity.

(2.1)

Um fTsvPf
v

According to Rhodes[17], the gas velocity in a fluidized bed without packings can be
theoretically obtained in two ways. The first way is to calculate it with the equation
2.3 which is obtained by equating the expression for pressure loss in a fluidized bed
with the expression for pressure loss across a packed bed. But the voidage of the
bed, which is a volume fraction occupied by voids, has to be calculated. Therefore
the assumption needs to made that the voidage at the minimum fludization is the
same as that of the voidage of the bed.

Remf = (2'2)

(1—¢) 1
Ar = 150 5 Rens + 1.756—33e3nf (2.3)

where Ar, that comes from 2.1, and Re,, s, from 2.2[17], are inserted into the equation
and u,,s is obtained.

Another method is to assume that the voidage of the bed as 0.4, which leads to:

Ar = 1406Re,,s + 27.3Re2, ; (2.4)

This is similar to the empirically obtained Wen and Yu correlation 2.5[17]. This
correlation is most suitable for particles with a size of less than 100 pm.

Ar = 1652Re,; + 24.51Re’, ; (2.5)
For larger particles, Baeyens and Geldart correlation can be used. 2.6 [17]
0.934 0.934,.1.8

(pp — pp)" P g" P,
. 0.066
1110p987 oy

Umf =

(2.6)

The gas velocity ranges are different for different Geldart groups, as equation 2.6
is dependent on the density difference between fluid and solid. Typical operational
superficial gas velocity of a fluidized bed for Geldart group B is 0.5 to 3 m/s.[18] The
minimum fludization velocity is almost equal to the bubbling fluidization velocity,
and a velocity increase in the range of 0 to 0.3 m/s achieves it.[18] An increase of
0.3 to 2 m/s from the minimum fluidization velocity will reach a slugging state. An
increase above 2 m/s is likely to cause a turbulent fluidization state.[18] However,
other factors such as ambient pressure and temperature, can also have an effect.
How these factors affect the minimum fluidization velocity also differs between the
Geldart groups. [17]

Regarding packings in a fluidized bed, Sutherland et al [19] has investigated the
effect of different packings. Key findings are that both packing size and particle to
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packing diameter ratio affect minimum fluidization velocity and bed expansion. The
ratio is dependent on the geometry and arrangement of packings, and roughness of
both packing and bed particles. For smooth spherical packings the maximum ratio
is 0.096 with spherical particles, and 0.055 with angular particles.

2.2 Pressure drop in a fluidized bed

In a conventional fluidized bed a pressure drop caused by frictional resistance through
bed particles occurs. Figure 2.3 illustrates the relation between pressure drop and
fluid velocity from a fixed bed state up to a bubbling fluidization state. Point A is
where the minimum fluidization is initiated and the pressure drop of the bed is the
highest. [17]

i
Bed pressure
drop, Ap

o’ U Fluid velogity, U

Figure 2.3: Pressure drop against fluid velocity for a packed fluidized bed [17]

The region between O and A is a fixed bed region where the pressure drop is propor-
tional to the fluid velocity and is linear. The Ergun equation 2.7 shows the relation
between the pressure drop and the fluid velocity in this region [17] and this equation
is the basis for the equation describing the superficial minimum fluidization velocity
(equation 2.3).

—AP pU (1 —€)?
T e

2 _
P YA Sl (2.7)

2e Tg €

Equation 2.8 is valid only for the fluidization region between B and C. [17] In this re-
gion, the pressure drop is theoretically equal to the effective mass over cross-sectional
area at a given height, and is relatively constant since the increasing velocity has
less effect on the pressure due to bed expansion and the flow of gas through the
solids. [20]

APpea = h(1 = €)(pp — pg)g (2.8)

The pressure drop is thus dependent on the density difference between fluid and

solid, as well as voidage in relation to the bed’s cross-sectional area for a conventional
fluidized bed.
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In this project, not only bed particles but also packings are placed in the bed.
Experiments by Donsi et al [21], with coarse spherical packings set in the column
and Geldart group A and B particles, made observations that the pressure drop
increased with packings when and the solid mass remained unchanged. Aronsson
et al[12] has investigated two scenarios: one where the mass remains the same and
another where the bed height remains the same. For the first scenario the findings
were that the pressure drop in a reactor is higher when both packings and bed
particles are present, compared to bed particles alone. For the second scenario it
was found that the pressure drop is higher without packings when the bed heights
are equal. This study also shows that the pressure drop is almost zero when only
packings are in the bed. Experiments with a rectangular fluidized bed with packings
conducted by Song et al [22] suggest that the pressure drop is caused mostly by the
particle hold-up, the friction between gas and packings and between bed particle
and packing. K.G. Allen et al [23] have conducted experiments on the effects on bed
pressure in a cold flow for packings with both spherical and non-spherical geometries,
and both random and structural placement. The arrangement of packings for non-
spherical packings have a significant impact on the friction factor, hence the pressure
drop for randomly placed packings.

2.3 Mass transfer in a fluidized bed

A bubbling fluidized bed has an efficient solid-gas mass transfer rate due to the good
contact between the phases from proper mixing and having a uniform concentration
in the bed. This is important for reaction efficiency and having a homogeneous
temperature distribution is thus favorable for CLC. [24]. Two phase theory can
explain the solid-gas mass transfer in a fluidized bed. The theory assumes that there
is a dense emulsion phase and a bubble phase in the bed. This in turn gives that
the bubble flow rate is equal to the excess gas flow above the minimum fluidization.
The bubble phase flow rate can be obtained by equation 2.9 [25] where Coefficient
Y for Group B particles is in a range of 0.6 to 0.8. [17]

Gy =Y (U, — Upys)A (2.9)

From theory it can be seen that the mass transfer only occurs between the bubbling
and emulsion phases.The mass transfer rate decreases with an increase in bubble
size [24]. While small bubbles, due to bubbling fluidization, is desirable for effective
mass transfer, large bubbles can have the opposite effect by causing bypassing and
slugging [22].

2.4 CLC fuel conversion rate

The fuel conversion rate for CLC can be obtained through the chemical reaction
and mass balance equations and the general reduction—oxidation reactions in both
reactors are described in equation 2.10 (fuel reactor) and 2.11 (air reactor) [26].
Me,O, is the fully oxidized oxygen carrier and Me,O,_; is the reduced oxygen
carrier.
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FR:C,H,, + (2n+0.5m)Me,O, —

2.10
nCOs + 0.5mH>0 + (2n + 0.5m)Me,O,_; ( )

AR : M@mOy,1 + 0502 — MezOy (211)

The specific reaction in a fuel reactor with CO fuel is given in equation 2.12.

The specific reaction in a fuel reactor with Syngas fuel is given in equation 2.13:

Important parameters regarding for the oxygen carrier is the mass based conversion
w of the oxygen carrier is obtained using equation 2.14 [14] and X is a fraction of
oxygen mass that can be transferred and mass of fully oxidized oxygen carrier.

m

w =

=1-X (2.14)

mOJI

These equations are relevant for the fuel conversion calculations covered in section
3.5.

Fuel conversion is based on the gas yield, I', which is a measurement of the ratio
of formed product to consumed reactant. [26] In the case of Syngas, the inlet and
outlet flows must be accounted for as water is condensed prior to the analysis[13].

T _ YCOz,out + YHg,in - YHg,out (2 15)
syngas YCOQ,out + YCO,out + YHQ,in ‘

YC’ O3, 0ut

Teo = (2.16)

YCOQ ;out + YCO,out

2.5 Water-gas shift reaction

The water-gas shift reaction is a reaction that occurs between carbon monoxide and
hydrogen as shown in equation 2.17. It is used in industry and is a weak, temperature
dependent, exothermic, reversible reaction that usually requires a catalyst.[27][28§]

A precise equilibrium constant is given by equation 2.18.[28]

5693.5 —4 — 772 _ 49170
222 . In(T A44x1 T—1.125%1 T%—=5--13.14
keq 1077 +1.077In(T)+5.44%10 5%10 — 3.148 (218)

but a simplified equation of the constant for the reaction is given by equation 2.19
28]
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4577.8

— 4.33) (2.19)

keqﬁimplified = 6[[‘])(

The temperature that is to be examined in this project is approximately 840 °C and
the equilibrium constant obtained using equation 2.19 is circa 0.8. This implies that
the reaction should not favor either side. The reaction has been observed in CLC
studies and has shown a possibility of the produced gas composition being affected,
resulting in an increased fuel conversion rate.[29]

11



2. Theory

12



3

Methods

The main experiments are conducted at the M7 lab at Chalmers and the CLC lab
is used for measurements of Ilmenite density.

3.1 Preparation

Before the experiments can be initiated in a reactor, density and the mass of pack-
ings, as well as density of the bed material needs to be determined. This allows the
calculation of the mass of packings and bed particles, and the reaction time of the
experiments.

3.1.1 Void factor and density and mass of packings

The packings used in these experiments are RMSR 25-3 and Hiflou® ring 25-5
metal. Both are made of stainless steel but have different geometries, as can be seen
in Figure.3.1 and Figure.3.2.

Figure 3.1: RMSR packing Figure 3.2: Hiflow® ring packing

A void factor € indicates the fraction of space that is not occupied by packings. This
needs to be determined for both types of packings when calculating the residence
time of the fuel as well as the amount of Ilmenite required to reach the desired
bed height. To find the void factor of the packing material, an empty container is
completely filled with water and the added water weighed. The weight of liquid is
my;. The container is then emptied and completely filled with packings. Water is
then added into the container until it is completely full and weighed. The weight of
the newly added water is m,.;q. The void factor is then given by equation 3.1.

13
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o Myoid
Mot

(3.1)

€

Assuming that the reactor is to be filled with packings up to 1.1 m, to account for
bed expansion, the volume of the reactor that needs to be filled with packings is
calculated using the cross-sectional area of the reactor, which in this case is 0.0048
m?2. The mass of packings required are calculated by multiplying the volume of the
reactor, the void factor, and the density of the packings and shown table 3.3 in
section 3.4.2.

3.1.2 Measurement of Ilmenite’s density

[lmenite is chosen for the bed particles as well as the oxygen carrier in this experi-
ment. IImenite density is measured for the calculation of reaction time as well as to
compare before and after the Syngas experiment. This is to assure that there is no
change in Ilmenite quality.

A density apparatus, which can be seen in figure 3.3, is utilized. The cylindrical
silver metal container is filled by adding ilmenite through the funnel. When it is
filled completely, a metal spatula is used to assure that the surface is smooth at
the container height, then the amount of Ilmenite in the container is weighed. This
is repeated at least ten times and then the average measured mass is used. All
mass measurements are shown in A.1 in Appendix [. The volume of the container is
known, in this case is 25.092*10~3 m3, therefore the density can be easily obtained
by dividing the measured mass by the volume.

Figure 3.3: Density apparatus

3.1.3 Calculation of reaction time

A total gas velocity of 0.3 m/s is required for sufficient bubbling fluidization, which
is described in the theory section. This is equivalent to a flow rate of 21 normal
liters per minute (nlpm). As the maximum possible mass flow is 15 nlpm for fuel,
the rest is compensated by adding 6 nlpm of nitrogen gas. Assuming that the Ideal
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gas law applies, a volume of 1 nm?, a temperature of 278 K and a pressure of 101.3
kPa, an amount of substance of 44.6 mole per nm? is obtained. The molar flow rate
in moles per minute, for both fuel and needed oxygen, is calculated by multiplying
each flow rate with the amount of substance. The Ilmenite mass is calculated by
multiplying the cross-sectional area of the bed, the bed height and the Ilmenite
density obtained by the method described in section 3.1.2. If packings are used,
the resulting mass is also multiplied with the void factor obtained as described in
section 3.1.1. Based on an assumed 0.72 weight percent [lmenite conversion and the
calculated Ilmenite mass, the required oxygen mass can be calculated. Multiplying
the amount of substance of oxygen and the oxygen flow rate gives the time needed
for the reaction. The calculated reaction time and Ilmenite mass for each tested
configuration can be found in table 3.3, section 3.4.2.

3.2 Reactor

A laboratory scale 253 MA vertical steel reactor, as shown in Fig.3.4, is used for
the experiment. The furnace is insulated and has a height of 1.27 m and an inner
diameter of 78 mm. There are holes on both the front and back side of the furnace
where eight tubes are connected as seen in Fig.3.5. The tubes on the back are
connected with thermocouples and pressure sensors and the ones on the front can
be connected to a tube which collects gas samples. The difference that needs to be
noted is that the tubes on the back connected at an angle of 40 degrees against the
furnace. The furnace is heated electrically and the temperature kept at the desired
input temperature. A furnace outlet is open but surrounded by a metal fume hood.
Therefore it is extremely important to turn on the ventilation when dealing with
harmful gases.

Figure 3.4: Outside of the reactor Figure 3.5: Inside of the reactor
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The measurement points are located as in figure 3.7 and the heights are listed in
table 3.1. The same height is used for the temperature, pressure measurement and
sample collection points. The distributor plate is a plate of 5 mm thickness, with
61 holes of 0.6 mm diameter, where fuel, air and Ny were introduced. To stop small
bed particles from falling into or filling the holes it is important to always have a
gas flow. Every other time, when emptying the reactor, the wind box is also opened
and checked to assure that the holes are not clogged. A sample of gas is sent to a
sensor SICK placed right next to the reactor as in Figure.3.6. SICK is originally
used for measuring slow changes in gas concentration, but it is possible to obtain
the change in smaller units of time, such as seconds. The sensor is connected to a
software which shows the composition of gas in volume percent (vol%) for each gas
component. It also shows temperature and pressure change and flow rate over time
of each gas for both inlet and outlet.

Table 3.1: Height of measurement points for the reactor

Measurement Point | Height [cm]
MP8/TP8 79.65
MP7/TP7 63.65
MP6,/TP6 47.65
MP5/TP5 31.65
MP4/TP4 15.65
MP3/TP3 13.65
MP2/TP2 8.88
MP1/TP1 3.65

E Outlet

Back Front
TPE = — MP8
TP7 = — MP7
T — — MP6
TPS = = MPS
TP4 MP4
TP3 MP3
TP2 MP2
TP1 MP1

e BT
windbox <A Air, N2

Fuel

Figure 3.7: Measurement point
Figure 3.6: Reactor and sensor locations for the setup. Reactor
SICK dimension may not be to scale.

16



3. Methods

3.3 Test and calibration

In order to ensure stable measurements, sensor tests are to be conducted every other
experiment day. If the outlet concentration of calibration gases deviates from the
inlet, calibration needs to be done. The procedure is as follows:

1. Change the sensor to "calibration" mode, make sure the pump is off and that
valves for test gases are open.

2. Flood the calibration sample chamber with Ny to remove other gases. Do this
until Oy and CO are shown as zero vol% for five minutes.

3. Introduce a gas mixture with NO, SOy, CO and CO, and check if the outlet
sensor shows same concentration for CO4 as the inlet sensor.

4. Repeat the test with 9 vol% of O, and confirm that the inlet and outlet sensors
agree.

5. Repeat the test with 90 vol% of COs and confirm that the inlet and outlet
sensors agree.

6. Finally test with Syngas at 50 vol% CO and 50 vol% Hy and confirm that the
inlet and outlet sensors agree.

If the concentration deviation is larger than 0.1 vol% at any of the steps between
three to six, calibration is needed. This can be done automatically through software
It should be noted that the sensor is calibrated based on Syngas, so the last step
should always be based on Syngas even when test is done before the experiments
with CO.

3.4 Experiments

In this section, the detailed procedure for both the empty bed and main experiments
are described.

3.4.1 Empty bed experiment

Packings used in the experiments are made of stainless steel, which usually has
strong resistance against oxidization. However, as with any object that contains
iron, there is still a possibility that stainless steel oxidizes. It is crucial that solely
the bed particles act as oxygen carriers for these experiments. Therefore experi-
ments without bed particles are conducted to ensure that the packings themselves
are minimally involved and have a negligible effect on the oxidizing process during
the experiments. Syngas is studied for possible water-gas shift effect but the mea-
sured change depends solely on if packings are affecting the conversion by carrying
oxygen, and the fuel itself should not have an effect. Therefore only CO is tested
with both packings for this experiment. In addition to an empty reactor with only
packings, a completely empty reactor is also tested to eliminate other possible ef-
fects such as re-circulation of air or air being left in the reactor. The procedure is
as follows:
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1. If not testing a completely empty reactor, add packings into the bed while an
air flow is sustained

Introduce Ny at a flow of 10 nlpm

Introduce CO at a flow of 15 nlpm and inert nitrogen at 6 nlpm for 40 seconds
Observe the outlet concentration of CO

Repeat steps 2-4 at least two times

AR

The temperature is set to 840 °C and the measurement point is at MP8 for these
experiments.

3.4.2 Packed fluidized bed experiment

As mentioned in section 3.1.1, void factors and packing mass are needed when fill-
ing the reactor with packings. The results are almost identical to the product data
provided by the manufacturer, 0.97 for RMSR and 0.96 for Hiflow® ring.

Table 3.2: Experimentally determined void factor and mass of
packings for RMSR and Hiflow® ring

No packings | RMSR | Hiflow® ring
Void factor -] 1 0.96 0.95
Packing density [kg/m?] - 195 271
Packings mass [kg] - 0.984 1.356

Furthermore, reaction times for each set of experiments are obtained based on the
method in section 3.1.3 and using the calculated void factors. See table 3.3 for
the detailed results. As the fuel flow is set to 21 nlpm for both Syngas and CO
experiments, the reaction time and Ilmenite mass is the same for equal bed heights.

Table 3.3: Ilmenite mass and reaction time used for the experiments

[Imenite mass [g] Reaction time [s]
No packings | RMSR | Hiflow® ring || No packings | RMSR | Hiflow® ring
10 cm 782.09 748.71 742.99 32 30 30
15 cm 1173.14 1123.07 1114.48 48 45 45
20 cm 1564.19 1497.43 1485.98 64 60 60
25 cm 1955.23 1871.79 1857.47 80 75 75
30 cm 2346.28 2246.14 2228.97 96 90 90
35 cm 2737.33 2620.50 2600.46 112 105 105
40 cm 3128.37 2994.86 2971.96 128 120 120
50 cm 3910.47 3743.57 3714.94 160 150 150
55 cm 4301.51 4117.93 4086.44 176 165 165
60 cm 4692.56 4492.29 4457.93 192 180 180
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Since the fuel conversion rate is a key factor that needs to be verified at the outlet
of the bed, a gas sample is taken at MPS8. As the investigated bed has a maximum
height of 60 cm, and taking into account the expansion of the bed, MP8 which
is located at 79.65 cm from the bottom of the distribution plate is suitable. The
temperature of the furnace is set to 840 degrees C, which is in the typical range for
combustion in a fluidized bed (800-1000 degrees C)[30].

The experiments start with setting the target temperature of the furnace, adding
any desired packings while the air flow rate is set between 15-21 nlpm. When the
temperature reached above 840 °C for all measurements points and stabilized, bed
particles can be added. The first part of the experiment always starts with adding
air flow so that the minimum required oxygen level is reached. This allows the II-
menite to capture and store oxygen in its pores. The following step is to change the
gas flow to nitrogen gas so that excess oxygen is removed from the furnace. Finally
fuel gas and nitrogen are introduced for the duration of the calculated reaction time.
To clean the reactor and make sure that no fuel or product of the reaction are left
after the reaction is completed, the reactor is flooded with nitrogen gas. Exact ex-
perimental steps are as follows:

1. With oxygen levels at or above 20 vol% and a air flow of 6 nlpm (in order to
avoid bed particles from flowing out from the bed), add bed particles to the
reactor.

2. Set the air flow rate back to 21 nlpm and wait until oxygen levels are higher
than 20.75 vol% for bed height up to 35 cm, and 20.7 vol% for bed heights
above that.

3. When the temperature and pressure have stabilized, set Ny to 10 nlpm until
oxygen is lower than 0.45 vol% for bed heights up to 35 cm, and 0.76 vol% for
bed heights above that.

4. Change the Ny flow rate to 6 nlpm and introduce Syngas or CO at 15 nlpm
for the duration of the calculated reaction time.

5. Stop the fuel and set the Ny flow rate to 10 nlpm.

6. When N3 has been introduced for 5 minutes and no CO and CO;, concentration
is shown, go back to step 2 and repeat the same procedure two to three more
times. For the first experiment run of the day, at least four repetitions are
recommended. For new bed heights, go back to step 1.

If spouting of bed particles from the top of the furnace is a risk, especially for higher
beds, a metal pipe can be placed over the furnace outlet. To increase the cross-
sectional area and decrease the particle velocity thus preventing the bed particles
from jumping out of the reactor, a funnel like tube was originally considered. How-
ever, the implement seen in figure 3.8 was the only available instrument at the time.
Figure 3.9 shows an improved version that can be stably fastened to the reactor
using a bolt. Tests confirmed that this did not affect the pressure or temperature.
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Figure 3.8: A pipe used for Syn- Figure 3.9: A pipe used for CO
gas experiments experiments

3.5 Calculation of conversion rates

Both fuel and CO conversion rates, as well as pressure drop, need to be calculated
from the obtained data. The total outlet gas flow is the sum of the measured gas
flows of nitrogen and fuel during the reaction. Assuming the ideal gas law applies,
the total molar flow rate n;, at the outlet can be calculated using equation 3.2.

. qP

Niot = ——

" RT

In the above, q is the total flow rate in normal liters per minute, which is obtained

from the experiments. P is atmospheric pressure, R is the gas constant and T is the
temperature in Kelvin.

(3.2)

Since the volume percentage concentration of each gas species z; is measured during
the experiments, the molar flow rate n for each gas, Hy, COs and CO, can be
obtained. Based on equation 2.15 and what was mentioned in section 2.4, the fuel
conversion rate calculation for Syngas requires that Hs must be accounted for at
the inlet and outlet. This leads to the total conversion based on the lower heating
value which is derived as follows[13]:

_ AHp, "y out + AHcoNco,out
AHonp, in + AHco(Mco,out + Tc0, 0ut)

(3.3)

Vsyngas = 1

The lower heating value AH for Hy and CO/COy are 244 J/mol and 283.24 J/mol
respectively. [31] Calculating the fuel conversion rate for CO and the CO conversion
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rate of Syngas is done using equation 3.4[13]. The conversion rate of H, is calculated
using equation 3.5[13].

hCO,out

co=1— - - 3.4

7 Nco,out + NCOo,,out ( )

Y, =1 — [ty out (3.5)
nHQ,in

The mass conversion rate w of the oxygen carrier changes over time. It cannot be
measured directly and needs to be calculated from the measurement data. w for
each time step is obtained from equation 3.6 for Syngas and equation 3.7 for CO,
both which are based on the oxygen conversion rate, which in turn is obtained from
equation 2.14

t nM,
W = Wr—1 — lfl - 2 (2xc0, + 200 — Tu,) (3.6)
t nM
we=wer ©(zco,) (3.7)

where M, is the molar mass of oxygen and x is the composition of each gas species.

The fuel conversion is calculated with an oxygen conversion span between 0.992
and 0.999. This is to avoid extreme changes in conversion rate when the fuel is
introduced, at which point the rate is assumed to be 0.999 < w < 1, and to avoid
low conversion rate when w < 0.992 and the conversion rate starts to drop. The
conversion rate is calculated as the average rate during this interval. Most of the
tests are repeated at least three times per setup. For the first setup after emptying
the reactor, at least four measurements are taken and of those the last three are
used.

The pressure drop of the bed can be calculated from the atmospheric pressure, the
pressure in the wind box and the pressure over distributor plate. But it is assumed
that P, is the reference pressure and thus zero.

APyed = —Potm —ap +Pwp = —APg + Pyp (3.8)

Pressure drop for each bed height is calculated using equation 3.8, where pressure
at windbox Py p is obtained from measured data and pressure over distributor
plate APpp is obtained from an empty experiment set up, without packings or bed
particles in the reactor and only an air flow rate of 15 nlpm. The pressure drop
between MP1 and the windbox should be equivalent to the pressure drop over the
distributor plate.
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Results

In this chapter, the results are presented. This includes fuel conversion rates, tem-
perature and pressure change over time, pressure drop of the bed and density analysis
of Ilmenite.

4.1 Fuel conversion

Table 4.1 shows the average calculated total fuel conversion rates for both Syngas
and CO, with different bed heights, as well as with different packings, including no

packings. The results are also plotted and shown in figure 4.1 and 4.2.

Table 4.1: Average fuel conversion rates for CO and Syngas fuels, with bed heights
from 10 to 60 cm, using RMSR, Hiflow® ring or no packings

Syngas CO
No packings | RMSR | Hiflow® ring || No packings | RMSR | Hiflow® ring
10 cm 0.6897 0.8425 0.7768 0.6140 0.7864 0.6662
15 cm 0.7125 0.8813 0.8127 0.6412 0.8057 0.7504
20 cm 0.8551 0.9320 0.8769 0.7027 0.9271 0.7048
25 cm 0.8802 0.9610 0.9210 0.8232 0.9544 0.7703
30 cm 0.9188 0.9531 0.9283 0.8286 0.9812 0.9164
35 cm 0.9540 0.9760 0.9832 0.7882 0.9838 0.9460
40 cm 0.9839 0.9927 0.9868 0.8688 0.9923 0.9840
50 cm 0.9639 0.9955 0.9961 0.9639 0.9980 0.9922
55 cm 0.9694 0.9988 0.9977 0.9651 0.9995 0.9994
60 cm 0.9824 0.9985 0.9978 0.9675 0.9991 0.9993
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Table 4.2 shows the average calculated CO conversion rates for Syngas, with different
bed heights, as well as different packings, including no packings.

Table 4.2: Average CO conversion rates for Syngas fuels, with bed
heights from 10 to 60 cm, using RMSR, Hiflow® ring or no packings

No packings | RMSR | Hiflow® ring
10 cm 0.6199 0.8382 0.7733
15 cm 0.7003 0.8792 0.7940
20 cm 0.8511 0.9316 0.8712
25 cm 0.8748 0.9616 0.9169
30 cm 0.9173 0.9475 0.9207
35 cm 0.9533 0.9742 0.9832
40 cm 0.9796 0.9929 0.9866
50 cm 0.9621 0.9953 0.9965
55 cm 0.9687 0.9987 0.9980
60 cm 0.9823 0.9986 0.9979

Both table 4.1 and 4.2 show that the conversion rate increases with increasing bed
heights. In general the highest rates are achieved during experiments using RMSR
packings in combination with either fuel type. Hiflow® ring packings do perform
better in some cases but even then the performance is close.

Table 4.3 shows the average calculated conversion rates of hydrogen gas for Syngas

fuel, with different bed heights, as well as different packings, including no packings.

Table 4.3: Average Hy conversion rates for Syngas fuels, with bed
heights from 10 to 60 cm, using RMSR, Hiflow® ring or no packings

No packings | RMSR | Hiflow® ring
10 cm 0.6723 0.9666 0.8847
15 cm 0.9386 0.9649 0.9698
20 cm 0.9774 0.9503 0.9849
25 cm 0.9579 0.9537 0.9750
30 cm 0.9817 0.9923 0.9875
35 cm 0.9767 0.9929 0.9897
40 cm 0.9807 0.9904 0.9916
50 cm 0.9907 0.9983 0.9888
55 cm 0.9928 1.0000 0.9922
60 cm 0.9913 0.9937 0.9977
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Resulting fuel conversion rates, using RMSR, Hiflow® ring or no packings, are plot-
ted against different bed heights in figure 4.1 for Syngas fuel and figure 4.2 for CO
fuel. The conversion rates are calculated by the measured data at a temperature
of 840 °C and the measurement point MP8. CO conversion rates for Syngas exper-
iments are plotted in figure 4.3. The trendlines shown in the figures are obtained
using the polynomial function provided by Microsoft Excel 365. It only shows the

general trend of the data points and therefore should not be considered an accurate
model.
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Figure 4.1: Fuel conversion rate for Syngas fuel at 15 nlpm, Ny at

6 nlpm, bed heights in the range of 10 to 60 cm, using RMSR,
Hiflow® ring or no packings at a temperature of 840°C.
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Figure 4.2: Fuel conversion rate for CO fuel at 15 nlpm, Ny at 6

nlpm, bed heights in the range of 10 to 60 cm, using RMSR,
Hiflow® ring or no packings at a temperature of 840°C.
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Figure 4.3: CO conversion rate for Syngas fuel at 15 nlpm, N, at

6 nlpm, bed heights in the range of 10 to 60 cm, using RMSR,
Hiflow® ring or no packings at a temperature of 840°C.
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Figure 4.4: H2 conversion rate for Syngas fuel at 15 nlpm, N, at 6

nlpm, bed heights in the range of 10 to 60 c¢m, using RMSR,
Hiflow® ring or no packings at a temperature of 840°C.
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Figures 4.5 and 4.6 show the actual improvement, when using packings, compared to
the theoretical maximum improvement possible for each bed height. The logarithmic
function provided by Microsoft Excel 365 is used to obtain the general trend lines.
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Figure 4.5: Syngas fuel conversion rate improvement when using
packings in comparison to the theoretical maximum.

0,9
o~ 0,8

L o7
[}

Eop2

0 10 20 30 40 50 60 70
Bed height [cm)]

ARMSR ® Hiflow

Figure 4.6: CO fuel conversion rate improvement when using
packings in comparison to the theoretical maximum.

In figure 4.1 and 4.2 the trend similarity of fuel conversion rates in relation to bed
height for both Syngas and CO fuels can be seen. For bed heights between 10 and 30
cm, the fuel conversion rates with RMSR . is more than 10 % higher than experiments
using Hiflow® ring packings and more than 20% higher than without packings.
However, the fuel conversion rate is very similar for both packing types when the
bed height reaches or exceeds 40 cm. At those heights nearly 100% conversion is
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acheived. For all tested bed heights, fuel conversion rates remained lower without
packings than with.

The CO conversion rates for Syngas experiments that can be seen in figure 4.3 also
share a similar trend to the fuel conversion rates. Experiments with RMSR and a
bed height of 10 cm show around a 30 % higher conversion rate compared to the same
bed height without packings. The presence of packings provide for higher conversion
rates at all tested bed heights but the absolute improvement becomes smaller as the
rate approaches 100 %. However when the improvement rate in relation to the
theoretical maximum improvement is calculated, it is higher for the higher bed
heights, as is shown in figures 4.5 and 4.6. Figure 4.4 shows the conversion rate of
H,. For most bed heights, the conversion rates are above 95 % and production of
H, cannot be seen. Hs conversion rates also follow a pattern of higher conversion
rates with higher bed heights and /or when using packings.

The fuel and CO conversion rates against [lmenite mass are plotted in figures 4.7-
4.9 and against pressure drop are shown in figures 4.10-4.12. Pressure drops are
calculated and shown in table 4.4.

Fuel conversion [-]

0 1000 2000 3000 4000 5000
Ilmenite mass [g]

RMSR  + Hiflow®ring No packings
Figure 4.7: Fuel conversion rate for Syngas fuel at 15 nlpm, Ny at

6 nlpm, against Ilmenite mass, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.
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Figure 4.8: Fuel conversion rate for CO fuel at 15 nlpm, Ny at
6 nlpm, against Ilmenite mass, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.

When fuel conversion rates for both fuels are compared against [lmenite mass, a
similar trend as with bed heights can be seen. The conversion rates increase with

the Ilmenite mass, packings improve the conversion rate and experiments using
RMSR show the highest rates.
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Figure 4.9: CO conversion rate for Syngas fuel at 15 nlpm, N, at
6 nlpm, against Ilmenite mass, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.

When CO conversion rates are compared against Ilmenite mass, they once again
follow the same pattern as the conversion rates compared against bed heights. At
lower Ilmenite mass, the improvement of fuel conversion rates are high, around 20

% higher with Hiflow® ring packings and 30 % higher with RMSR.
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Figure 4.10: Fuel conversion rate for Syngas fuel at 15 nlpm, Ny

at 6 nlpm, against pressure drop, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.
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Figure 4.11: Fuel conversion rate for CO fuel at 15 nlpm, N, at

6 nlpm, against pressure drop, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.

When the conversion rates are plotted in terms of pressure drop, as can be seen in

figure 4.10 and 4.11, an improvement of the fuel conversion rates can be seen when
packings are used.
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Figure 4.12: CO conversion rate for Syngas fuel at 15 nlpm, Nj
at 6 nlpm, against pressure drop, using RMSR, Hiflow® ring or no
packings at a temperature of 840°C.

The CO fuel conversion rates during the reaction process, for bed heights of 10,
20, 30, 40, 50 and 60 cm, are plotted against the oxygen carrier conversion rate
X. Note that the y-axis is different for each plot. A conversion rate interval of X
between 0.001 to 0.01 is used when plotting the figures. For all tested heights and
for experiments using Syngas fuel,refer to A.2.
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Figure 4.13: Fuel conversion rate versus [lmenite oxygen conversion
rate, using CO fuel, bed heights of 10 and 20 ¢cm, and RMSR,
Hiflow® ring or no packings, at 840°C, flow rate of 15 nlpm and 6
nlpm for fuel and Ny resp.
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Figure 4.14: Fuel conversion rate versus [lmenite oxygen conversion
rate, using CO fuel, bed heights of 30 and 40 cm, and RMSR,
Hiflow® ring or no packings at 840°C, flow rate of 15 nlpm and 6
nlpm for fuel and Ny resp.
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Figure 4.15: Fuel conversion rate versus [lmenite oxygen conversion
rate, using CO fuel, bed heights of 50 and 60 cm, and RMSR,
Hiflow® ring or no packings at 840°C, flow rate of 15 nlpm and 6
nlpm for fuel and Ny resp.

In general, figures 4.13 - 4.15 show an increased stability of the fuel conversion
over Ilmenite oxygen conversion as the bed height increases. Packings seem to add
extra stability and both RMSR and Hiflow® ring packings result in over 99% fuel
conversion rates at bed heights of 50 and 60 cm.
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4.2 Temperature

Temperatures during one experiment cycle at the measurement point TP1, with bed
heights of 10, 20, 30, 40, 50 and 60 cm and RMSR, Hiflow® ring or no packings,
are compared in figures 4.16-4.21. The complete temperature measurement data
for all tested heights, including experiments using CO fuel, can be found in A.3 in

Appendix 1.
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Figure 4.16: Temperature change over
time using Syngas fuel, 10 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure 4.18: Temperature change over
time using Syngas fuel, 30 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure 4.17: Temperature change over
time using Syngas fuel, 20 cm bed
height and RMSR, Hiflow® ring or no
packings.
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height and RMSR, Hiflow® ring or no height and RMSR, Hiflow® ring or no
packings. packings.

Temperature change due to the exothermic reaction is consistent in its pattern re-
gardless of bed height or packing type. The temperature increases around 20 to
30 °C during the reaction and returns to the initial temperature. For experiments
with higher beds without packings, a significant increase in temperature fluctua-
tions are observed. In figure 4.21 the temperature change over time is shown for
different packing types at a bed height of 60 cm. Tests with RMSR and Hiflow®
ring packings show a smooth temperature change, while the tests without packings
show larger fluctuations. Note that while the targeted temperature is 840 °C for all
measurements, the temperature at the measurement points can be slightly different
depending on the set up.
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4.3 Pressure

Pressure measured at point TP1 over one experiment cycle, with bed heights of 10,
30 and 40 cm, are shown in figures 4.22-4.24. All pressure data for the experiments
can be found in A.4 in Appendix I.
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Figure 4.22: Pressure comparison for 10 cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings

The pressure measurements clearly show that the experiments without packings
have a higher peak amplitude and variation of pressure compared to experiments
using packings. RMSR provides the most stable pressure over time, as seen in figure
4.22. This pattern is similar for the pressure measurements up to a bed height of 40
cm, however no prominent variations are observed for bed heights of 50 and 60 cm.
This indicates that the pressure reaches its peak value at or around a bed height
of 50 cm for MP 1. Therefore the measurements above this height could not be
properly obtained.
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Figure 4.23: Pressure comparison for 30 cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings
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Figure 4.24: Pressure comparison for 40 cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings

36



4. Results

4.4 Pressure drop

The pressure drop in the bed is calculated using equation 3.8 and the results are
presented in table 4.4. The mean pressure is calculated for one experiment cycle.

Table 4.4: Pressure drop [kPa] in the bed for bed heights of 10 to
60 cm, using RMSR, Hiflow® ring or no packings.

No packings | RMSR | Hiflow® ring
10 cm 0.220 0.104 0.137
15 cm 0.969 0.821 0.914
20 cm 1.793 1.588 1.766
25 cm 2.628 2.378 2.579
30 cm 3.512 3.208 3.413
35 cm 4.553 3.998 4.148
40 cm 5.036 4.809 5.036
50 cm 7.807 6.395 6.769
55 cm 9.492 7.077 7.651
60 cm 10.901 7.734 8.562
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Figure 4.25: Pressure drop against bed heights between 10 to 60
cm using RMSR, Hiflow® and no packings at 840°C, flow rate of
15 Ipm and 6 lpm for Fuel and N resp.

When equal bed heights from 10 cm to 40 ¢cm are compared, the pressure drop
increases with increasing bed height, from nearly 0 kPa to around 5 kPa. This
applies to all experiments using RMSR, Hiflow® ring or no packings. When looking
at higher bed heights, the pressure drop without packings increases more than twice
as fast as with RMSR or Hiflow® ring packings. The highest pressure drop, 10.9
kPa, is observed during the experiments without packings and a bed height of 60
cm.
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4.5 Other observations

During the experiments, a small amount of entrainment was observed but discarded
as insignificant. Spouting or large spillage was observed for both Syngas and CO
fuels when conducting experiments without packings at a bed height of 50 cm. For
the CO experiment, the spilled amount of bed particles was roughly estimated and
replaced before continuing the experiment and this might account for some of the
observed, sudden pressure change. For the Syngas experiment, the experiment was
stopped and completely redone. No other spillages were observed below or above 50
cm of bed height and no spillage occurred during the rerun of the 50 cm bed height
experiment with Syngas.

4.6 Density of Ilmenite

Table 4.5: Density of Ilmenite before and after experiments with Syngas

Before experiment | After syngas experiment
Density|g/m”’] 1637.57 1641.16

The resulting difference for the Ilmenite density calculations before and after the
Syngas experiments is less than a 0.2%. The experimentally obtained mass used for
the calculations can be found in A.1 in Appendix I.

4.7 Empty bed experiment

In order to ensure the bed particles are the only oxygen carrier during the reaction,
empty bed experiments are conduced. Results for the experiments with CO, for each
set up, are shown in table 4.6. The average and maximum volume percent CO, and
CO values at measurement point M8, from the time of fuel injection to when the
COs concentration goes back to zero, as well as the calculated oxygen consumption
can also be found there.

Table 4.6: Calculated oxygen consumption and average and maximum concentra-
tions of CO and CO, for empty bed experiments using CO fuel

Max COy [vol%] | Avg COs [vol%] | Avg CO [vol%] | Consumed O, [g]
No packings 16.20 2.54 10.48 0.34
RMSR 10.57 1.02 5.28 0.28
Hiflow® ring 10.31 1.52 6.99 0.30

The maximum and average CO, concentrations are similar for the experiments using
RMSR, Hiflow® ring or no packings. The calculated amount of oxygen consumed at
most differs by 10% and the amount itself is less than 10 % of the total oxygen used
during the experiments. When comparing the experiments using RMSR, Hiflow®
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ring or no packings, the empty bed experiment without packings has the highest
CO, formation and O consumption. In addition to the data in table 4.6, experi-
ments with longer reaction times (300 seconds) were conducted for one Hiflow® ring
packings and one no packing configuration. The total O, consumption increased to
1.1 g with the Hiflow® ring packings and 1.04 g for no packings. Even an experiment
with Sand using RMSR, at the same measurement height, with a reaction time of
40 seconds, resulted in an Oy consumption of 0.37 g.
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Discussion

In this section, some interpretations of the results are presented. Possible causes of
error and limitations during the experiments, as well as recommendations for further
studies, are discussed.

5.1 The effects of different bed heights

Packings increased the fuel conversion rate for all tested bed heights and amounts of
[lmenite. Table 4.1 contains the fuel conversion rates for experiments with Syngas
and CO fuel, using RMSR, Hiflow® ring and no packings, and bed heights from
10 to 60 cm. A general trend seems to be that the fuel conversion rate increases
with increasing bed height. For 60 cm bed height with RMSR or Hiflow® ring
packings, the conversion rate is approaching 100%. This result is repeated in the
CO conversion rate for Syngas experiments. As can be seen in figures 4.7 and 4.8,
the conversion rate also increases with Ilmenite mass but, the same mass of Ilmenite
will also have a higher conversion rate when combined with RMSR or Hiflow® ring
packings compared to no packings. The added amount of reactable oxygen and
the reaction time is calculated to be equivalent per unit of Ilmenite mass for all
bed heights, therefore a difference in oxygen carrier mass should not be behind the
observed behavior. At lower bed heights, effects from large bubbles or slugging
are unlikely to be a factor as these do not have sufficient time and height for such
bubbles to coalesce. It is possible that the effects of fluidization are smaller for lower
bed heights compared higher ones, and that part of the observed change in reaction
efficiency stems from this. When the reaction path is too short from the distributor
plate, it is possible that spouting occurs, causing decreases in fuel conversion rate
as the bed height shrinks. This can be supported by the figures 4.13-4.15 where
the fuel conversion rate against the conversion rate of oxygen for Ilmenite is stable
with higher beds but decreases over time with lower heights. Another possibility is
that the theoretically calculated reaction time is not accurate and therefore does not
give enough residence time for lower beds. Regardless of these effects, since both a
constant amount of oxygen carrier or a constant bed height lead to an increased fuel
conversion rate when combined with packings, it can be concluded that packings do
provide benefit when that is the goal.

Temperature change over time can be seen in figures 4.16 - 4.21. The temperature
fluctuation in terms of amplitude and variance increases with the bed height, which
indicates an uneven temperature distribution with the higher beds. Formation of
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larger bubbles, slugging or by-passing are possible explanations, however, it is im-
possible to draw a definitive conclusion from the collected data. This fluctuation is
in opposition to the quick and well mixing advantage of a fluidized bed and is an
indication of unfavorable conditions when the reaction takes place.

5.2 Comparison between RMSR, Hiflow® ring and
no packings

When the results from experiments using RMSR, Hiflow® ring or no packings are
compared, the RMSR has the highest overall fuel conversion rates regardless of
bed height or fuel type. The fuel conversion rates is in relation to bed height,
[lmenite mass or pressure drop can be seen in figures 4.1 and 4.2, 4.7 and 4.8,
and 4.10 and 4.11. Comparing the results with and without packings, the fuel
conversion rate is consistently higher when they are present, a result that is in
agreement with earlier studies. When compared to higher bed heights, it appears
that lower beds have a larger improvement in fuel conversion rates when packings are
used. However, since the rate is 96% for the higher beds even without packings, the
room for improvement is more limited. When the improvements from packings are
compared to the theoretical maximum improvement possible for each bed height, the
improvements instead seem to be larger for taller beds. Increasing the conversion
rate from 98% to 99.5%, reducing inefficiency by 75%, might be more significant
than increasing it from 70% to 85%, a 50% inefficiency reduction.

A previous study suggests that the increases might be due to an improvement of the
mass transfer rate through the inhibition of large bubble formation. In accordance
with section 2.3, the size of bubbles affects the mass transfer rates and hence the
reaction. During two experiment cycles, as described in section 4.5, large spillages
occurred. They happened with a bed height of 50 ¢cm, no packings and with both
types of fuel, and are assumed to have been caused by slugging pushing bed particles
out of the reactor. As mentioned in section 2.1, the large bubble formation occurs
thorough the coalescing of small bubbles. This requires a minimum length of path,
in this case bed height, which could explain why it was observed at a higher bed
height. However, it is unknown why it occurred at 50 cm but not with higher beds,
or why repeats of the same experiments did not lead to the same outcome.

When comparing figures 4.22 - 4.24, there exists a variation in pressure change
over time for the experiments without packings. Even figures 4.16 - 4.21 show
that temperature fluctuations are higher for the case without packings, especially
at increasing bed heights. This indicates ineffective fluidization, possibly caused by
slugging or large bubbles.

The difference between RMSR and Hiflow® ring packings solely comes from their
geometries. Test results point to RMSR having a more suitable geometry for bubble
eliminations in general. RMSR has an asymmetric shape that possibly creates a
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tighter lattice structure compared to the more symmetrically shaped Hiflow® ring
packings. A tigher lattice structure might be preferable in terms of bubble inhibition
that leads to more effective bubbling fluidization. However, the fuel conversion rates
are equally high at higher bed heights.

Table 4.4 shows the pressure drop of a bed height when using RMSR, Hiflow® ring
or no packings. According to the earlier experiments referenced in 2.2, the pressure
drop is caused by particle hold- up, friction between the packings and gas, as well
as friction between bed particles and the packings. For the experiments without
packings, as there are no other known factors involved, the observed pressure drop
is believed to be due to particle hold-up. Since the pressure drop is obtained only
for the same bed heights and not for the same particle mass, this data cannot be
directly compared. But it is likely that it is particle hold-up that affects the total
bed pressure drop, rather than bubbles or friction between gas and packings.

5.3 Water-gas shift effect

From figure 4.1 it can be seen that the degree of improvement in fuel conversion
rates for both Syngas and CO fuel are similar. The observed differences are not
large enough to make any conclusions regarding this effect. Fven if it is present,
it is not the main factor for the improvement of fuel conversion rates. This is also
supported by the conversion rate of Hy shown in figure 4.3, where the rate is nearly
100% for all bed heights except 10 ¢cm to 20 cm. The cause of the much lower
conversion rate at the 10 and 15 cm bed heights is unknown. As was mentioned in
section 2.5, the water-gas shift reaction is very weak and is even unlikely to take
place without a catalyst. It is therefore unlikely that the reaction has any significant
effect on the conversion rates.

5.4 Experiments with an empty bed

Table 4.6 indicates that there is some amount of CO, production and O, consump-
tion. However, as it is less than 10 mass % of the oxygen per Ilmenite and the
consumption is similar for both types of packings, it is deemed negligible. The CO,
formation is the highest for the experiments without packings. This implies that
the packings are not acting as oxygen carriers or catalysts in an oxidization process.
Some possibles causes for the small amounts of Oy consumption could be back mix-
ing of air from the outlet of the reactor, small amounts of oxygen remaining in the
reactor reacting with the fuel, or some part of the reactor taking part in the reaction,
but it is impossible to draw any conclusions from the measured data. This effect
should be the same for all set ups and therefore not of significance when comparing
variables such as fuel, bed height or packing type.
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5.5 Ilmenite quality control

The measured density of Ilmenite presented in table 4.5 indicates that the there is no
significant difference between the samples before and after the Syngas experiments.
Since [lmenite has been proven to be sufficient in previous studies, and further study
of the material itself was not within the project scope, more accurate testing was
not conducted.

5.6 Limitations

This is an empirical study based on the observation of fuel conversion rates in relation
to bed heights and different packing types. There are some nonoptimal conditions for
the instruments used in the experiments, as well as for the data analysis. The data
sets are small and the results should be seen as a general trend, not as statistically
verified. Since there are only three or four data points for each configuration, and
the analysis uses the average of these points, might not be accurate if there is a
large variance in the measurements. As mentioned in section 3.2, the SICK sensor
used is not originally intended to detect sudden changes in concentration and there
is also a slight delay from when the flow rate is changed in the control software to
when the gas is actually injected into the system. Entrainment was observed during
the experiments, which was described in section 4.5. The amounts were considered
negligible for this context but could be seen as a source of uncertainty.

A superficial gas velocity of 0.3 m/s was used in all experiments, regardless of bed
height. Since the gas velocity could give different fluidization conditions, depending
on the bed height and packings, this could affect the reaction in a way that com-
plicates the comparison. Further research might be needed in this area. Another
uncertainty lies in the randomness of the packing placement, especially with pack-
ings whose effects on flow are highly dependent on their placement direction, such
as the Hiflow® ring, as they can affect the pressure drop and fluidization state as
well as the reaction.

5.7 Future studies

A fuel conversion rate of nearly 100 % was reached with 60 cm bed heights but
the difference between 55 ¢m and 60 cm was not large and some of the set ups,
such as 55 cm, had higher fuel conversion rates than 60 cm. Industrial facilities are
much larger than what is used in these experiments and for such applications it is
important to know if this is a true trend, or if the observed drop in fuel conversion
rate above 55 cm is due to measurement inaccuracies or other setup related issues,
such as reactor size. Further research, using taller beds, is needed.

A study directly measuring the mass transfer rate could be useful for connecting
the dots between fuel conversion rate, bubble inhibition and mass transfer rate.

Understanding more about the formation and inhibition of bubbles in a fluidized
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bed with packings will further connect the dots. This can be achieved through more
detailed pressure and pressure drop analysis. Computational Fluid Dynamics(CFD)
software could be a useful tool for the simulation and analysis of bubbles.

Even if it was found to not be an issue during these experiments, stainless steel
packings can bring some uncertainty regarding oxidization and ash chemistry. Re-
searching packings made from other materials would alleviate any such concerns. It
would be also good doing more detailed research into the effects of different pack-
ing geometries. Finding an optimal shape and material for bubble inhibition and
a optimized fluidization state in the reactor should be considered a major goal of
further studies into the subject. It is also important to consider the effects on ash
formation and packing lifetime, as both are important for industrial implementa-
tions. A temperature of 840 °C was set for the experiments in this study. The
temperature can potentially affect the fluidization and reaction, and investigating
systems with different combustion temperatures could be useful if other fuel types
are to be considered. Other operational conditions worth study are effects related
to pressure and furnace geometry.
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Conclusions

The project experimentally investigated the fuel conversion rate improvement po-
tential of using packings in a Chemical-Looping Combustion (CLC) fluidized bed
reactor. The investigated variables are bed height, fuel type (Syngas and CO) and
packing type (RMSR, Hiflow® ring or no packings). CLC provides inherent carbon
capture advantages due to its easily separable flue gas but improvements in fuel
conversion rates would provide an even more effective separation of CO,, which in
turn makes more effective Carbon capture and storage possible.

The key finding is that the use of packings lead to an increased fuel conversion rate
for all tested bed heights and amounts of bed particles. Comparison of Hiflow®
ring and RMSR packings indicate that the latter often is better but both provide
significant improvements compared to the no packings test cases. For taller beds the
improvement was similar for all tested packing types. Earlier studies indicate that
the inhibition of large bubbles in a fludized bed reactor increases the mass-transfer
rate and hence the fuel conversion rate. The tests conducted in this study support
this idea. Observations of spillage as well as temperature and pressure fluctuations
indicate the presence of large bubbles or slugging with taller bed heights when not
using packings. RMSR packings seem to provide better bubble inhibition compared
to Hiflow® ring, possibly because its geometry may allow it to form a tighter lattice
structure. The fuel conversion rates generally increase with bed height, which could
be due to the shorter reaction path as well as possible spouting with lower bed
heights. Using packings, the absolute fuel conversion rate improvement is higher
with lower beds but given that the conversion rate of tall beds without packings
is already high to begin with, getting close to 100% with packings, the numbers
are not easily comparable. Seen as a fraction of the theoretical maximum possible
improvement at each bed height, the taller beds actually improve more than the
lower beds when packings are used.

Investigating both Syngas and CO fuel shows that there is no significant difference
in the fuel conversion rate between them. This leads to the conclusion that the
water-gas shift reaction does not take place or only has a negligible effect.

There are various possible ways to move forward regarding future studies. Ex-
periments with higher bed heights, different packing geometries, different packing
materials and various operational conditions are all relevant subjects in regards to
scaling up the technology for industrial applications. CFD analysis of the formation
and inhibition of bubbles, as well as direct measurements of the mass transfer rate,
are also interesting paths of inquiry.
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Appendix 1

A.1 Measurements of mass for Ilmenite, packings
and packing void

Repetition | Before [g] | After [g]
1 41.0 42.5
2 40.8 41.3
3 41.8 40.9
4 41.1 40.8
5 41.0 41.3
6 40.8 40.6
7 40.6 41.1
8 41.2 40.9
9 41.2 40.3
10 41.4 41.9

’ Average ‘ 41.1 ‘ 41.2 ‘

Table A.1: Ilmenite mass measured before and after Syngas experiments.

Repetition | RMSR [g] | Hiflow [g]
1 962.2 953.7
2 959.9 939.3
3 950.1 947.1
4 957.3 952.2
’ Average \ 957 \ 948 ‘

Table A.2: Measured water mass occupying the packing void.
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Repetition | RMSR [g] | Hiflow [g]
1 191.0 264.3
2 190.7 274.0
3 198.5 273.9
4 200.1 273.7
’ Average \ 195.0 \ 271.5 ‘

Table A.3: Measured packing mass.

A.2 Fuel conversion rate versus Ilmenite oxygen

conversion rate

A.2.1 Syngas fuel experiments

Fuel conversion [-]

0 0,002 0,004 0,006 0,008
X=1-w[]

RMSR10cm  ——Hiflow®ring 10cm  —-No packings 10 cm

Figure A.1: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using Syngas fuel, 10 cm bed height.

Fuel conversion [-]

0 0,002 0,004 0,006 0,008
X=1-w[]

RMSR20cm  ——Hiflow®ring20cm  —-No packings 20 cm

Figure A.3: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using Syngas fuel, 20 cm bed height.
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0 0,002 0,004 0,006 0,008
X=1l-wl]

RMSR 15cm  —+—Hiflow®ring 15cm  —No packings 15 cm

Figure A.2: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using Syngas fuel, 15 cm bed height.
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Figure A.4: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using Syngas fuel, 25 cm bed height.
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Fuel conversion [-]

Fuel conversion [-]
N

&

0 0,002 0,004 0,006 0,008 0,01 0 0,002 0,004 0,006 0,008 0,01

X=1l-w[] X=1l-w[]

—=—RMSR30cm  —s—Hiflow®ring30cm  —#No packings 30 cm —#-RMSR 35cm  —+—Hiflow®ring 35cm  —#No packings 35 cm

Figure A.5: Fuel conversion rate ver- Figure A.6: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate sus Ilmenite oxygen conversion rate
using Syngas fuel, 30 cm bed height. using Syngas fuel, 35 cm bed height.
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0,93 0,87
0 0,002 0,004 0,006 0,008 0,01 0 0,002 0,004 0,006 0,008 0,01
X=1l-w[] X=1l-w[]
-#-RMSR40cm  —Hiflow®ring40cm  —#—No packings 40 cm —#+RMSR50cm  —#—Hiflow®ring 50cm  —#—No packings 50 cm
Figure A.7: Fuel conversion rate ver- Figure A.8: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate sus Ilmenite oxygen conversion rate

using Syngas fuel, 40 cm bed height. using Syngas fuel, 50 cm bed height.

|
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—=RMSR55cm  —Hiflow®ring 55cm  —#No packings 55 cm —=-RMSR 60 cm  —a—Hiflow®ring 60 cm  —No packings 60 cm
Figure A.9: Fuel conversion rate ver- Figure A.10: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate sus Ilmenite oxygen conversion rate

using Syngas fuel, 55 ¢m bed height. using Syngas fuel, 60 cm bed height.
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A.2.2 CO fuel experiments

Fuel conversion|[-]

0 0,002 0,004

X=1-wl[-]

0,006 0,008

RMSR 10 cm Hiflowering 10cm No packings 10 cm

Figure A.11: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 10 cm bed height.

Fuel conversion [:

0,002 0,004 0,006

X=1-w[]

0,008

RMSR 20 cm Hiflow®ring 20 cm No packings 20 cm

Figure A.13: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate

using CO fuel, 20 cm bed height.

Fuel conversion [-]

0 0,002 0,004 0,006

X=1-w [

0,008

RMSR 30 cm Hiflow=ring 30cm No packings 30 cm

Figure A.15: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 30 cm bed height.

07

Fuel conversion [-]

0 0,002 0,004 0,006

X=1-w[]

0,008

RMSR 15 cm Hiflow®ring 15 cm No packings 15 cm

Figure A.12: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 15 cm bed height.

Fuel conversion [-]

0,002 0,004 0,006

X=1l-w[-]

0,008

RMSR 25 cm Hiflow®ring 25 cm No packings 25 cm

Figure A.14: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 25 cm bed height.

Fuel conversion [-]

0 0,002 0,004 0,006

X=1-w[]

0,008 o,

RMSR 35 cm Hiflowering 35 cm No packings 35 cm

Figure A.16: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 35 cm bed height.
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Fuel conversion [-]

0 0,002 0,004 0,006 0,008 0,01
X=1-w [

RMSR 40 cm Hiflow=ring 40cm No packings 40 cm

Figure A.17: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate

using CO fuel, 40 cm bed height.

1

Fuel conversion [-

0 0,002 0,004 0,006 0,008 0,01
X=1-w[]

-=-RMSR 55 cm Hiflow®ring 55 cm No packings 55 cm

Figure A.19: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 55 cm bed height.

A.3 Temperature

A.3.1 Syngas experiments

Temperature [°C]

0 100 200 300 400 500 600 700 800 900
Time [s]

No packings —RMSR —Hiflow®ring

Figure A.21: Temperature change
over time using Syngas fuel, 15 cm
bed height and RMSR, Hiflow® ring
or no packings.
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RMSR 50 cm Hiflowering 50 cm No packings 50 cm

Figure A.18: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 50 cm bed height.

Fuel conversion [-]

0 0,002 0,004 0,006 0,008 0,01
X=1-w[-]

RMSR 60 cm Hiflow®ring 60 cm No packings 60 cm

Figure A.20: Fuel conversion rate ver-
sus Ilmenite oxygen conversion rate
using CO fuel, 60 cm bed height.
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Figure A.22: Temperature change
over time using Syngas fuel, 25 cm
bed height and RMSR, Hiflow® ring

or no packings.
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Figure A.23: Temperature change
over time using Syngas fuel, 35 c¢m
bed height and RMSR, Hiflow® ring
or no packings.

A.3.2 CO experiments
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Figure A.25: Temperature change
over time using CO fuel, 10 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.27: Temperature change
over time using CO fuel, 20 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.24: Temperature change
over time using Syngas fuel, 55 cm
bed height and RMSR, Hiflow® ring
or no packings.
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Figure A.26: Temperature change
over time using CO fuel, 15 ¢m bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.28: Temperature change
over time using CO fuel, 25 ¢cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.29: Temperature change
over time using CO fuel, 30 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.31: Temperature change

over time using CO fuel, 40 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.33: Temperature change
over time using CO fuel, 55 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.30: Temperature change
over time using CO fuel, 35 cm bed
height and RMSR, Hiflow® ring or no
packings.
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Figure A.32: Temperature change

over time using CO fuel, 50 cm bed
height and RMSR, Hiflow® ring or no
packings.
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A.4 Pressure

A.4.1 Syngas experiments
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Figure A.35: Pressure comparison for 15 cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings
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Figure A.36: Pressure comparison for 25 c¢cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings
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Figure A.37: Pressure comparison for 35 cm bed height, Syngas fuel and using
RMSR, Hiflow® ring or no packings
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A.4.2 CO experiments
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Figure A.38: Pressure comparison for 10 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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Figure A.39: Pressure comparison for 15 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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Figure A.40: Pressure comparison for 20 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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Figure A.41: Pressure comparison for 25 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings

5 5
4,8 48

4,6

S ;
£4 W{W W\\‘,‘MnnW}W‘WWWHWﬂ’WW” g\W'WH 'W w i 4 W‘WA‘JW*,MW WW’W‘JVﬁJ.‘WMf’\’**“7‘Vﬁ"‘W‘W“Vl\‘&f"‘*v " NI"MW

3,

36 36
34 34

32 32

3 3

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500
Time [s] Time [s}
(a) No packings (b) RMSR

5
4,8
46
4,4

;42

”“,“M“* e g

o
36
3,4
32

3
0 100 200 300 400 500 600

Time [s]
(c) Hiflow® ring

Figure A.42: Pressure comparison for 30 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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Figure A.43: Pressure comparison for 35 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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Figure A.44: Pressure comparison for 40 cm bed height, CO fuel and using RMSR,
Hiflow® ring or no packings
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