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Alkali compounds are readily released during biomass conversion and their complex interactions with reactor
walls and sampling equipment makes detailed investigations challenging. This study evaluates a novel
laboratory-scale fluidized bed reactor for chemical looping combustion (CLC) studies. The reactor design is based
on detailed consideration of the behavior of alkali-containing molecules and aerosol particles and is guided by
computational fluid dynamic simulations. The design allows for interactions between gaseous alkali and a flu-
idized bed, while minimizing alkali interactions with walls before and after the fluidized bed. The function of the
laboratory reactor is demonstrated in experiments using online gas and alkali analysis. Alkali is continuously fed
to the reactor as KOH or KCl aerosol with and without a fluidized bed of the oxygen carrier CaMng 775
Tip.125Mg0.103.5 present in inert, reducing and oxidizing conditions at temperatures up to 900 °C. Alkali uptake
by the OC is characterized in all conditions, and observed to sensitively depend on gas composition, reactor
temperature and type of alkali compound. The experimental setup is concluded to have a significantly improved
functionality compared to a previously used reactor, which opens up for detailed studies of interactions between

alkali compounds and oxygen carriers used in CLC.

1. Introduction

Implementation of biomass combustion for heat and power genera-
tion has the potential to significantly reduce greenhouse gas emissions
and other harmful pollutants, and thus represents a key factor in miti-
gating global warming. Converting biomass in a chemical looping
combustion (CLC) system provides the possibility of reaching negative
CO; emissions [1,2]. The CLC technology is based on two interconnected
fluidized bed reactors: an air reactor (AR) that operates under oxidizing
conditions and a fuel reactor (FR) that operates under reducing condi-
tions, and solid oxygen carrier (OC) particles that circulates between the
two reactors [3]. Although solid biomass can be converted in a CLC
system, the combustion of biomass fuels generally impose several
challenges. In comparison to fossil fuels, biofuels generally have a lower
heating value, a higher water content and often contain aggressive ash
components, such as the alkali metals potassium and sodium [4].
Biomass used for combustion generally contains between 0.1 and 1.1 wt
% alkali on a dry fuel basis [5]. The alkali, which is readily released
during the conversion process, is volatile at temperatures exceeding
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700 °C and can be transported between fuel particles and fluidized bed
particles [6,7]. Alkali compounds may cause detrimental problems to
the system equipment and reduce overall efficiency. Some typical
problems that may arise are fouling and corrosion of process equipment
[4,8-10], interaction with the oxygen carrying bed material [11,12] and
fluidization disturbances due to bed agglomeration [8,13,14]. However,
alkali metals are often used as promoters in catalytic reactions, and
studies show that they have catalytic effects on carbon conversion [15],
tar cracking [16,17] and char reactivity [18-21]. Several studies have
investigated the positive effects of alkali during gasification. Increasing
K content in different types of biomass has been shown to increase
gasification reactivity [22,23], and a high K/C ratio in biomass increases
the gasification rate during CO, gasification [24,25].

The significant effects of alkali compounds in thermal conversion
systems have led to extensive research in the field. There have been
studies of the interaction between alkali and the OC [11-13,26,27] and
studies focusing on gaseous alkali components in the exhaust gases
[5,28,29]. Reactors ranging from industrial scale [28,30,31] to labora-
tory scale [29,32-34] have been employed in the research. However, the
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complex behavior of alkali makes it challenging to gain detailed
knowledge of the interactions in thermal conversion systems. Studies in
large-scale facilities generally rely on extractive sampling where depo-
sition and condensation on surrounding surfaces and chemical trans-
formations may be important. Systematic studies of thermal conversion
processes like CLC often use reactors on laboratory-scale to lay the sci-
entific foundation and complement pilot- and industrial-scale studies.
However, detailed interactions between alkali and the component of
interest, e.g., oxygen carriers, might be obscured if the surrounding
reactor walls cause significant effects. Compared to large-scale facilities,
the laboratory-scale reactors generally have a larger surface-to-volume
ratio and higher wall temperatures due to external heating [32].
Furthermore, steel is often used as reactor wall material in alkali studies
on laboratory-scale [29,32,35-37], and studies related to CLC often
apply conditions that alternate between oxidizing and reducing atmo-
spheres. Alternating atmospheres in the presence of alkali may change
the elemental composition of the gaseous alkali, but also the chemical
and physical behavior of the high temperature steel walls and thereby
affect their interactions with alkali [32].

Previous studies employed a stainless steel fluidized bed reactor on
laboratory-scale to characterize the interactions between alkali and
reactor walls [32], and the interactions between alkali and a fluidized
bed of synthetic calcium manganite OC [29]. Alkali aerosol particles
were continuously fed to the reactor in oxidizing, inert and reducing
conditions at temperatures up to 900 °C, while the alkali concentration
was measured online in the exhaust gas. When temperatures exceed
500 °C, the alkali particles rapidly evaporate to their molecular con-
stituents, resulting in greatly increased diffusion towards the sur-
rounding surfaces. The alkali-wall interactions were influenced by the
atmospheric conditions, with significant transients in alkali outlet con-
centrations when shifting between reducing, inert and oxidizing gas
environments. It was suggested that the strong dependence on the gas
phase correlates to changes in the properties of the outermost reactor
wall surface which is in contact with the gas inside the reactor [32].
Although providing valuable information about alkali interacting with
the OC, the study clearly showed the need for improved experimental
methodology considering the significant interactions between the lab-
oratory reactor and the gas phase alkali [29].

This study presents the development of a novel fluidized bed reactor,
designed for laboratory-scale alkali studies under conditions relevant to
CLC. The design is based on fundamental understanding of aerosol
processes and computational fluid dynamics (CFD) simulations, and a
stainless steel material with excellent corrosion resistance is chosen as
the wall material. The overall aim with the new design is to limit alkali
losses below and above the fluidized bed, allowing for detailed studies of
the interactions between alkali and a fluidized bed of OC particles. The
function of the new reactor is demonstrated with typical CLC
experiments.

2. Design of a novel laboratory reactor
2.1. Design considerations

Our previous work illustrates the challenges in studying alkali pro-
cesses on the laboratory scale [29,32]. Alkali in the form of aerosol
particles can be transported in a controlled way and with limited losses
in low temperature tubes to and from a laboratory reactor [38]. When
the temperature exceeds the evaporation point of the aerosol particles,
the alkali compounds will exist in their gaseous state with diffusion
coefficients several orders of magnitude higher compared to aerosol
particles. Alkali in molecular form may therefore rapidly diffuse to and
interact with hot surfaces in the vicinity, including OC particles, reactor
walls and gas extraction probes. Additionally, these interactions may be
influenced by the surrounding gas conditions, temperature and the
elemental composition of the alkali species. When the temperature
drops, the alkali will either condense onto cold surfaces or nucleate and
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form new aerosol particles [39]. The size of the formed aerosol particles
depends on the mass concentration of alkali in the gas flow. The particles
grow over time due to further condensation of gas-phase alkali com-
pounds and agglomeration of aerosol particles [38]. The diffusion co-
efficient of the formed particles is several orders of magnitude lower
than that of alkali in gaseous form [29], and the particles are efficiently
transported to the measurement equipment with limited losses to tube
walls [38].

A reactor with a simple geometry was previously used for alkali
studies in CLC. It consisted of a 960 mm long vertical tube with an inner
diameter of 26 mm, and a 600 mm long central part of the reactor was
heated by an external furnace [29,32]. The reactor contained a fluidized
bed situated above a perforated plate in the heated zone of the reactor.
One problem with this reactor design was the extended hot regions
above and below the fluidized bed where alkali in gaseous form could
interact with the hot reactor walls [29]. Alkali-wall interactions up-
stream and downstream of the OC bed thus affected the alkali concen-
trations making it difficult to separate the effects of alkali-OC and alkali-
wall interactions.

In this study, a new reactor design is developed that limits the alkali
losses before and after the fluidized bed. The main design ideas are
presented here before describing the detailed design in subsequent
sections. The new setup can be separated into three main sections: a gas
and alkali inlet section below the fluidized bed, a hot middle section
including the fluidized bed, and a third section with lower temperatures
downstream of the fluidized bed including the exhaust gas outlet.

In the first section, alkali aerosol particles suspended in nitrogen is
introduced at room temperature through a narrow tube in the center of
the reactor body, which exits just before the fluidized bed. A narrow
tube diameter results in a high gas velocity and short residence time of
the gas, which allows the aerosol flow to remain relatively cold.
Therefore, the alkali remains as aerosol particles before entering the
fluidized bed, despite the fact that the final part of the aerosol tube is
located within the heated section of the reactor.

To maintain sufficient operating temperature in the fluidized bed, a
separate flow of reactor gases is preheated to near operating tempera-
ture before entering the main reactor body. In addition, the reactor gas
inlet is connected tangentially to the main reactor body to produce a
swirling motion of the pre-heated gas inside the reactor. The reactor gas
is swirling around the centered aerosol flow, limiting alkali transport to
the main reactor walls. This configuration of the inlet section should
limit aerosol particle evaporation below the bed, and keep the alkali
flow separated from the main reactor walls while still producing an even
temperature of the fluidized bed. Consequently, alkali interactions with
the reactor walls below the bed should be considerably lower in the new
reactor design compared to the previous reactor.

Another significant difference from the previous reactor [29,32], is
that the heated second section of the new reactor is less than half the
height of the old one. This removes a major part of the hot wall surface
where no fluidized bed is present, which results in overall less alkali-wall
interactions. Furthermore, alkali studies in thermal conversion systems
on laboratory-scale generally employ reactors of stainless steel alloys
where iron and chromium oxides dominate the surface layer of the walls
[40,41]. At high temperatures, alkali can react with these oxide layers to
form products, including KoCrO4 and KyFeoO4 [42,43]. Therefore, the
hot sections of the new reactor should be manufactured in a steel ma-
terial which forms stable oxide layers that limit chemical reactions with
alkali.

The third section of the reactor downstream of the fluidized bed is
characterized by a significantly increased diameter compared to the
preceding fluidized bed section. This section has no external heating and
the increase in reactor diameter improves the cooling of the gas exiting
the fluidized bed by increasing the residence time, while also reducing
the surface-to-volume ratio. The rapid quenching of the hot gas leaving
the fluidized bed when entering the third section results in efficient
formation of new aerosol particles that may be efficiently transported to
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downstream on-line instruments [38]. Another benefit of the increased
reactor diameter is a lowered gas velocity, which makes it less likely that
fluidized bed OC particles are carried away by the gas stream.

2.2. CFD simulations

CFD simulations were employed to optimize the geometric configu-
ration of the laboratory reactor regarding the behavior of alkali aerosol
particle characteristics at the relevant temperatures. The CFD simulation
was performed with the ANSYS Fluent 2021 R2 software, which is
widely used in the CFD community [44-46]. A pressure-based segre-
gated algorithm where the pressure-velocity coupling is solved with the
SIMPLEC scheme was chosen to solve the Navier-Stokes equations
[47,48]. This scheme was chosen since it can reach a converged solution
more quickly compared to other schemes for relatively uncomplicated
problems. For more complicated problems where turbulence or addi-
tional physical models are applied it is more likely that one of these
models limits the convergence, and different schemes give similar re-
sults [48]. In addition, second order upwind schemes were applied for
the spatial discretization. The simulation used a steady state solver with
a two-equation eddy-viscosity sheer stress transport (SST) k-o turbu-
lence model and surface to surface (S2S) radiation enabled. Radiation
was not applied to OC particles, and the exothermic and endothermic
reactions of the OC that would take place in oxidizing and reducing
conditions, respectively, were not included in the simulation. Since the
movement of a fluidized bed requires transient simulation, and the
heating of the reactor and bed is a comparably slow process, the CFD
simulation was performed with a steady state solver where the fluidized
bed is realized as a porous fixed bed. The thermodynamic properties of
the bed were similar to those for the stainless steel wall, the height of the
bed was set to 10 cm and a void fraction of 0.5 was used.

The boundary conditions for the inlets were set to room temperature
with a specified velocity magnitude normal to the boundary of 1.3 ms~*
(1 L min~ 1) for the aerosol flow and 0.398 m s~* (0.3 L min ') for the
reactor gas flow. The outlet boundary was defined as pressure outlet.
The boundary conditions for the walls were set to stationary walls with
no slip shear condition. All walls were defined as steel with a constant
density of 7250 kg m >, a specific heat capacity of 680 J kg ' K ' and a
thermal conductivity of 25 W m~! K~!. Radiation was defined with an
internal emissivity of 0.7 while the thermal conditions depend on the
location of the wall. Walls in the section with ambient outer tempera-
tures were defined by a convective thermal condition with a 6 W m™2
K ! heat transfer coefficient and a 26 °C free stream temperature. Walls
within the heated section of the furnace were subjected to a constant
heat flux 1820 W m™2 at an operating temperature of 900 °C. The
insulated wall sections were subjected to a constant heat flux of 0 W
m2

A convergence criteria of 10~ was applied to all residuals except
continuity, where 10~ was used. A mesh was generated from an auto-
mated meshing software, and a grid independency test was performed to
ensure reliable results. The test was based on changing the number of
elements in the mesh from approximately 0.1 -107%t0 0.7-107° in seven
steps. The parameters that were monitored during the test were tem-
perature and velocity below the bed, above the bed and in the outlet. It
was seen that the results changed by less than 2% when the number of
elements in the mesh exceeded 0.5-107°. The final mesh had a minimum
and average orthogonal quality of 0.33 and 0.92, respectively, and a
maximum and average skewness of 0.67 and 0.15, respectively.

The CFD simulation was an iterative process where the geometry of
different reactor parts, the gas flow rates and the properties of heating
and cooling were manually changed in several step until an optimal
design was established. The inlet configuration and flow rates of aerosol
and reactor gas were optimized to: i) keep a sufficiently low temperature
of the aerosol flow to limit alkali losses to surrounding walls below the
fluidized bed, ii) allowing rapid aerosol particle evaporation upon
entering the bed, and iii) maintain the operating temperature
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throughout the fluidized bed.

The size of the heated section was designed to limit the area of hot
reactor walls downstream of the fluidized bed, while still providing
sufficient heat flux. The dimensions were adjusted slightly after
consultation with a furnace provider. The diameter and height of the
section downstream of the furnace was adjusted to reach rapid tem-
perature quenching and limit alkali condensation onto cold walls. This
section was also adjusted slightly after consultation with the reactor
manufacturer.

Fig. 1 shows the final CFD modelling results from the optimal reactor
design when the reactor was simulated to operate at 900 °C where the 1
L min ! aerosol flow and the 0.3 L min~! reactor gas flow consisted of
pure Ny with temperature dependence according to the ideal gas law.
The heating of the reactor was simulated by applying a constant heat
flux onto the outer reactor walls in the simulation. The fluidized bed, the
heated section, the aerosol nucleation section, inlets and outlet are an-
notated in the figure.

Fig. 1a shows the temperature profile of the inner reactor walls and
corresponding temperature gradients in the flow path inside the reactor
are shown in Fig. 1b-c. Previous experiments using an alkali aerosol
generator concluded that 45 nm KCI aerosol particles evaporate around
500 °C, leading to greatly increased diffusion coefficients and increased
alkali-wall interactions [32]. Fig. 1b shows that the majority of the
aerosol flow is kept below 400 °C before reaching the fluidized bed. As
the alkali-containing aerosol particles enter the bed, the temperature
rapidly increases above the evaporation point, allowing gaseous alkali to
interact with the solid bed particles. Fig. 1a and ¢ show the configuration
of the reactor gas inlet, where the gas is preheated in a tube that runs
alongside the main reactor body inside the furnace.

Cross-section profiles of temperature and velocity at the inlet point of
reactor gases are shown in Fig. 1d and e. The reactor gas inlet is posi-
tioned with a 10 mm offset from the center of the reactor body, i.e.,
tangential to the circular reactor wall. This way, the reactor gas will flow
in a swirling, circular, motion when it enters the reactor, which im-
proves the distancing between the centered alkali aerosol flow and the
reactor walls. The configuration allows the temperature of the aerosol
flow to remain below the evaporation point of aerosol particles while the
surrounding reactor gases have been preheated to maintain sufficient
temperature of the fluidized bed. Additional CFD simulations was per-
formed with 2 and 4 reactor gas inlets, positioned tangentially with the
reactor body. This did not make significant changes to either the reactor
gases, aerosol gases or temperature profiles, which is why a single
reactor inlet was chosen to simplify the geometry. The temperature
profile in Fig. 1d ranges between 400 and 850 °C, i.e., the blue fields
mark areas where the temperature is below the evaporation point of the
alkali particles. Important to note is that immediately before the aerosol
flow exits the tube, approximately 40% of the gas exceeds a temperature
of 500 °C. However, the high gas velocity in the tube result in a gas
residence time below 3 ms in this region, and the alkali is assumed to
remain as aerosol particles inside the narrow tube.

The section without external heating downstream of the furnace is
characterized by an increase in reactor diameter that effectively
quenches the temperature and reduces the surface-to-volume ratio in
this part of the reactor, see Fig. 1b. The results in the figure illustrate that
the temperature of the gas flow is below 200 °C before exiting the
reactor.

Additional CFD simulations were performed with different oven sizes
and operating temperatures. Increasing the length of the heated section
from 200 to 300 mm (i.e., increasing the heated area) requires an overall
lower heating effect (W) to produce the same total heat flux (W/m?).
This, however, leads to less efficient heating of the inlet section and
colder regions in the bottom of the fluidized bed. The topmost regions of
the bed is warm, along with extensive hot wall areas above the fluidized
bed. To limit alkali losses above the bed, and to maintain sufficient bed
temperature, it is more beneficial to use a smaller (200 mm) furnace
operated with higher heating effect. Changing the operating
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Fig. 1. Results from CFD calculations showing temperature profiles of the (a) inner surface of the reactor steel walls, (b) cross section of the flow path in the center of
the reactor and (c) cross section of the flow path in the center of the reactor gas inlet tube. (d) Temperature profile and (e) velocity profile over the cross section of the

reactor body at the reactor gas inlet.

temperature in the range from 600 to 1000 °C did not cause major
changes in the gas temperature exiting the reactor. This is due to the
relatively long residence time of the outlet gases in the top section of the
reactor with ambient outer temperature, in combination with efficient
cooling rates. The relevant temperatures for aerosol nucleation are
above a few hundred degrees, and these temperatures are rapidly
reached in the section without external heating. The reactor operating
temperature, however, affects the temperature of the inlet section to a
greater extent. At the lowest (600 °C) temperature, the low temperatures
of the aerosol and reactor gases cause significant cooling in the bottom
regions of the fluidized bed. At the higher temperatures (800-1000 °C),
the bed maintains a sufficient operation temperature.

Additional CFD simulations using the same methodology were car-
ried out for the previously used reactor [29,32]. Fig. 2 compares the
temperature profiles within the new and previously used reactor setups,
where the old reactor consists of a long cylindrical tube with a centrally
heated section. Note that the fluidized bed positions in Fig. 2 correspond

to the positions of the porous beds used in the simulations, while an
actual fluidized bed would extend further with a zone with decreasing
bed density towards the outlet. The old reactor exhibits extensive re-
gions of high temperature both above and below the fluidized bed in the
central heated section. On the inlet side, a large fraction of an injected
alkali aerosol will experience high temperatures before reaching the
fluidized bed. This results in alkali salt evaporation and rapid diffusion
of alkali-containing compounds to the reactor wall. The alkali flow
reaching the fluidized bed is thereby strongly affected by alkali-wall
interactions. A similar situation exist after the fluidized bed, where al-
kali compounds leaving the bed have a high probability of interacting
with the hot wall before escaping from the reactor. In contrast, these
problems are significantly reduced by the optimized designs of the inlet
and outlet regions in the new reactor. Another issue in the old reactor is
the temperature gradient within the central part containing the bed.
Conversely, the new reactor showcase a more uniform temperature
distribution within the hot zone housing the fluidized bed. This
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Fig. 2. Results from CFD simulations showing temperature profiles of the (a)
cross section of the flow path in the center of the novel reactor, and (b) cross
section of the flow path in the center of the reactor used in previous studies.

improved uniformity can be attributed primarily to the gas preheating
implemented in the new reactor.

2.3. Reactor construction

The new laboratory-scale fluidized bed reactor was constructed
based on the design considerations and CFD simulations described
above, and the geometry and dimensions of the reactor are schemati-
cally shown in Fig. 3. The color scheme in the figure shows the heated
area (red), insulated areas (green) and areas without insulation experi-
encing ambient temperatures (blue). Fig. 3a shows the produced reactor
before any experiments were carried out and Fig. 3b shows the geo-
metric configuration of the reactor assembly with dimensions in mm.
Marked in the figure is also the flow direction of the aerosol, reactor
gases and exhaust gas. Fig. 3c shows the location of aerosol and reactor
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gas inlets (transparent red color) in relation to the fluidized bed (solid
red color). Fig. 3d shows a cross section of the reactor body near the
aerosol and reactor gas inlets. The reactor gases enter in the tangential
direction of the reactor body while the aerosol inlet tube is located in the
center. The reactor section with ambient temperature includes a seem-
ingly long distance with 26 mm inner diameter, which is contradictory
when aiming to limit the area of reactor walls. The reason is that this
section includes a flange, which makes it possible to remove or change
the upper reactor section (i.e., the blue section in Fig. 3b). The size of the
26 mm diameter section with ambient temperature could have been
reduced if the sections were welded instead of connected with flanges.

A particle filter for the fluidized bed made of stainless steel (alloy
316) works as a gas distributor plate (see Fig. 3c). The sections shown in
red and green in Fig. 3b and the associated flange (Fig. 3a) are made of a
corrosion-resistant steel material, while the section and flange experi-
encing ambient outer temperatures (blue areas in Fig. 3b) are made of
stainless steel (alloy 316). Due to the highly corrosive environment, it
was crucial to build the hot parts of the reactor wall in a material with
high corrosive resistance. The material used for these parts are Kanthal
APMT™ (Sandvik AB). It is a powder-metallurgical ferritic Fe-Cr-Al
alloy with an addition of Mo, which forms a stable surface oxide of
non-scaling a-AloO3 with good protection in corrosive high temperature
environments. The main advantage is that the alumina oxide does not
evaporate and the ionic diffusivity is low compared to Cry03, which is
the main oxidation product of lower grade stainless steel alloys [49].
The downside of the APMT steel is its fragile properties at room tem-
perature, and tightening of flanges and pipe fittings need to be done with
care.

The reactor was operated at 900 °C in an oxidizing atmosphere for
several hours without the addition of alkali before the first experiment
was conducted. The pre-oxidation is expected to result in the formation
of an oxide layer on the steel material that should be stable during
regular redox studies included in this paper.

3. Experimental methodology

The experimental setup for the evaluation of the new fluidized bed
reactor is displayed in Fig. 4, where the laboratory-scale reactor is
externally heated by an electrically heated furnace. The experimental
setup enables easily adjustable and stable concentrations of alkali and
reactor gases introduced to a fluidized bed of OC particles while gas and
alkali concentrations are monitored online with high time resolution in
the exhaust. The alkali, produced by an aerosol generator (Model 3076,
TSI Inc.), is fed from the bottom of the reactor assembly. An automated
gas feeding system controls the gas atmosphere conditions. A gas
analyzer and a surface ionization detector (SID) provide online mea-
surements of gas and alkali concentrations in the exhaust gases. Similar
experimental setups have been used in earlier studies [29,32].

The alkali was fed in the form of KOH or KCl aerosol particles with an
average diameter of 45 nm dispersed in a 1 L min~! nitrogen flow. A
detailed description of the alkali aerosol generation process can be
found elsewhere [32]. The 1 L min~! aerosol flow was mixed with 0.3 L
min~! reactor gases before entering the fluidized bed to resemble the
inert, reducing and oxidizing environments of a CLC system. The reactor
gases consisted of either No, synthetic fuel gas (50% Hs in CO) or syn-
thetic air (21% O, in Ny), which after gas mixing resulted in 5.4 mg m >
KOH or KClin 1.3 L min " of either pure No, 11.5vol% Hy and 11.5 vol%
CO in N5 or 4.8 vol% O5 in N».

The gas leaving the reactor is divided into three different streams;
one leading through a diluter to an alkali detector, one through a
condenser and particle filter to a gas analyzer and the excess gas is
directed to the ventilation. The sample gas was diluted 10 times with Ny
before entering the SID which measured the total alkali concentration
with a time resolution of 1 s. A detailed description of the SID technique
is reported elsewhere [28,50-52] and the instrument has been used in
several combustion related studies previously [5,28-30,32,53,54].
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Alkali-containing compounds nucleate to form aerosol particles in the
cold section downstream of the fluidized bed and the particles are
subsequently transported to the SID, which is optimized to detect alkali
in particulate form [52]. The gas analyzer (Model NGA 2000, Emerson
Electric Co.) measured the concentrations of Oy, CO3, CO, Hy and CHy.

The reactor was filled with 5, 10 or 20 g of calcium manganite OC
particles in the fluidized bed experiments. The particles, with molar
composition CaMng 775Tip 125Mg0.103.5, have a perovskite structure
where calcium, manganite, titanium and oxygen bind together and
magnesium is present in a separate phase [55]. The Flemish Institute for
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Technological Research (VITO), Belgium, manufactured the material
from pro-analysis chemicals with a spray-drying technique. The parti-
cles, with a size range from 90 to 250 pm and a bulk density of 1300 kg
m 2, have been used in an earlier study focusing on alkali interactions in
a laboratory-scale fluidized bed reactor, where material analysis with a
scanning electron microscope was performed [29].

4. Results and discussion

The operational temperatures of the constructed experimental setup
were initially evaluated. A thermocouple was submerged into the flu-
idized bed to ensure correct operating temperatures. The reactor was
constructed using the results from CFD simulations as a guideline, and a
bed temperature of 900 °C required an applied heat flux of 1820 W/m?
in CFD simulations. This value is consistent with the operational pa-
rameters of the experimental setup including oven arrangement, which
indicates that the parameters used in the simulations provide a quali-
tatively acceptable description of the setup. To not risk interaction with
alkali, the thermocouple was removed prior to alkali injection to the
reactor and placed on the lower flange outside the reactor body. The
temperature in the upper reactor section experiencing ambient tem-
peratures was also evaluated. The CFD results in Fig. 1a show that the
wall temperature in the top section ranges from around 100 °C in the
bottom, to room temperature further downstream. Measurements of the
outer wall temperature on the upper reactor section confirmed the rapid
decrease in temperature in this section and the main part of the section
had a surface temperature below 60 °C.

Two types of experiments with alkali injection were conducted to
evaluate the reactor performance under typical experimental condi-
tions. In the first set of experiments, an empty reactor system was used to
study the interaction between alkali and the inner reactor walls. The
second set of experiments was carried out with a fluidized bed of OC
particles in the reactor to study the interaction between alkali and the
bed material. Temperatures from 160 to 900 °C were used in empty
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reactor experiments, and the operating temperatures were 800, 850 and
900 °C during the OC experiments. Experiments were carried out with a
constant injection of either KOH or KCl aerosol particles in inert,
reducing and oxidizing gas conditions to resemble the different stages of
a CLC process. In most type of biomass, potassium is highly abundant
and KOH and/or KClI are two of the major components that are being
released to the gas phase during the fuel conversion process [4].

4.1. Influence of temperature in empty reactor

Fig. 5 shows the observed alkali concentrations in the empty reactor
during constant KOH injection while incrementally increasing the
temperature from 160 to 900 °C in inert, reducing and oxidizing con-
ditions. The alkali concentration measured at the outlet is influenced by
both the temperature and the gas conditions. The concentration de-
creases slowly as the temperature increases between 160 and 500 °C for
all atmospheric conditions. Similar alkali concentrations are observed in
inert and reducing conditions, while the concentration in oxidizing
condition shows a similar temperature dependence but approximately
30% lower values (see Fig. 5a). At these relatively low temperatures, the
injected alkali remain as aerosol particles, and losses likely originate
from rapid particle diffusion in areas with large temperature gradients.
With further increase in temperature, the alkali particles evaporate into
their molecular constituents, resulting in a sharper drop in concentra-
tion. The sharp drop in outlet alkali concentration can be explained by
greatly increased diffusion coefficients for gaseous alkali-containing
compounds compared to alkali in the form of aerosol particles. With
diffusion coefficients that are several orders of magnitude higher than
those of aerosol particles, the alkali will rapidly diffuse to and interact
with the inner walls of the empty reactor. The gaseous alkali concen-
tration in the reactor will therefore depend on the balance between al-
kali adsorption by the wall and subsequently the alkali desorption from
the wall at different temperatures. The lowest observed values were
recorded at a reactor temperature of around 700 °C, before a slight
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Fig. 5. (a) Measured alkali concentrations during constant KOH injection to an empty reactor as a function of temperature in inert (grey line), oxidizing (blue line),
and reducing (red line) conditions. Alkali concentrations (black line) and reactor temperatures (red line) as a function of time in (b) inert, (c) oxidizing, and (d)
reducing conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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recovery was observed at the highest temperatures. The explanation
being that more alkali can re-evaporate from the wall at higher tem-
peratures, leading to higher outlet alkali concentrations. In the tem-
perature range from 700 to 900 °C, the outlet concentrations of alkali
under inert and oxidizing conditions were similar, whereas a consider-
ably higher concentration was observed under reducing conditions.
Observed differences between the results obtained in inert, reducing and
oxidizing atmospheres may be due to several processes. The gas
composition may affect the detailed composition of the surface layer of
the wall, which in turn affects alkali-wall interactions in ways that are
not fully understood. The gas composition may also affect the evapo-
ration and decomposition of KOH particles, including their ability to
form alkali oxides or carbonates. In addition, both aerosol and molecular
diffusion processes are affected by the gas phase composition.

The temperature ramps in different gas conditions (Fig. 5b—d) show
changes in alkali concentration as the temperature is raised in steps,
reflecting differences in alkali-wall interactions depending on temper-
ature and gas composition [29,32]. Raising the temperature from 700 to
800 °C in reducing conditions results in a transient increase in alkali
concentration (Fig. 5d), which is followed by another transient increase
when the temperature is further raised to 900 °C. These transients are
not present in inert or oxidizing conditions (Fig. 5b and Fig. 5¢), and
indicate differences in alkali-wall interactions depending on gas
composition.

4.2. Simulated CLC cycles

During a CLC process, the OC is transported in loop-seals between an
AR and a FR. To simulate the OC circulation between oxidizing condi-
tions in the AR, reducing conditions in the FR, and inert conditions in
loop-seals, multiple redox cycles were performed in each CLC experi-
ment. The cycle duration followed a specific pattern: 180 s in inert at-
mosphere, followed by 1000 s in reducing atmosphere, 500 s in inert
atmosphere, and finally 1450 s in oxidizing atmosphere. The different
durations were selected to allow complete oxidation or reduction of the
OC during each stage, allow transients observed when changing gas
composition to relax and approach a steady state concentration, and be
comparable to the conditions used in an earlier study [29]. The longer
residence time used in oxidizing conditions compared to reducing con-
ditions is a consequence of the relatively low O concentration used in
the present study.

Fig. 6 shows the observed alkali and gas concentrations at reactor
temperatures of 800, 850 and 900 °C with continuous KOH injection to
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(a) an empty reactor and (b) a fluidized bed of 20 g OC particles. Results
are displayed from two consecutive redox cycles at each temperature,
where colored fields mark recurring inert (white), reducing (orange) and
oxidizing (blue) conditions. Large variations in outlet gas and alkali
concentrations are observed within each redox cycle, and relatively high
reproducibility is observed between the cycles. In the empty reactor the
outlet alkali concentration increases with increasing temperature, and
large transient changes in alkali concentration are seen when the gas
composition changes. The relatively short time scales of these transients
suggest that the processes are dominated by changes in alkali in-
teractions with the outermost surface layer of the wall [32]. New steady
state concentrations are established when the flow of alkali from the gas
phase is balanced by alkali evaporation from the steel surface. The
observed increase in concentration with temperature indicates an
increased alkali evaporation rate from the wall at high temperatures.

The results with OC present show a distinctly different pattern
compared to the empty reactor results. The alkali concentration still
depends on gas composition with the highest concentrations observed
under reducing conditions, but the concentrations are considerably
lower. The temperature dependence of the alkali concentration is also
less pronounced than observed in the empty reactor. The experimental
results clearly show that the observed alkali concentration is strongly
influenced by the presence of the OC fluidized bed. The kinetics of the
alkali-OC interactions are also distinctly different compared to the ki-
netics of alkali-wall interactions in the empty reactor.

The alkali and gas concentrations during a single redox cycle are
shown in greater detail in Fig. 6. The displayed results correspond to the
second redox cycle at 900 °C (i.e., cycle number 6 in Fig. 6). KOH in-
teracts strongly with the inner steel wall in the empty reactor (black
dashed line in Fig. 7). Shifting gas composition results in significant
transient effects in alkali concentration that approaches steady condi-
tions within a few hundred seconds. Notably, the transient behavior is
especially significant when reducing conditions are applied, while
switching between inert and oxidizing conditions has a substantially
smaller effect. The presence of an OC fluidized bed (black solid line in
Fig. 7) results in markedly different alkali behavior with lower con-
centrations compared to the empty reactor case. The alkali level changes
with changing gas composition, but the transient behavior is generally
smaller compared to the empty reactor case where alkali-wall in-
teractions dominate the observed behavior. The different gas composi-
tions affect the surface properties of the OC and changes in alkali level
are observed during oxidation and reduction of the OC. In oxidizing
conditions, the alkali concentration is lower after the OC oxidation
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Fig. 6. Alkali and gas concentrations measured in the outlet from experiments with KOH aerosol: (a) an empty reactor and (b) a fluidized bed of 20 g OC particles
present. The results show experiments from two consecutive redox cycles at 800, 850 and 900 °C where each cycle is marked in red. Colored fields mark periods with
inert (white), reducing (orange) and oxidizing (blue) conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 7. Outlet alkali- and gas concentrations measured during one redox cycle in an empty reactor and a reactor containing OC at a reactor temperature of 900 °C and
KOH aerosol injection. Colored areas mark stages with oxidizing (blue), inert (white) and reducing (orange) atmospheres. Black lines show alkali concentrations, and
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process is completed compared to the initial 800 s when the OC bed
undergoes oxidation. In reducing conditions the initial 400 s show the
formation of COy, which mark the period where the OC undergoes
reduction, and a lower alkali concentration is observed. After complete
reduction of the OC bed the observed alkali concentration is generally
higher.

In conclusion, the significant reduction in the outlet concentration of
alkali when the fluidized bed is present, compared to the empty reactor
experiment, suggests significant alkali uptake by the OC particles
throughout the whole redox cycle at 900 °C.

4.3. Influence of fluidized bed inventory

To further evaluate the relative influence of hot reactor walls and OC
material inventory on the results, experiments were carried out with
different amounts of OC in the reactor. Fig. 8 shows the outlet alkali
concentration measured during one redox cycle at 900 °C in an empty
reactor and with a fluidized bed of 5, 10 or 20 g OC present in the
reactor.

As described above, a major transient peak is observed under
reducing conditions in the empty reactor. Addition of 5 g of OC has a
major impact on the results and changes the qualitative behavior during
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Fig. 8. Outlet alkali concentrations measured during one redox cycle with KOH
injection to the reactor operated at 900 °C. The colors represent results for
experiments with empty reactor (blue lines) and when the reactor is filled with
5 g OC (black lines), 10 g OC (green lines) and 20 g OC (red lines). Colored
areas mark stages with oxidizing (blue), inert (white) and reducing (orange)
atmospheres. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the different stages of the redox cycle. The transient peak seen when
applying reducing conditions disappears and the alkali concentration is
lower than observed in the empty reactor in all stages. The same
behavior is observed when using 10 and 20 g of OC, and the alkali
concentration decreases with increasing size of the fluidized bed
inventory.

The observations suggest that the OC results are dominated by alkali-
OC interactions, and the influence of alkali-wall interactions is minor
and decrease with the size of the inventory. To address the relative
importance of the two types of surfaces available in the reactor, the total
surface areas of the OC bed and the wall in the hot zone of the reactor
may be estimated. The OC material has a BET specific surface area of 0.2
m? g’1 [56], and the total surface area of the 5, 10 and 20 g OC beds are
approximately 1, 2 and 4 m?, respectively. The hot zone of the reactor
has a length of 200 mm and an inner diameter of 26 mm. This corre-
sponds to a geometric total area of 0.016 m>, which is 60-240 times
smaller than the total surface areas of the fluidized beds. The actual
surface of the wall is expected to be larger than the geometric area due to
the microscopic structure of the wall material, but the inner surface area
has not been experimentally determined.

It is concluded that the OC surface area is substantially larger than
the wall area in the hot zone of the reactor, which is consistent with the
large effects seen when introducing 5-20 g of OC to the reactor. The
extensive wall interactions observed in the empty reactor experiments
are thus unlikely to play a significant role when the reactor is filled with
fluidized bed material. The use of a large amount of OC material reduces
any effects of the wall and is thus beneficial in the experiments. In
practice, the time required to oxidize and reduce the bed material during
a redox cycle also needs to be taken into account when designing an
experiment.

4.4. Influence of alkali species

Additional studies were carried out to evaluate the effects of the type
of alkali species used in the experiments. Fig. 9 shows the outlet alkali
concentrations in the presence and absence of 20 g OC present in the
reactor at 800, 850 and 900 °C during constant injection of either KCl or
KOH aerosol to the reactor. In empty reactor experiments (dotted lines
in Fig. 9a and b), the outlet concentration of alkali increases with reactor
temperature, and higher concentrations are observed during reducing
conditions compared to oxidizing conditions. The most pronounced
difference between KCl injection and KOH injection in the empty reactor
experiments is seen when shifting from inert to reducing conditions.
Shifting to reducing conditions, the KOH experiments shows peaks in the
outlet alkali concentration, especially pronounced at the higher tem-
peratures, while the KCl experiments show less pronounced transients.
Apart from the initial stage of the reducing period, the observed alkali
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Fig. 9. Outlet alkali concentrations measured during one redox cycle with (a) KCI injection and (b) KOH injection to an empty reactor (dotted lines) and a reactor
containing 20 g of OC (solid lines) at reactor temperatures of 800 (green lines), 850 (red lines) and 900 °C (blue lines). Colored areas mark stages with oxidizing
(blue), inert (white) and reducing (orange) atmospheres. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

concentrations reach steady state after a few minutes, with slightly
higher steady state alkali concentrations in the KCl experiments
compared to the KOH experiments.

The presence of 20 g of fluidized OC in the reactor significantly in-
fluences the observed alkali concentrations (solid lines in Fig. 9a and b).
The outlet alkali concentrations depend strongly on the oxidation and
reduction of the OC material. The KCI experiments show significantly
different behavior compared to KOH experiments when the OC un-
dergoes reduction. In KCl experiments, the observed alkali concentra-
tion is generally higher during the first half of the reducing stage,
compared to the second half of the reducing period where the OC is fully
reduced, while the opposite is seen in KOH experiments. The results for
KCl and KOH in oxidizing conditions are similar, with low outlet alkali
concentrations in the beginning when the OC is being oxidized, and very
low concentrations after the oxidation of the bed is completed.

The observed alkali uptake likely relates to chemical reactions be-
tween the alkali species and the OC surface, and it would require
additional studies with detailed material analysis methods to identify
the actual products. The same OC material was analyzed with scanning
electron microscopy and energy-dispersive x-ray spectroscopy (SEM-
EDX) before and after use in the previously employed reactor [29]. No
significant changes in composition or morphology were observed after
reactor experiments on similar time scales as used in the present study,

Empty reactor

which suggests that either longer operational times or higher alkali
concentrations would be required to produce observable changes using
SEM-EDX. Chemical changes may also involve the alkali species. KOH or
KCl could undergo gas phase or surface reactions that change the
counter ion, and thus the alkali species that interacts with the OC. On-
line experiments with a method that distinguishes between alkali species
in the outflow from the reactor would be required to study these types of
processes.

4.5. Comparison to previously used reactor

The main drawback of the reactor design previously used for alkali
studies in CLC was the extensive alkali interactions with the reactor
walls before and after the fluidized bed [32]. As a result, interactions
with the reactor walls had to be taken into account during OC experi-
ments [29]. In contrast, the reactor described here is designed to mini-
mize alkali interactions with the walls above and below the fluidized
bed. Fig. 10 shows a comparison between the observed alkali outlet
concentration using the two types of laboratory reactors during opera-
tion at 850 °C and constant KCl injection. The empty reactor results
displayed in Fig. 10a indicate significant differences between the re-
actors. The old reactor results (black line) shows three distinct tran-
sients: a sharp loss in alkali signal when reducing gases are turned on, a
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Fig. 10. Outlet alkali concentrations measured during one redox cycle at 850 °C reactor temperature with constant KClI injection to (a) empty reactor and (b) reactor
filled with 20 g of OC. The colors represent results for experiments with the old laboratory reactor (black lines) and the new laboratory reactor presented in this study
(red line). Colored areas mark stages with oxidizing (blue), inert (white) and reducing (orange) atmospheres. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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peak when shifting to inert conditions and another peak when oxidizing
conditions are turned on. The new reactor (red line) lacks the transients
in inert and oxidizing atmospheres, and the initial stage of the reducing
period is characterized by a sharp increase in the alkali outlet concen-
tration. The steady state concentrations approached towards the end of
each stage of the redox cycle show similar alkali concentrations for both
reactor systems. The hot section of the old and new reactor is built using
different materials. The new material (Kanthal APMT™; Sandvik AB)
was selected because it forms a stable surface oxide of non-scaling
a-Al,O3 with good protection in corrosive high temperature environ-
ments, compared to CroO3 which is the main oxidation product of the
stainless steel alloy used previously (alloy 316). Changes in surface
properties are likely to affect how alkali binds to the surface of each
material, and the higher stability of the new material may consequently
be the reason for the less pronounced transient signals in the new reactor
compared to the old one. Further studies with alternative methods will
be required to determine the surface state of alkali under different
conditions.

Fig. 10b shows experimental results when using 20 g of OC of the
same type in each of the reactors. The observed alkali concentrations are
qualitatively different for the two reactor systems, and the properties of
the reactor clearly influence the results. The most obvious difference is
seen in the inert conditions following the reducing stage. The results
from the old reactor show a clear alkali peak during this period, while
the new reactor results show a significantly more stable concentration,
similar to the one seen before and after the inert gas was applied.
Another major difference is seen in reducing conditions around the 500 s
time mark where the old reactor shows a second peak in the alkali
concentration, whereas this is not observed when using the new reactor.

This study demonstrates that the new reactor design represents an
improvement over the previous reactor design used for similar alkali
studies. One clear benefit of the new reactor is the absence of transients
observed when changing gas composition in the empty reactor experi-
ments (Fig. 10). Additionally, the surface area of the OC particles is
significantly greater than that of the hot reactor walls in the new reactor,
whereas in the old reactor, large areas of hot reactor walls above and
below the fluidized bed interacted with the gaseous alkali and obscured
the OC results. The results from the new reactor change consistently and
systematically with changes in the oxidation state of the bed material
during the redox cycle in experiments with different alkali species at
different temperatures (Fig. 9). Experiments also show that addition of
only 5 g of OC is sufficient to qualitative change the behavior compared
to an empty reactor (Fig. 8), indicating a limited influence of the reactor
walls. Minor effects of the reactor walls may still remain in the new
setup, and should be carefully considered as the reactor is applied in
studies of new alkali-OC systems. It is likely that alkali-OC systems with
different behavior than the ones used here will contribute to an
improved understanding. In addition, the development will benefit from
characterization of alkali-surface interactions with alternative methods
that constrain the potential outcomes.

5. Conclusions

A novel laboratory-scale fluidized bed reactor has been designed and
constructed for alkali-related studies in conditions relevant to CLC. The
geometric configuration is based on CFD simulations in combination
with basic knowledge about the behavior of aerosol particles at high
temperatures. The reactor is designed to minimize alkali losses before
and after a fluidized bed, and to study the interactions between gaseous
alkali and solid bed particles. The function of the reactor was demon-
strated with a few typical CLC experiments with a constant alkali in-
jection to i) an empty reactor, and ii) a fluidized bed of OC present in the
reactor, while the alkali and gas concentrations were measured online in
the exhaust gases. The OC material consisted of calcium manganite
perovskite (CaMny 775Tip.125Mg0.103.5) and the alkali was continuously
fed as KOH or KCl aerosol particles. Alkali interactions were investigated
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at temperatures up to 900 °C in reducing, inert and oxidizing conditions.
The main conclusions are:

o The experimental set-up facilitates continuous alkali injection to the
reactor system, where the operational parameters can be changed
easily to study their effects on the interactions between gaseous al-
kali and a fluidized bed of solid particles.

e When operated without a fluidized bed present, empty reactor ex-
periments show considerable wall effects, with the highest alkali
losses to the walls observed at 700 °C in inert and oxidizing
conditions.

o With a fluidized bed present, the surface area of the OC is one to two

orders of magnitude larger than the surface area of the hot reactor

walls, which makes alkali-wall interactions less important.

Alkali uptake by the OC is characterized in all conditions, and

observed to depend on gas composition, reactor temperature and

type of alkali compound.

It is concluded that the newly designed laboratory reactor out-
performs previous reactors used in these types of alkali studies. The
development opens up for detailed studies of alkali-OC interactions
under different operational conditions, and future work will include
studies using different alkali species such as alkali chlorides and hy-
droxides and other types of OC materials to better understand the un-
derlying processes. The novel designs of the inlet and outlet regions of
the reactor presented here may also be applied to other types of fixed or
fluidised bed reactors where condensation on reactor walls is an issue.
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