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ABSTRACT

Chemical looping combustion of biomass is a promising carbon capture technology due to its inherent CO3
separation advantage. However, complete fuel conversion, particularly volatiles conversion for biomass, is
usually not achieved in the fuel reactor. A novel concept named volatiles distributor (VD) has been proposed and
tested in a cold-flow fluidized-bed, which shows good potential to achieve a more uniform horizontal distribution
of the volatiles and improve the gas-solid contact. In this work, the VD has been further developed by introducing
an array of internal baffles inside the VD. The objective is to improve the horizontal gas distribution and reduce
the volatiles slip from the bottom of the VD. The results show that the uniformity of the horizontal distribution is
improved significantly by the VD equipped with the internal baffles, especially in the single and multiple bubble
regimes. The volatiles slip from the bottom of the VD is reduced by the installation of internal baffles according to
the visual observation, even though there is a higher CO, concentration detected above the bottom edge of the
VD near the wall. A pronounced back-mixing of gas near the wall in the main riser may be the principal reason
for the higher measured CO, concentration.

1. Introduction

increase to well below 2 °C above pre-industrial levels before 2100 can
only be achieved by a deep reduction in CO; and other greenhouse gas

The climate change target to limit the global average temperature emissions in the coming decades [1]. Bio-Energy with Carbon Capture
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and Storage (BECCS) as a negative CO5 emission technology is promising
to fulfill the emission reduction target. Chemical looping combustion of
biomass (Bio-CLC) could play an important role for CO; capture, as this
technology enables the production of a pure stream of CO, inherently in
the process. As shown in Fig. 1, biomass absorbs CO in the air through
photosynthesis and can be utilized by chemical looping combustion
(CLC) to produce energy. CO, in air is captured by combining photo-
synthesis from renewable biomass and CLC, and stored geologically to
achieve negative CO, emissions [2].

The CLC process includes two interconnected fluidized-bed reactors,
i.e. air reactor and fuel reactor as shown in Fig. 1. Oxygen carriers (OC)
are circulated between these two reactors in order to transfer oxygen
from the air to the fuel and avoid the direct contact between them. The
OC take oxygen from air in the air reactor and the oxidized OC provide
oxygen for the fuel in the fuel reactor in a Nj-free environment.
Therefore, after the condensation of steam in the flue gas of the fuel
reactor, pure CO; is produced, and the energy penalty required for CO,
separation from N» in conventional combustion is prevented.

Biomass goes through several steps in the fuel reactor. Drying and
devolatilization may take place in a matter of seconds after the injection
of the fuel [3,4]. Upon devolatilization, char and a large volume of
volatiles are formed since biomass has larger content of volatiles
compared to coal and other similar fuels. The volatiles can react with OC
directly to produce CO3 and Hy0. The reaction between the char and the
OC are not direct but involves an intermediate gasification step where
char reacts with HO to form CO and Hj. The whole process of biomass
conversion is shown in Fig. 2.

Both bubbling and circulating fluidized beds are widely used for the
design of the fuel reactor [5-8]. Bubbling fluidized beds are operated at
lower superficial fluidization velocity. However, the produced com-
bustibles may bypass the dense bed as bubbles and there are fewer solids
in the freeboard, which cause less gas-solid contacting time in the fuel
reactor. Circulating fluidized beds are operated at higher superficial
fluidization velocity and give more homogenous solids distribution over
the height of the reactor, which can result in longer gas-solid contacting
time, less amount of OC and less operation cost. However, it might
require more fan power. The pressure drop over the gas distributor be-
tween the wind box and the dense bed is not only related to the fan
energy consumption but also the fluidization regime, i.e. single bubble
regime and multiple bubble regime, in the fuel reactor [9,10]. Both the
configurations of the fuel reactor and the fluidization regimes are crucial

Chemical Looping Combustion
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for the gas-solid contacting and gas conversion in the fuel reactor.

The common practice in fluidized-bed boilers is to feed the fuel
above the dense bottom zone. In CLC, however, it is desired that gases
from the fuel are released as far down in the bed as possible to achieve
good contact between volatiles and OC. Hence, solid fuel in-bed feed or
feed at the loop-seal connecting to the fuel reactor is favorable. The
volatiles released rapidly from the solid fuel in the dense bed, in
particular for the high-volatile fuel biomass, may also have an influence
on the gas-solid contacting regime in the fuel reactor. Lyngfelt and
Leckner [11] designed a 1000 MWy, CLC unit and described the change
of gas velocity in the fuel reactor over the height as presented in Fig. 3.
The bottom gas, either steam or a combination of steam and recycled
CO4 is mainly used to keep the bed fluidized. There are two major gas
flows at the bottom of the fuel reactor originating from the char gasifi-
cation and the volatiles. The syngas produced by gasification will appear
in the dense phase and make the dense phase ‘self-fluidizing’, which is
likely to change the bottom bed to a turbulent regime, bring more OC to
the freeboard and be helpful for improving the gas-solid contacting.

Ideally, biomass should be completely converted into CO, and Hy0
in the fuel reactor. However, there are three possible deviations from the
ideal bio-CLC process due to the limited fuel residence time and non-
sufficient gas-solid contact in the fuel reactor [11]. These deviations, i.
e. incomplete gas conversion, char loss to the air reactor, and elutriated
char in the flue gas, are shown in Fig. 4. They are quantified by three
performance indicators, i.e. oxygen demand, carbon capture efficiency,
and solid fuel conversion.

The performance could be improved in two ways, either by the
mechanical and chemical properties of OC or by the design and opera-
tion of the reactors.

More than 70 different OC have been tested in actual operation of
CLC pilots, of which more than 3000 h are with solid fuels [12]. Some
ores and waste materials have reasonable cost and show reactive po-
tential [13-15]. Some synthetic materials have shown higher potential
to improve the fuel conversion in the fuel reactor [16-18]. The materials
with oxygen uncoupling capability (CLOU materials) can release
gaseous oxygen in the fuel reactor and improve the solid fuel conversion
significantly [19,20]. Full fuel conversion has been achieved by using
copper or copper manganese mixed oxides [21,22]. However, a trade-off
should be made between the reactivity and the lifetime or cost of the OC
due to the loss of oxygen OC with the ash leaving the system.

Different designs and modifications of the fuel reactor have been
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Fig. 1. Negative CO, emission and power generation achieved by bio-CLC.
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proposed aiming for higher solid fuel conversion. The concept of carbon
stripper was proposed in order to reduce the char slip from the fuel
reactor and to increase the residence time of char in fuel reactor. It has
been tested with fossil-derived fuels in different scales of small CLC pilot
units, which show improved carbon capture efficiency [5,23-25]. Due to
the more reactive and smaller content of char in biomass, pilot operation
with biomass in a CLC unit without carbon stripper has demonstrated

that it is possible to improve the carbon capture efficiency to more than
98% [26]. A two-stage fuel reactor was proposed and proved to have
better combustion performance compared to previous CLC facilities
[27]. Guio-Pérez et al. [28] investigated the influence of ring-type in-
ternals equipped inside the fuel reactor, which showed a positive effect
on the solids residence time at least in a laboratory-scale unit. Pérez-
Vega et al. [29] modified the fuel reactor of 50 kWi, unit by the ring-type
internals with the objective of improving the solids distribution and
enhancing the gas-solid contact. An improved oxidation of volatiles in
the form of CH4 and full conversion of Hy were achieved by this
modification.

Li et al. [9] proposed and investigated a novel concept named vol-
atiles distributor (VD) in a cold-flow fluidized-bed model aiming at more
even horizontal distribution of the volatiles and improved gas-solid
contact in the fuel reactor. The VD improved the horizontal distribu-
tion of volatiles, especially when the fluidization velocity was high.
However, a potential bottom leakage of gas from the VD was identified,
which means the volatiles may slip away below the lower edge of the
distributor, and thus, negatively impact the uniformity of the horizontal
gas distribution.

Internals in fluidized beds, i.e. baffles, tubes, packings and inserted
bodies, can be used to limit the bubble size, adjust the entrainment of
particles, change the hydrodynamic characteristics and improve the gas-
solid reaction [30]. The main features of baffles are to break bubbles and
enhance the gas-solid mixing and contacting by redistributing the bub-
bles in the radial direction [31-33]. The bottom leakage of the VD used
in the previous work was estimated to be caused by the pressure fluc-
tuations due to the big bubbles [9]. Hence, the baffles could be a solution
for this bottom leakage issue, since it can prevent continuous growth of
the bubbles to some extent and reduce the fluctuations in bed surface
inside the VD associated with bed material moving in and out of the VD.

The objective of this work is to design internal baffles and to assess
the effect of such baffles inside the VD on the performance of a VD
including the uniformity of the horizontal distribution and the volatiles
slip under different fluidization regimes.

2. Experimental system
2.1. Cold flow model configuration

The cold-flow fluidized-bed model includes a wind box, a riser and a
cyclone. The riser has a length x width x height of 700 mmx120
mmx8500 mm. The front side of the riser is made from Perspex glass,
which allows visual observation of fluidization inside the VD. The VD is
installed at the bottom of the riser at a height of 114 mm, i.e. from the
bottom of the VD to the bottom of the riser. The fluidization air is pro-
vided by fans. The volatiles are simulated by the air from the fans and by
pure CO; as a tracer gas. There is an injection hole for simulated volatiles
at the front plate, which allows the simulated volatiles to flow into the
VD, cf. Fig. 5.

Along the height of the riser, there are twenty-four taps for pressure
measurements, which are installed in the middle of the backside of the
riser. The pressure measurement in the wind box is located at the right
side, shown as a pink point in the right top corner of the wind box in
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Fig. 5. (a) Cold-flow circulating fluidized-bed model equipped with the VD and pressure and CO, concentration measurement systems; (b) Front view of the riser
bottom, the distribution holes are seen in detail in Fig. 7; (c) Side view, the side view is shown in further detail in Fig. 9.

Fig. 5 (a). There are two more pressure taps to measure the pressure drop
between the inside and outside of the VD, one of which is at the middle
of backside of the riser with the same height of the distribution holes, i.e.
374 mm. The other is for the pressure measurement inside the VD, which
is to the right top corner of the front plate, i.e. the pink crossed circle
shown in the gas sampling tube position of Fig. 5 (b).

There are thirteen gas sampling tubes in the experimental system,
which are the higher-level ones (HSV1-HSV6), the lower-level ones
(LSV1-LSV6) and the one for sampling the gas inside the VD. The latter is
located in the top right corner of the front plate, shown as a pink crossed
circle shown in Fig. 5 (b). The gas sampled from the tubes after the fil-
ters, flows through the pump and the gas analyzer in the following
sequence: LSV6, LSV5, LSV4, LSV3, LSV2, LSV1, HSV6, HSVS5, HSV4,
HSV3, HSV2, HSV1 and finally the top right corner of the VD. The
flowrate is 1 L,/min. For each measurement position, the gas flows into
the gas analyzer for 210 s in total, the first 90 s are for stabilization and
the remaining 120 s are for recording data to calculate the average
concentration.

2.2. Volatiles distributor equipped with internal baffles

The basic concept of the VD is to use channels or arms that are open
downwards. These arms are immersed close to the bottom of a fluidized
bed and have distribution holes on both sides. If no volatiles are added,
part of the fluidizing gas would go upwards into the box and be flowing

out through the distribution holes. The bed surface inside the box would
then be at the level of the distribution holes. The arms are connected to
an otherwise closed freeboard where the fuel is added onto a part of the
fluidized bed. As the volatiles are released they will follow the channels
and flow out through the distribution holes. The bed surface inside the
box would be lowered because of the pressure drop caused by the vol-
atiles flow through the holes. A more detailed design theory of the VD
has been introduced in a previous work [9].

The performance of the VD has been investigated under different
operational conditions and configurations of distribution holes in the
previous work [9,10], which shows the effectiveness of the VD on the
uniformity of the horizontal distribution of volatiles at the bottom of the
riser. The sketch of the VD is presented in Fig. 6. The detailed infor-
mation about the configuration of the distribution holes is shown in
Fig. 7. There are fewer distribution holes on the side closest to the vol-
atiles injection port (cf. Fig. 5), and more holes to the right side, which is
further away from the volatiles injection side. All the distribution holes
have a diameter of 5 mm. This arrangement of distribution holes, i.e.
uneven distribution of the holes, improves the uniformity of the hori-
zontal gas distribution accomplished by the VD according to previous
work by the authors [10]. Therefore, this configuration is applied to this
work as well.

The internal baffles, which are designed to improve the performance
of the VD, are arranged at the bottom of the VD, shown in Fig. 6. The
internal baffle was designed based on the hourglass concept in order to
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Fig. 6. Internal baffles arrangement inside the VD (mounted on the front plate
of the riser at bottom).

slow down the solids descent velocity and mitigate the surface fluctua-
tions of the bed inside the VD. As shown in Fig. 8, the cross section of the
internal baffle narrows from the bottom to the top. If the bottom of the
VD is equipped with a series of internal baffles, the bed materials inside
the VD will fall down through the space between each two adjacent
internal baffles slowly. The detailed design information of one internal
baffles is presented in Fig. 8. The length of each internal baffle is 40 mm.
The length of the bottom space of the VD is 624 mm. Hence, the internal
baffles occupy 64.1% of the cross section at the bottom of the VD.

2.3. Operational conditions

This study used glass beads as bed material, with a density of 2600
kg/m® and a particle size range from 250 um to 425 um. These solids
belong to Group B in the Geldart classification. The average particle
diameter is 316 ym. In each experiment, 100 kg solids were filled into
the riser, yielding a fixed bed height around 0.5 m.

The experiments were conducted with the VD equipped with/
without the internal baffles and different air distributors (AD198 and
AD1660) at different fluidization velocities and simulated volatiles
flowrates. The air distributors used in this work are perforated plates
with different open areas, one with 198 holes (AD198) and the other one
with 1660 holes (AD1660). The holes have a diameter of 2 mm. Different
flowrates of the simulated volatiles represent different fuel feed rate in
real application to some extent. Different fluidization velocities and air
distributors are adopted to create different fluidization regimes in the
riser. Further, the gas flow in the fuel reactor changes over the height. It
is also motivated to investigate the performance of the VD under
different fluidization velocities [9,11]. The cases without VD are refer-
ence cases to assess the improvement of the horizontal distribution by
the VD. The injection port is the same one in all cases. The operational
conditions are presented in Table 1.

Powder Technology 409 (2022) 117807

2.4. Data analysis

2.4.1. Pressure analysis

The vertical profile of the solids concentration is obtained from the
pressure measurements along the height of the riser. The average solids
concentration between two heights is calculated by the pressure drop
over the height interval [34]. First, the voidage is solved from the
general expression for the pressure drop.

Ap = (p,(1— &) +p,e; ) g(h — ) )

Then, the average solids concentration in this height interval can be
calculated as:

= px(l - sg) 2

The average values and standard deviation of the pressures inside
and outside the VD are calculated based on the pressure data recorded
for 2730 s with the frequency 50 Hz.

P— Z%\]/x(”) 3)
= [Eilat) 2P @

where P is the average value, N is the total number of the data points and
n=1,23,..N.

The dense bed height inside the VD, hy, can be estimated from the
pressure drop over the distribution holes, pi; — pouss and the measured
pressure gradient outside the VD. Assuming similar pressure gradient
inside and outside the VD, the distance between the dense bed surface
and the level of the distribution holes, i.e. Ah, can be calculated as:

Pin — Pour
Ah=——7+—
dp/a ©

The geometry in Fig. 9 gives:
hy = hnote — Bh — Rpoom (6)

The values of hpotom and hpere are shown in Fig. 5 (b).

2.4.2. COz concentration analysis
In the ideal case, the injected simulated volatiles are distributed
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Fig. 8. Internal baffle (shown at the bottom of VD in Fig. 6).
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Fig. 7. The configuration of distribution holes of the volatiles distributor (referred to Mode 1B in the reference [10]).
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Table 1

Operational conditions with different air distributors.

AD1660

AD198

Air distributor
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With Reference Without With Reference Without With Reference Without With

Without
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Fig. 9. Sketch of the side view of the riser bottom (refer to section c in Fig. 5).

evenly over the whole cross section of the main riser. Therefore, the
expected tracer gas CO5 concentration all over the cross section can be
calculated as:

MF Cco,

= 7
= MFco, + MFsy + MFy, @

In order to compare the tracer gas (CO3) distribution of simulated
volatiles in the horizontal cross section under different operating con-
ditions, the CO4 ratio concept is adopted in this work since there is al-
ways a slight difference in CO, concentration in the injected simulated
volatiles under different conditions. The CO, ratio is defined as the ratio
between the measured CO, concentration (¢, [ppm]) at each measure-
ment position and the ideal average CO, concentration (c.q [ppm]) in
the cross-section of the riser based on Eq. (7).

R=" ®)

Ceal

In order to evaluate statistically the overall performance of the VD
with and without the internal baffles under different experimental
conditions, a further analysis is conducted of the CO5 ratios at the six
higher-level horizontal measurement positions, which includes the
average CO, ratio (c), the standard deviation of the CO, ratios (SD),
relative standard deviation of the CO, ratios (RSD), and the ratio
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between the highest CO, ratio and the lowest CO, ratio (H/L). The
calculations on the above parameters are shown as:

E(R],Rz,...Rn):¥ (€)]

sp— | 2 & —R* 10)
n

RSD:%X 100% an

nfi=e a2

2.4.3. The dilution of volatiles inside the VD

The injected simulated volatiles could be diluted by the bottom air
from the main fluidization. This dilution affects the horizontal distri-
bution of the simulated volatiles. Therefore, the flow of fluidization air
from the bottom entering the VD is estimated in this work.

The method is based on the calculation of the gas velocity through
the orifice [35]. Once the pressure drop over the distribution holes, p;, —
Pouss and the orifice discharge coefficient, C4, are known, the gas velocity
through the distribution holes can be estimated.

2(pin - paul)
Py

13)

Vorifice = Cy

e Here, the gas density, pg, is 1.19 kg/m?, and the value of C4 depends
on the grid plate thickness, t, and the hole pitch, L. According to the
relationship between Cq(Lp/ dh)o'1 and thickness-to-diameter ratio in
the design chart for the grid hole’s discharge coefficient design chart
[36], where dj, is the diameter of the holes, the value of C4 can be set
to 0.92, since Ly, dp, and t are 10 mm, 5 mm, and 8 mm respectively.

Then, the total gas flow through the distribution holes is obtained

knowing the open area Aorifice, which is 1.138x 1073 m?.

Vorifice = Vorifice X Aariﬂa’ (14)

The total gas flow through the distribution holes of the VD (Vorifice)
includes the bottom air flow (Vpg) and the flow of injected simulated
volatiles (V). Hence, the bottom air flow is estimated as:

Ve = orifice — Vo (15)

The simulated volatiles injected into the VD can be diluted by the
bottom air from the main riser. The dilution may have an impact on the
horizontal distribution and the performance of the VD. The dilution can
be estimated based on two methods. The first method is to calculate the
ratio between the bottom air flow and the injected simulated volatiles
flow. The second method is to calculate the ratio between the measured
CO, concentration inside the VD and the CO5 concentration of the
injected simulated volatiles. Based on the above two methods, the
dilution factors can be calculated as:

Via
D, = V” (16)
Dy =2 _Sd__ a7

Csy N VCO;/V:V

Here, c,q is the measured CO; concentration inside the VD at the top
right corner.
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3. Results and discussion
3.1. Observation of the dense bed inside the VD

Table 2 shows photos of the fluidization inside the VD captured from
the front window under different operational conditions. In the case
with AD1660 and without internal baffles, there are big bubbles formed
at the bottom when the fluidization velocity is low, which push particles
upwards to the top of the VD. When the air distributor is changed to
AD198, there are multiple and smaller bubbles formed at the bottom and
the dense bed oscillates less violently than the cases with AD1660. The
dense bed surface becomes more stable by the installation of the internal
baffles with the high pressure drop AD198. For the cases with internal
baffles at lower fluidization velocities in Table 2, the internal baffles
break the large bubbles, and the movement of particles is reduced by the
internal baffles, which help creating a more stable dense bed inside the
VD.

As the fluidization velocity increases to 3.7 m/s, the bed inside the
VD is more diluted and the bed height remains lower and more unevenly
distributed in the lateral direction compared to the lower fluidization
velocity cases. Note that the inner wall of the VD is also made in perplex,
so in the photos with low bed levels, the fluidization behavior of the bed
behind, i.e. outside of the VD, can be also seen. There is very little dense
bed observed in the case with internal baffles at high fluidization
velocity.

Videos from the ten cases shown in Table 2 are available on the
internet [37], and these provide better comparisons of the gas/solid
movements inside the VD.

3.2. Effects of the internal baffles on the solids concentration profile

As indicated in the previous work different air distributors, i.e.
AD198 and AD1660, could result in different fluidization regimes at
small fluidization velocities [10]. In the cases investigated in this work,
single bubble regime and multiple bubble regime [38] are achieved by
AD1660 and AD198 respectively. The exploding bubble regime [38] is
achieved by increasing the fluidization velocity to 3.7 m/s with AD1660.
The single bubble and multiple bubble regimes achieve similar solids
concentration as shown in Fig. 10. In contrast, the exploding bubble
regimes with the higher fluidization velocity has much lower solids
concentration at the bottom of the riser, i.e. below the height of 0.92 m,
as shown by the red lines in Fig. 10.

However, there is no obvious difference in the solids concentration
when the simulated volatiles flow is increased. Similarly, there is no
significant effect on the solids concentration by installing the internal
baffles on the VD.

3.3. Effects of the internal baffles on the pressures inside and outside the
VD

The effects of internal baffles on the pressures inside and outside the
VD are analyzed according to the comparisons in Table 3. In the multiple
bubble regime, i.e. AD198, the pressure inside the VD decreases slightly
and the pressure outside the VD increases after the installation of the
internal baffles, which results in a decrease of the pressure drop, i.e. pin
— Pout- Similar decrease in the pressure drop is found in the single bubble
regime. However, in the single bubble regime, the pressure inside the VD
decreases significantly and the pressure outside the VD decreases
slightly. Compared to the multiple bubble regime, the dense bed inside
the VD fluctuates more violently due to the larger bubbles formed in the
single bubble regime in the absence of baffles. Less bottom air takes the
path through the VD and its distribution holes and more bed material
stays inside the VD with the internal baffles compared to the cases
without internal baffles. This decreases the pressure drop between the
inside and outside of the VD and gives a higher bed level inside the VD in
both multiple and single bubble regimes.
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Table 2
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Photographs of the dense bed inside the VD under different operational conditions.(Views refer to section B in Fig. 5).

Air distributor Internal baffle up = 0.6 m/s, V5,~30%

up = 0.6 m/s, Vy,~42%

up = 3.7 m/s, Vg,—~10%

AD1660 Without
With
AD198 Without
With
was analyzed based on the CORREL function in Excel. The correlation
coefficient is used to determine how well the pressure inside and outside
1000 of the VD are correlated. The correlation coefficient closer to 0 means

100

= =—AD198, 0.6m/s, 30%, Without internals
—@— AD198, 0.6m/s, 30%, With internals
= =—AD198, 0.6m/s, 40%, Without internals
l—y— AD198, 0.6m/s, 40%, With internals
I~ —AD1660, 0.6m/s, 30%, Without internals|
—4&— AD1660, 0.6m/s, 30%, With internals
= =—AD1660, 0.6m/s, 40%, Without internals
—@— AD1660, 0.6m/s, 40%, With internals
= =—AD1660, 3.7m/s, 10%, Without internals
1 —@— AD1660, 3.7m/s, 10%, With internals

E 7y s

00 02 04 06 08 10 12 14 16 18
Height (m)

Solids Concentration (kg/m°®)
S

Fig. 10. Solids concentration profiles at riser bottom under different opera-
tional conditions. (With/Without refer to internal baffles.)

In the exploding bubble regime, pressures both inside and outside of
the VD increase slightly by addition of the internal baffles as shown in
Table 3, which causes similar pressure drops over the distribution holes
in both cases with and without the internal baffles.

The correlation between the pressures inside and outside of the VD

that these two parameters are less correlated. When the correlation
coefficient is approaching to 1, these parameters are correlated tightly.
As shown in Table 3, the correlation coefficient in multiple bubble
regime is much lower than the other two regimes, which causes a higher
standard deviation of the pressure drop over the distribution holes of the
VD.

3.4. Effects of the internal baffles on the horizontal distribution of the
volatiles

3.4.1. Tracer gas concentration distribution

Fig. 11 shows the concentration of the tracer gas, i.e. COy, at
different measurement positions (LSV1-6/HSV1-6) during the 120 s
recording time under the multiple bubble regime. Comparison with the
reference case, i.e. VD without internal baffles, shows that the use of
baffles yields a more uniform horizontal distribution of volatiles, except
at HSV1, the position closest to the simulated injection port.

3.4.2. CO; ratio distribution

A comparison between the cases with and without internal baffles in
the multiple bubble regime, Fig. 12 (a), clearly shows that the horizontal
distribution of CO3 is improved by the internal baffles. The CO; ratios on
the left side, near the simulated volatiles injection port, are lowered and
the ones at the right side, the opposite side to the injection port, are
increased to the average level as a consequence of the internal baffles.
There is essentially no CO; detected at the lower level, which means that
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Table 3
Influence of internal baffles on the pressures inside and outside the VD.
Air distributor AD198 AD1660
Fluidization velocity Uy m/s 0.6 0.6 3.7
Volatiles percentage Vv 30% 42% 30%-31% 42% 10%
Vpa + Vi
Fluidization regime Multiple bubble Single bubble Exploding bubble
Internal baffles No Baffles  No Baffles  No Baffles No Baffles No Baffles
baffles baffles baffles baffles baffles
Pressure inside VD Pin kPa 6.47 6.33 6.74 6.67 6.82 5.74 7.04 6.26 7.06 7.32
Standard deviation of p;, stdy,, kPa 1.50 1.65 1.63 1.81 1.36 1.71 1.39 1.04 0.62 0.72
Pressure outside VD Dout kPa 5.25 5.50 5.01 5.37 5.38 4.81 5.09 4.89 6.07 6.31
Standard deviation of pyy, stdp,, kPa 0.49 0.44 0.42 0.35 1.15 1.34 1.16 1.32 0.69 0.80
Correlation coefficient between - - 0.42 0.38 0.37 0.33 0.69 0.79 0.65 0.77 0.82 0.84
Pinand Pour
Pressure drop over the VD Pin — Pour  KkPa 1.21 0.83 1.73 1.29 1.43 0.93 1.95 1.37 0.99 1.01
Standard deviation of pin — Pour stdy, p,.,  kPa 1.38 1.55 1.53 1.74 1.01 1.03 1.09 1.04 0.36 0.37
Pressure gradient dp/dh kPa/ 10.66 10.56 10.39 10.38 10.73 10.30 10.32 10.13 4.24 4.16
m
Dense bed height inside VD hy m 0.15 0.18 0.09 0.14 0.13 0.17 0.07 0.12 0.03 0.02
(a) AD198, Without internal baffle, u, =0.6 m/s, V —30% (b) AD198, With internal baffle, u —0 6 m/s, V —30%
T T T T
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Fig. 11. An example of CO, concentration signals at different measurement positions with and without internal baffles under the multiple bubble regime.

there is neither any gas back-mixing nor any bottom leakage from un-
derneath of the VD.

Similarly, the horizontal distribution of simulated volatiles is more
even with the VD equipped with internal baffles in the single bubble
regime compared to the one without internal baffles as presented in
Fig. 12 (b). In particular, the CO4 ratios at the right side, i.e. far away
from the injection side, are improved significantly by the internal baffles
and the VD.

However, the CO, ratios measured at the lower level with the VD
equipped with internal baffles are higher than the ratios in the cases
without internal baffles and the reference cases without VD denoted as
blank in Fig. 12 (b). By comparison of the red and yellow dashed lines in
Fig. 12 (b), the CO; ratios at LSV1 and LSV2 for different fractions of the
simulated volatiles are similar, which means that the increase of the
flowrate of simulated volatiles does not give any effect on the CO5 ratios
at the lower level. Hence, the larger CO; ratios at LSV1 and LSV2 with
the VD equipped with internal baffles, i.e. the red and yellow dashed
lines in Fig. 12 (b), compared to the ratios without internal baffles, are
estimated to be caused by enhanced gas back-mixing due to the instal-
lation of internal baffles instead of bottom leakage.

As shown in Table 2, there are large bubbles formed in the core re-
gion inside the VD in the reference case with AD1660 and 0.6 m/s
fluidization velocity. Therefore, there should be similar large bubbles
formed behind the volatiles distributor plate in the main riser. In the
core region, the large bubble tends to rise carrying solids in the wakes

and the bubble fraction is large, resulting in less downward solids flux.
In the wall region, descending solids replace the upward-moving solids
in the core region. The bubble fraction is low and most solids descend.
Hence, a core wall-layer structure is formed at the bed bottom [39].
There are several parameters, i.e. molecular diffusion, turbulent gas
diffusion and solids mixing, affecting the gas mixing in the fluidized bed.
The downflow of solids in the wall region is the main reason for the gas
back-mixing [39,40]. As shown in Table 5, there is more fluidization air
flowing upwards in the main riser instead of flowing into the VD after
the installation of internal baffles. More ascending fluidization air could
cause larger bubbles to carry more solids upwards in the core region and
larger downflow of solids in the wall region to replace the asceding
solids in the core region. The larger downflow of solids enhances the gas
back-mixing in the wall region and leads to the higher CO, ratios at LSV1
and LSV2 in the cases with internal baffles. Strong support for this
interpreation is that higher CO; ratios are seen both at the right and left
side in Fig. 12 (b), whereas it is approaching zero in the middle.

In the previous work [9], it was observed that the effect of the VD on
the horizontal distribution is improved by increasing the simulated
volatiles flow. After the installation of the internal baffles on the VD, the
performace of the VD is similar in both single and multiple bubble re-
gimes regardless of the simulated volatiles flow, even though the pres-
sure drop over the VD distribution holes is increased by increasing the
simulated volatiles flow as indicated in Fig. 12 (a) and (b).

In the exploding bubble regime, the CO3 ratio at the left side is
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Fig. 12. The distribution of tracer gas in the horizontal direction from the left side of the riser under different operating conditions. (‘Blank’, ‘with’ and ‘without’
refer to ‘reference case without VD’, ‘VD with internal baffles’ and ‘VD without internal baffles’ respectively.)
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lowered slightly and the one at the right side is higher with the VD
equipped with internal baffles compared to the case without internals as
shown in Fig. 12 (c). In total, the distribution is somewhat worsened
with baffles. On the other hand, the data clearly show a displacement of
gas from the inlet at the left to the right, indicating that the VD is too
efficient in moving the gas away from the inlet. This can of course be
solved by moving the holes from the right to left, c.f. Fig. 7. The per-
formance of the VD with internal baffles is similar to the one without
internals. However, the VDs did significantly improve the uniformity of
the horizontal gas distribution compared to the reference case without
VD.

3.4.3. Statistical analysis on performance of internal baffles

Table 4 shows statistically the overall performance of the VD with
and without internal baffles under different operational conditions. In
the multiple and single bubble regimes, the standard deviation, and
relative standard deviation of the CO5, ratios, together with the highest/
lowest concentration, are much lower in the cases with internal baffles.
This result is consistent with the observations that can be made from
Fig. 12.

In the exploding bubble regime, the standard deviation, the relative
standard deviation and the highest/lowest concentration of CO5 ratios
are higher in the case with internal baffles compared to the case without
baffles. This can be explained by lower the CO5 ratios at HSV1 and HSV2
and higher ones at HSV4 and HSV5 in the case with internal baffles
compared to the case without baffles, which means that the installation
of the internal baffles help the VD push more simulated volatiles to be
distributed from the side further away from the simulated volatiles in-
jection port. Thus, the internal baffles do not improve the distribution of
the simulated volatiles distribution in the exploding bubble regime, but
it amplifies the movement of volatiles away from the injection port
which is the purpose of the uneven hole distribution. This means that the
internal baffles facilitate the control over the distribution, which is an
important point considering the application in longer VD arms.

It is shown in Table 4 that the standard deviation, relative standard
deviation, and the highest/lowest concentration are much lower when
the volatiles percentage increases in the single and multiple bubble
regime for the reference cases without internal baffles. However, these
values remain similar in the cases with internal baffles, especially in the
single bubble regime, which means that once the internal baffles are
installed, the flowrate of simulated volatiles would not have a big impact
on the horizontal distribution by the VD.

3.5. Effects of the internal baffles on the volatiles dilution inside the VD

Table 5 presents the calculation results of the simulated volatiles
dilution inside the VD according to the orifice discharge coefficient
equation, cf. Egs. (13), (14) and (15). The dilution factors, i.e. Vpq/ Vg,
and ¢,4/cs, are analyzed based on the Eq. (16) and Eq. (17).

The volatiles injected into the VD are diluted by the bottom air
flowing into the VD. As Table 5 shows, when the internal baffles are
installed in the VD, there is less bottom air flowing into the VD and the
dilution of the injected simulated volatiles is smaller, especially in the
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single and multiple bubble regime. However, there is no big difference in
the volatiles dilution inside the VD, i.e. the bottom air flow or fluid-
ization velocity inside the VD before and after the installation of the
internal baffles in the exploding bubbling regime. But more simulated
volatiles can be moved away from injection port to the right side with
the help of internal baffles.

3.6. Implications for large-scale application of the VD

The investigation of the VD with different configurations has been
made in a cold-flow fluidized-bed model under varying fluidization re-
gimes. The performance of the VD in the cold-flow model gives some
hints for the performance of the VD in a real-world application with the
same fluidization regime. But, what would be the expected operational
conditions in a future fuel reactor using solid fuels? There are some
differences between the operational conditions in current investigations
in the cold-flow model and the ones in the large-scale fuel reactors.

Firstly, the bottom fluidization gas flow would be low in a real-world
fuel reactor. The bottom gas, either steam or a combination of steam and
recycled CO,, comes with a significant cost, and its major purpose is to
keep the bed fluidized. Thus, the optimal bottom gas flow is likely the
minimum flow needed to safely achieve adequate fluidizing conditions.
Apart from the bottom fluidization gas flow, there are two major gas
flows in the fuel reactor originating from the char and the volatiles. The
char will mainly be part of the dense phase. Thus, the syngas produced
by gasification will also appear in the dense phase. This will make the
dense phase “self-fluidizing”, which is likely helpful for improving the
gas-solid contacting. It also means that the gas flow in the dense phase
outside the VD will increase with bed height. Such a “self-fluidizing” is
obviously difficult to be accomplished in a cold-flow model. Therefore, it
is relevant to consider different fluidization velocities in the evaluation,
i.e. from the low velocities, typical of the fluidization flow, to the higher
flows which are more relevant higher up in the bed.

A second difference is that the flow of volatiles in a fuel reactor
which uses a highly volatile biomass fuel, would be significantly higher
than that used in these tests in the cold-flow model. This was caused by
practical limitations to the flow that could be added. In large-scale units,
the flow of volatiles depends on the fuel injection position, the proper-
ties of the fuel and the extent of devolatilization. In a conceptual design
of 1000 MWy, boiler for chemical-looping combustion of solid fuel, the
solid fuel is injected between the downcomer and the fuel reactor [11],
which should give enough time for the devolatilization process. So with
a constant fuel feed rate, the volatiles flow should be stable. Further,
different designs of the VD, i.e. the distance between the distribution
holes and the lower edge of the VD, the arrangement and open area of
the distribution holes, can be used to optimize the VD and provide the
operational flexibility. The use of a higher flow in this work would
obviously have implications for the dimensioning of the arms and the
open area of the holes.

Another difference is the relative size of the VD compared to the
fluidized bed in the cold-flow model and in real-world application. The
solids distribution, i.e. solids concentration, in the bottom region is
affected by the installation of the VD, especially when the overall

Table 4
General performance of the VD with and without internal baffles under different operation conditions.
Air Fluidization Fluidization Volatiles Average CO, ratio Standard deviation Relative standard Highest/Lowest
distributor velocity regime percentage deviation concentration
m/s No Baffles  No Baffles No Baffles No Baffles
baffles baffles baffles baffles
AD198 0.6 Multiple bubble 30% 1.11 1.13 0.38 0.21 0.35 0.19 2.52 1.61
42% 1.00 1.05 0.29 0.12 0.29 0.11 2.20 1.39
AD1660 Single bubble 30-31% 1.20 1.22 0.41 0.19 0.34 0.16 2.30 1.55
42% 1.06 1.21 0.23 0.18 0.22 0.15 1.80 1.51
3.7 Exploding bubble 10% 1.33 1.30 0.21 0.34 0.16 0.26 1.60 1.95
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Table 5
Volatiles dilution inside the VD estimated based on orifice discharge coefficient.

Powder Technology 409 (2022) 117807

Air Fluidization Fluidization Volatiles Internal Pressure drop over Vorifice Via Uyp Cvd Dilution Factors
distributor velocity regime percentage Baffle the VD
kPa m/s m3/h m/s ppm Viba/ Cyd/
Vsv Csy
AD198 0.6 m/s Multiple bubble 30% No baffles 1.21 41.52 100.11 1.17 4934 1.43 0.44
Baffles 0.83 34.44 69.72 0.82 8267 0.98 0.76
40% No baffles 1.73 49.61  81.11 095 10,365  0.66 0.70
Baffles 1.29 4291 53.27 0.62 10,327 0.43 0.92
AD1660 0.6 m/s Single bubble 30% No baffles 1.43 45.20 114.51 1.34 5829 1.62 0.53
Baffles 0.93 36.42 75.88 0.89 8421 1.03 0.79
40% No baffles 1.95 52.73  98.31 1.15 7558 0.84 0.67
Baffles 1.37 44.13 57.31 0.67 9213 0.46 0.90
3.7 m/s Exploding bubble  10% No baffles 0.99 37.49 4292 0.50 9123 0.39 0.75
Baffles 1.01 37.92  44.84 0.53 8578 0.41 0.79

fluidization velocity is high [9]. This is because the VD occupies one
third of the riser cross-section. However, the influence of the installation
of the VD on the solids concentration is expected to be less in real-world
application since the arms of the volatiles distributor would cover a
smaller fraction of the cross-section of fluidized beds.

Despite these differences, it can be concluded that the concept of the
VD has been proven and can be expected to be useful in real-world ap-
plications. Moreover, the different configurations and conditions
examined in this work should be helpful in the design of large-scale
applications.

4. Conclusion

In this work, the influence of internal baffles on the performance of a
volatiles distributor is investigated, in particular in the horizontal dis-
tribution of volatiles and the volatiles slip from the bottom of the vol-
atiles distributor.

It is obvious that the installation of the internal baffles inside the VD
improves the horizontal distribution of simulated volatiles achieved by
the VD in the single and multiple bubble regimes. Much higher con-
centration of simulated volatiles is found at the far end of the distributor
as viewed from the volatiles injection side. Also, in the exploding bubble
regime, the volatiles are moved away from the inlet. In this case, it leads
to a less even distribution, which should be easy to address by having
more distribution holes to the left. Thus, the results consistently show
that the internal baffles promote the transfer of volatiles away from the
volatiles inlet. This means that the baffles facilitate the redistribution of
volatiles which is the purpose of the volatiles distributor.

Higher simulated volatiles flowrate can improve the horizontal gas
distribution by the VD without internal baffles. Once the internal baffles
are installed inside the VD, the benefit for uniformity of the horizontal
gas distribution by increasing the simulated volatiles flowrate is not
obvious anymore.

The installation of internal baffles reduces the bottom air flowing
into the VD. Furthermore, the baffles seem to enhance the gas back-
mixing outside the VD. which causes a higher simulated volatiles con-
centration at the lower level of the VD. The higher concentration is likely
not explained by the bottom leakage, since there is no change in the
concentration when the simulated volatiles flowrate is increased.

In general, the volatiles distributor could improve the horizontal gas
distribution significantly. However, perhaps the performance of the
volatiles distributor is poor due to the volatiles slip from the bottom of
the volatiles distributor near the volatiles injection side, especially in the
single bubble regime, which has more violent bed surface fluctuations
inside the volatiles distributor. This problem of volatiles slip from the
bottom might be more obvious in the large-scale fluidized bed, i.e. for a
larger cross section and a longer volatiles distributor. Hence, the
installation of the internal baffles at the bottom of the VD could be a
solution to volatiles slip from the bottom of the VD, in particular for the
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single bubble regime in the larger scale fluidized bed. In the meantime,
the internal baffles can also make positive effects on the uniformity of
the horizontal gas distribution by the volatiles distributor.

Nomenclatures

Abbreviations

AD198 The air distributor with 198 holes

AD1660 The air distributor with 1660 holes

BECCS Bioenergy carbon capture and storage

Bio-CLC Chemical looping combustion of biomass

CLC Chemical looping combustion

CLOU  Chemical looping with oxygen uncoupling

HSV High-level sampled volatiles

LSV Low-level sampled volatiles

oC Oxygen carriers

VD Volatiles distributor

Notations

Aorifice Open area of the orifices/distribution holes of the VD [m?]

Ceal Expected average CO, concentration in the cross-section of
the riser [ppm]

Cm Measured CO2 concentration [ppm]

Cyd CO4, concentration measured inside VD [ppm]

Csy CO4, concentration in the simulated volatiles [ppm]

Cq Orifice discharge coefficient [—]

Cs Average solids concentration in a height interval [kg/m’]

dn Diameter of the distribution hole [mm]

dp/dh Pressure drop gradient [kPa/m]

D1, D5 Dilution factors calculated based on two methods [—]

g Acceleration of gravity [m/s?]

hy, hy Different heights of the pressure measurement positions [m]

hp Dense bed height inside volatiles distributor [m]

hpoom ~ Height of the bottom of the volatiles distributor [m]

Rnole Height of the distribution holes [m]

Ah Height difference between the height of the distribution holes
and the dense bed surface inside the VD [m]

H/L Ratio between the highest CO ratio and the lowest CO ratio
[-]

Ly Pitch of the distribution hole [mm]

MFco,  CO flow [m3/h]

MFsy Air flow used for simulating volatiles [mS/h]

MFpa Primary air flow for the main fluidization [m,:?;/h]

N Total number of the pressure data points [—]

Ap Pressure drop over a height interval [kPa]

Pin Pressure inside the VD measured at the top right corner [kPa]

Poue Pressure outside the VD measured at the back side of the riser
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at the distribution holes level [kPa]

P Average pressure [kPa]

R CO;, ratio [—]

R Average CO, ratio [—]

R; CO,, ratios at different horizontal positions [—]

Rhighest ~ Highest CO3 ratio over the six measurement positions [—]

Riowest Lowest CO5, ratio over the six measurement positions [—]

RSD Relative standard deviation of the CO5 ratios [—]

stdy, Standard deviation of p;, [kPa]

stdy, Standard deviation of py,; [kPal

stdy, _p,,, Standard deviation of pi; — pour [kPal

SD Standard deviation of the CO5 ratios [—]

t Thickness of the grid plate [mm]

Uo Fluidization velocity [m/s]

uyp Fluidization velocity inside the VD based on two calculation
methods [m/s]

Vorifice Gas velocity through the orifice [m/s]

Vba Bottom air flow from the main riser to the VD [mﬁ/h]

Veo, CO,, flowrate [mg/h]

Vpa Primary air flowrate [mﬁ/h]

Vsa Secondary air flowrate for simulating volatiles [mﬁ/h]

Vs Simulated volatiles flowrate [m3/h]

Vorifice Orifice gas flow [m3/h]

x;i(n) Time serials of pressure signals [kPal]

Pg Density of fluidization gas [kg/m’]

Ps Density of solid bed materials [kg/m°]

c Standard deviation of pressures [kPa]

£g Gas voidage [—]
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