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Abstract: To achieve net-zero emissions by the year 2050, carbon capture, utilization, and storage
technologies must be implemented to decarbonize sectors with hard-to-abate emissions. Pressurized
chemical looping (PCL) with a novel reactor design called a plug flow with internal recirculation
(PFIR) fluidized bed is proposed as an attractive carbon capture technology to decarbonize small- and
medium-scale emitters. The objective of this work is to examine the solid circulation rate between
redox reactors in a cold flow chemical looping facility using an energy balance approach. The effects of
static bed height, weir opening height, purge configuration, and gas flow rate on solid circulation rate
were investigated. It was determined that parameters that greatly affected the total gas momentum,
such as the fluidization ratio or number of purge rows, tended to also have a large effect on solid
circulation rate. Parameters that had a small effect on total gas momentum, such as bed height, did
not have a measurable effect on solid circulation rate. It was noted that parameters that posed a
restriction to solids flow, such as a vertical purge jet or the weir itself, decreased the solid circulation
rate compared to similar tests without restrictions.
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as it is not economical for every small boiler operator to run an air separation unit. Readers

interested in the relative merits of three leading post-combustion CO; capture technologies
can refer to the techno-economic assessment by Zanco et al. [6].
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impact, and cost [8]. Chemical looping often uses a dual fluidized reactor bed configuration,
with the oxygen carrier as the bed material. The air reactor is fluidized with air and is
where the oxygen carrier is oxidized. The air reactor is where the majority of the useful
heat is produced [9]. The fuel reactor is fluidized with either fuel, or a suitable gas if solid
fuel is used, and is where the oxygen carrier is reduced. The oxygen carrier undergoes
continuous oxidation and reduction cycles as it circulates between the reactors. The oxygen
carrier allows for the air and fuel to remain separate, which ideally yields high-purity CO,
and water flue gas from the fuel reactor and vitiated air from the air reactor [10].

One of the challenges in chemical looping is to achieve high fuel conversion in the fuel
reactor, while at the same time protecting the expensive oxygen carrier from mechanical
damage [11]. For this reason, there have been many chemical looping reactor designs
proposed. Typically, fluidized beds are used for chemical looping, though fixed and
moving bed configurations can also be used [12]. The dual interconnected fluidized bed
configuration is the traditional reactor configuration for chemical looping [13]. It typically
has a circulating fluidized bed air reactor and a bubbling fluidized bed fuel reactor. Cyclones
are required to separate oxidized oxygen carrier from the vitiated air, and loop seals are
required to obtain a gas seal between reactors [12].

Other fluidized bed configurations have been proposed for chemical looping to in-
crease solid circulation and heat transfer between reactors or decrease capital costs, size,
and/or complexity of the chemical looping reactors. A configuration that is similar to
the traditional dual interconnected fluidized bed, is an annular circulating fluidized bed
design where the fuel reactor surrounds the air reactor, while still being separated by loop
seals and cyclones [14]. Another fluidized bed configuration that has been proposed is a
two-compartment reactor configuration where one rectangular vessel contains both the air
reactor and fuel reactor, with solids circulating laterally between the reactor sections via
an overflow and underflow weir with loop seals in between [15,16]. Moving bed chemical
looping reactors have also been studied, where the oxygen carrier is continually circulated
between reactors, typically with a carrier gas [17], but gravity has also been used with gas
flowing countercurrent to the solids [18].

The packed bed reactor configuration requires two or more packed bed reactors in
parallel to maintain continuous operation. The reactors are alternately fed with fuel or air
and are purged in between [19]. In a slightly altered packed bed arrangement for the air
reactor, the gas is fed through gas-permeable conduits within the packed bed, rather than
through the solids [20]. This modification to a traditional packed bed air reactor allows for
slower oxygen carrier oxidation, limiting temperature increases within the packed bed [21].
A rotary reactor configuration has also been proposed, which combines aspects of fluidized
bed and packed bed reactor configurations. Air, fuel, and purge gas flow radially through
an annular packed bed as the bed itself is rotated [22,23].

In order to minimize reactor complexity and hence cost, while protecting the oxygen
carrier from damage, a novel fluidized bed configuration, called a plug flow with internal
recirculation (PFIR) fluidized bed reactor [24], is being proposed for chemical looping to
abate emissions from small- and medium-scale emitters. It consists of an annular fluidized
bed that allows for the air and fuel reactors to be co-located within the same vessel, as
shown in Figure 1. Openings at the bottom of the reactor allow for internal solid transfer
and angled jets induce rotational momentum.
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Figure 1. Simplified diagram of the plug flow with internal recirculation (PFIR) reactor, showing
(A) the plan view, (B) elevation at one of the weirs, and (C) 3D view [25].

The PFIR fluidized bed reactor configuration was chosen for development over the
other chemical looping reactor configurations for several reasons. Collocating both reactors
within a single vessel increases the likelihood that an existing facility can be retrofitted with
a PFIR reactor for pressurized chemical looping (PCL). Its relatively small size allows for
the reactor to be shop-built and transported by truck to where it will be installed, decreasing
the initial capital costs of the reactor itself. When using dual interconnected fluidized beds,
oxygen carrier attrition rates are relatively high, as the oxygen carrier impacts surfaces
within the reactors, including cyclones and loop seals, at a high velocity since the air reactor
operates as a circulating fluidized bed [26-29]. The PFIR reactor can be operated within the
bubbling regime without loop seals, decreasing oxygen carrier attrition rates, and allowing
for less oxygen carrier makeup, thus decreasing the operating costs of chemical looping.
Similarly, reactor erosion is expected to decrease when using a PFIR reactor, since particle
velocities are much lower in bubbling fluidized beds [30]. Furthermore, operational issues
and downtime are expected to decrease when using a PFIR reactor compared to many other
chemical looping reactor configurations, since both reactors are within one vessel and no
external solids transfer is required [31,32].

Two challenges with the PFIR reactor for PCL are achieving high enough oxygen
carrier circulation rates between the reactors and limiting the amount of gas leakage
between the reactors. To proceed with the piloting of the PFIR technology, the combination
of geometric and operating parameters that achieve sufficient oxygen carrier circulation,
while simultaneously limiting the amount of gas leakage between the reactors must be
determined. To establish if suitable parameters have been selected, it must be possible to
predict the solids circulation rate to ensure that adequate oxygen is supplied to the fuel
reactor for oxidation of the fuel. The gas leakage rate is important to quantify and manage
because it impacts both the effective CO, capture rate of the technology and the purity
of the CO; product. Thus far, computational particle fluid dynamic (CPFD) modeling of
the PFIR has been initiated, focusing on both solid circulation rate and gas leakage [33].
A first-of-its-kind cold flow pilot plant of the PFIR reactor at Natural Resources Canada’s
CanmetENERGY lab in Ottawa, Canada is being used to validate the CPFD model. A first
phase of testing has been completed, exploring how the solid circulation rate is impacted
by geometric and operating parameters, such as static bed height, weir opening height,
purge row configuration, and fluidization ratio. Therefore, the objective of this work is
to determine how these parameters affect the solid circulation rate in a PFIR reactor to
help validate the model of the PFIR reactor and inform the design of a reacting flow PCL
pilot plant.

2. Materials and Methods
2.1. Experimental Setup of the PFIR Column

The PFIR column (see plan view in Figure 2) consists of an annular vessel separated
into two sections, representing the air reactor and fuel reactor in a pressurized chemical
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looping facility. While chemical looping reactions do not proceed in the PFIR column
described in this work, we refer to sections representing the two segments within the
column as the air reactor and fuel reactor. The fuel reactor section comprises a 60° slice of
the reactor annulus. The relative sizes of the reactor sections are based on the expected
volumetric flow rates in the hot reactive flow PCL pilot plant burning natural gas that is
under construction at Natural Resources Canada’s CanmetENERGY lab in Ottawa, Canada.
The separating walls (henceforth referred to as weirs) have a small, rectangular opening
at the bottom to allow solids transfer between sections. The inner process diameter of the
PFIR is 0.11 m and the outer process diameter is 0.57 m. The outer wall is clear acrylic,
while the inner wall is PVC. The column is 3.87 m tall.

n Tuyere location
E Airreactor tuyeres
Fuel reactor tuyeres

Purge tuyeres (optional)

057 m

J0.11m

Figure 2. Annotated diagram showing the plan view of the cold flow PFIR tuyere plate with impor-
tant measurements.

Figure 2 also shows the cold flow system’s important geometric features including
tuyere placement, weir locations, purge row locations, and the direction of rotation of the
bed material. The distributor plate has a tuyere pitch of 0.056 m and uses angled tuyeres to
induce rotational momentum on the bed material. There are 70 tuyeres in the air reactor
and 14 tuyeres in the fuel reactor. Of these tuyeres, up to eight of them can be used as purge
tuyeres in the air reactor, and up to four of them can be used as purge tuyeres in the fuel
reactor. As can be seen, each purge row consists of four tuyeres. The gas flowing through
the purge tuyeres was either air or argon. The jet velocity at the exit of the tuyere nozzles
was approximately 65 m/s at the base case conditions. When purge gas was introduced, it
increased the superficial velocity accordingly.

The bed material used for all tests was brown aluminum oxide with a particle density
of 2987 kg/m3 and a Sauter mean particle diameter of 251 pum. This material was selected
due to its high density to emulate PCL oxygen carriers. Air was used as the primary flu-
idizing gas. The PFIR column was operated at near ambient temperature and atmospheric
pressure. The windbox of the PFIR column was separated into an air reactor, a fuel reactor,
and two purge sections, allowing for different gas compositions and flow rates, as required.

The geometric and operating parameters that were varied can be seen in Table 1. The
static bed height was varied from 0.25 m to 0.5 m, with a 0.5 m static bed height as the base
case. The weir opening height was varied from 0.05 m to 0.15 m, with a 0.1 m weir opening
height as the base case. The purge configuration was varied by changing the number
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and type of purge rows, as shown in Figure 3. The “no purge row” configuration is the
condition where all tuyeres have fluidizing gas flowing through them. The blanked purge
row configuration has the row of tuyeres at the interface between reactor sections blocked,
effectively removing them, so there is no gas introduced at these locations. The one purge
row configuration has one row of angled tuyeres with additional gas flowing through it and
is the base case purge configuration. The one vertical purge row configuration is similar to
the one purge row configuration, except vertical tuyeres are used instead of angled tuyeres.
The fluidization ratio was varied between 2 U/U ¢ and 4 U/ U, with a fluidization ratio
of 3 U/U as the base case. It should be noted that the jet velocity changed with the
fluidization ratio since the tuyere nozzle diameter was not changed between conditions.
Only one parameter was varied per test condition, with all other parameters held constant
at the base case conditions.

Table 1. Overview of varied geometric and operating parameters.

Parameter Value/Configuration Base Case
Static bed height 0.25m, 0.35m, 0.5 m 0.5m
Weir opening height 0.05m,0.1m,0.125m, 0.15m 0.1m

No purge row

Blanked purge row
One purge row

One vertical purge row

2U/Ups [43m/s],3 U/ Uy [65m/s],
4U/U ¢ [86 m/s]

Purge configuration One purge row

Fluidization ratio [jet velocity] 3U/Upy¢ [65m/s]

Q© Angled tuyere location A Vertical tuyere location

. Air reactor tuyeres Fuel reactor tuyeres Purge tuyeres

Figure 3. Diagrams of purge tuyere configurations: (A) no purge row configuration, (B) blanked
purge row configuration, (C) one purge row configuration, (D) one vertical purge row configuration.
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2.2. Solid Circulation Rate Measurement Methodology

The solid circulation rate in the PFIR column was determined using a steady-state
energy balance considering the boundaries of the fuel reactor as the control volume. A
2800 W in-bed electric heater was located approximately 0.1 m above the distributor
plate in the middle of the fuel reactor for solid circulation rate measurements. Type AA
resistance temperature detectors (RTDs) measured the gas temperature in the fuel reactor
windbox and exiting the fuel reactor. The solids temperatures entering and exiting the
fuel reactor were measured at the weir openings at two points along the radius, which
were averaged to obtain the average solids temperature entering or exiting the fuel reactor.
It was determined that two bed temperature measurements at the inlet and outlet of the
fuel reactor section adequately represented the temperature across the weir by varying the
number of measurement points prior to the experimental program beginning. An elevation
view of the experimental setup for solid circulation rate is shown in Figure 4.

(TE)
Air Fuel Air
Reactor Reactor Reactor

H [eater

M AY
SolidsFlow  —= '\L-J/' —»  Solids Flow
L —

‘\TE Windbox | (TE)

(Te)-

N
Air —(FT)}——

Figure 4. Experimental concept for quantifying solid circulation rate. FT indicates the location of
flowmeters and TE indicates the location of the type AA RTDs. The control volume for the energy
balance is indicated by the red box.

The steady-state energy balance around the fuel reactor is shown in Equation (1).

Heat In[gas|+ Heat In[solids] + HeatIn[heater| (1)
= HeatOut|gas] + HeatOut[solids] + HeatOut[Env.Loss|

Heat loss to the environment was considered negligible, as it was less than 2% of the
heater power at base case conditions. The environmental losses were low, since temperature
gradients across the fuel reactor walls were small (less than 30 °C), and the plastic walls
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have a low thermal conductivity. The solid circulation rate can be calculated by substituting
for known quantities and rearranging Equation (1) as shown in Equation (2).

Mgas, FRoutCp,air (TFR out — Tref) — Mgas, FRinCp,air (TFR in — Tref) — PHeater

Misolid Cp, sotid(Tsotia, AR—FR — Tsolid,FR—AR)

where 11,4 is the solid circulation rate, rgss Frout is the mass flow rate of gas exiting
the fuel reactor, g rriy is the mass flow rate of gas entering the fuel reactor, Cp 4 is
the heat capacity of the air, Cy 4,4 is the heat capacity of the oxygen carrier, Trg gy is
the temperature of the gas exiting the fuel reactor, T is the reference temperature, Trg i,
temperature of the gas entering the fuel reactor, Prp, is the heater power, Tz, 4R R is the
inlet oxygen carrier temperature, and Tyyis FR— AR is the outlet oxygen carrier temperature.
Three assumptions were made: the RTDs in the bed measured the temperature of the solids
despite being mostly wetted by the gas, the quantity of solids entering the fuel reactor
section was equal to the amount exiting the fuel reactor section, and the mass of air that
circulated with the solids was negligible compared to the mass of the solids.

3. Results and Discussion
3.1. Static Bed Height

The static bed height in PCL is an important metric to ensure the desired fuel residence
time and thus conversion target is met. Understanding how the static bed height affects the
solid circulation rate in a PFIR reactor aids in ensuring the suitability of the PFIR reactor for
PCL. Static bed height in the cold flow PFIR column was varied between 0.25 m and 0.5 m.
Static bed heights below 0.25 m were not tested, as it is expected that the PFIR will not
run with a shallow bed when used for PCL due to the expected reaction kinetics. Further,
the solid circulation rate of extremely shallow beds cannot be measured with the current
experimental setup due to the location of the in-bed electric heater. Figure 5 shows the effect
of static bed height on solid circulation rate. The solid circulation rate was approximately
constant across the conditions tested at 3000 kg/h.
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Static bed height [m]

Figure 5. The effect of static bed height on solid circulation rate. The data points with a black outline
indicate the base case.

Increasing the static bed height should indirectly decrease the solid circulation rate
at a constant mass flow rate of air, since the jet velocity will decrease with the associated
increase in pressure at the bottom of the bed, decreasing the gas momentum. A simulation
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of a cold flow PFIR column with slightly different geometry demonstrates this trend, where
the bed mass was varied from 59 kg to 1457 kg [33]. This trend is not seen in Figure 5, since
the range of bed heights, and hence bed masses, is quite small in comparison. The bed
masses in this study were only varied between 66 and 220 kg due to the physical constraints
of the system. The gas momentum rate decreased from about 7.1 to 6.7 kg*m/s? across
the range of bed heights tested, which translates to a decrease in solid circulation rate that
cannot be measured by the method used here.

Without a sufficiently large change in gas momentum rate, the solid circulation rate
is likely to remain fairly constant across the range of bed heights tested since the solids’
rotational momentum will dissipate along bed height as a result of particle—particle in-
teractions [34] that are dependent on operating and geometric parameters of the PFIR
column. In the following discussion, we identify the circulation zone to be the portion of
the fluidized bed where the solids are actively circulating, i.e., below the point where the
solids’ rotational momentum is fully dissipated. All static bed heights tested are likely
above this circulation zone, so there is no apparent change in solid circulation rate with
static bed height.

3.2. Weir Opening Height

Increasing the weir opening height increases the available area for solids and gas flow
between reactor sections in the PFIR. The effect of weir opening height on solid circulation
rate is an important parameter to better understand solids movement in a PFIR reactor
and to set the solids circulation rate. The weir opening height was varied between 0.05 m
and 0.15 m. Figure 6 shows the solid circulation rate increased from 1800 kg/h to around
3000 kg/h when the weir opening height was increased from 0.05 m to 0.1 m. Increasing
the weir opening height further did not have an impact on the solid circulation rate.

4000
= I
Y o
= 6]
@ 3000 | 0
©
=
o A Q
2 e}
o
3
=
= 2000 F
o
©
W L
1000 1 1 1 1 1
0.04 0.06 0.08 0.1 0.12 0.14 0.16

Weir opening height [m]

Figure 6. The effect of weir opening height on solid circulation rate. The base case is indicated by the
data points with a black outline.

The increase in solid circulation rate from a weir opening height of 0.05 m to 0.1 m
confirms the presence of a circulation zone, where only the bottom portion of the fluidized
bed circulates, and the top portion of the fluidized bed mixes, due to viscous dissipation of
the solid momentum. The top of the circulation zone for the PFIR column described herein,
at base case conditions, is thus somewhere between 0.05 m to 0.1 m. The circulation zone
was also evident in a simulation of the PFIR reactor for biomass pyrolysis, where the mass
flux of solids decreases to almost zero at 0.18 m above the distributor for the operating
conditions and geometry of the PFIR simulated [35]. The presence of the weir within or
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near the circulation zone may also affect the flow pattern near the weir openings, inducing
eddies near the weir, similar to what is seen with gated spillways [36].

3.3. Purge Configuration

The amount of gas flowing, or leaking, between the air reactor section and the fuel
reactor section, can affect the extent of downstream purification of the CO, stream and/or
the amount of CO, that is released into the atmosphere. One method to limit the gas leakage
between reactor sections is to use a purge gas, such as steam, at the interface between the
reactor sections. Though the configuration of the purge gas section of the PFIR reactor will
have a large impact on gas leakage, it also influences the solid circulation rate and will help
inform the purge configuration that minimizes gas leakage, while achieving the required
solid circulation rate.

Four purge section configurations were investigated: no purge, a blank row where
no gas is flowing, one angled purge row, and one vertical purge row. All purge tuyeres
had approximately the same jet velocity of 65 m/s. Figure 7 shows the effect of the purge
configuration on the solid circulation rate. The two configurations with no purging have a
solid circulation rate of about 2000 kg/h. The solid circulation rate increased to 3000 kg/h
when one row of angled purge jets was used. However, when one row of vertical jets is
used, the solid circulation completely stops.

4000

= 0}

<

~.
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@
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o

2 2000 |

+~

g

>

2

5

2 1000

o

»n

0 1 1 'l
No purge row One blank purge One purge row  One vertical purge
row row

Purge configuration

Figure 7. The effect of purge configuration on solid circulation rate. The base case is indicated by the
data points with a black outline.

An increase in solid circulation rate from the no purge row and one blank purge row
configuration to the one purge row configuration likely is due to an overall increase in gas
momentum in the fluidized bed due to the addition of the purge gas. The solid circulation
rate increased by 46%, while the momentum increased by 15%, indicating that the gas
momentum strongly influences the solid circulation rate.

Despite the one blank purge row configuration having no angled gas flow directly in
front of the weir opening to push the solids into the adjacent section, the solid circulation
rate remained the same. Solids movement despite no additional gas flow from below is a
phenomenon observed elsewhere; pyroclastic flows are fast-moving solids that flow along
the ground from a volcanic eruption, without an additional input of gas. A layer of stagnant
solids remains close to the ground, while solids near the top leading edge of the pyroclastic
flow fall toward the ground and become stagnant [37]. This allows for the pyroclastic flow
to continue for a great distance. A similar phenomenon may be occurring at the blanked
purge tuyeres, where the local area becomes defluidized but does not prevent movement,
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as only a thin layer of solids remains stagnant near the distributor plate, while the rest of
the solids stay in motion. This defluidization, while maintaining solid circulation, may
lower gas leakage between reactor sections if the dominant mechanism of gas leakage is
through the lean phase (i.e., jets and bubbles), rather than the dense phase. This concept
will be considered in future work.

The one vertical purge row configuration caused all solid circulation to stop. The
purge gas acted similarly to an air curtain, preventing the flow of solids between reactor
sections due to the change in direction of solids directly before the weir opening. This
result further demonstrates that fluid flow patterns near the weir opening have an impact
on solids flow patterns, and thus solid circulation rate. There is likely a lower gas flow
rate that would allow for a solid circulation rate with the vertical purge configuration, but
determining this flow rate was not evaluated in this study.

3.4. Fluidization Ratio/Jet Velocity

Control of the air flow rate is expected to play an important role in regulating the
solid circulation since the gas momentum from the jets imparts rotational momentum to
the solids. Air flow rates at three fluidization ratios were tested: 2 U/U,¢, 3 U/U,, and
4 U/Uyy. It should be noted that the tuyere diameters were not changed, so the jet velocity
also increased as the fluidization ratio increased. Due to the temperature limitations
of the experimental equipment, the solid circulation rate could not be determined for
fluidization ratios below 2 U/U,¢. This limitation poses no issue, as this PCL configuration
is not expected to operate below 2 U/Uy,¢. Figure 8 shows that the solid circulation rate
increases linearly from 1400 kg/h to 4800 kg/h with increasing fluidization ratio over the
range tested.

6000
— 5000 | y=1769.1x-2343.1 g
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U/Umf [_]

Figure 8. The effect of fluidization ratio on solid circulation rate. The base case is indicated by the
data points with a black outline.

An increase in solid circulation with increasing fluidization ratio is expected, since
there is both an increase in mass flow rate and jet velocity of the air, which both increase
the gas momentum. The total gas momentum rate increases from about 3.2 to 12.3 kg*m/s?
with an increase in fluidization ratio from 2 U/U¢ to 4 U/Uyy. This larger increase in
total gas momentum translates to a large increase in solid rotational momentum and solid
circulation rate.

3.5. Relationship between Solid Circulation Rate and Total Gas Momentum

The main driver for the solid circulation rate is the total gas momentum, shown in
Figure 9. The solid circulation rate increases linearly with the gas momentum rate across
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all conditions where there was no resistance to flow imparted by the weir or vertical jets.
Changing the fluidization ratio has the biggest impact on the solid circulation rate since
it has the largest impact on total gas momentum. The purge configuration does have an
impact on the gas momentum as the removal of a purge row means less gas is introduced
into the bed, thus the total gas momentum decreases compared to the base case.

6000
® Base case

— 5000 Bed height
g . ¥
iy Purge configuration
% 4000 ® Air flowrate/ jet velocity
5 N -
= 3000 @ y=408.13x-80.135
3 e R? = 0.8283
Q
‘5 2000 r
kel
3 Lo
vy 1000 r

0 1 1 1 1 1 1

0 2 4 6 8 10 12 14

Total gas momentum rate [kg*m/s?]

Figure 9. Relationship between gas momentum rate and solid circulation rate. Only conditions where
there was no resistance to flow are shown.

Figure 10 shows that when restrictions to solids flow are introduced, such as the weir
itself or vertical jets, the solid circulation rate generally decreases without a change in the
total gas momentum rate. The exception to this is when the restriction is outside of the
circulation zone, such as conditions where the weir opening heights were at or above 0.1 m.
Restrictions above the circulation zone appear to have no impact on the circulation of solids.
Restrictions to solids flow near the weir openings impact the solid circulation rate and
should be considered when choosing the exact PFIR reactor geometry.

6000
® Base case
— 5000 | Weir opening height
~
[s19)
= Purge configuration
% 4000 | (vertical purge)
‘é -
= 3000 | -~
S [ 4
2
-5 2000 F
=
©
v 1000 Restrictions within circulation zone
0 1 1 1 1 1 1
0 2 4 6 — 8 10 12 14

Total gas momentum rate [kg*m/s?]

Figure 10. Flow restrictions within the circulation zone of the PFIR column decrease the solid
circulation rate at a constant total gas momentum rate.
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4. Conclusions

The oxygen carrier circulation rate was evaluated in a novel cold flow chemical looping
reactor. The PFIR offers a compact dual fluidized bed reactor that may provide a reasonable
solution for carbon capture of small- to medium-scale emitters. The circulation rate of
oxygen carrier is a key performance indicator for any reactor design for PCL since it must
be sufficiently high to achieve the required fuel conversion, oxygen transport, and sufficient
heat exchange between reactors. Solid circulation rates ranged from 0 kg/h up to 4800 kg/h
at the conditions tested. These results demonstrate that sufficiently high solid circulation
rates can be achieved, but certain methods can be used to decrease the solid circulation rate
if required. Across all conditions tested, it was determined that parameters that affect the
total gas momentum the most have the largest impact on solid circulation rate, such as the
fluidization ratio. Configurations where solids flow was restricted, inducing different flow
patterns near the weir within the circulation zone, such as the weir itself or vertical purges,
led to a decrease in solid circulation rate despite the gas momentum remaining constant. It
is likely that the flow patterns near the weir dictate the solid circulation rate for a given
total gas momentum.

The research and development of the PFIR reactor for PCL lends itself to several areas
of future work. Firstly, the gas leakage between reactor sections must be studied to ensure
that CO, purity and emission targets can be achieved. Understanding which parameters
affect gas leakage will help determine how gas leakage is primarily occurring, i.e., with
the lean or dense phase. A second avenue of future work is to validate the CPFD model of
the PFIR reactor. Once validated, the model can be used to better understand mechanistic
information related to solids and gas movement within the reactor. Finally, a reacting flow
PCL pilot plant using a PFIR reactor will be studied to ensure the feasibility of using a PFIR
reactor for PCL.
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