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Abstract — Chemical looping with oxygen uncoupling (CLOU) is a carbon-capture
technology that utilizes a metal oxide as an oxygen carrier to separate oxygen from
air. The metal oxide is oxidized in an air reactor and releases gaseous oxygen in a
fuel reactor where a fuel, such as coal, is fed. CFD simulations will expedite the
scale-up of CLOU systems to demonstration and utility size plants by resolving
technical concerns and showing the CLOU technology at larger scales. In this study,
Barracuda was used as the platform for simulation. The CLOU Kkinetics were
incorporated into the simulation and the coal kinetics were explored for one-step
versus two-step combustion Kinetics. Two cases were run, one for a pure carbon-
char and one with the inclusion of ash. Using the two-step kinetics and inclusion of
ash in the simulation yielded reasonable temperatures in both the gas and particle
phases. Also studied were the effects of heat input, via increasing the coal feed, and
coal particle diameter. These simulations showed that the increasing of the coal heat
input had little effect as compared to changing the particle diameter. Increased
particle diameter increased the particle temperatures and decreased the carbon
capture efficiency.

1 Introduction

Carbon dioxide emissions have been the largest contributor to climate forcing, with one of the
largest source coming from the combustion of fossil fuels for the generation of electricity. These
methods for electricity generation are expected to be a dominate source until 2030 [1-3]. To
minimize and potentially eliminate the carbon dioxide emissions, carbon capture technologies
have been explored. Scrubbing the combustion products with different sorbents has been shown
to be successful as well as using an oxycombustion process. These processes have shown
energy penalties of 7-9% and 5-8% respectively [4,5]. Chemical looping combustion (CLC) is
a novel technology for inherent separation of O, from air utilizing a reversible
oxidation/reduction of metals. In the air reactor, the metal is oxidized with air to form a metal
oxide. This metal is then transferred to a reactor where it is reduced with a gaseous fuel. The
metal is then returned to the first reactor, completing the loop. Chemical looping with oxygen
uncoupling (CLOU) is a subset of CLC where the metal in the fuel reactor releases gaseous
oxygen that can be used to burn solid fuels. CLOU’s distinct advantage over CLC is the
elimination of the need to change solid fuels into gaseous phase products though the gasification
reaction, but only a few materials including copper show CLOU properties [6-8].
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In copper-based CLOU, the copper oxygen carrier particles are oxidized in the air
reactor (AR) to cupric oxide (CuO) and then transferred to the fuel reactor (FR), where the coal
is introduced. In the FR cupric oxide reduces forming cuprous oxide (Cu20) particles and
releasing O2. The released O: reacts directly with the coal to form CO; and H20, are 50x faster
reactions as compared to the gasification reaction [8-11]. CLC and CLOU systems have been
operated up to 1 MW in heat release [12,13]. Chemical looping scale-up has had little research
due to current technical challenges and the cost of manufacturing the system.

Computational fluid dynamic (CFD) simulations have been shown to aid in scale-up and
lead to improvement in unit operations. Due to the complicated nature of particle-fluid
interactions and the computational expense associated with these CFD codes little work has
been done until recent years in CLC and CLOU [14-18]. Some of these simulations have
included the Eulerian-Lagrangian (E-L) multiphase-particle in cell (MP-PI1C) method. The MP-
PIC method is the basis for the Barracuda VR® code. The full details can be found in Andrew
et al. [19]. The MP-PIC method solves the continuous fluid phase with the full mass and
momentum equations. A Liouville equation is used to solve the particle phase to obtain the
position, velocity and size distribution of particles. The inclusion of particle clouds has been
used in the MP-PIC method to increase the number of real particles that can be tracked. Further
developments of the MP-PIC method have been completed by Snider and O’Rourke [20-23].
The code has been used to simulation NETL’s CLC simulation by Parker [17]. Peltola et al.
showed CLOU kinetics in a CFD simulation [24]. Recently, Hamilton et al. have shown CLOU
kinetics in a 10 kW system [25]; however, only a one-step char combustion process was
included and particle and gas temperatures were shown to be excessively high, above ash fusion
temperatures.

This study has three major objectives: first, investigate the effects of coal particle
diameter and heat input on the system; second, exam the effects of one-step and two-step
combustion mechanisms; and, third show the effects of ash in the char on the particle
temperatures.

2 Computational Methods

2.1 Chemical Reactions and Cases

The chemical kinetics of copper-based CLOU include the oxidation of cuprous oxide, reduction
of cupric oxide, and reactions involving the coal material. In Barracuda-VR® chemical
reactions can be run as a volume average rate, r (mol-s*m= or kg-s*m), or discrete particle
Kinetics, rp (kg's). There are several advantages for each. The volume average rate has less
computational expense resulting in faster simulations and has been shown to be robust. There
are several disadvantages for using the volume average rate. The temperature used is the bulk
gas temperature which can be lower than the particle surface temperature resulting in reactions
that are slower than what they actually are [23]. Discrete particle reactions are recommend by
CPFD for most heterogeneous reactions [26]. The discrete particle reaction uses individual
particle clouds that are not averaged over the cell. These results are more accurate with multiple
types of particles participating in reactions in the same cell, i.e. the fuel reactor contains both
decomposition of cupric oxide and the combustion of coal char.
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The experimental details and developed experimental rates for the copper oxide reactions are
found in Sahir et al. and Clayton et al. [11,27]. The details of converting from the experimental
rates to the simulation inputs can be found in Hamilton et al. [25]. The copper oxide reaction
rates, Reaction 1 and 2, can be found in Table 1. The study in Hamilton et al. used a one-step
char combustion model, Reaction 3. The two-step model, where the heterogeneous reaction of
char and oxygen form carbon monoxide and the carbon monoxide subsequently reacts
homogenously with oxygen to form carbon dioxide, is Reaction 4 in Table 1 and the volume
average rate is Reaction 1 in Table 2.

Table 1: Discrete particle reaction rates used for heterogeneous reactions

Number | Reaction Discrete Particle Reaction Rate Case | Source
dMcy,o 41,500
CUZO(S) + Tz = 113 X 1010mCu_09f eXp <_ T )
1 All [25,27]
02, — CuO 8180\ |,
— 5600my,0 65 exp (— T) Po,
dmCuO _ 2350
Cu0 + O2 8 27,950 :
X 10%mcy 0 6f exp (— T )
C(s)+ 02 — dm, 10,050
3 CO, prale —145,0004,6; - exp( )Poz 1 [25,28]
C(s) + 2 02 dm, 10,050
4 S0 T = ~145,0004,0; - exp (——) Py, |23 |[28]
Table 2: Volume average reaction rate used for homogenous reactions
Number | Reaction Volume Average Reaction Rate Case | Source
+1 13,600
1 882 2022 | 1 ax10%exp (— - ) [CO0,1°5 | 2.3 |[29.30]

The initial one-step char combustion kinetics are simple and allow for fast simulations. On the
other hand, the two-step char combustion kinetics distribute the enthalpy of reaction across two
reactions, with one reaction occurring in the gaseous phase. This should allow for more realistic
particle temperatures. Table 3 lists the case for each of these reactions. Another case
investigates the inclusion of ash constituents in the coal particle versus strictly carbon; the ash
works as a particle heat sink. A summary of these studies can be found in Table 3.

Table 3: Summary of studies performed

Case Name (#) Char Combustion Kinetics Inclusion of
Ash

One-Step (1) One-step to carbon dioxide No

Two-Step (2) Two-step to carbon dioxide through carbon monoxide | No

Detailed Char (3) | Two-step to carbon dioxide through carbon monoxide | Yes
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2.2 Particle Parameters

The oxygen carrier particles studied are cupric/cuprous oxide on silicon oxide (quartz). A fully
oxidized particle contains 40% by mass cupric oxide with the remainder silicon oxide. Fully
reduced particles are 37.3% by mass cuprous oxide with the remainder silicon oxide. The
change in weight is due to the change in molecular weight from oxidized to reduced copper.
The density of the particles is approximately 3150 kg m=. The detailed copper properties and
thermodynamic parameters of copper oxide oxygen carrier can be found in the previous work
of Hamilton et al. [25]. The coal char has a density of 2000 kg m=. Three coal particle size
distributions were studied, while the oxygen carrier particle size distribution was held constant
through all studies (Figure 1).
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Figure 1: The PSDs of the particles in the system. (a) the oxygen carrier and 150-micron coal average, zoomed
in; (b) all four distributions.

The ultimate analysis of the coal can be found in Table 4. The top five components of the ash
are shown in Table 5. Barracuda VR® built in thermodynamic properties were used for the
calcium oxide and experimental data can be found in Bodryakov and Morrell [31,32]; the data
in these studies were used to generate the equations for thermal conductivity and specific heat
seen in Equations 1 and 2, respectively.

k(T) = 27.2 — 0.0429T + 3.12 X 107°T? — 7.43 x 107°T3 (1)

236 + 2.79T — 0.004T? + 3.2 X 107°T3 —8.56 x 107 1°T4 T < 1000 K
cp(T) = —5m2 —8m3 1274 (2)
8734+ 0.04T + 6.4 x107°T“ —4.2%x107°T°> +88x107*“T* T = 1000 K

where k is thermal conductivity, T is temperature, and ¢, is specific heat. Particles start at
950 °C and there is a distribution of oxidation states: approximately 50% in the air reactor; 75%
in the upper loop seal; 25% in the loop seal; and, a mixture in the fuel reactor.

Table 4: Ultimate analysis of coal based on case

Component | One-step and two-step | Detailed char
Carbon 100 88.7
Ash - 11.3
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Table 5: Ash components used in ash studies

Component | Percentage
SiO2 43.3
Al,0O3 19.6

CaOo 23.9

Fe203 7.4

MgO 5.8

2.3 Reactor Modeled and Initial Conditions

The system simulated is a 10 kW bench-scale dual bubbling bed reactor located at the
University of Utah (Figure 2). For both reactors all particles enter at the base of the reactor and
flow up exiting at the top of the reactor. The air reactor narrows to a transport riser. In the design
the bottom portion of the reactor can function in a bubbling bed regime and for this same flow
the transport section is in a transport regime. The fuel reactor has an overflow pipe that runs up
the center of the reactor. As particles enter the reactor the particles on the top of the dense bed
fall through the overflow pipe. More details of the reactor set up can be found in Larsén [33].

Figure 2: Schematic of the bench scale unit. (1) Air reactor, (2) cyclone, (3) upper loopseal, (4) fuel reactor, (5)
lower loopseal.

In the system, the oxygen carrier particles enter one side of the fuel reactor and the fuel is
introduced on the other side of the system through a screw feeder. The flowrates, species, and
temperatures of the fluidizing gases are found in Table 6.
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Table 6: Flowrates of major fluidizing gas

Location Velocity [m-s™] | Gas species Temperature [°C]
Air reactor inlet 0.24 Air 225
Fuel reactor inlet | 0.018 Steam 300
Upper loopseal 0.028 Air (95% N2 & 5% O) | 950
Lower loopseal 0.018 Steam 525
Coal feed 5-10° Steam 300

2.4 Data analysis

The carbon capture efficiency is the ratio of gaseous phase carbon leaving the fuel reactor
over the gaseous phase carbon leaving the system. This is shown in Equation 3.

Fco,rr + Fcorr ) 3)

Nee =
<F602,FR + Feorr + Fco,ar + Fco,ar

where Fij is the flowrate of species i out of reactor j [9,34]. In case one, all terms containing
carbon monoxide are eliminated.

3 Results and Discussion

3.1 Carbon Capture Efficiency

The effect of coal heat input on the carbon capture efficiency can be found in Figure 3. In this
case, the coal particles had a PSD with an average of 150 micron, see Figure 1. From all three
figures it can be determined that the heat input had very little effect on carbon capture
efficiency. All cases and heat inputs were above the DOE target of 0.9 carbon capture
efficiency. These particles are about 0.6 times the size of the oxygen carrier and density of the
oxygen carrier. The smaller diameter coal particles a tendency to float on the bed and, after
burning to sizes around 100 microns, entered the dilute phase of the bubbling bed.

Figure 4 shows the effect of the coal particle diameter on the carbon capture efficiency. The
4000-micron average diameter PSD coal particles, see Figure 1, had a carbon capture efficiency
that was below the 0.9 DOE target; all other cases were above. These particles are 20 times the
size of the oxygen carrier, but still about 0.6 the density of the oxygen carrier. The 4000 micron
particles did not float on top of the bed until some combustion occurred and the particles shrank.
The 1000-micron average diameter PSD case did not converge for the one-step combustion and
two-step combustion. The char detailed with ash case for the 1000-micron average diameter
PSD run did converge. This shows that including the ash content in the particles, which acts as
a heat sink, improved the reliability of the simulations. The carbon capture efficiency for this
run was also above the 0.9 DOE target.
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Figure 3: Effect of coal feed rate (as heat input) on carbon capture efficiency (a) one-step combustion (b) two-

step combustion (c) detailed coal char with ash
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Figure 4: Effect of particle size on carbon capture efficiency a) one-step combustion (b) two-step combustion (c)
detailed coal char with ash

3.2 Gas Concentrations in Reactors

The air reactor showed similar oxygen and carbon dioxide mole fractions for all cases and runs
and the reactions all occurred in the bubbling bed portion of the air reactor. The effects of coal
heat input on the fuel reactor oxygen concentration can be seen in Figure 5. The one-step and
two-step combustion kinetics had similar profiles for the 10 kW and 15 kW coal heat input.
These profiles start with the mole fraction around 0.05 which is the equilibrium mole fraction
at 950 °C. This mole fraction increased through the dense bed to a max just above 0.06, with a
corresponding increase in the bed temperature. The concentration then dropped at the top of the
dense bed and decreased through the dilute phase. The decrease in the oxygen in the dilute
phase was due to a low concentration of oxygen carrier particles releasing oxygen and a higher
concentration of coal char in this phase, as compared with the dilute phase, resulting in oxygen
consumption.
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Figure 5: The effect of heat input on fuel reactor average oxygen concentration for (a) one-step combustion (b)
two-step combustion (c) detailed coal char with ash.

The effects of coal particle diameter on the fuel reactor oxygen concentration can be seen in
Figure 6. The 150-micron average diameter PSD runs are the same as the 10 kW runs in Figure
5. The oxygen concentration for the 4000-micron average diameter PSD case was similar in all
three cases with the oxygen mole fraction staying about at 0.05 due to the more uniform
temperature of the gas temperature. The 1000-micron average diameter PSD, detailed char case
showed an increase in oxygen mole fraction through the dense phase similar to what occurred
in the 150-micron average diameter PSD run, but, after the dense phase, the concentration
stayed constant through the dilute phase.
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Figure 6: Fuel reactor average oxygen concentration vs. height effect of coal char particle diameter (a) one-step
combustion (b) two-step combustion (c) detailed coal char with ash

Figure 7 shows the effect of coal particle diameter on the carbon dioxide mole fraction. This
figure shows that the 4000-micron average diameter PSD runs had a lower mole fraction of
carbon dioxide, most likely is due to slower reaction. The 1000-micron average diameter PSD
run closely followed the 150-micron average diameter PSD runs. These runs resulted in the
carbon dioxide peaking just below a mole fraction of 0.8.
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Figure 7: Fuel reactor average carbon dioxide mole fraction effect of coal particle diameter (a) one-step
combustion (b) two-step combustion (c) detailed coal char with ash

3.3 Gas Temperature

The gas temperature in the air reactor was very uniform for all cases. The average gas
temperature in the dense bubbling bed was 950 °C. The gas temperature increased in the top of
the bed and in the riser to about 970 °C. The fuel reactor gas temperatures as an effect of heat
input can be found in Figure 8. For the one-step combustion case, the 10 kW coal input
temperature results were opposite than expected as more heat input should result in an increase
temperature in the gas; however, the 10 kW showed the lowest temperatures. The bottom of the
bed the gas heats to the bed temperature of 950 °C and increases to about 975 °C at the top of
the dense bed. The temperature then spikes between 1100 °C and 1150 °C. The two-step
combustion case corrects as the 20 kW was greater than the 10 kW heat input run, but still the
15 kW heat input temperatures were below the 10 kW. In only the detailed coal case does
increasing coal heat input increase the gas temperature as expected. The 10 kW followed a
similar temperature profile as the one-step and two-step case. The 15 kW had a higher

11
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temperature through the system and peaked at just below 1250 °C. The 20 kW run had the
highest temperatures through the reactor and peaked above 1250 °C.
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Figure 8: Gas temperature effect of the heat input from coal (a) one-step combustion (b) two-step char
combustion (c) detailed coal char with ash

The effects of the particle size on the fuel reactor gas temperature is shown in Figure 9. For all
three cases, the 150-micron average diameter PSD runs had the same trends as found in Figure
8, where the temperature increased through the dense bed and then increased dramatically
through the dilute phase. The 4000-micron average diameter PSD run was more uniform in
temperature throughout the reactor heights at about 950 °C. In the detailed char case, the
temperature for the 4000-micron average diameter PSD run slightly dropped due to the
endothermic reduction reaction of copper oxide. For the detailed char case, the 1000-micron
average diameter PSD run temperature increased through the dense phase and then was constant
through the dilute phase due to the low amount of char particles in the dilute phase.
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Figure 9: Effect of coal particle diameter on gas temperature (a) one-step combustion (b) two-step char
combustion (c) detailed coal char with ash

The particle temperature distribution is shown in Figure 10. For the 150-micron average
diameter PSD runs all three cases are similar with a very small mass of particles at temperatures
different than the bed temperature of 950 °C. For case one the 4000-micron average diameter
PSD run had about 15% of the particles below 800 °C, 20% of the particles below the bed
temperature of 950 °C, 50% of the particles were at or below the bed temperature, and 65% of
the particles were below 1300 °C. This means that 35% of particles had temperature above
1300 °C. For case two, with the same 4000-micron average diameter PSD, 18% of the particles
were below 800 °C, 23% of particles were below 950 °C, 62% were at or below 950 °C, and
all particles were below 1250 °C. For case three, 22% of the particles were below 800 °C, 30%
of the particles were below 950 °C, 72% of particles were at or below 950 °C, and all particles
were below 1125 °C. Only case three had a 1000-micron average diameter PSD run converge.
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In this run there were <5% below the 800 °C and 950 °C, 60% at or below the 950 °C bed
temperature, 80% were below 1200 °C, and 83% were below 1300 °C.
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Figure 10: Effect of coal particle diameter on particle temperature distribution in the fuel reactor for (a) one-
step combustion (b) two-step combustion (c) detailed coal char with ash

Figure 11 shows the particle temperature distribution in the air reactor. In all cases, the 150-
micron and 4000-micron average diameter PSD runs had most temperatures around the bulk
bed temperature of 950 °C. The 1000-micron average diameter PSD run, for case three,
showed that 95% of particles were at or below 950 °C. The remaining 5% were above this
temperature and reached temperatures above 1300 °C.
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Figure 11: Effect of particle diameter on particle temperature distribution in the air reactor for (a) one-step
combustion (b) two-step combustion (c) detailed coal char with ash

4 Conclusion

A bench-scale size unit with a bubbling bed air reactor (AR) and fuel reactor (FR). CLOU
copper kinetics were used and the effects of coal parameters and kinetics were explored. With
all cases, the 4000-micron average diameter PSD carbon capture efficiency fell below the DOE
targeted efficiency of 0.9 after some amount of time. Several of the results suggest that the
inclusion of a two-step combustion model and ash constituents in the ash is necessary. For
example, for coal particles which were 4000-microns average diameter PSD, steady state was
reached more quickly and the temperatures were within a reasonable range. The 1000-micron
average diameter PSD case was the most difficult to simulate and only converged when two-
step combustion with the detailed char case resulted in completed simulation, albeit, the 1000-
micron average diameter PSD case still resulted in excessively high temperatures.

Future work will include gasification reactions to decrease the particle temperatures. Hecht et
al. mentions the important of including gasification in oxy-combustion simulations of coal as
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there are larger concentrations of carbon dioxide and steam in the reactor [35,36]. However, the
FR of a CLOU system contains a high concentration of carbon dioxide and steam, so at the
temperatures seen, gasification may be important. Secondly, to also decrease the temperatures
of the particles, volatiles will be included in future simulations. This effort will transition some
of the heat release from the heterogeneous reactions to homogenous gaseous phase reactions,
potentially affecting particle temperature.
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