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Estimating the Solids Circulation Rate in a  

100-kW Chemical Looping Combustor  

 

Carl Linderholm, Matthias Schmitz, and Anders Lyngfelt 

 

Abstract 

Chemical looping combustion (CLC) is a technology of CO2 capture that can drastically reduce its 

cost. The solids circulation inside a 100-kW chemical looping combustor was investigated using a 

novel oxygen carrier called Sinaus by adding fuel batches to the fuel reactor. The decline and 

subsequent rise of oxygen concentration in the air reactor after each addition was used to determine 

the residence time of solids in the fuel reactor and adjacent vessels. The obtained residence time, in 

combination with the solids inventory, determined the solids circulation for a particular batch 

experiment. After performing a number of such experiments, the above circulation was correlated with 

other experimental data, revealing a good correlation between the solids flow at the top of the air 

reactor riser and the actual circulation obtained using batch tests. The relationship between global 

circulation,m& , and the mass flow in the air reactor riser, riserm& , was found to be linear within the 

investigated interval, being described as riserm..m && 057066 += . Although this correlation was valid only 

for the investigated reactor system, the approach used to obtain the solids circulation could be used to 

derive a similar correlation for any dual fluidized bed system. 
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Abbreviations and symbols Unit(s) Explanation 

AR  Air reactor 

CCS  Carbon capture and storage 

CFB  Circulating fluidized bed 

CLC  Chemical-looping combustion 

CR  Circulation riser 

CS  Carbon stripper 

CSTR  Continuous stirred tank reactor  

FR  Fuel reactor 

FR+  Fuel reactor and adjacent reactor vessels, including 
CR, CS LS2, LS3, LS4 

LS  Loop seal 

PFR  Plug flow reactor 

RTD  Residence time distribution 

   

A, Ac  Cross sectional area 

d50 µm The mass-median diameter; one way of expressing 
the average particle size by mass 

Gs kg/(s,m2) Solids flux 

mFR+ kg Solids inventory in FR+ 

m&  kg/min Circulation, or global solids flow 

riserm&   kg/min Solids circulation in air reactor riser 

N - Number of CSTRs 

(O2)AR(t)  % Concentration of O2 in AR exit gas at time t 

p Pa pressure 

r2 - Coefficient of determination 

TFR, TAR ˚C Temperature in FR/AR 

u0  m/s Superficial velocity 

ut  m/s Terminal velocity 

   

ρapparent   kg/m3 Apparent density of oxygen carrier material 

ρexit   kg/m3 Solids loading at the exit of the air reactor riser 

τ s Residence time 

τi s  Residence time in bed i  
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Introduction 

Carbon capture and storage is an economically attractive method of avoiding CO2 emission into the 

atmosphere, with negative emissions being possible if biomass is used as fuel. Chemical looping 

combustion (CLC) is a technology that can drastically reduce the cost of CO2 capture, featuring 

systems based on interconnected fluidized beds comprising metal oxide particles as oxygen carriers. 

These particles transport oxygen from combustion air to fuel, making CO2 capture an inherent feature 

of the CLC process. Control of the chemical looping process requires knowing the circulation of solids 

between two principal interconnected beds, i.e., the air (AR) and fuel (FR) reactors.  

Although Ishida et al. were the first to recognize the potential of CLC as a CO2 capture technology 

potentially exhibiting no energy penalty [1], the concept of chemical looping for the purpose of CO2 

production was patented already in 1954 by Lewis and Gilliland [2]. The first CLC pilot based on 

interconnected fluidized beds was constructed and operated in 2003. Today, chemical looping 

operations described in literature amount to at least 9000 h in 34 pilots [3]. Most of the operational 

experience related to chemical looping combustors was obtained using gaseous fuels and 

manufactured oxygen carriers, with oxygen carrier development reviewed by Lyngfelt [4] and Wang 

et al. [5]. In the case of chemical looping operation using solid fuels, low-cost materials such as ores 

or waste materials are often used. The reason for the increased attention enjoyed by low-cost materials 

is that (i) solid fuels normally contain significant quantities of ash, which is expected to lower the 

oxygen carrier lifetime, and (ii) hydrocarbons contained in typical gaseous fuels such as natural gas 

require more reactive oxygen carrier materials than the gas released from solid fuels, which contains 

larger amounts of reactive H2 and CO. Several research groups have reported the design and operation 

of 0.5–50-kW chemical looping combustors [6-14], and a 1-MW pilot has been built and 

autothermally operated using ilmenite (a natural mineral widely used as an oxygen carrier in CLC 

applications) as an oxygen carrier [15, 16]. More than 3000 h of operation using solid fuels has been 

reported in total, with 1570 h corresponding to low-cost oxygen carriers Low-cost materials include 

iron ores and iron-based waste materials, ilmenite, and manganese ores. Using ilmenite as oxygen 

carrier and bituminous coal as fuel, the expected lifetime of oxygen carrier particles was investigated 

in a 100 kW reactor system – described below – and found to be 700-800 h [17]. Compared to 

ilmenite, manganese ore has shown higher reactivity with syngas. This was demonstrated in a study by 

Sundqvist et al. [18] who investigated 11 manganese ores in a laboratory fluidized bed, and estimated 

the rate constant for the 8 most reactive ores to be 3-6 times higher as compared to ilmenite. 

Moreover, the presence of manganese ore has also been shown to give a higher rate of steam 

gasification of char in both lab tests [19] and a continuous unit [20].  

In order to find out how particles will behave over time in full-scale applications, evaluation in larger, 

continuous units is a vital step. The expected lifetime of the oxygen-carrying particles may be a very 

important parameter when it comes to process up-scaling. Lyngfelt and Leckner [21] recently 

proposed a design of a 1000 MW CLC system, which is very similar to a state-of-the-art CFB boiler. 

The authors find that the additional cost of the CLC–CFB system, relative to conventional state-of-the 

art CFB technology, is around 20 €/tonne CO2. In other words, the cost of CO2 capture is significantly 

lower as compared to other capture technologies. 

Satisfactory circulation of solids is a fundamental prerequisite for the design and control of any 

chemical looping process, with insufficient circulation causing (a) a high temperature difference 

between the AR and FR, i.e., low fuel reactor temperature, and (b) an insufficient amount of oxygen 

supplied to fuel. Although the circulation of solids in fluidized beds is difficult to measure due to high 

temperatures and mechanical wear caused by the moving bed material, a large number of methods 

have been proposed and investigated. Bhusarapu et al. [22] listed six groups of such measurements, 
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namely optical, radioactive, electrical, tracer, acoustical, heat/mass transfer, and mechanical. Most of 

these methods have been developed for cold conditions and are excellent for predicting the flow of 

solids in cold-flow units only, being unsuited for high-temperature systems. Furthermore, a large 

number of these methods are invasive, making them hard to implement in the case of continuous 

operation. Thus, an ideal method should allow direct on-line measurements of the solids circulation.  

In CLC, the circulation of solids supplies oxygen and heat to the fuel in the fuel reactor. Using a 1.5-

kW continuous chemical looping combustor, Abad et al. [23] developed a valve (situated between the 

cyclone and the fuel reactor) for diverting the flow of solids, enabling circulation measurement and 

control. However, mechanical valves are normally impractical or very difficult to manage in larger 

units. Dietrich et al. [24] investigated four approaches to achieve the circulation of solids, with two of 

them supposedly being suitable for hot conditions. However, both of these methods rely on 

deactivating fluidization in a loop seal for a certain period of time, which might lead to agglomeration, 

sintering, and operation discontinuation for some oxygen carrier materials. Using a Ni-based oxygen 

carrier and natural gas as a fuel in a 10-kW CLC unit, Linderholm et al. [25] developed a method for 

measuring the solids circulation based on the temperature difference between the AR and FR, which 

requires autothermal operation and full or close-to-full fuel conversion, thus being unsuitable for 

operation employing solid fuel. Using a 150-kW CLC unit for gaseous fuels, Kolbitsch [26] showed 

that the mass flow of solids through a loop seal can be estimated from the corresponding pressure 

drop, i.e., the pressure difference between a point at a specific height on the incoming side of the seal 

and that at the same height on the exit side. This loss of pressure results from frictional forces of the 

two-phase flow (gas-solids) in the loop seal, increasing with increasing circulation. Studying two loop 

seals, Kolbitsch observed a linear correlation between the mass flow of solids and the abovementioned 

pressure drop. At identical circulation, different pressure loss responses were observed for the two 

studied loop seals, which was attributed to “slight differences in fluidization”.  

The present study mainly focuses on analyzing the residence time distribution (RTD) of oxygen carrier 

materials in the FR section of the 100-kW reactor system. With the help of RTD, residence time, and 

knowledge of the solids inventory, the circulation of solids was determined for a specific operational 

setting, i.e., for a specific batch experiment. After performing a number of batch experiments, the 

circulation of solids was correlated with other experimental data, e.g., pressure drops measured in the 

AR riser or pressure losses in a loop seal, as explained above, with the strong correlation observed 

providing a tool for real-time estimation of the global solids circulation in the 100-kW unit, which is 

very useful during operation. Although such a correlation was valid only for the investigated reactor 

system, the general applicability of this approach could be used to determine the circulation of solids 

in any other dual fluidized bed system. 

Using ilmenite as an oxygen carrier, Markström et al. described how the solids circulation, ,m&  can be 

estimated from the pressure drop and gas superficial velocity [27]. The mass flow in the riser, ,mriser
&  

was defined as: 

)( 0 t
riserc

riser uu
h

p

g

A
m −

∆

∆
=&  (1) 

where Ac is the cross-sectional riser area, g is the gravitational acceleration, ∆priser is the pressure drop 

between two pressure taps at the top of the riser, ∆h is the distance between these pressure taps, u0 is 

the superficial velocity in the riser, and ut is the terminal velocity of an average-size particle in a 

specific physical environment. Markström et al. modeled the FR and adjacent vessels as a number of 

sequentially connected CSTRs followed by a plug-flow reactor. The solids circulation during batch 
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experiments was determined by analyzing the RTD of solids and was subsequently correlated to riserm& , 

with m&  found to be directly proportional to riserm& : 

(2) 

 

The physical interpretation of this relationship implies that 91.9% of the material moving up along the 

riser falls back down, with only 8.1% continuing further to LS1 and the fuel reactor. The present work 

adopted a modeling approach similar to that developed by Markström et al. to determine the solids 

circulation during batch experiments. In contrast to the work of the above researchers, we (i) used a 

different oxygen carrier, (ii) collected more data (24 tests instead of one), allowing a more rigorous 

statistical analysis, and (iii) correlated the circulation determined in batch experiments with both the 

internal mass flow in the riser and the pressure drop inside two loop seals.  

 

Experimental 

 
Chalmers 100-kW CLC unit for solid fuels  

The Chalmers 100 kW chemical-looping combustor was designed to be an operationally flexible 

system. This resulted in a rather complex system of interconnected fluidized beds, including two 

CFBs, i.e. the air reactor (AR) and the fuel reactor (FR), as well as a carbon stripper. The fuel reactor 

is 5 m high with an inner diameter of 0.154 m, and the air reactor is 4 m high with a riser having the 

same size as the fuel reactor, and an expanded bottom section with a diameter of 0.4 m. The 

fluidization velocity in the air reactor is the primary controller for global circulation. The circulation 

riser (CR) was designed to return oxygen-carrier particles to the AR while keeping the total height of 

the system down. The fluidization velocity in the CR can hence also influence the circulation rate of 

solids. The fuel reactor (FR) is a circulating fluidized bed, the particles are separated in cyclone 2 

(CY2) and recycled via the loop seal 2 (LS2). Fuel is added at the outlet of LS2, hence in immediate 

proximity to the fuel reactor, but into a space where particle loading is low. The carbon stripper has 

four chambers separated by under and over weirs and then a final overflow leading to LS4. Ideally, all 

fuel particles will be entrained with the gas and be separated from the gas in CY2. The 100 kW reactor 

system has been described in more detail in a study by Markström et al. [9], who determined its 

complete pressure profile. Pressure taps B and C (Figure 1) were used to measure the pressure losses 

in LS3 and LS4. Table 1 summarizes important design and operational data pertaining to the 100-kW 

CLC unit.  

Table 1. Important characteristics and operational data for the 100-kW chemical looping combustor. 

Operating temperature  (°C) 900–1025 (AR), 875–1000 (FR) 

Total solids inventory (kg) 150–250 

Total height (m) 5 

u0, AR riser (m/s) 7–10 

u0, AR bottom section (m/s) 1–1.5 

Fluidization gas Air (in AR), steam 

Gas distribution Wind boxes and bubble caps 

Construction material 253 MA (corresponds to standards SS 

2368 and UNS S30815) 

.m.m riser
&& 0810=
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Oxygen carrier 

The oxygen carrier material used in this study, Sinaus, was a sintered manganese ore originally 

produced for the ferroalloy industry. This material, approximately 5-30 cm in size, was crushed and 

sieved by UVR-FIA in Freiberg, Germany. The poured bulk density of the Sinaus material was 2090 

kg/m3. The density of the material did not change as an effect of operation. It can further be noted that 

the density of used Sinaus material is very similar to used ilmenite oxygen carrier. Approximately 4% 

of the material used in operation was larger than 355 µm. The density of this larger material was 

1500 kg/m3. The material seemed to have undergone swelling, the mechanisms behind which will be 

explored in another study. The crushing strength of the material was obtained as the average of 30 

measurements on particles of size 180-212 µm. Table 2 summarizes some general properties of fresh 

and used material.  

Table 2. Selected properties of  fresh and used oxygen carriers. 
 

Property Value 

ρbulk, fresh (kg/m3) 2090 

Crushing strength, fresh (N) 3.5 

d50, fresh material (μm) 174 

d50, used, AR 229 

d50, used, FR 165 

ut* (m/s) 0.8 

*Terminal velocity in air at 1000 °C for fresh material. 

Sinaus was used for 58 h of continuous operation in the Chalmers 100-kW unit, with fuel conversion 

and expected oxygen carrier lifetime determined for coal, wood char, petcoke [28], and wood pellets 

[29]. 

Figure 2 shows the particle size distribution of fresh and used oxygen carriers determined by dry-

sieving ~100 g of material, revealing a significant FR-AR difference in terms of particle size. The 

reason for this difference was related to the AR geometry, which makes it difficult for larger particles 

to be entrained from the bottom bed. The bottom section of the AR was 0.4 m in diameter, as 

compared to the value of 0.154 m for the riser section. This difference resulted in a seven-fold velocity 

increase in the riser compared to that in the bottom section, implying that larger particles tended to 

remain in the AR or at least had a significantly longer residence time than smaller particles. This 

behavior could be illustrated by considering the terminal velocity differences for particles of different 

sizes, i.e., for Sinaus particles in air at 1000 °C, the terminal velocities equal 3.3 and 0.3 m/s for 400- 

and 100-µm particles. For comparison, the superficial velocity in the bottom section of the air reactor 

equaled 1–1.5 m/s (cf. Table 1). Thus, particles in the FR should better represent the circulating 

material than those in the AR. 

Figure 3 shows optical microscopy images of Sinaus particles, revealing edge rounding as a clear 

effect of the mechanical wear experienced during operation, since fresh particles exhibited sharper 

edges than their used counterparts. No material agglomeration was observed during operation.  

 

Circulation of solids 

The flux of solids in the 100-kW CLC unit could not be measured directly. However, for a specific 

oxygen carrier and unit geometry, the circulation of solids is a function of the air velocity and the 
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pressure drop in the riser. The following correlation provides a measure of the net flux of solids in the 

AR riser [30]: 

 )u(u
dh

dp

g
)u(uG t0t0exits −−=−=

1
ρ  (kg/(m2 s)) , (3) 

where ρexit is the density of solids at the cyclone inlet. Although the direct determination of ρexit is not 

possible, integration of dp/dh over a large riser section allows the differential pressure drop between 

two pressure taps to be used as an indicator, providing the average holdup of solids at the top of the 

AR riser. This approach significantly overestimates the circulation of solids. Gs multiplied by the 

cross-sectional area of the riser affords the particle mass flow, riserm& , eq. (1). 

In an ideal continuously stirred tank reactor (CSTR), the inlet flow is instantly mixed with the bulk 

reactor contents, with the outlet fluid being homogeneous at all times. For such a reactor, the RTD is 

given by  

τ

τ

/t
e)t(E

−=
1

, (4) 

where t is time, and τ is the residence time. This expression can be generalized for N CSTRs connected 

in series: 

i/t

N

ii

e
t

)!N(
)t(E

τ

ττ

−

−










−
=

1

1

1
. (5) 

Here, τ is the residence time of a system of beds connected in series, and τi = τ/N is the residence time 

of each CSTR. Notably, the residence time distribution approaches that of a plug-flow reactor (PFR) 

with increasing N.  

Markström et al. [31] showed that the RTD of equal-size CSTRs can model the residence time of the 

bed material (i.e., char and oxygen carrier particles) in the FR and adjacent reactor vessels before it 

enters the AR. Since the fuel is fed in batches, output data are obtained from the oxygen concentration 

in the AR, where the oxygen carrier is oxidized and any remaining char is burnt. Hence, when the 

reduced bed material from the FR arrives to the AR, oxygen will be consumed for as long as reduced 

oxygen carrier and char keep entering. The result is that the decline and subsequent rise in oxygen 

concentration will have the same time dependence as the residence-time distribution in eq. (5). The O2 

concentration profile in the AR can then be modelled as  

)//()1(

22 )0()()()( NtN

ARAR ekttOtO τ−−−==  (6) 

where (O2)AR(t) is the concentration of oxygen in the AR exit gas at time t, and k is a constant.  

In the next section, we present the measured oxygen concentrations as functions of time along with 

least-square-optimized fits, allowing the residence time, τ, to be derived. Finally, the average mass 

flow of solids, m& , during a specific experiment can be calculated as  

,/mm FR τ+=&  (7) 

where +FRm is the sum of inventories in FR, CR, CS, LS2, LS3, and LS4, with LS1 excluded due to the 

fuel being introduced downstream of it. 
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Results and discussion 

The batches were fed for 22–40 s using a fuel feeding screw, corresponding to the introduction of 

~200–300 g into the reactor system. Depending on the circulation of solids, 2–4 batch tests per hour 

could be performed. A bituminous coal from Colombia having a volatile content of 29% was used as a 

fuel (for details, refer to “Calenturitas coal” in [32]). The FR and AR temperatures equaled 920–980 

and 930–1000 °C, respectively.  

The bed inventory of the 100-kW unit was calculated using pressure drops. The bed masses in 

different reactor vessels are shown in Figure 4, varying between 175 and 225 kg. The “FR+” bed mass 

used in the calculations below is the sum of FR, CR, CS, LS2, LS3, and LS4 inventories, varying from 

99 to 155 kg. The solids inventory in the FR, and thus also in the FR+ section, was largely dependent 

on the solids circulation: at high circulation, the FR bed level rose above the overflow exit, leading to 

pressure drops of up to 25 kPa. A constant solids inventory of 12 kg in LS3 was assumed, since the 

pressure tap LS3A (cf. Figure 1) was clogged.  

Figure 5 depicts measured residence time distributions along with fitting functions (eq. (6)) for four of 

the 24 batch tests performed in this study, which were chosen to represent typical responses of the 

oxygen concentration in the air reactor for different solids circulations. The legends show eq. (5) with 

output data (constants (O2)AR(t=0), k, N and τ). N and τ are given in Table 3 for all experiments. The 

start of each experiment (t = 0 min in Figure 5) was defined as the time when approximately half of 

the fuel batch had been fed into the fuel reactor, i.e., 10–20 s after the onset of fuel feeding. The time 

period used to model circulation in batch experiments was chosen by analyzing experimental data. The 

final part of each experiment, when the oxygen concentration increased to its initial value, was 

excluded due to the “dead volume tail” phenomenon caused by poor mixing in certain parts of the 

system, such as corners. This phenomenon causes a time delay (not represented in the model), which 

is expected to result in a smaller oxygen concentration slope during the last minutes of the experiment.  

Table 3 summarizes the results of all 24 batch experiments performed in the 100-kW unit using Sinaus 

as an oxygen carrier. The mass flow in the AR riser, riserm& , was calculated using (i) the pressure drop 

between the top pressure tap, AR8, and the closest pressure tap below AR8, i.e., AR7 (Figure 1), and 

(ii) the pressure drop between AR8 and the pressure tap below AR7, i.e., AR6. The distance between 

AR7 and AR8 equal 1.6 m, and that between AR6 and AR8 equal 2.85 m.  

The global circulation is varied by varying the gas flow in the AR and CR. The time period modeled in 

Table 3 primarily depended on circulation: at high circulation, only a short time span needed to be 

modeled, and vice versa. N denotes the number of CSTRs connected in series, being only a number 

generated during fitting the experimental data to the model, as is also the case for τ and k. Table 3 also 

includes a batch experiment performed by Markström et al. using ilmenite as oxygen carrier [27]. The 

results of the ilmenite experiment have been re-evaluated in order to make sure that the evaluation is 

identical to the method used in this study.  
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Table 3. Summary of 24 batch tests, including a previous batch test performed with ilmenite as an oxygen 

carrier.  
 

Batch 

test ID 

riserm&  

(kg/min)

AR7-8 

riserm&  

(kg/min) 

AR6-8 

FAR (Ln/ 

min) 

FCR 

(kg/ 

h) 

Modeled 

time  (min) 
N (-) 

τ 

(min) 

mFR+ 

(kg) 

Model results,

m&  (kg/min) 

[eq. (7)] 

1 247 328 2024 5 9 9.3 6.3 132.8 21.0 

2 476 589 2530 5 6.5 9.2 4.4 155.2 35.4 

3 350 452 2277 5 6.5 12.4 4.9 141.2 28.8 

4 503 668 2530 7 5.5 8.5 3.8 141.6 36.9 

5 529 687 2530 8 6 9.8 4.0 137.0 34.3 

6 536 726 2530 10 5.5 9.9 3.6 129.2 35.5 

7 597 859 2530 10 5 12.5 3.5 142.7 40.8 

8 586 835 2530 10 5.5 10.6 3.6 138.9 38.4 

9 605 802 2530 10 5 9.9 3.4 145.3 42.2 

10 336 544 2023 10 6 9.9 4.1 115.2 28.3 

11 259 487 1822 10 7 13.4 4.9 107.2 21.7 

12 197 284 1822 5 9 10.8 6.5 112.7 17.5 

13 256 341 2024 5 8 11.7 5.9 125.4 21.3 

14 354 599 2025 10 6 11.8 4.4 112.2 25.7 

15 333 523 2024 10 6 11.6 4.4 110.3 25.1 

16 244 283 2024 5 8 8.3 5.8 115.5 19.9 

17 181 211 1822 5 10 7.0 6.7 104.0 15.5 

18 138 158 1680 5 12 7.8 7.4 99.4 13.5 

19 418 429 2530 5 6.5 8.3 4.9 132.1 27.2 

20 304 431 2024 5 6.5 8.3 4.9 126.5 25.9 

21 162 218 1680 5 8.5 8.2 7.1 108.4 15.3 

22 160 215 1680 5 10 5.8 6.5 109.0 16.8 

23 270 341 2025 5 9 8.4 6.1 132.8 21.9 

24 438 490 2530 5 7.5 11.6 4.9 152.6 31.1 

Ilmenite 271 339 1680 5 10 9.9 6.2 125.3 20.2 

 

Figure 6 shows the model results (shown in the far right column in Table 3) plotted versus the pressure 

drop in the AR riser, with fitting performed using linear regression and the fit quality evaluated based 

on the coefficient of determination. The coefficient of determination, r2, is a measure of how well the 

fitted line approximates the experimental data, with a value of unity corresponding to a perfect fit. In 



10 

 

the present experiments, the coefficient of determination equaled 0.97 for AR7-8 (i.e., the shorter AR 

riser section (Figure 6A)) and 0.91 for AR6-8 (Figure 6B). Hence, calculating riserm& using AR7-8 

increases the predictability or expected accuracy of the model, showing that circulation can be 

calculated as: 

min)/kg(m..m riser
&& 057066 +=  (8) 

 

This model can be used in the investigated interval, but is not applicable for lower circulation values, 

since the relationship between the actual circulation and the riser pressure drop is difficult to 

investigate in this case. Although no solids circulation is expected for a riser pressure drop of zero, one 

cannot exclude the possibility that small riser pressure drops can occur in the absence of circulation at 

certain operating conditions, e.g., if particles are thrown up into the top levels of the riser but do not 

reach the cyclone inlet. In practice, however, the difficulty of predicting low-level circulation is not a 

problem, since operation under these conditions would lead to an insufficient supply of oxygen to the 

fuel reactor and hence cannot be employed in a CLC process.  

Notably, the ilmenite experiment (see Table 3) fitted the Sinaus data presented here very well. This 

behavior was expected, since these oxygen carrier materials are very similar in terms of density, 

particle size, and sphericity. Moreover, it should be stressed that the correlation described by eq. (8) is 

valid only for the investigated reactor system. However, the results demonstrate the viability of this 

model, which is generally applicable and can be used to obtain the solids circulation in essentially any 

dual fluidized bed system. 

Furthermore, the correlation between the pressure drop over the bottom part of two loop seals, LS3 

and LS4, and the solids circulation was not as strong as that observed for the riser pressure drop 

(Figure 7). In Figure 7B, five model data points were removed due to the blocking of the LS4B 

pressure tap. The coefficients of determination equaled 0.82 and 0.68 for LS3 and LS4, respectively. 

In LS3, the pressure difference between pressure taps B and C was negative at low circulations, which 

could be caused by the fact that the taps were placed at slightly different heights above the distributor 

or by a slight inclination of the loop seal as a result of operation. It should also be noted that the 

difference in ∆P for highest and lowest circulation values equaled 0.35 kPa for LS3 and 0.53 kPa for 

LS4. Hence, LS4 experienced a higher pressure difference (B-C) at equal circulation, which could be 

explained by small differences in loop seal geometry or tap placement.  

Finally, the importance of having a good real-time estimate of the solids circulation during operation 

should be made clear. Such an estimate cannot be provided by pressure drop measurements in loop 

seals, which requires longer time-averaging periods than estimates based on AR riser pressure drops. 

Consequently, the choice of internal AR riser mass flow for estimating global circulation is obvious 

from the viewpoints of correlation with model data and operational considerations.  

Conclusions  

Herein, the solids circulation in a 100-kW chemical looping combustor was investigated by adding 

fuel batches and modeling the fuel reactor and adjacent vessels as sequentially connected CSTRs. 

Analysis of the gas exiting the air reactor allowed the residence time of oxygen carrier particles to be 

determined for particular batch experiments. After performing a number of such experiments, the 

solids circulation could be correlated with other experimental data. The results of 24 batch 

experiments using Sinaus as an oxygen carrier revealed an excellent correlation between the flow of 

particles in the AR riser and the actual circulation obtained in the above experiments. The relationship 

between global circulation, m& , and AR riser mass flow, riserm& , was found to be linear: 
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riserm..m && 057066 += , being valid only for the investigated reactor system. Although the above 

relationship could not be directly applied to a reactor system of different geometry, the model used to 

determine the solids circulation could be used to derive a similar correlation for any other dual 

fluidized bed system. 

Furthermore, the relationship between the pressure drop over the bottom part of two loop seals and the 

solids circulation was investigated, revealing a correlation that was not as strong as that between 

circulation and the riser pressure drop. 
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Figure Captions 

Figure 1. The Chalmers 100 kW CLC unit. Left: 2D sketch with pressure tap positions and names. Notations in 

bold indicate names of reactor vessels. Right: 3D image of system.  

Figure 2. Mass fractions of fresh and used (from AR and FR) oxygen carrier particles.  

Figure 3. Sinaus particles sieved to size interval 125-180 µm. Left: particles used during operation, from AR. 

Right: fresh particles.  

Figure 4. Solids inventory in different parts of the reactor system. “FR+” = FR+CS+CR+LS2+LS3+LS4. 

Figure 5. Measurement data from four batch tests with fitted functions f(t) = (O2)AR(t), eq. (6). 

Figure 6. All 24 batch experiments plotted as model results versus mass flow in AR riser. A: riserm& obtained 

by using pressure drop AR7-8 (1.6 m); B: same kind of plot using AR6-8 (2.85 m).   

Figure 7. All 24 batch experiments plotted versus the pressure drop over the bottom part of loop seals 3 and 

4 (LS3B-C and LS4B-C, cf. Figure 1).  
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