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Abstract – Packed bed CLC (PBCLC) offers an alternative to conventional CLC with a 
special focus on minimizing the costs and complexities involved in solids recirculation, 
especially under pressurized conditions. In a PBCLC system, the oxygen carrier is kept in a 
single reactor and alternatively exposed to fuel and air in order to achieve CO2 separation with 
a minimal energy penalty. Part of the reason for the rapid scalability of packed bed reactors is 
their hydrodynamic simplicity which makes such reactors highly suited for simulation-based 
design and optimization. This paper therefore presents simulation results from a validated 
axisymmetric flow model to analyse the operation of a PBCLC demonstration reactor 
constructed in the EU-funded project, DemoCLOCK. The paper also identifies and 
investigates two important issues regarding the heat management of the reactor: hot-spot 
formation next to the reactor liner and a delay between temperature rises in the bed and 
registration of these temperature rises in the thermocouple.  

Both these effects are caused by the influence of the high heat capacity of the metal alloys 
used in the reactor liner and thermocouple. In the case of the hot-spot formation, the heat 
stored in the liner leaked back into the bed regions next to the liner before the highly 
exothermic oxidation reaction front arrived and created a fixed temperature rise. This pre-
heated material was then further heated to excessive temperatures by the oxidation reaction. 
For the thermocouple, the high heat capacity of the thermocouple housing created a 
significant time lag between temperature rises in the reactor bed under oxidation and 
temperature rises in the thermocouple itself. This effect could cause the temperature readings 
available to engineers at the reactor to be of limited use during the highly exothermic 
oxidation stage. Clear recommendations are outlined to overcome each issue.  

1 Introduction 
The low energy penalty of CO2 separation inherent to CLC technology makes it a very 
attractive candidate for widespread deployment in a future climate constrained world. Despite 
this fundamental advantage, however, CLC of gaseous fuels must be carried out at high 
pressure and temperature in order to be competitive with a high efficiency combined cycle 
fitted with pre- or post-combustion CO2 capture technology. Under these harsh process 
conditions, the costs and complexities surrounding the conventional looping approach may 
well make CLC unviable against alternatives.  

In order to overcome these challenges, the packed bed CLC (PBCLC) concept has recently 
been proposed [1-3]. In this concept, the oxygen carrier material is kept in a single reactor 
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where it is alternatively exposed to fuel and air in order to achieve the same inherent CO2 
separation as the conventional interconnected circulating fluidized bed concept.  

In practice, a cluster of PBCLC reactors will be required to supply the steady process streams 
required by the downstream gas turbine. Process simulation studies of such a PBCLC reactor 
cluster in integrated gasification CLC (IGCLC) plants showed promising results both in terms 
of electric efficiency and CO2 emissions [4, 5], indicating a limited expected difference with 
respect to fluidized bed systems [5]. 

The primary advantages of the PBCLC concept are easy pressurization and scalability. Since 
each PBCLC reactor is a standalone unit, it does not involve any of the solids circulation 
challenges faced by conventional CLC and can be pressurized according to standard best 
practices in packed bed reactor engineering. Also, due to the simplicity and modularity of this 
concept, it can be scaled while avoiding most of the uncertainties involved in the scaling up of 
conventional CLC. 

Due to these advantages, the EU demonstration project, DemoCLOCK is currently 
investigating the PBCLC concept on a larger scale with a ~100 kW pressurized reactor 
operated on-site at an IGCC facility (Puertollano, Spain). In the real process, a cluster of 
PBCLC reactors of this scale would have an output in the order of 1 MWth. 

The first demonstration tests are scheduled for Spring 2014 and this paper therefore presents 
some modelling work in order to provide operational guidelines to the demonstration reactor. 
The PBCLC concept lends itself very well to simulation studies primarily because reactor 
hydrodynamics are very simple. This makes the simulation problem much easier compared to 
the standard fluidized bed CLC concept which features complex transient hydrodynamic 
behaviour characterized by small scale inhomogeneities in velocity and volume fraction.  

Nonetheless, it was soon discovered that the standard 1D phenomenological modelling 
approach commonly employed to simulate packed bed reactors is not sufficient for this 
application and that a more complete 2D axisymmetric model had to be used. This approach 
could correctly capture thermal interactions between the bed and the reactor liner which 
resulted in hot-spot formation and adjust the operating strategy accordingly. These results are 
discussed in more detail in this paper.  

2 Simulations 
The model setup used in this paper will be briefly outlined below. Validation tests have been 
carried out against unpublished lab-scale experimental data collected within the 
DemoCLOCK project to confirm that the model gives an adequate representation of reality.  

2.1 Equation system 

Simulations were carried out using the Eulerian multifluid approach where the gas and solids 
phases are treated as interpenetrating continua, each with a separate set of transport equations 
for the conservation of mass, momentum, species and energy. Mass was conserved as follows 
for each phase (q): 
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  Equation 1 

The source term on the right hand term in Equation 1 is included to account for mass transfer 
due to the heterogeneous reactions taking place in CLC.  

Momentum conservation for the gas phase is written as follows: 

( ) ( ) ( )g g g g g g g g g g g sg s g gp g K S
t

υα ρ υ α ρ υ υ α τ α ρ υ υ∂ +∇⋅ = − ∇ +∇⋅ + + − +
∂



      Equation 2 

No momentum transfer is solved for the solids phase as velocities are fixed to zero in this 
packed bed simulation. The drag term (second last on the right) is modelled according to the 
standard Ergun equation [6].  

Species are also conserved for both the gas and solids phases.    

( ) ( ), , , ,q q q i q q q q i q q i q q iY Y J S
t
α ρ α ρ υ α α∂

+∇⋅ = ∇ ⋅ +
∂





   Equation 3 

Particle induced diffusion of the gaseous species is modelled according to a simplified 
correlation from the review of Delgado [7] which is valid under the low Schmidt and high 
Reynolds numbers typical of gas-solid packed bed operation. 

Finally, energy was conserved as follows: 

( ) ( ) ( ):q
q q q q q q q q q q q pq pq pq qp qp
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     Equation 4 

Heat dispersion in the packed bed (third term on the right) was described via the 
comprehensive correlation of Tsotsas and Martin [8]. Interphase heat exchange (second last 
term on the right) is modelled according to Gunn [9].  

A simplified heterogeneous reaction system was simulated to describe ilmenite reduction with 
syngas and oxidation with air.  
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Reaction kinetics were included in the form of a confidential model derived within the 
DemoCLOCK project which takes into account the incomplete reduction of ilmenite at low 
temperatures.  

2.2 Geometry and mesh 

The mesh used in this study is shown in Figure 1. In all simulations reported, flow was 
simulated to move from left to right through the domain. The domain includes the 
thermocouple region at the bottom of Figure 1 (up to 0.007 m radius), followed by the packed 
bed region (up to 0.15 m radius), the liner region (up to 0.153 m radius), and the insulation 
layer (up to 0.5 m radius). The geometry was 2.7 m in length. 
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Figure 1: Mesh used in the axis-symmetric simulations  

The domain was meshed with rectangular cells, 2 cm in the axial direction and varying in the 
radial dimension to better capture larger temperature gradients close to the thermocouple and 
liner. Boundary layers were implemented in these regions to result in cells which are 1.5 mm 
thick close to the liner. 

2.3 Initial and boundary conditions 

The bed was generally initialized by means of a steady state simulation of non-reacting flow 
in order to establish the correct temperature profile through the insulation material. A typical 
result from this initialization procedure is provided in Figure 2 below. The solids volume 
fraction in the bed was set to 0.46 as determined via small scale simulation earlier in the 
project. The first 30 cm of the bed contained only inert material and the last 30 cm was 
assumed to be empty of solids.  

 
Figure 2: Typical temperature profile returned by the steady state simulation used to establish the initial 
temperature field throughout the reactor and insulation material.  

The thermal boundary conditions were set so that both the outer wall and the top and bottom 
of the insulation and liner were at room temperature. The temperature field created by these 
boundary conditions produced a good match to lab-scale experiments carried out within the 
project.   

Flow and species boundary conditions at the reactor inlet are shown in Table 1. As shown, a 
cycling strategy of oxidation – purge – reduction – heat removal was implemented. Ideally the 
heat removal stage would take place directly after the exothermic oxidation stage, but this 
would create a situation where the reduction stage has to take place at low temperature, 
leading to incomplete conversion. For this reason, heat removal must be carried out after the 
reduction stage using recycled nitrogen. It should also be noted that the syngas used for 
reduction contains added steam to prevent carbon formation.  
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Table 1: Inlet boundary condition for reactor operation. 

Stage 
(time in 
seconds) 

Flow 
velocity 

(m/s) 

Temperature 

(ᵒC) 

Pressure 

(bara) 
H2 mole 
fraction 

CO 
mole 

fraction 

H2O 
mole 

fraction 

CO2 
mole 

fraction 

O2 mole 
fraction 

N2 mole 
fraction 

Oxidation 
(120 s)  0.311 400 19.2 - - - - 0.21 0.79 

Purge 1 
(20 s) 0.027 20 19.2 - - - - - 1.0 

Reduction 
(340 s)  0.055 191 18.8 0.1317 0.3627 0.4 0.016 - 0.0896 

Heat 
removal 
(420 s) 

0.311 400 19.2 - - - - - 1.0 

2.4 Material properties 

All heat capacity data implemented in the simulation was expressed as temperature dependent 
polynomials. This included the different species in the gas (H2, H2O, CO, CO2, O2 and N2) 
and solids (Fe2O3, FeO, TiO2, Cu, CuO and Al2O3), the thermocouple (RA600), the liner 
(RA601), and the insulation (Isofrax). For the thermocouple, liner and insulation, thermal 
conductivity data was also implemented as a function of temperature. The effective thermal 
conductivity of the gas and solids within the bed was described by the correlation of Tsotsas 
and Martin [8] and was also a strong function of temperature. 

The gas density was determined via the ideal gas law and values of viscosity were determined 
via kinetic theory. Solids density was taken to be 2709 kg/m3 and was assumed to be 
composed of 36.3% active Fe2O3 and the balance TiO2 in its fully oxidized state.  

2.5 Solver settings 

The commercial CFD package, FLUENT 13.0 was used as the flow solver to carry out the 
simulations. The phase-coupled SIMPLE algorithm [10] was selected for pressure-velocity 
coupling, while the QUICK scheme [11] was employed for discretization of all remaining 
equations. 1st order implicit temporal discretization was used.  

3 Results and discussion 
Results will be presented in three parts: a short discussion on a typical PBCLC cycle, the issue 
of hot-spots near the liner, the issue of delayed temperature measurements by the 
thermocouple. 

3.1 A typical PBCLC cycle 

The dynamics of a typical PBCLC cycle is best observed in an animation, but animation 
snapshots at the end of each stage in Table 1 will be given below in order to facilitate a better 
understanding.  
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Figure 3: Snapshot of reactor conditions at the end of the oxidation stage. Only the reactor bed region is shown 
for the species plots while the insulation layer is included for the temperature contours. The ranges represented 
by the blue-to-red spectrum in each contour plot are given in brackets.  

As shown in Figure 3, the entire bed is filled with air at the end of the oxidation stage because 
the bed material is completely oxidized to Fe2O3. A high-temperature zone exists in the 
reactor because the reaction front (the highly exothermic oxidation of ilmenite by air in a 
plug-flow manner) moves a lot faster than the heat front (the cooling of heated bed material 
by the colder gasses continuously entering the reactor). 

 
Figure 4: Snapshot of reactor conditions at the end of the purging stage. Only the reactor bed region is shown 
for the species plots while the insulation layer is included for the temperature contours. The ranges represented 
by the blue-to-red spectrum in each contour plot are given in brackets.  

Figure 4 shows that the conditions inside the reactor are very similar after the short purging 
stage except for the fact that oxygen has been completely purged out of the reactor.  
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Figure 5: Snapshot of reactor conditions at the end of the reduction stage. Only the reactor bed region is shown 
for the species plots while the insulation layer is included for the temperature contours. The ranges represented 
by the blue-to-red spectrum in each contour plot are given in brackets. 

When reaching the end of the reduction stage, Figure 5 shows that a significant amount of bed 
material remains unconverted at the start and end of the active region of the bed. The 
unconverted material at the start of the bed is due to the low bed temperatures in this region at 
the start of the reduction stage (end of the purging stage shown in Figure 4). The bed material 
does not react to completion at such low temperatures. Incomplete conversion at the end of 
the bed is simply due to some fuel slip occurring before the bed is fully converted.  

 
Figure 6: Snapshot of reactor conditions at the end of the heat removal stage. Only the reactor bed region is 
shown for the species plots while the insulation layer is included for the temperature contours. The ranges 
represented by the blue-to-red spectrum in each contour plot are given in brackets. 
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Figure 6 shows the bed to be at a low temperature at the end of the heat removal stage so that 
the subsequent oxidation stage can start from a sufficiently low temperature so as to not 
overheat the reactor. Following this stage, the cycle starts again with Figure 3. 

3.2 The issue of hot-spot formation 

When looking at Figure 3 and Figure 6, it becomes clear that the liner and thermocouple have 
a substantial influence on the radial heat distribution in the bed. Generally, these regions serve 
to extract heat from the first part of the reactor bed and inject heat into the latter parts. This 
means that, at the end of the oxidation stage, the hottest regions are in the centre of the earlier 
regions of the bed and towards the liner/thermocouple in the latter regions. Figure 7 offers a 
graphical illustration.  

 

40 s into 
the 
oxidation 
stage 

 

110 s into 
the 
oxidation 
stage 

Figure 7: Illustration of the radial heat transfer taking place in a typical oxidation stage.  

The sharp spike in the maximum temperature achieved in the bed towards the end of the 
oxidation stage is due to the hot regions next to the liner/thermocouple in Figure 7. These 
regions can potentially reach very high temperatures due to the leakage of heat from the liner 
to the outer regions of the bed before the oxidation front arrives and leads to a fixed 
temperature rise from the elevated starting temperature. Such hot-spot formation needs to be 
prevented because overheating of the bed material will lead to a substantial loss in reactivity 
due to sintering.  

In the demonstration reactor, the potential problem with excessively high temperatures next to 
the liner and the thermocouple can be quite easily overcome by simply making the heat 
removal stage longer. In this way, most of the heat contained in the liner and thermocouple is 
transported out of the bed before the oxidation stage is started again.  

The effect of this longer heat removal stage (increase the heat removal stage time from 420 s 
in Table 1 to 620 s) on the maximum bed temperature and the outlet gas temperature is shown 
in Figure 8 and Figure 9 respectively. It is shown that the maximum temperature spike at the 
end of the oxidation stage is now much smaller, but also that larger parts of the reactor outlet 
stream are now at lower temperatures.  

Heat extracted Heat injected 

Hot region in 
centre of bed 

Hot region next to 
liner/thermocouple 
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Figure 8: Evolution of the maximum temperature within the bed over one steady state cycle for the standard 420 
s heat removal stage and the extended 620 s heat removal stage.  

 
Figure 9: Evolution of the reactor outlet temperature over one steady state cycle for the standard 420 s heat 
removal stage and the extended 620 s heat removal stage.  

This strategy will therefore be effective in preventing the excessively high temperatures next 
to the liner and the thermocouple, but will significantly reduce the efficiency of the process if 
coupled to a power cycle. Strategies for overcoming this hot-spot issue should therefore be an 
important point for future research. 

3.3 Monitoring temperature rise 

An important implication of the significant radial temperature segregation in the bed (Figure 3 
and Figure 6) is that the temperatures in the bed and the thermocouple can be significantly 
different. This temperature difference is the result of the very high density (and therefore the 
very high heat capacity) of the thermocouple and can have important implications for the 
process operation. It therefore needs to be well understood in order to ensure proper control of 
the reactor.  
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The deviation between the maximum temperature in the bed and the maximum temperature 
recorded by the thermocouple is given in Figure 10. It can be seen that the thermocouple 
completely fails to pick up the very high temperatures arising towards the end of the oxidation 
stage. Only during the heat removal stage does the thermocouple offer a good representation 
of the maximum bed temperature.    

 
Figure 10: Evolution of the maximum temperature in the bed and the thermocouple for three different 
assumptions about the density of the thermocouple under the flow conditions in Table 1 and a reaction rate 4x 
the base rate.  

It is therefore clear that possible hot-spots occurring in the bed will not be picked up by the 
multipoint thermocouple in the centre of the bed. This understanding necessitates a fairly 
conservative operating strategy during the first few cycles in the demonstration reactor in 
order to ensure that unmonitored hot-spots do not damage the bed material or the reactor 
itself.  

In order to more clearly investigate the potential disconnect between the bed temperature and 
the temperature registered by the thermocouple, an axial profile 40 seconds into the oxidation 
stage is presented in Figure 11. It can be seen that the local peak in temperature at a radius of 
0.1 m in the bed and in the thermocouple can differ by as much as 400 ᵒC.  
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Figure 11: Axial temperatures in the bed (radial position of 0.1 m) and the thermocouple 40 s into the oxidation 
stage (as specified in Table 1).  

In order to reduce the effect of this delayed thermocouple response to sharp temperature 
changes in the bed, much slower air feed rates have to be used in order to give more time for 
heat transfer into the thermocouple. The lowest feed rate that can be supplied to the demo 
reactor at the plant is about 6 times lower than the air feed rate given in Table 1. When this 
feed rate is employed, the measurable temperatures in the thermocouple are a much better 
representation of the actual temperatures in the bed (Figure 14).  

 
Figure 12: Axial temperatures in the bed (radial position of 0.1 m) and the thermocouple 240 s into the 
oxidation stage with an air flow velocity of 0.05 m/s (temperature and pressure as specified in Table 1).  

These results suggest that initial operation of the reactor needs to be completed at the lowest 
possible air flowrate in order to minimize the lag between temperature rises in the bed and the 
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registration of these temperature rises by the thermocouple. Once these runs have given 
sufficient confidence that the oxidation does not result in excessively high temperatures, 
higher oxidation flowrates can be used (creating a larger lag between temperature rises in the 
bed and registration of these temperature rises in the thermocouple). 

4 Summary and conclusions 
This paper presented a simulation study on multidimensional (axisymmetric) modelling of a 
packed bed CLC demonstration reactor to be operated in the EU-funded project 
DemoCLOCK. The axisymmetric simulation clearly showed that the high heat capacity of the 
reactor liner and central thermocouple had a significant influence on the radial temperature 
distribution in the bed. Two important effects which arose from this radial inhomogeneity 
were identified and analyzed in order to deliver sound recommendations to the operators of 
the demonstration reactor.  

The first of these effects is the formation of hot-spots close to the liner at the end of the 
oxidation stage. This effect is caused by heat leaking back from the liner into the reactor 
during the heat removal stage and heating the bed material close to the liner. When the 
oxidation reaction front then arrives, these regions are heated up to excessively high 
temperatures form this elevated starting point.  

During the demonstration runs, this issue can simply be overcome by extending the heat 
removal stage to make sure that all the heat that leaks in from the liner is purged out before 
the oxidation reaction front arrives. However, for the longer term economic viability of the 
PBCLC reactor, it is important that a strategy is devised to operate the reactor with a shorter 
heat removal stage in order to supply consistently high temperature outlet streams to the 
downstream gas turbine.  

The second effect was the delayed registration of the rapid temperature rise by the 
thermocouple located in the centre of the bed. Due to the high heat capacity of the 
thermocouple, it needs some time to heat up after the oxidation reaction front has elevated the 
local bed temperature. Under standard operating conditions, this lag can cause large 
differences between the temperature in the bed and that which would be measured in the 
thermocouple.  

To overcome this potential problem, it was recommended that the first few cycles be 
completed at a much lower air flow rate under oxidation so that the oxidation reaction front 
would move much slower. This would afford sufficient time for the heat to diffuse into the 
thermocouple and provide an adequate reflection of the actual bed temperature.  
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