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ABSTRACT 

A promising new technology for sustainable fuel production is the splitting of water 

and carbon dioxide by the non-stoichiometric two-step metal oxide redox cycle. 

Development of oxide materials and reactors to realize the cycle is currently in infancy, 

with significant room for improvement over previous demonstrations. Research efforts 

have gone into developing and characterizing reactive metal oxide materials for the cycle, 

while less literature is devoted to the design and understanding of non-stoichiometric 

redox reactors. The work presented attempts to close the gap by exploring multiple levels 

of modeling analysis to determine the important considerations for designing a reactor to 

perform high efficiency non-stoichiometric redox cycling. Cerium oxide (ceria) is 

considered as the reactive material for reactors in this work. 

A reactor for non-stoichiometric redox cycling should allow for continuous use of the 

solar input and should implement heat recovery. In the first stage of the research, 

thermodynamic analysis is carried out on a model reactor system to quantify the potential 

efficiency benefits of heat recovery and to determine the effects of the reduction 

temperature and sweep gas flow rate. Heat recovery is found to improve reactor 

efficiency from 4% to 16%. The selection of reduction temperature is important to high 

efficiency. For many cases the heating of gases is a major source of heat loss, indicating 

that heat recovery should be applied to the gas flows as well as the solid metal oxide. 

In the second stage of the research, a reactor is presented which incorporates 

continuous redox cycling of ceria and heat recovery from the solid ceria by using 

counter-rotating hollow cylinders of ceria and inert material. Heat transfer modeling is 

applied to this concept to explore its performance potential and identify the important 

design factors for effective heat recovery. Energy conservation is applied using a finite 

volume method with detailed modeling of radiative heat transfer by the Monte Carlo 

method and the Rosseland diffusion approximation. A simplified model of the rotating 

cylinders and a more complete model of the full reactor geometry are applied. It is 

determined that the proposed design can recover over 50% of the heat from the ceria, and 

provide a temperature differential of 400 K between the reaction steps. Geometric and 

material parameters are varied in a parametric study to determine which are important for 
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heat recovery. The important parameters for heat recovery and chemical utilization of the 

material are those which define the heat transport across the ceria cylinder wall. 

Temperatures, heat transfer rates, heat fluxes, and the chemical state of the material are 

predicted. Using the heat transfer model results and other analysis, values of thermal 

design parameters for a prototype reactor are selected as part of an effort leading to a 

prototype reactor to be built and tested at the University of Minnesota. 

Heat recovery is found to be a path with great potential for improving the efficiency 

of solar-driven non-stoichiometric redox cycles. The prototype reactor described has the 

potential to demonstrate high levels of heat recovery and unprecedented efficiency. 

However, a careful understanding of the properties of the reactive material and the 

geometric parameters of the reactor is needed to ensure that heat which is input or 

removed is effectively transported across the cylinder wall for heat recovery. The models 

described here account for the important effects and explore the complexity needed to 

investigate the problem. Primary future improvements to the modeling work will include 

coupling of heat transfer and fluid mechanics, implementation of chemical rate 

expressions, and the addition of high-temperature and spectral material properties as they 

become available. 
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1. INTRODUCTION  

Solar radiation has immense potential to meet future energy needs. In addition to 

being abundant and unlimited, it has high exergy content and can be collected with little 

risk to the environment. However, solar radiation arrives on earth with low energy flux, is 

intermittent, and is inconveniently distributed in locations of low population density. In 

one approach to address these challenges, solar radiation is concentrated to high fluxes 

and captured in solar receivers to provide high temperature process heat, addressing the 

challenge of low flux. Multiple, mature technologies exist for concentrating solar 

radiation to ratios from one-hundred to several thousand [1–3]. The process heat is used 

to drive chemical reactions producing fuels which are stored for use as needed, 

addressing intermittency, and transported to desired locations, addressing the challenge of 

an inconvenient distribution. One potential fuel is syngas, a mixture of H2 and CO 

produced by splitting H2O and CO2. Syngas can be processed using gas-to-liquid 

technologies [4–6] such as Fischer-Tropsch processes [7,8], to yield liquid hydrocarbons 

such as gasoline, diesel fuel, or kerosene. The only energy source of the overall process is 

concentrated solar radiation and the only feedstocks are H2O and CO2. The liquid fuels 

are compatible with existing infrastructure, enabling renewable solar energy to be used in 

place of fossil-derived fuels, even for the high demand of mobile applications.  

Reviews of solar thermochemical technology, including processes for the production 

of H2 and syngas are found in [9–12]. In the simplest process, heat is used to dissociate 

H2O or CO2 directly, but the lack of effective techniques to avoid recombination and the 

high temperatures needed to achieve a reasonable degree of separation make direct 

thermal dissociation impractical [11,13–15]. For example, 20% dissociation of CO2 and 

H2O at a pressure of 1 bar can only be obtained at temperatures above 2600 K and 3100 

K, respectively [16]. One promising technology is the splitting of H2O or CO2 using two-

step metal oxide based reduction-oxidation (redox) cycles [9,10,14]:  

Solar, endothermic step:  

 
ox red 2

1 1
M O M O 0.5Ox y x y 

 
  

   
(1.1) 

Non-solar, exothermic step:  



2 

 

 
red ox2 2

1 1
M O H O M O Hx y x y 

 
   

   
(1.2a) 

 
red ox2

1 1
M O CO M O COx y x y 

 
   

   
(1.2b) 

Net: 
2 2 2H O H 0.5O      (1.3a)  

  
2 2CO CO 0.5O      (1.3b)  

where δred and δox are the non-stoichiometry values after reduction and oxidation, and Δδ 

= δredδox. The reduction reaction (1.1) is highly endothermic and is favored at low O2 

partial pressures such as under an inert atmosphere. The oxidation reaction (1.2) is 

exothermic and is favored at high oxidizer concentrations. Chemical thermodynamics are 

most favorable when reaction (1.1) is operated at a higher temperature than reaction (1.2). 

The use of a two-step cycle allows for a reactor to operate at lower temperatures than 

required for direct thermal dissociation of H2O and CO2, product streams of O2 and fuel 

are naturally separated, avoiding recombination, and the working metal oxide is not 

consumed.  

For integer values of δred < y and for δox = 0, reactions (1.1) and (1.2) involve a lower 

valence metal oxide. In the limiting case with δred = y and δox = 0, the metal oxide 

undergoes complete dissociation. Numerous metal oxides, including Al2O3, CaO, Fe2O3, 

MgO, SiO2, TiO2, and ZnO, have been proposed to realize both types of cycles 

[9,10,12,17–19]. For cycles with volatile products such as the ZnO/Zn cycle, the 

efficiency is limited by irreversibilities due to the requirements for gas phase separation, 

which is usually accomplished by quenching the volatile decomposition products in 

streams of inert gas [20–22].  

Non-stoichiometric redox cycles are specific cases of redox cycles in which the metal 

oxide is only partially dissociated (i.e. δred in reaction (1.1) is much less than unity). The 

non-stoichiometric oxide remains in solid phase throughout the cycle, eliminating the 

need for energy intensive gas phase separation and allowing for solid-to-solid heat 

recovery. Kolb and Diver screened solar thermochemical cycles and determined that 

nonvolatile metal oxide cycles have potential for high efficiency thermochemical 

production of solar fuels [23]. Materials proposed to realize the non-stoichiometric redox 
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cycle include iron oxide [24] and cerium oxide (ceria) [25–30] as well as mixed metal 

oxides such as doped iron oxide [31–33] and doped ceria [26,27,34–38]. Dopants allow 

for significantly lower reduction temperature without lowering the melting point of the 

base metal oxide. Typical dopants are Mn, Mg, Co, Zn, Sm, and Ni. In addition, a 

supporting matrix structure can be added to improve oxide stability [29,39,40]. Ceria is 

ideally suited for non-stoichiometric redox cycling because it has a high melting point 

(2800 K) and is capable of δ = 0.25 without undergoing phase change [26]. Research has 

shown that ceria achieves fast kinetics at both cycle steps, enabling high fuel production 

rates [26,30].  

To realize high fuel production rates in a single reactor for non-stoichiometric redox 

cycling, vastly differing conditions of temperature and atmosphere must exist for the 

reduction and oxidation steps. Prior prototype reactor designs have attempted to address 

this requirement in various ways. One prototype operated the steps sequentially in the 

same cavity receiver lined with reactive material, achieving efficiencies of 0.4% and 

1.7% using different morphological structures of ceria [28,41,42]. This design, however, 

requires that the solar radiation not be used during the oxidation step. A similar approach 

is to operate multiple reactors sequentially but in alternating states, so that one is always 

using the solar resource, as demonstrated in [43]. This approach requires the construction 

of at least two complete reactors and a system for moving the reactors or the focal point 

of the concentrated solar energy. An alternative solution is to place the metal oxide on a 

rotating structure which passes through zones of differing conditions, creating a single 

reactor to run both steps continuously. This method has been demonstrated in multiple 

reactors [24,29].  

To improve the efficiency of reactors, heat recovery from the solid metal oxide was 

suggested as early as 1977 [14,24,44]. The most notable effort to implement solid phase 

heat recovery is realized in the Counter Rotating Ring Receiver Reactor Recuperator 

(CR5), developed at Sandia National Laboratories [24,31,45]. The CR5 uses a stack of 

counter-rotating rings with reactive oxide on the perimeter. The rings rotate through a 

high-temperature solar zone for reduction and a low-temperature zone for oxidation. Each 

ring rotates in the opposite direction of its neighbors to permit continuous heat recovery.  
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(a) (b) 

Figure 1.1: Reactor for solar-driven non-stoichiometric redox cycling of a metal 

oxide: (a) three-dimensional rendering and (b) cross-section perpendicular to axis of 

counter-rotating cylinders [46]. 

A novel reactor concept, promising continuous operation and solid phase heat 

recovery, is shown in Figure 1.1. The design, using two solid concentric counter-rotating 

cylinders, has been proposed recently by a team at the University of Minnesota [46–48]. 

The outer cylinder is composed of porous reactive ceria solid. The inner cylinder is 

composed of an inert material, possibly alumina, zirconia, or another ceramic. Like in the 

CR5, the two cylinders rotate between a high temperature reduction zone and a low 

temperature oxidation zone. Intermediate zones between the reduction and oxidation 

zones are insulated from the external environment and serve as precooling and preheating 

zones. In the reduction zone, the reactive material is exposed to solar radiation in a 

windowed receiver cavity. The reactive material is heated to its highest temperature to 

drive the reduction. Inert gas is swept through the zone to remove oxygen released by the 

reactive material, promoting the reduction reaction. As the reactive material rotates out of 

the reduction zone, it passes through the precooling zone, where it loses heat by radiative 

transfer to the inert inner cylinder. Heat transfer from the reactive material to the inert 

material allows for the oxide to cool without rejecting all removed heat from the system. 

In the oxidation zone, the reactive material reaches its lowest temperature and an oxidizer 

(H2O or CO2) is introduced to produce fuel. In the preheating zone, reoxidized material 
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leaving the oxidation zone receives heat from the hot inert cylinder leaving the reduction 

zone. The inert cylinder returns heat to the reactive material that was captured in the 

precooling zone. Heat recovery from the gas streams can be used to gain additional 

efficiency improvement. To minimize thermal losses, the body of the reactor, including 

the cavity, is insulated. Related reactor development focused on similar concepts is 

currently underway, and the results of the presented work may apply to these additional 

concepts [49]. 

The research presented here focuses on the thermal analysis of solar-driven non-

stoichiometric redox systems with heat recovery and continuous cycling of the reactive 

material. Heat recovery and detailed thermal design are considered to be key paths to 

improving the efficiency of these systems. Chapter 2 describes past efforts to perform 

thermal analysis on solar redox reactors, while Chapter 3 provides the objectives of the 

current work. Chapter 4 contains a thermodynamic system analysis for a general two-

zone reactor for solar-driven redox cycling, in order to determine how heat recovery and 

operating parameters affect system efficiency. Analysis of the reactor shown in Figure 

1.1 is contained in Chapters 5–7. Chapter 5 includes development of a heat transfer 

model of the heat recovery system of counter-rotating cylinders and determination of the 

key parameters for effective heat recovery. Chapter 6 describes work towards a prototype 

design for the reactor. Results of the heat recovery system model, as well as additional 

thermal analysis, are used to select thermal design parameters and guide a group effort to 

design and build the reactor. In Chapter 7 a heat transfer model of the complete reactor is 

described and used to investigate the performance of the selected reactor design under 

varying operational conditions. 

  



6 

 

2. PRIOR RESEARCH  

Key developments in the conceptual design and demonstration of solar non-

stoichiometric redox reactors are given in Chapter 1. Thermodynamic system analysis is 

a key tool for determination of how redox cycling conditions and reactor design choices, 

such as applying heat recovery, affect system performance. Heat transfer modeling is 

considered a key path to improved efficiency, but little work has been published on 

modeling of prior non-stoichiometric redox reactors. In this chapter, examples are given 

of modeling efforts for coupled heat transfer modes in other solar energy applications. Of 

particular importance are those that consider moving porous media. 

Thermodynamic analyses have been used, in a limited scope, to explore the potential 

efficiency of several versions of the cycle (1.1)–(1.2), as well as other similar cycles. 

Diver et al. preformed thermodynamic analysis of an iron oxide based non-stoichiometric 

redox cycle without considering losses associated with implementation in a reactor, 

predicting that heat recovery can more than double the cycle efficiency [24]. An analysis 

of a ceria based cycle including the solar absorption efficiency, but without heat recovery 

or other aspects of reactor implementation is given by Chueh and Haile [26]. Examples 

outside the area of non-stoichiometric redox cycling include analysis of a solar zinc oxide 

redox cycle with heat recovery [50] and a solar CaO based CO2 capture cycle with heat 

recovery [51]. Previous thermodynamic analyses of non-stoichiometric cycling have been 

of a limited scope because the losses necessary in a complete reactor have not been 

accounted for. The current research includes thermodynamic analysis of a ceria based 

non-stoichiometric redox cycle with heat recovery, considering important energy paths 

for implementation in a reactor. Several recent works, which follow similar methodology, 

have followed the initial publication of the current thermodynamic analysis in [44]. 

Siegel et al. discussed the importance of considering the level of heat recovery and the 

extent of reaction together as a parameter which influences efficiency [52]. Ermanoski et 

al. provided analysis showing potential benefits from designing a reactor for low total 

operating pressure, achieved by vacuum pumping, as an alternative to using a sweep flow 

of inert gas [53,54]. The alternative of isothermal cycling has also been explored [55]. 
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Numerical analysis of the CR5 is most analogous to the heat transfer modeling 

performed in the current work, as it includes moving structures and irradiated reactive 

two-phase media. The CR5 heat recovery system has been analyzed numerically with 

heat transfer modes of convection, conduction and radiation [56], as well as fluid flow 

modeling including chemical reactions [45,57] and one-dimensional analysis of coupled 

heat transfer and chemical reactions [58]. Published analyses of the CR5 are some of few 

available examples of transient modeling of moving two-phase media with periodic solar 

irradiation. However, the analyses have been limited to two-dimensional geometry, 

volumetric radiation within two-phase media was not modeled, and chemical reactions 

were not coupled to other heat transfer modes for the full reactor geometry.  

Coupled heat transfer modes in reactive two-phase media irradiated by solar energy 

have been modeled for a number of applications in addition to the CR5. Piatkowski and 

Steinfeld modeled transient heat transfer in a reactor for gasification of carbonaceous 

feedstocks, including a solar cavity, an indirectly irradiated one-dimensional reacting 

shrinking two-phase packed bed, and insulation, demonstrating coupled simulation of 

multiple reactor subsystems [59]. Transient decomposition of a porous bed heated by 

solar radiation has been studied for zinc oxide cycles [60,61], coal gasification [62], and 

CaCO3 particles [63,64]. Heat transfer has been modeled for a reacting porous bed of 

carbon and ammonia inside an irradiated steel tube using a two-dimensional transient 

approach [65], for solar SnO2 reduction using an axisymmetric system with one-

dimensional flow and local thermal non-equilibrium [66], for solar-thermal 

decomposition of SO3 in a porous ceramic absorber assuming local thermal non-

equilibrium and reactions in the gas phase of a one-dimensional flow [67], and for an 

inert ceramic foam in a volumetric solar air receiver allowing for local thermal non-

equilibrium in [68]. For methane reforming, Dahl et al. performed a two-dimensional 

study of heat transfer within a solar irradiated two-phase graphite tube [69], while other 

studies have considered coupled multi-phenomena heat transfer, but did not model two-

phase media [70,71]. Also in the area of methane reforming, modeling of two-phase 

media with a stationary inert solid phase has been demonstrated on simple one and two-

dimensional domains, without considering solar irradiation [72,73]. Unlike the studies 
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above, Belghit et al. allowed for bulk movement of a reacting porous carbon bed under 

solar irradiation, although analysis was limited to a one-dimensional domain [74]. 

To accurately capture the heat transfer behavior in the reactor, a three-dimensional 

model coupling conduction, convection, radiation, and chemical reactions is required. 

The modeling of periodically irradiated, moving, two-phase media with a reactive solid 

phase requires development of a novel model, implementing analysis methods for various 

physical phenomena. The current research extends previous work in order to build a heat 

transfer model which includes appropriate thermal and chemical processes in the reactor. 

The model allows for the complex geometric domain of the complete reactor, including 

cavity, rotating cylinders, and insulation. The model treats the chemical reactions, and 

includes a careful description of radiative heat transfer due to external solar irradiation 

and emission from the media. While each of the included processes has been studied, a 

coupled solution of three-dimensional conductive, radiative, and chemical heat transfer in 

multiple moving, periodically irradiated components has not been demonstrated in the 

literature.  
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3. RESEARCH OBJECTIVES  

The primary goal of the current research is to improve the efficiency of reactors 

implementing solar-driven non-stoichiometric redox cycles. Applying heat recovery and 

careful thermal modeling of the reactor are expected to be the important paths towards 

achieving high efficiency. Specific objectives are discussed below. 

Thermodynamic analysis is used to quantify the efficiency improvement of reactors 

applying heat recovery. Reactor settings are varied in order to determine which choices 

lead to efficiency improvements. The losses that are the primary causes of inefficiency 

are determined. Results of the thermodynamic analysis are used to select design settings 

and targets for prototype reactor development. 

Heat transfer modeling is used to guide development of a prototype reactor to be 

constructed and tested. A numerical model coupling various heat transfer modes is 

completed to evaluate the performance of the prototype reactor in Figure 1.1. The model 

is used to determine which design parameters are keys to achieving effective heat 

recovery and high efficiency. Optimum values are selected for these key parameters. The 

thermal design of the reactor is completed, including selection of dimensions, materials, 

and suggested operational settings. Selections of certain parameters are based on 

optimum values found using the heat transfer model, while others are selected with 

thermal analysis of individual reactor components. The selected design is simulated to 

provide insight into the predicted performance. The temperatures, heat recovery 

effectiveness, heat transfer rates, and the chemical state of the ceria are calculated. The 

expected behavior during testing with variation in certain operational conditions is 

provided. The model is used to determine what aspects of complexity are necessary for 

predicting reactor behavior, and to compare modeling methods for radiative heat 

transport in the porous ceria. 
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4. THERMODYNAMIC ANALYSIS
1
 

4.1 Introduction 

Thermodynamic analysis of a generalized reactor for the non-stoichiometric redox 

cycle is used to guide design efforts, concept evaluation, and identify favorable operating 

settings for reactors. A model system is analyzed which includes cycling of a metal oxide 

between high and low temperatures for reduction and oxidation, heat recovery from the 

metal oxide and gas streams, and losses typical for a solar thermochemical reactor, 

without being specific to a design for achieving cycling or heat recovery. The effects of 

heat recovery and reduction temperature on solar-to-fuel efficiency are the primary 

results of interest. The effects of solar concentration ratio, gas flow rate, and chemical 

thermodynamic behavior of the material are also investigated. Ceria is considered as the 

reactive metal oxide for all present calculations, but the methods can be used to guide 

development of reactors for any metal oxide with appropriate thermochemical data. The 

results provide design targets for a prototype ceria based reactor as well as guidance for 

other non-stoichiometric redox reactors seeking high efficiency through heat recovery. 

4.2 Thermodynamics of Non-Stoichiometric Ceria 

The model reacting metal oxide considered for all following analysis is cerium oxide, 

or ceria. The non-stoichiometry δ, shown in Figure 4.1 as a function of the oxygen partial 

pressure
2Op and temperature, was obtained in a prior work by thermogravimetry 

measurements at thermodynamic equilibrium [75]. For the initial stage of thermodynamic 

analysis, the functional dependence of the reduction non-stoichiometry δred on the 

reduction temperature Tred and partial pressure of oxygen
2O ,redp  is obtained by fitting 

fourth-order polynomials to the data of Figure 4.1. An alternative route to computing δred, 

used in the heat transfer model, is given in Section 7.3.3. The present analysis considers 

                                                 
1
 This chapter is based on: J. L. Lapp, J. H. Davidson, and W. Lipiński, “Efficiency of Two-Step Solar 

Thermochemical Non-Stoichiometric Redox Cycles with Heat Recovery,” Energy, v. 37, pp. 591–600, 

2012 [44]. 
2
 This chapter is based on: J. L. Lapp, J. H. Davidson and W. Lipiński, "Heat Transfer Analysis of a Solid-

Solid Heat Recuperation System for Solar-Driven Non-Stoichiometric Redox Cycles," Journal of Solar 
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reduction at
2Op ≤ 0.01 atm, consistent with the thermodynamic data, at temperatures 

from 1400 K to 2200 K. The non-stoichiometry at temperatures above 1773 K is obtained 

 

Figure 4.1: Non-stoichiometry of ceria as a function of oxygen partial pressure and 

temperature, plotted in 100 K intervals [75]. 

by extrapolation. The non-stoichiometry for the reduced state is limited to a maximum 

value of δred = 0.25 to avoid phase change of ceria. 

The available experimental data on oxidation of ceria indicate that complete oxidation 

with H2O occurs at 1073 K [26]. Therefore, the oxidation of ceria is modeled at 1073 K 

and is assumed to be complete, i.e. δox = 0. 

4.3 Model System 

Figure 4.2 shows the model system used to demonstrate the potential of heat recovery 

for increasing the efficiency of solar thermochemical fuel production using the two-step 

redox cycle (1.1)(1.2). The system includes a dual-zone solar thermochemical reactor 

for the two-step ceria based H2O / CO2 splitting cycle with heat recovery applied to the 

reacting ceria, gaseous reactants and products, and inert gas. Reactions (1.1) and (1.2) 
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proceed in the reduction and oxidation zones, respectively, and the metal oxide cycles 

between these two zones. The entire system is isobaric at a total pressure of 1 atm.  

 

Figure 4.2: Schematic of the model system representing a dual-zone solar reactor 

for realizing a ceria based non-stoichiometric redox cycle.  

Concentrated solar energy enters the system at the rate qsolar and it is absorbed in the 

reduction zone, which is assumed to be an isothermal blackbody cavity at temperature 

Tred with re-radiation losses qrerad. 

Inert gas, assumed to be N2, is preheated in heat exchanger 1 from ambient 

temperature T0 to the temperature T1. The inert gas then enters the reduction zone of the 

reactor where it is heated to Tred. The heated inert gas mixes with the oxygen released 

from the ceria in the reduction zone, and flows at a rate proportional to O2 release so that 

the mixture exits the reduction zone at a prescribed O2 partial pressure
2O ,redp . The 

equilibrium non-stoichiometry of the ceria in the reduction zone δred is determined by this

2O ,redp and Tred. Note that, for a fixed bed reactor, ceria will be reduced under an 

atmosphere varying from pure inert gas at the inlet to 
2O ,redp at the outlet. The mixture of 

O2 and N2 exits the reduction zone at Tred, and is cooled in heat exchanger 1 to the 

temperature T2. 
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The oxidizing reactant, H2O or CO2, enters the cold side of heat exchanger 2. If the 

reactant is H2O, it evaporates and the vapor is preheated to T3. If the reactant is CO2, it is 

preheated to T3. In both cases, the gaseous reactant is fed stoichiometrically into the 

oxidation zone according to Equation (1.2). The product, H2 or CO, leaves the oxidation 

zone at Tox and is cooled to T4 in heat exchanger 2. The effectiveness of heat recovery 

from the gases is theoretically gas0 1  . In the present analysis, it is considered that the 

rate of sensible heat of the gases leaving the reduction zone at Tred may exceed the 

maximum possible rate of enthalpy change of the inert gas entering the reduction zone. In 

the analysis presented in Section 4.4, a factor γ is introduced to account for this 

possibility. The rate of sensible heat of the hot gases leaving the oxidation zone at Tox 

does not exceed the maximum possible enthalpy change rate of the oxidizer entering the 

oxidation zone for the conditions used in this analysis. The unrecovered heat rate from 

the hot gases is assumed to be lost from the system, and it is denoted by qgas.  

Solid ceria with varying non-stoichiometric conditions is cycled continuously 

between the reduction and oxidation zones, and undergoes heating from Tox to Tred and 

cooling from Tred to Tox. The fraction 
2CeO0 1   of the rate of heat rejected from the 

ceria during the cooling step is assumed to be recovered and used in the heating step. The 

fraction 
2CeO1  is lost from the system, leading to the solid phase heat loss 

2CeOq .  

The rate of heat released in the exothermic reaction (1.2) is denoted by qox. For both 

the H2O and CO2 splitting cycles, qox exceeds significantly the rate of heat required to 

preheat (and to vaporize in the case of H2O) the oxidizer to Tox. In this work, a 

conservative assumption is made that none of the exothermic heat is recovered, and thus 

qox is rejected from the model system to maintain isothermal conditions for oxidation. All 

other heat losses, such as those due to convection at the reactor aperture, and conduction, 

convection and radiation from all other surfaces of the reactor and heat exchangers are 

combined into a single heat loss component denoted by qother. 
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4.4 Analysis 

Steady-state energy balances are applied to the model system for H2O and CO2 

splitting cycles. For the purpose of brevity, only the equations for the H2O splitting cycle 

are shown. The energy conservation equation for the model system shown in Figure 4.2 is 

 
           

2

2 2 2 2 2 2 2 2 2

solar rerad CeO ox other

N N 2 N amb O O 2 H H 4 H O ambH O l
        

q q q q q

n h T h T n h T n h T n h T

    

     

 (4.1) 

Note that Equation (4.1) does not explicitly include the heat loss component qgas because 

it is
 
accounted for in the enthalpies of the gases leaving the system, i.e. the gases leaving 

the system are at temperatures T2 ≥ Tamb and T4 ≥ Tamb. The temperatures T1T4 are 

obtained from energy balances for the cold and hot fluids in the heat exchangers: 

For heat exchanger 1: 

             
2 2 2 2 2 2 2 2 2N N 1 N amb gas N N red N amb O O red O amb n h T h T n h T h T n h T h T                (4.2a) 
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 (4.2b) 

For heat exchanger 2: 

            
2 2 2 22 2

H O 3 amb gas H H ox H ambH O g H O l
n h T h T n h T h T       

 (4.3a) 

        
2 2 2 2 2 2H H ox H 4 gas H H ox H ambn h T h T n h T h T          (4.3b) 

The factor γ is introduced to ensure that the recovered portion of the sensible heat rate 

from hot gases exiting the reduction zone at Tred does not exceed the maximum possible 

change in enthalpy rate of the inert gas entering the reduction zone: 

 
for 1

1 for 1
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For 
2O ,red 0.01 atmp  , which is used for most of the cases studied, and εgas = 1, γ = 0.99, 

with slight variations with temperature on the order of 1×10
-4

 due to enthalpy 

nonlinearities. For εgas < 0.99, γ = 1.  

The rate of heat loss due to imperfect gas phase heat recovery is the remaining 

sensible heat after recovery, found by applying energy balances to the heat exchangers: 

  
   

       

2 2 2

2 2 2 2 2 2

N N red N amb

gas gas

O O red O amb H H ox H amb

1
       

n h T h T
q
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 (4.5) 

The rate of heat loss associated with imperfect solid phase heat recovery from ceria as 

it cycles between the reduction and oxidation zones is 

      
2 2 2 2 2CeO CeO CeO CeO red CeO ox1q n h T h T       (4.6) 

In the following text, qgas and 
2CeOq are referred to as the solid phase heat loss and gas 

phase heat loss. 

The rate of heat released in the oxidation reaction is 

      
2 2 2 2 2ox H ox H H ox H O ox O red ox

1
,

2
q n h n h T h T h  

 
     

 
 (4.7) 

The change in molar enthalpy of the non-stoichiometric ceria (per mol of oxygen 

release), Oh , is a function of only the non-stoichiometries red and ox and is taken from 

[75]. 

With known non-stoichiometry change Δδ and assuming stoichiometric operation of 

the oxidation reaction, molar flow rates of the cycled ceria, gas reactants and products, 

and inert gas are related to the fuel production rate 
2Hn by 

 2

2 2 2 2 2 2 2

2

H atm
CeO H O H O H N H

O ,red

, , 0.5 ,
n p

n n n n n n n
p

   


 (4.8) 

Note that for a prescribed fuel production rate, the flow rate of the inert gas is uniquely 

determined by
2O ,redp . 

Assuming that the reactor cavity is a blackbody, the re-radiation heat loss rate from 

the reduction zone through the aperture is given by 
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q

q T
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      (4.9) 

where C is the solar concentration ratio and G is the solar irradiation. The remaining heat 

loss rate, qother, is assumed to be a constant fraction of the net solar power input absorbed 

in the reduction zone:  

  other solar reradq F q q   (4.10) 

where 0  F  1 is an overall loss factor.  

The thermal efficiency of the model system is defined by the energy output of fuel, 

given by the product of the molar flow rate of the fuel and its higher heating value, 

divided by the solar input power: 

 

2
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q
   (4.11) 

where 
2Hn  is the molar H2 flow rate obtained from Equation (4.1). Analogously, the 

exergy efficiency of the model system is defined as 
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 (4.12) 

where 2HEx is the standard molar chemical exergy of H2. Tsun is used to quantify the 

reference exergy in Equation (4.12) as the highest possible value, that of solar radiation 

independent of the thermal process to extract energy. Thus, the exergy efficiency 

obtained in this study can be used for comparisons of the presented technology with other 

thermal processes for solar energy conversion. Furthermore, the reference exergy remains 

independent of the reduction temperature, which is one of the variable problem 

parameters. 

4.5 Results 

In this section, an exploration is performed of the potential for improving the 

efficiencies given by Equations (4.11) and (4.12) by applying varying values of heat 
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recovery to the solid and gas phases. The analysis is performed for H2O splitting using 

the baseline parameter set shown in Table 4.1, unless stated otherwise. 

Here, the selection of parameters for the baseline set is briefly justified. According to 

Section 4.2, the non-stoichiometric data are available for 
2Op  0.01 atm; the upper value 

is used for the baseline case. Preliminary analyses show that efficiency is highest at the 

highest value of 
2O ,redp within the data of Figure 4.1. The baseline value of gas phase heat  

Table 4.1: Baseline parameters for efficiency analysis of model reactor. 

Name Symbol Value 

Solar power input qsolar 3 kW 

Solar concentration ratio C  3000 

Oxygen partial pressure at reduction zone outlet 
2O ,redp  0.01 atm 

Solar irradiation G 1000 W m
-2

 

Ambient temperature  Tamb 298 K 

Oxidation temperature  Tox 1073 K 

Gas phase heat recovery effectiveness εgas 0.9 

Solid phase heat recovery effectiveness 
2CeO  0.8 

Loss factor F 0.2 

 

recovery effectiveness is set to 90%, a value based on traditional gas phase heat recovery 

systems, which are capable of recovering as much as 95% of gas sensible heat [3,76,77]. 

A solid phase heat recovery effectiveness of 85.6% was shown by Diver et al. [24] to be 

feasible in a metal oxide redox reactor based on a preliminary design analysis. Thus, a 

solid phase heat recovery effectiveness of 80% is assumed as the baseline value. The 

baseline value for solar concentration ratio, C = 3000 was selected to match values 

achieved by commercially available dish concentration systems [3]. It is estimated that 

minor losses, characterized by qother, will total approximately 20% of absorbed energy, 

hence F = 0.2. This value is highly dependent on the design of a reactor, which is not 

specified in this analysis. However, analysis in Section 6.5 validates this choice for one 

reactor design. For designs with significantly different reactor bodies, this assumption 

should be revisited. 

To investigate the limits of the chemical cycle with and without heat recovery, the 

calculated efficiencies of a system with perfect heat recovery, and of a system without 
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heat recovery are shown in Figure 4.3 to illustrate the enormous potential efficiency 

benefits of heat recovery. The curves are constructed for solar concentration ratios of 

1000, 3000, 5000, and 10,000, which correspond, respectively, to concentration ratios 

encountered in commercial solar towers [78], commercial dish systems [3], prototype 

dish systems [79], and to the peak concentration ratios of state-of-the art dish systems 

[3,79], indicating future  potential. All curves are obtained assuming F = 0, representing a 

 

Figure 4.3: Efficiency of an ideal solar thermal system with perfect heat recovery 

and without heat recovery as a function of the reduction temperature for varying 

concentration ratio.  

perfectly insulated reactor. For all plots in this chapter, solid lines show the efficiency 

calculated directly using the non-stoichiometry of Figure 4.1, while dashed lines show the 

efficiency calculated using the data of Figure 4.1 extrapolated to higher temperatures. For 

perfect heat recovery, the efficiency is limited only by re-radiation losses through the 

aperture of the reactor and by the inherent chemical thermodynamics of ceria. For the 

highest solar concentration ratio considered, C = 10,000, solar absorption is very efficient 

over the entire range of temperatures, and the slight variation in efficiency is due to the 

variations in oxidation thermodynamics with varying levels of the non-stoichiometry. For 
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lower values of C, the efficiency decreases monotonically with increasing Tred due to 

increased re-radiation losses. In contrast, with no heat recovery, the efficiency initially 

rises with increasing temperature due to more favorable thermodynamics (i.e., increasing 

), reaches a maximum value and then decreases with increasing temperature due to 

increased re-radiation losses. The peak efficiency without heat recovery varies between 

2% and 6% for the considered  range of concentration  ratios. At C = 3000, the maximum  

 

Figure 4.4: Effect of reduction temperature on thermal efficiency, for selected levels 

of heat recovery at C = 3000.  

efficiency with no heat recovery is 4.4% at Tred = 1980 K. At the same reduction 

temperature, perfect heat recovery enables an order of magnitude increase in efficiency to 

40.8%.  

Figure 4.4 shows the efficiency improvements that reasonable levels of heat recovery 

can provide when considering a model reactor. The addition of heat recovery at 50% for 

the solid phase and 80% for the gas phase improves reactor efficiency from 3.5% to 

7.9%. A further increase to 80% solid phase heat recovery and 90% gas phase heat 

recovery allows for a 15.8% efficiency, improving fuel production by a factor of four 
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over the reactor with no heat recovery. Note that even with 80% solid heat recovery, 

efficiency at low temperatures is poor due to the poor non-stoichiometry, which leads to 

large amounts of ceria to be cycled per amount of fuel produced.  

For the baseline case, shown in Figure 4.4 as the “80% Solid, 90% Gas” curve, the 

losses due to the various mechanisms are given in Table 4.2 at Tred = 2000 K. The sum of 

the losses  comprises  84%  of the  energy  input, with  the  remaining 15.8% converted to 

Table 4.2: Losses associated with the baseline case at 2000 K reduction temperature. 

Loss mechanism Symbol Percentage of qsolar 

Re-radiation qrerad 30.2 

Solid heating 2CeOq  13.0 

Oxidation heat rejection qox 11.5 

Gas heating qgas 15.6 

Other qother 14.0 

 

fuel. Re-radiation is the largest loss mechanism. At lower levels of heat recovery, ceria 

heating and gas heating dominate, but for the baseline case, these losses have been 

reduced by heat recovery. Rejection of oxidation heat and losses through the reactor body 

(due to factor F) are on the same order as ceria and gas heating. The well balanced set of 

losses indicates that this case corresponds to a well designed reactor where no single 

factor is dominating inefficiencies. 

Figure 4.5 – Figure 4.7 address the individual effects of the two types of heat 

recovery. Figure 4.5 shows the efficiency as a function of reduction temperature and 

concentration ratio for values of solid phase heat recovery effectiveness
2CeO of 100%, 

80%, 50%, and 0%. To better visualize the impact of solid phase heat recovery on 

efficiency, Figure 4.6 shows the efficiency for C = 3000 and 
2CeO
 
ranging from 0% to 

100%. Figure 4.7 shows the impact of gas phase heat recovery effectiveness εgas on 

efficiency for C = 3000 and εgas 
ranging from 0% to 100%. In each of these figures, 

parameters not varied are held constant at the baseline values listed in Table 4.1.  

First consider the effect of solid heat recovery. Figure 4.5a displays the efficiency for 

idealized solid phase heat recovery. For the selected values of C, efficiency decreases 

monotonically with Tred, similar to the trend observed in Figure 4.3 for perfect heat 
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recovery. Unlike in Figure 4.3, the efficiency for the case of C = 10,000 decreases 

monotonically due to imperfect gas phase heat recovery (εgas = 0.9), which is increasingly 

detrimental with Tred. Compared to Figure 4.3, the maximum efficiency at each 

concentration ratio is lower due to imperfect gas phase heat recovery and other losses 

represented by qother. Comparison of the results in Figure 4.5b-d illustrates the detrimental 

impact of less effective  solid phase heat  recovery. With less than ideal heat recovery, the 

  

(a) (b) 
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(c) (d) 

Figure 4.5: Effect of concentration ratio and reduction temperature on thermal 

efficiency for selected values of 
2CeO of (a) 100%, (b) 80%, (c) 50%, and (d) 0%. 

Values of parameters not varied in the figure are set at the baseline values listed in 

Table 4.1. 

 

efficiency is not a monotonic function of temperature, particularly at lower concentration 

ratios. As the reduction temperature is increased from 1400 to 2200 K, there is a trade-off 

between better chemical thermodynamics and higher re-radiation losses. Maximum 

efficiency is achieved at an intermediate temperature within the range considered and the 

temperature at which the maximum efficiency is achieved increases with increasing 

concentration ratio. A significant difference in peak efficiency is seen between the cases 

of C = 1000 and C = 3000, increasing from 6.3% to 15.8% for the otherwise baseline 

parameters. This indicates that, for this type of reactor, dish concentration systems will 

allow for much higher efficiencies compared to tower concentration systems.  

As shown in Figure 4.6, for fixed C with increasing
2CeO , efficiency increases and 

maximum efficiency occurs at lower Tred. With decreasing Tred, solid phase heat loss is 

increased due to lower Δδ, leading to an increased amount of ceria to cycle per fuel 

output. At higher values of 
2CeO , the penalty for increasing the amount of ceria cycled is 

lessened, allowing for maximum efficiency to occur at lower Tred. Improvements to either 

concentration ratio or solid phase heat recovery between the levels selected for Figure 4.5 

yield increases in efficiency on the order of 3–5%. Referring to Equation (4.6), solid 

phase heat loss is proportional to 
2CeO1  , so that even marginal improvements to nearly 

perfect heat recovery have a significant impact on efficiency. An increase in 
2CeO  from 

0% to 50% or an increase from 80% to 90% are each equivalent to decreasing
2CeOq by 

half, and give similar increases to peak efficiency, as seen in Figure 4.6. With no solid 

phase heat recovery, the efficiency of the baseline case drops from 15.8% at Tred = 

2013K, to 9.5% at 2187K.  
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The effect of gas phase heat recovery effectiveness εgas on cycle efficiency is shown 

in Figure 4.7. Figure 4.7a shows results for 50% solid phase heat recovery, while Figure 

4.7b shows results for 80% solid phase heat recovery. For all values of εgas, a peak in 

efficiency with respect to Tred is observed. Larger values of εgas allow for higher 

efficiency and the maximum efficiency occurs at higher temperature. The shift towards 

higher Tred is explained by decreasing the penalty of heating the inert gas to Tred by 

recovering a  proportion  of the  heat  rate  according  to εgas.  As  seen  in  Figure 4.7,  the 

 

Figure 4.6: Effect of solid phase heat recovery on thermal efficiency for C = 3000 

and varying reduction temperature.  
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(a) (b) 

Figure 4.7: Effect of gas phase heat recovery and reduction temperature on thermal 

efficiency for solid phase heat recovery effectiveness of (a) 50% and (b) 80%.  

potential for efficiency improvement by recovering heat from hot gases increases with 

better solid phase heat recovery. For higher 
2CeO , more energy becomes available to the 

chemical process, leading to increased flow rates of fuel, inert gas, and oxygen, which in 

turn contain more sensible heat that can be recovered. Analogously, increased gas phase 

heat recovery leads to greater potential efficiency improvements by solid phase heat 

recovery. 

For the baseline parameter set, the amount of inert gas exceeds the amount of other 

gases by a factor of 100. Thus, gas phase heat loss is dominated by the loss associated 

with the inert gas, and this effect becomes more pronounced at lower values of
2O ,redp . 

Figure 4.8 shows the efficiency, optimum reduction temperature, and the ratio of gas 

phase heat loss to solar input as functions of
2O ,redp . Decreasing

2O ,redp  increases the inert 

gas flow rate, and leads to increased δred. For the range of 
2O ,redp  considered in Figure 4.8, 

efficiency increases monotonically with
2O ,redp . For these cases, the improvement in non-

stoichiometry with lower
2O ,redp  does not offset the efficiency drop due to heating the 

additional inert gas. As shown in Figure 4.8c, gas phase heat loss is a major fraction of 
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energy loss for all cases analyzed, which were limited to values of 
2O ,redp  below 10

-2
 atm 

by the data in Figure 4.1. 

Additional calculations were performed by extrapolating the curves of Figure 4.1 to 

2O ,redp  = 0.21 atm. A peak in efficiency is expected at about 
2O ,redp  = 0.1 atm, when the 

gas phase heat loss becomes a small fraction of the total energy loss. Above 0.1 atm, 

further increase in
2O ,redp  will not increase efficiency because gas flow rates are low, and 

decreasing the non-stoichiometry will have a larger detrimental impact than the benefits 

gained from further reductions in the flow rate of inert gas. Values of 
2O ,redp  of 10

-2
 atm 

or larger should be targeted for maximum efficiency. 

With increasing
2O ,redp  the relative gain from gas phase heat recovery decreases due to 

lower volumes of heated gas from which to recover sensible heat. For example, 

increasing εgas from 0% to 90% results in a six-fold increase of efficiency for 
2O ,redp = 10

-3
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Figure 4.8: Effects of reduction zone outlet oxygen partial pressure on thermal 

efficiency, optimum reduction temperature, and heat loss due to imperfect gas phase 

heat recovery, found by analyzing thermal efficiency over the range 1400 K ≤ Tred ≤ 

2200 K for each case. Thermal efficiency is the maximum found over the 

temperature range.  

atm versus a three-fold increase for 
2O ,redp = 10

-2
 atm. If 

2O ,redp is reduced to below 10
-3

 

atm, gas phase heat recovery is required to achieve efficiencies greater than 1%, and if 

90% effective can provide an increase in efficiency from 0.9% to 5.5%. 
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Figure 4.9: Effect of oxygen partial pressure at the reduction zone outlet on 

maximum thermal efficiency for varying 
2CeO , found by analyzing thermal 

efficiency over the range 1400 K ≤ Tred ≤ 2200 K for each case. 

Figure 4.9 shows the effect of 
2O ,redp on efficiency at selected values of solid phase 

heat recovery effectiveness of 0%, 50%, and 80%. Unlike gas phase heat recovery, solid 

phase heat recovery has greater potential for improvement with increasing
2O ,redp . For 

2O ,redp = 10
-3

 atm increasing 
2CeO from 0 to 80% increases efficiency by a factor of 1.34, 

while at 
2O ,redp =10

-2
 atm, this factor is 1.66. Increasing 

2O ,redp  improves efficiency, 

leading to more ceria being cycled in the reactor and more sensible heat is available in the 

solid to recover.  

Some prior works have considered the energy required to separate inert gas in the 

definition of efficiency [28,42,54]:  
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Figure 4.10: Maximum efficiencies computed by Equation (4.11), given by solid 

symbols, and by Equation (4.13), given by hollow symbols, for varying oxygen 

partial pressure and εgas, found by analyzing efficiency over the range 1400 K ≤ Tred 

≤ 2200 K for each case. 

where separationE  is the energy required to separate nitrogen from air, taken to be 20 kJ  

mol
-1

 following [28]. This formulation is not considered for primary results here because 

the separation of gas occurs outside of the system under consideration. However, for 

comparison to other works and to determine the importance of gas separation for future 

implementation, the efficiencies predicted by Equation (4.11) and (4.13) are compared in 

Figure 4.10 for different cases of 
2O ,redp  and εgas, which are the primary factors 

influencing the amount of gas to separate.  

For the baseline case of 
2O ,redp  = 0.01 atm and εgas = 0.9, the efficiency is reduced 

from 15.8% to 10.2% by using the alternative definition. The relative drop of about one 

third is representative for all cases with these specific 
2O ,redp and εgas. This ratio should be 

considered when comparing efficiency predicted by Equation (4.11) with other works 
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applying Equation (4.13). For lower εgas, the drop is not as significant, as the base 

efficiency is lower so less sweep gas is used. For lower values of 
2O ,redp  the difference 

between the two efficiency formulations is greater, as expected because of the additional 

sweep gas needed to lower
2O ,redp . However, the efficiency at these cases is poor and they 

are not recommended for consideration. 

Efficiency can also be increased by improving inherent chemical thermodynamic 

properties of the material, leading to an increase in non-stoichiometry for a given Tred and

2O ,redp . Significant research is devoted to address this challenge [24–38]. The results of 

Figure 4.11 explore the potential for increasing efficiency through improving the inherent 

material chemistry. In Figure 4.11, δred is varied directly for a fixed Tred of 1850 K and 

selected values of 
2CeO of 0%, 50%, 80%, and 100%. Efficiency increases with δred 

asymptotically because, as the non-stoichiometry improves, losses other than solid phase 

heat loss become dominant, limiting the gains in efficiency due to further non-

stoichiometry improvement. For increasing 
2CeO , the efficiency curve flattens at lower 

δred. Heat recovery allows the solid phase heat loss to become negligible compared to 

other loss mechanisms at a lower value of δred.  

As shown in Figure 4.11, a system based on undoped ceria with 
2CeO  of 80% gives 

an efficiency of 14.4%, equivalent to a system with no solid phase heat recovery and δred 

of ceria improved from 0.025 to 0.115. Hence, solid phase heat recovery is a very 

promising approach to compensate for limited improvements of the inherent 

thermodynamic properties of the reactive material. The importance of improving the 

material properties diminishes with increasing Tred. This fact is explained by larger values 

of δred at higher Tred, even for undoped ceria, and larger losses due to other mechanisms. 

For example, as Tred is increased from 1850 K to 2000 K, δred of undoped ceria increases 

from 0.025 (the dashed line in Figure 4.11) to 0.059. At 2000 K, with 80% solid phase 

heat recovery, advanced materials can only increase efficiency from 16% to 20%, while, 

at 1850 K, advanced materials can improve efficiency from 14% to 23%, a higher 

maximum value  because of decreased  re-radiation and gas  heating at the lower value of 
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Figure 4.11: Thermal efficiency as a function of the reduction non-stoichiometry for 

selected values of solid phase heat recovery effectiveness at Tred = 1850 K. Other 

parameters are set to baseline values. The dashed line indicates the δred possible with 

undoped ceria. 

Tred. It is anticipated that efficiency gains from improved material thermodynamics will 

be realized by lowering Tred in the reactor needed to achieve a given δred, as opposed to 

increasing the δred possible at Tred values found to be optimum in this work (near 2000 K). 

The above analysis was repeated for the CO2 splitting cycle. Efficiency for the CO2 

splitting cycle matches efficiency for the H2O splitting cycle in all cases to within 0.2%. 

The comparison is shown in Figure 4.12 for the baseline case. 

Exergy efficiency was calculated for all cases analyzed and was slightly lower than 

energy efficiency. Equations (4.11) and (4.12) can be rearranged to calculate the ratio of 

the exergy and thermal efficiencies as 

 2
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This  ratio is  0.867  for  H2O  splitting,  and  0.950  for  CO2  splitting.  Thus, the exergy 
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Figure 4.12: Comparison of efficiency for H2O and CO2 splitting with varying 

reduction temperature.  

efficiency for H2O splitting is 13.7% for the baseline parameter set, compared to the 

thermal efficiency of 15.8%. For CO2 splitting with the baseline parameter set, the exergy 

and thermal efficiencies are 14.9% and 15.7%, respectively. The comparison of energy 

and exergy efficiencies for H2O splitting for the baseline case is given in Figure 4.13.  

4.6 Conclusions 

Thermodynamic analysis was applied to analyze the potential of applying heat recovery 

for realizing high efficiency in solar-driven ceria based non-stoichiometric redox cycles 

to split H2O or CO2. Steady-state energy balance equations were formulated for a model 

system by accounting for radiative losses from the reduction zone to the surroundings, 

enthalpy exchange between the system and the environment by gaseous species, enthalpy 

changes of ceria within the reactor, and heat losses from the system to the environment. 

Thermal and exergy efficiencies were evaluated in a parametric study considering 

variations in the solar concentration ratio, reduction temperature, effectiveness of solid 

and gas phase heat recovery, partial  pressure of oxygen  at the reduction  zone outlet, and  
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Figure 4.13: Comparison of energy and exergy efficiencies for H2O splitting with 

varying reduction temperature. A fixed ratio of 0.867 exists between the two 

efficiencies.  

non-stoichiometry of ceria. 

Solar thermochemical reactors realizing ceria based non-stoichiometric redox cycles 

are best suited to dish concentration systems with concentration ratios of 3000 or higher, 

as opposed to tower systems with lower concentration ratios. Optimum reduction 

temperatures were found, predominantly a result of increasing re-radiation losses from 

the reactor aperture with increasing reduction temperature competing with decreasing 

heat losses due to solid phase ceria cycling. Inert gas flow rates set to achieve reduction 

oxygen partial pressures of 10
-2

 atm or larger lead to maximum efficiency. 

Heat recovery in both phases and improved material thermodynamics are important 

paths to increased efficiencies of solar-driven non-stoichiometric redox reactors. 

Application of solid phase heat recovery to the cycling metal oxide allows for lower 

reduction zone operating temperatures, simplifying reactor design. Additionally, solid 

phase heat recovery increases the efficiency gains made possible by gas phase heat 

recovery. Gas phase heat recovery can also provide significant increases in efficiency, in 
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many cases greater efficiency gains than solid phase heat recovery, but raises the 

temperature of maximum efficiency. Advanced materials are also expected to permit 

efficiency gains through lower reduction temperatures for a given non-stoichiometry.  

The results guide work into the design of a reactor by demonstrating the importance 

of both types of heat recovery used in combination. Gas phase heat recovery is expected 

to be implemented by traditional heat exchangers, possibly made of ceramics or other 

high-temperature resistant materials, and is not part of the current design effort. Solid 

phase heat recovery is the more challenging aspect of the reactor development and is the 

primary focus of the concept design and following analysis. The thermodynamic results 

indicate that reduction temperature is important to reactor performance and temperatures 

for the reduction of 1850 K to 2000 K should be targeted, as well as an inert gas flow rate 

that provides a 
2O ,redp  between 10

-1
 and 10

-2
 atm. If possible, solar concentration ratios of 

3000 or greater should be used for high efficiency.  
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5. HEAT TRANSFER MODEL OF SOLID PHASE 

HEAT RECOVERY SYSTEM
2
  

5.1 Heat Transfer Model Introduction 

The results presented in Section 4.5 indicate that the key paths to high efficiency for 

non-stoichiometric redox reactors are the application of heat recovery and careful thermal 

design of the reactor to achieve desired temperatures and operating conditions. This is the 

first of two chapters which describe the formulation and application of heat transfer 

models to evaluate performance of the reactor in Figure 1.1 and optimize the design. In 

order to isolate the individual physical effects and ensure proper behavior of the many 

physics involved, the model is developed in stages. In the first stage, described in this 

chapter, heat recovery aspects are given focus in a two-dimensional model of the counter-

rotating cylinder heat recovery system, with appropriate boundary conditions 

approximating the rest of the reactor. Chemical reactions are neglected and most material 

properties are simplified to non-temperature-dependent and gray values. This model is 

used for a set of parametric studies on the effects of various geometric parameters, 

material properties, and operational settings of the reactor, with the goal of maximizing 

heat recovery. It is also used to select geometric parameters for the prototype reactor 

currently under development. The use of the heat recovery system model and additional 

calculations for thermal design of a prototype reactor is described in Chapter 6. In 

Chapter 7, an expanded three-dimensional model of the overall reactor geometry is 

described, which includes the cavity and insulation, as well as chemical reactions within 

the ceria, and temperature-dependent properties where possible. This model provides a 

detailed evaluation of the expected performance and necessary operation of the designed 

prototype reactor. In each case, the domain is simulated transiently from an initial 

condition until steady state is reached, where temperatures, heat fluxes, and chemical 

states are evaluated. 

                                                 
2
 This chapter is based on: J. L. Lapp, J. H. Davidson and W. Lipiński, "Heat Transfer Analysis of a Solid-

Solid Heat Recuperation System for Solar-Driven Non-Stoichiometric Redox Cycles," Journal of Solar 

Energy Engineering, vol. 135, p. 031004, 2013 [48].  
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At each stage of model development, a baseline set of parameters is selected 

including geometric values. These baselines have been selected iteratively using early 

exploration simulations and by feedback from team members working on the reactor 

design to allow for realistic cases with good, but not necessarily optimized performance. 

Through several iterations the results using the heat recovery system model are used to 

provide an informed baseline case for the full reactor heat transfer model. Chapter 6 

provides a description of the final stage of this process which results in the baseline case 

for Chapter 7.  

5.2 Problem Statement 

The heat recovery system model is used as a tool for exploration of heat recovery 

from the solid oxide. It captures important factors in defining the heat transfer between 

the cylinders, while neglecting some physics and components which influence the overall 

reactor temperatures and efficiency like the chemical reactions and reactor insulation. 

The two-dimensional model solid phase heat recovery system is shown in Figure 5.1. 

The inert inner cylinder is defined by inner radius r1 and outer radius r2. The reactive 

outer cylinder is defined by inner radius r3 and outer radius r4. The outer boundary of the 

model system is cylindrical with radius r5. The inner cylinder rotates clockwise and the 

outer cylinder rotates counterclockwise, at angular velocities ω1 and ω2 with respect to 

the reference coordinate system, set equal by default. 

The inner cylinder is assumed to be a non-porous opaque solid with a surface that is 

gray, diffusely emitting, absorbing and reflecting. For the baseline case, the physical 

properties of the inner cylinder are based on zirconia. The inner surface of the inner 

cylinder is modeled as adiabatic, as it can be well insulated. The heat flux through a 10 

cm thick section of typical alumina insulation with a temperature difference of 500 K, 

approximately the conditions and geometry for the inner surface, is 600 W m
-2

, small 

compared to the 10’s of kW m
-2

 calculated for flux between the cylinders. The gap 

between the two rotating cylinders is modeled as a vacuum, allowing for only radiative 

heat transfer between the surfaces. Natural convection between the cylinders has been 

neglected. Calculations of the Rayleigh number, treating the gap between the cylinders as  
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Figure 5.1: Schematic of the model solid phase heat recovery system showing the 

two counter-rotating solid cylinders, and the outer system boundary. 

a vertical enclosure, result in a value on the order of several hundred, corresponding to 

nearly pure conduction through the gas. Conduction across the gap produces maximum 

heat fluxes of several hundred W m
-2

, small compared to radiative heat fluxes. 

The outer cylinder is modeled as a radiatively participating porous medium of 75% 

porosity, with its effective properties assumed for the complete cycle to be those of 

stoichiometric cerium oxide. In this model, the effects of chemical reaction are omitted 

from the analysis for simplicity. Thermal conductivity is calculated assuming a parallel 

arrangement of the solid ceria matrix and nitrogen gas pores. All material properties are 

assumed to be temperature independent and taken, where possible, from experimental 

data at a temperature of approximately 1500 K. The medium is isotropic, gray, absorbing, 

emitting and isotropically scattering.  

The outer boundary of the model system is split into four zones of equal size: 

reduction, precooling, oxidation, and preheating. The gap between the outer cylinder and 
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the outer boundary in the preheating and precooling zones is assumed to be a vacuum, 

and the outer boundary in these zones is assumed to be perfectly specularly reflecting (ρ
s
 

= 1). In the reduction zone, convective heat transfer is modeled between the outer 

cylinder and a flow of inert gas, taken to be N2 at Tinert = 1500 K. A uniform film 

coefficient is used to model the convective heat transfer, based on correlations for cross 

flow over a cylinder found in [80]. Using this correlation includes the assumption that the 

cylinder surface is impermeable to gas flow, which may be valid depending on the 

permeability of the porous ceria and the velocity of the gas flow. It is expected that the 

small pore size of the ceria material, which leads to low permeability, permits this 

assumption, as well as the assumption of local thermal equilibrium. Initial fluid flow 

modeling results of the reactor have indicated that gas in the ceria pores is nearly 

stagnant.
3
 Any gas outside of the outer cylinder is considered radiatively non-

participating.  

The outer boundary in the reduction zone is modeled as an imaginary gray surface to 

approximate radiative exchange with a cavity. A portion of the radiation incident on the 

surface is lost according to the ratio of cavity aperture area to cavity back wall area, 

approximating a cold, black aperture and cavity walls in radiative equilibrium. Incident 

solar radiation with a total power qsolar = 3 kW and a solar concentration ratio of 3000 is 

assumed to be collimated and uniformly distributed throughout the reduction zone. The 

outer boundary of the oxidation zone is treated as a black (ϵwall = 1) wall at Twall, and acts 

to remove heat from the system to cool the reactive material. In the oxidation zone, 

convection is modeled between the outer cylinder and steam at Twall using the same 

methods as for the reduction zone. The value of Twall = 800 K was identified in 

preliminary simulations to allow for a minimum material-average temperature of 

approximately 1200 K in the oxidation zone for the problem parameters listed in Table 

5.1.  

                                                 
3
 Fluid flow modeling was performed by Aditya Kedlaya with contributions by Roman Bader and was 

supervised by Jane H. Davidson. 
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5.3 Governing Equations 

5.3.1 Energy Conservation 

The transient energy conservation equation is considered as the basis for modeling 

heat transfer in the solid rotating cylinders: 

 
D

D
p

h T
c h q

t t
 

 
      

 
w q  (5.1) 

where q  is the total heat flux vector, accounting for contributions by conduction and 

radiation: 

 
cond rad

   q q q  (5.2) 

Conduction heat transfer is modeled using Fourier’s law: 

 cond ck T   q  (5.3) 

Substituting Equation (5.3) and (5.2) into Equation (5.1) and replacing the source 

term with a chemical heat source term, leads to 
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w q  (5.4) 

Equation (5.4) serves as the basis for numerical implementation of energy 

conservation for both heat recovery system and reactor models. For inert materials, the 

term chemq  is neglected, and for opaque materials, rad
q  is neglected. Porous material is 

treated as a continuum material in local thermal equilibrium with effective properties of 

the porous mixture. The effective density, specific heat, and enthalpy are calculated as a 

volume average of the two phases: 

  s g1        (5.5) 

  ,s ,g1p p pc c c     (5.6) 

  s g1h h h     (5.7) 

For application to the problem of this chapter, the transient energy conservation in 

Equation (5.4) is simplified by neglecting the chemical heat source term: 
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Radiative heat flux is set to zero in the inner cylinder because it is assumed to be 

opaque. The velocity vector w is known according to the rotation of the solid cylinders.  

The initial condition for Equation (5.8) is 

       4
0 0 0L 0H 0L
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r r
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which produces a linear temperature gradient from T0L at the center of the oxidation zone 

to T0H at the center of the reduction zone. The boundary conditions for Equation (5.8) are 

 for the inner cylinder 
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 for the inner surface of the outer cylinder 
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 for the outer surface of the outer cylinder 
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 for precooling and preheating zones 
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 for oxidation zone 
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where χ = 0 for variant A and χ = 1 for variant B, and 
radq is the net surface radiative heat 

flux. 

5.3.2 Radiative Heat Transfer 

With the presence of solar irradiation and temperatures between 1000 K and 2000 K, 

the modeling of radiative transfer is important for accurately representing the thermal 

behavior of the system. However, trade-offs exist between solution accuracy, formulation 



40 

 

complexity, and computational requirements. Therefore, two methods are considered for 

the solution of radiative heat transfer.  

For general radiative heat transfer in participating media, the quasi-steady radiative 

transfer equation is considered: 
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where I is the radiative intensity as a function of wavelength. The spectral radiative 

absorption coefficient  , extinction coefficient  , scattering coefficient s and 

scattering phase function  are material properties. These properties are evaluated 

based on data available in literature. The current analysis considers the porous reactive 

material to be a porous monolith like the one described in [26,28,81,82]. Properties for 

this porous ceria monolith over selected ranges are given in [82,83]. For alumina 

insulation (which may be used for the reactor body) properties are given in [84–86]. For 

nonporous alumina, spectral, temperature dependent effective surface properties are 

given in [87,88]. To solve for radiative intensity along a streamline, the intensity at 

boundaries of the participating media (location s0 along direction ŝ ) is set from known 

distributions of intensity with polar angle φ and azimuthal angle ψ.  

The radiative intensity is related to the divergence of radiative heat flux in Equation 

(5.8) by 

  rad b
4

0

4 I I d d  


  


      q  (5.17) 

Two variants of the radiative heat transfer model are considered as approximate 

solutions for rad
q  in the participating media: (A) the Monte Carlo method, and (B) the 

Rosseland diffusion approximation. The Monte Carlo method of variant A is employed as 

an accurate reference solution of radiative heat transfer, but is computationally 

demanding. Variant B is used as a more computationally efficient alternative, and its 

results are validated against the results from variant A. The divergence of radiative heat 

flux in Equation (5.17) is approximated as follows for the two variants: 
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radq is the radiative heat source computed directly by the MC method for participating 

media , and krad is the radiative conductivity discussed below. 

In variant A, the Monte Carlo method is used to determine radiative heat transfer 

within participating media and at opaque surfaces. Monte Carlo methods use statistical 

sampling and geometric ray tracing techniques to simulate radiative interactions and, with 

a large number of samples, converge to an accurate solution of radiative heat transfer 

[89]. The specifics of the calculations are dependent on the exact variant of Monte Carlo 

method used, discussed in Section 5.4.2. The method considered in the present work is 

the collision method, described in detail in [89]. Reviews of applications of the Monte 

Carlo method for radiative heat transfer are given by Howell [90] and Yang et al. [91]. 

Example studies using the Monte Carlo method for analyzing heat transfer of solar 

thermochemical processes include studies of the decomposition of calcium carbonate 

particles [64], the reduction of ceria in a cavity [92], and the decomposition of zinc oxide 

[93]. 

In variant B the Rosseland diffusion approximation is used to approximate radiative 

heat transfer by treating it as a diffusion process similar to Fourier conduction [94]: 
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where n is the refractive index of the medium assumed to be n = 1 because the primary 

path of radiation is through the gas filled pores. The Rosseland diffusion approximation is 

valid for optically-thick situations in which the medium is isotropically scattering. Note 

that krad varies with time and location inside the porous medium due to the temperature 

variation. The Rosseland-mean extinction coefficient is a spectrally weighted value 

calculated from the spectral extinction coefficient assuming the medium is optically thick 

over all wavelengths: 

 
3 0

R

1 1

4








  



 
bdI

d
T dT

  (5.20) 



42 

 

For a gray media, as assumed for this chapter, the βR is simply equal to the gray 

extinction coefficient β. 

The Rosseland diffusion approximation method has been applied to reacting, 

optically thick porous ceria [95] and employed in models for solar decomposition of 

calcium carbonate particles [64], and solar dissociation of zinc oxide [96,97]. The ceria 

material studied here is expected to have an optical thickness over 100 for all cases 

studied, so the Rosseland diffusion approximation is expected to be applicable. A 

potential morphology of ceria to be used for chemical cycling is a reticulated porous 

ceramic, or RPC. A ceria RPC was demonstrated for chemical cycling by Furler et al. 

[42]. Ceria and other ceramic RPC’s are described in [84,98–100]. In order to understand 

the limitations of the present modeling methods for future evaluation of various ceria 

materials, a simple one-dimensional radiative evaluation model was developed to test the 

applicability of the Rosseland diffusion approximation for monolith or RPC ceria 

structures. The methodology and results are presented in Appendix A. It was found that 

the Rosseland diffusion approximation matches results from a reference Monte Carlo 

solution well for monolith materials, but poorly for RPC materials. Due to the 

unsuitability of the Rosseland diffusion approximation and the very long computational 

times required by Monte Carlo, study of RPC in a design study like the one presented 

below is currently infeasible, and conclusions obtained here may not be valid if optically 

thin materials are used. 

5.4 Numerical Solution 

5.4.1 Energy Conservation 

The finite volume method is applied to discretize Equation (5.8) in space using a two-

dimensional structured cylindrical grid [101,102]. A sample grid cell is shown in Figure 

5.2. Quantities at cell centers are indicated by integer subscripts i for the circumferential 

direction, and j for the radial direction. Quantities at cell faces are indicated by half-

integer subscripts. The grid position is fixed with respect to the reference coordinate 

system shown in Figure 5.2. The explicit Euler scheme is applied to integrate Equation 

(5.8) in time.  
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Figure 5.2: Sample of structured two-dimensional cylindrical grid cell, with 

coordinate system used in numerical analysis. 

Assuming constant properties over the time step interval t and in the finite volume 

Vi,j, the discretized form of Equation (5.8) is 
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where T 
n
 is the temperature at time step n and the terms due to advection, conduction and 

radiation are 
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Enthalpies at cell faces used in Equation (5.22) are evaluated using an upwind scheme. 

Partial derivatives of temperature appearing in Equations (5.23) and (5.24) are computed 

using a central difference scheme. Radiative conductivity in Equation (5.24) is calculated 

using cell face temperatures found by linear interpolation. 

5.4.2 Radiative Heat Transfer 

For variant A, the standard 3-D collision based Monte Carlo method is employed 

[89]. A large number Nrays of stochastic rays are launched during a single time step. The 

rays are launched from the radiative sources in the domain: the incident solar radiation, 

the medium of the outer cylinder, the outer surface of the inner cylinder, and the wall in 

the oxidation zone. The radiative power carried by a single ray is  
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where Nsurf is the total number of emitting surface elements, including the outer surface of 

the inner cylinder and the wall in the oxidation zone, and I and J are the number of radial 

and circumferential cells in the outer cylinder. Radiative power emitted by the surface 

and volume elements is calculated by 

 
4

rad, n n nq A T  (5.26) 
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The number of rays launched from each surface and volume element is then determined 

from 
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where the brackets [] denote the nearest integer function. The emission points are chosen 

uniformly over the surface and volume elements, following an assumption of isothermal 

elements. 

For rays intersecting any interface between system elements or the outer system 

boundary, the following condition is evaluated to check whether interface reflection, 

absorption, or transmission occurs: 
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The radiative exchange between the reduction zone and the cavity is simulated in a 

simplified manner by considering a ray hitting the outer boundary in the reduction zone 

to be lost if 
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Otherwise, the ray is reflected specularly. For the baseline case presented in the Section 

5.7.1, 33% of solar radiation is lost through the boundary in the reduction zone, compared 

to an expected loss of 32% from a blackbody cavity at the average surface temperature of 

the outer cylinder. 

For rays in the participating medium of the outer cylinder, the attenuation distance is 

found from 
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At the location of attenuation, the ray is either scattered or absorbed according to 
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Ray histories are followed until they are absorbed by one of the cylinders or the wall in 

the oxidation zone or lost through the outer boundary in the reduction zone. For absorbed 

rays, the local counters, Nabs,m and Nabs,i,j, are updated. After tracing all Nrays rays, the 

surface flux in Equations (5.11) is evaluated as 
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while the volumetric radiative heat source in Equation (5.24) is evaluated as 
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When applying variant B, the radiative energy incident on a surface is assumed to be 

either reflected or transmitted into the material, effectively treating the surface as opaque, 

with radiative surface properties required to evaluate a radiative heat flux boundary 

condition of Equations (5.11)−(5.15). The surface properties are estimated from 

measured data, given in [82,83] for ceria. The radiative transfer between Nsurf opaque 

surfaces through non-participating media is solved in variant B with the net radiation 

method to give surface radiative heat fluxes radq
 
[89]:  
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        (5.36) 

The system of Equations (5.36) is solved directly at each time step by LU 

decomposition. To capture spectrally dependent behavior, Equations (5.36) can be solved 

for radiative transfer within a number of spectral ranges or bands, in a method known as 

the band approximation [89]. Equation (5.36) is given assuming gray surfaces for 

simplicity, but the solution for multiple bands is straightforward. As well, Equation (5.36) 

is given for partially specular surfaces, but can be simplified to assume diffuse surfaces. 

View factors in Equation (5.36) are computed by the Monte Carlo method, run once for 

each simulation, as opposed to at each time step in variant A. After launching a number 

of rays from a surface a and determining the surfaces which are hit, the view factor from 

surface a to surface b is calculated by 



47 

 

 
hit,s

launched,

b

a b

a

N
F

N
   (5.37) 

Radiative boundary conditions, including the perfectly reflecting insulation boundary 

in the precooling and preheating zones, and the black wall at specified temperature in the 

oxidation zone which removes heat from the system, are applied through Equation (5.36). 

The solar input which drives the system is applied through the s

oH  term. For the analysis 

of this chapter, gray radiative properties are assumed. 

5.5 Performance Metrics 

Heat recovery effectiveness, the ratio of the recovered heat rate to the maximum 

recoverable heat rate, is the primary measure of system performance. The maximum 

recoverable heat rate is assumed to be equal to the rate of enthalpy change of the reactive 

material between the maximum and minimum material-average temperatures: 
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where mouter is the mass of the outer cylinder, and ω is the angular velocity in radians per 

second. The material-average temperature TMA is an effective temperature of the reactive 

ceria at one circumferential location in the rotation, which corresponds to a point in the 

redox cycle. It is found by a volume integral of the temperature: 
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For the two-dimensional problem and evaluating at a specific circumferential location θi, 

Equation (5.39) reduces to  
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The amount of heat recovered is the heat transferred from the inner to outer cylinder 

which leads to increased ceria temperature. Therefore, heat transferred to the ceria which 

simply passes through and is lost is not included. To quantify the rate of heat recovered 

between the counter-rotating cylinders, a minimum is taken of the radiative heat transfer 
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rate at the inner surface of the outer cylinder, and the rate of enthalpy change of the 

material in the outer cylinder. The total recovery is found by integrating this minimum 

over the angles between the location of the minimum material-average outer cylinder 

temperature θ1 and the location of the maximum material-average outer cylinder 

temperature θ2: 
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  (5.41) 

The unrecovered sensible heat fraction (1ε) is removed in the oxidation zone to the 

cooling wall. Equation (5.38) corresponds to 
2CeO from Chapter 4. The following work 

focuses on solid heat recovery, so further use of ε corresponds to solid heat recovery 

effectiveness. Performance of the heat recovery system is also evaluated by the 

temperatures within the reactive cylinders, and heat flux between the cylinders.  

5.6 Model Validation 

In all cases, the numerical heat transfer model is implemented using an in-house 

custom Fortran code and run on a single CPU core. The details of the Fortran 

implementation are given in Appendix B. Simulations were run for 5000 s of simulated 

process time, at which time the solutions were converged so that the rate of change of the 

cylinder temperature at any point was less than 0.1 K per rotation. The initial temperature 

profile ranged from T0L = 1100 K at the center of the oxidation zone, to T0H = 1900 K at 

the center of the reduction zone, in order to approximate the expected solution for 

accelerated convergence. 

A reference solution is obtained using variant A of the radiative heat transfer model 

with the parameters from the baseline set given in Table 5.1. The Monte Carlo 

simulations are performed for the total number of stochastic rays Nrays = 1,000,000 at 

each time step. To assess the errors in the computed temperature due to the stochastic 

character of the Monte Carlo method and the finite number of rays used, N = 10 separate 

simulations are run, each using 100,000 rays per time step and different random numbers. 

Simulations are run for 1 s each, from conditions at t = 0 s, 100 s, and 5000 s of the 

baseline simulation. The P% confidence intervals for temperature are evaluated using 
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Table 5.1: Parameter values for the baseline simulation case. 

Parameter Symbol Value 

Time step Δt 2×10
-2

 s 

Number of radial cells (per cylinder) Nradial 50 

Number of circumferential cells Ncircumferential 50 

Inner radius of inner cylinder r1 9.8 cm 

Outer radius of inner cylinder r2 10.8 cm 

Inner radius of outer cylinder r3 11 cm 

Outer radius of outer cylinder r4 12 cm 

Radius of surroundings  r5 12.1 cm 

Length of cylinders Lcyl 17 cm 

Angular speed ω 0.2 rpm 

Solar power input 
solarq  3 kW 

Solar concentration ratio C 3000 

Outer cylinder porosity ϕ 0.75 

Outer cylinder heat capacity cp,outer 461 J kg
-1

K
-1

 

Outer cylinder density ρouter 1783 kg m
-3

 

Outer cylinder thermal conductivity kc,outer 0.72 W m
-1

K
-1

 

Outer cylinder emissivity ϵouter 1 

Outer cylinder refraction index nouter 1 

Outer cylinder scattering albedo ωs 0.9 

Outer cylinder extinction coefficient β 10,000 m
-1

 

Inner cylinder heat capacity cp,inner 463 J kg
-1

K
-1

 

Inner cylinder density ρinner 5600 kg m
-3

 

Inner cylinder thermal conductivity kc,inner 2 W m
-1

K
-1

 

Inner cylinder emissivity ϵinner 0.7 

Reduction zone convective heat transfer coefficient hc,red 2 W m
-2

K
-1

 

Oxidation zone convective heat transfer coefficient hc,ox 7 W m
-2

K
-1

 

Temperature of wall in oxidation zone Twall 800 K 

Temperature of cavity receiver Tinert 1500 K 
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 (5.42) 

where 
,i jT  is the mean temperature obtained by averaging the temperatures from the N 

individual simulations, tv,P% is a P% quantile from the Student’s t distribution for             

v = N – 1 degrees of  freedom and  P% = 95% confidence, and 
T

S  is the sample  standard  



50 

 

 

Figure 5.3: Steady-state material-average temperatures of the outer cylinder 

obtained using the Monte Carlo ray tracing method in variant A and the Rosseland 

diffusion approximation in variant B. 

deviation of temperature. The largest confidence interval is 2041.4 K ± 3.6 K at t = 5000 

s on the outer surface of the outer cylinder in the reduction zone, at θ = 3.6. Typically, the 

temperature confidence intervals are less than ± 1 K  

To compare the two radiative heat transfer model variants, the radially-averaged 

temperature of the outer cylinder for the baseline case is shown in Figure 5.3 for each 

variant. The agreement between the two variants is good, with variant B leading to a 

small over prediction of the maximum temperature (by 36 K) and a small under 

prediction of the minimum temperature (by 23 K). The heat recovery effectiveness ε, is in 

excellent agreement for the two methods, at 40.6% for variant A and 40.9% for variant B. 

Thus, variant B is used for simulations within the parametric study. 
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5.7 Results 

5.7.1 Baseline Case 

The values of the problem parameters for the baseline simulation case are listed in 

Table 5.1. The baseline parameters are used in the computations unless stated otherwise. 

The baseline geometry, with a 12 cm radius outer cylinder, and 17 cm height, is designed 

to provide the proper mass of ceria to match the fuel output for 10% solar-to-fuel 

efficiency for the expected reduction non-stoichiometry of δred = 0.025, corresponding to 

Tred = 1850 K and 
2O ,redp = 10

-2
 atm. A five minute rotation period is assumed following 

the projected time requirements of the cycle (1.1)(1.2) [28,30,34]. Properties of the 

outer cylinder are based on a 75% porous ceria sintered monolith. The baseline value of β 

= 10,000 m
-1

 is chosen based on the data presented in [82], which indicate that, for a 

limited range of conditions, the extinction coefficient for a porous ceria monolith is 

10,000 m
-1

 or higher. The inner cylinder thickness is set equal to the outer cylinder 

thickness. The properties of the inner cylinder used for the baseline case approximate 

those of non-porous zirconia. 

The steady-state temperature profiles of the two cylinders are plotted in Figure 5.4. 

Temperatures range from 1010 K on the outer surface of the outer cylinder near the exit 

of the oxidation zone to 2203 K near the exit of the reduction zone. To better present 

heating and cooling behavior as the cylinders rotate, the material-average temperatures 

for each cylinder and are shown as a function of angular position in Figure 5.5a. Figure 

5.5b shows the heat flux distribution on the inner surface of the outer cylinder. In the 

reduction zone, the solar flux heats the outer cylinder to a maximum TMA 1979 K. The 

outer cylinder loses heat to the inner cylinder over approximately half of the reduction 

zone angular length. At the boundary between the reduction and precooling zones, the 

maximum absolute heat flux between the cylinders, equal to 37 kW m
-2

, occurs. In the 

area where heat is recovered, the average heat flux is 30 kW m
-2

. Over the entire length 

of the precooling zone, heat is transferred from the outer to the inner cylinder. In the 

oxidation zone, the temperature of the outer cylinder drops below the temperature of the 

inner  cylinder near the  entrance of oxidation zone, at approximately  θ = 5.6 rad. For the  
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Figure 5.4: Steady-state temperature distribution in the heat recovery system for the 

baseline case. Direction of cylinder rotation is indicated by arrows. Note that the 

radial thickness of the cylinders has been increased by a factor of 3 to show 

temperature variations more clearly. 

majority of the oxidation zone, the inner cylinder provides heat to the outer cylinder 

while the outer cylinder is cooled by radiation to the wall. The wall in the oxidation zone 

rejects heat from the system at a rate of 1810 W to cool the ceria further than is possible 

by heat recovery. At the boundary between the oxidation and preheating zones, the outer 

cylinder achieves its lowest average temperature of 1226 K. In the preheating zone, heat 

is transferred from the inner to the outer cylinder for the entire length of the zone. The 

heat recovery effectiveness for the baseline case, calculated using Equation (5.38), is 

41%. From calculations in Chapter 4, with a fixed 90% heat recovery from the gas, this 

unoptimized baseline case can improve reactor efficiency to 12% from 9% without heat 

recovery from the solid. 
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(a) (b) 

Figure 5.5: Steady-state (a) material-average temperatures of the outer and inner 

cylinders, and (b) heat flux from the inner to the outer cylinder for the baseline case. 

5.7.2 Parametric Study 

The effects of geometric parameters and material property variations on the heat 

recovery effectiveness and the maximum material-average temperature in the outer 

cylinder are studied by individually varying values of selected parameters listed in Table 

5.1. Figure 5.6 and Figure 5.7 show the heat recovery effectiveness and the maximum 

material-average temperature of the outer cylinder as a function of the extinction 

coefficient of the medium in the outer cylinder. Heat recovery is enhanced for lower 

values of the extinction coefficient, which facilitate more effective heat transfer to and 

from the inner surface of the outer cylinder. With increasing β, the portion of the incident 

solar flux that passes through the outer cylinder to the inner cylinder decreases due to 

increased absorption inside the outer cylinder and the maximum temperature increases 

reaching a peak of 1983 K for β = 5000 m
-1

. For higher values of β, radiative transfer 

from the irradiated surface to the interior of the outer cylinder becomes less effective, 

leading to decreasing maximum temperature. For β > 10000 m
-1

, the effect of increasing 

β on heat recovery effectiveness diminishes, and the heat recovery effectiveness 

approaches   an   asymptotic   value  of  38%.   The  values   of  the  threshold   extinction 
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Figure 5.6: Effect of extinction coefficient on heat recovery effectiveness.  

 

Figure 5.7: Effect of extinction coefficient on maximum material-average 

temperature of the outer cylinder. 
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coefficients mentioned above will depend on the thickness of the outer cylinder. Optical 

thickness of the outer cylinder wall, which correlate to the radiative energy transmitted 

through the wall range from 8 for β = 1000 m
-1

 to 240 at β = 30000 m
-1

. Outer cylinder 

temperature peaks at an optical thickness of 40 and results are insensitive to extinction 

coefficient at values greater than 80.  

In conjunction with the Rosseland diffusion approximation, the concepts of 

emissivity and an opaque surface are used for porous ceria. Porous ceria has been shown 

to exhibit semi-transparent behavior with intense scattering leading to high reflectance at 

room temperatures [82]. However, due to potentially different behavior at high 

temperatures and the possibility of using alternative materials or structures for the 

reactive material, the surface emissivity and volumetric radiative properties are varied 

independently over the full range of emissivity and a wide band of extinction coefficients 

in order to study the effects on heat recovery effectiveness. Figure 5.8 shows the effect of 

the emissivity of the outer cylinder surfaces on heat recovery effectiveness. 

Increasing surface emissivity leads to improved heat recovery as radiative exchange 

between the cylinders is enhanced, but at diminishing gains. An increase in ϵouter from 0.5 

to 1 results in a slight heat recovery effectiveness improvement from 35% to 41%, 

suggesting that highly black materials are not necessary for effective heat recovery. This 

conclusion is reiterated in results obtained for varying emissivity of the inner cylinder 

shown in Figure 5.9. Even a moderately absorbing surface of the inner cylinder leads to 

significant heat recovery, allowing for the use of a large number of oxidized or 

roughened metals or ceramics which have ϵ > 0.3. An increase in ϵinner from 0.1 to 0.5 

results in heat recovery effectiveness improving from 23% to 39%. A further increase in 

ϵinner to 1 improves the heat recovery only to 42%. 

The effect of varying thermal conductivity of the inner cylinder on heat recovery 

effectiveness is shown in Figure 5.10. Greater thermal conductivity allows for better heat 

transfer from the surface to the interior of the inner cylinder, and thus higher heat 

recovery effectiveness is achieved. Increasing kc,inner from the baseline value of 2 W m
-1

 

K
-1 

to
 
10 W m

-1
 K

-1 
improves the heat recovery effectiveness from 41% to 45%. However, 

with greater  thermal conductivity of the inner  cylinder, the maximum  radially-averaged  
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Figure 5.8: Effect of surface emissivity of the outer cylinder on heat recovery 

effectiveness. 

 

Figure 5.9: Effect of emissivity of inner cylinder surface on heat recovery 

effectiveness. 
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Figure 5.10: Effect of thermal conductivity of the inner cylinder on heat recovery 

effectiveness.  

 

Figure 5.11: Effect of thermal conductivity of the inner cylinder on maximum 

material-average temperature of the outer cylinder. 
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Table 5.2: Geometric parameter values of cases plotted in Figure 5.12 and Figure 

5.15. 

Figure  ω (rpm) r4 –r3 (cm) r4 (cm) r3 (cm) r2 (cm) r1 (cm) Lcyl (cm) 

5.12 0.2 0.5 16.7 16.2 16 15.5 23.5 

5.12 0.2 0.7 14.2 13.5 13.3 12.6 20 

5.12 0.2 1 12 11 10.8 9.8 17 

5.12 0.2 1.5 10 8.5 8.3 6.8 14.1 

5.12 0.2 2 8.8 6.8 6.6 4.6 12.4 

5.15 0.1 1 16.8 15.8 15.6 14.6 23.8 

5.15 0.2 1 12 11 10.8 9.8 17 

5.15 0.3 1 9.8 8.8 8.6 7.6 13.9 

5.15 0.5 1 7.7 6.7 6.5 5.5 10.9 

 

 

Figure 5.12: Effect of cylinder wall thickness on heat recovery effectiveness. 

temperature of the outer cylinder decreases, for example by 14 K with kc,inner increasing 

from 2 W m
-1

 K
-1 

to
 
10 W m

-1
 K

-1
, as shown in Figure 5.11. The decrease in temperature 

is a result of higher circumferential conduction heat fluxes. The relative insensitivity of 

the results to the thermal conductivity indicates that several ceramics such as alumina or 
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zirconia can be considered as candidate materials for the inner cylinder of the heat 

recovery system. 

Cylinder wall thickness is varied between 0.5 and 2 cm. The outer radius and height 

of the cylinders are adjusted to accommodate the change in wall thickness, while keeping 

the volume of reactive material constant. Table 5.2 shows the relevant dimensions for the 

cases plotted in Figure 5.12 for varying wall thickness, and in Figure 5.15 for varying 

rotational speed. As seen in Figure 5.12, thin cylinder walls enhance heat recovery due to 

the larger surface area for heat recovery, shorter distance to transfer heat across the 

cylinder walls, and reduced circumferential conduction rates. Heat recovery effectiveness 

increases from 41% to 72% for a thickness decreasing from the baseline value of 1 cm to 

0.5 cm. However, the larger surface area in the reduction zone causes the solar flux on 

the cylinder surface to be reduced, leading to a decline in maximum temperature from 

1978 K at the baseline value to 1778 K at a thickness of 0.5 cm, as shown in Figure 5.13. 

Tmax is maximized at a thickness of 1.5 cm. With greater thicknesses, the larger distance 

for the transfer of heat across the cylinders leads to decreased heat recovery and lower 

Tmax.  

The effect of varying the ratio of thicknesses between the two rotating cylinders is 

shown in Figure 5.14. Reducing the thickness of the inner cylinder relative to the outer 

cylinder leads to a heat recovery effectiveness up to 47% at a ratio of 0.5. For a thinner 

inner cylinder than that of the baseline case, its thermal capacity is better matched to the 

heat capacity of the porous outer cylinder, leading to optimal performance. It can be seen 

in Figure 5.5a that the temperature variations in the inner cylinder are small compared to 

the outer cylinder due to its larger heat capacity. Allowing for better matching of the heat 

capacity allows for the inner cylinder to track the temperatures of the outer more closely, 

enhancing performance. Further analyses use a default design with an inner cylinder heat 

capacity more closely matched to that of the outer cylinder. 

Figure 5.15 shows the heat recovery effectiveness as a function of the rotational speed 

ω. The rate of material cycled is held constant, so cylinder dimensions are changed for 

each case while holding cylinder wall thickness constant. The relevant dimensions are 

shown in Table 5.2.  With faster  rotating  cylinders, the reactive  material is cycled  more 
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Figure 5.13: Effect of cylinder wall thickness on maximum material-average 

temperature of the outer cylinder.  

 

Figure 5.14: Effect of ratio of inner to outer cylinder wall thickness on heat recovery 

effectiveness.  
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Figure 5.15: Effect of rotation speed on heat recovery effectiveness. 

often, so the volume, radius of the cylinders, and height are decreased to include less 

material. This adjustment does not take into account chemical kinetics, which could limit 

the extent of reactions at faster rotational speeds. The lowest rotation speed of 0.1 rpm 

yields the greatest heat recovery effectiveness and lowest temperature of the outer 

cylinder. Lower rotation speeds allow for better heat recovery due to increased surface 

area of the cylinders, but the larger area to distribute the solar radiation reduces the solar 

flux and the temperature achieved.  

As part of the reactor design procedure, the conclusions from the above results are 

used to develop a new baseline case and perform an additional parametric study. The 

baseline case parameters are given in Table 6.1, presented in the next chapter. As part of 

that study, additional parameters were varied. The results are presented here as indicators 

of the factors which affect heat recovery effectiveness. In Figure 5.16 the ratio of rotation 

speeds is varied by holding the outer cylinder rotation speed constant and allowing for the 

inner cylinder to rotate faster or slower. For the range studied, the heat recovery 

effectiveness  is  insensitive to changes in the ratio of rotation  speeds.  Figure 5.17 shows 
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Figure 5.16: Effect of varying ratio of cylinder rotation speeds on heat recovery 

effectiveness.  

the effect of reducing the size of the cavity receiver - reduction zone. The heat recovery 

effectiveness in insensitive to the size of the reduction zone, indicating that heating the 

ceria more quickly on a smaller area does not permit enhanced heat recovery. 

During operation of the reactor, the temperatures achieved for the chemical reactions 

may be controlled by the removal of heat from the oxidation zone. The heat may be 

removed by thin insulation layers of varying thickness or by a heat sink cooled by air or 

water with varying flow rate. Using the heat recovery system model, it is possible to gain 

an understanding of how variation in this heat transfer rate affects the heat recovery 

effectiveness and the temperatures achieved for the reactions. Again using the baseline 

case in Table 6.1, the heat removal rate through the oxidation wall is 1480 W, with 230 

W being transferred to the oxidation gas, for a total of 1710 W of heat removal from the 

ceria. The total heat removal is seen as the key design figure, as heat removed either by 

oxidizing gasses of through the oxidation wall have similar effect on the ceria 

temperature, which is the desired control objective. Because the current simulation does 

not  include the  losses  through  the  insulation or the chemical  heat  source, the  specific 
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Figure 5.17: Effect of size of reduction zone on heat recovery effectiveness.  

 

Figure 5.18: Effect on heat recovery effectiveness of varying rate of heat removed 

from the ceria in the oxidation zone. 
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Figure 5.19: Maximum (squares) and minimum (triangles) material-average 

temperatures with varying rate of heat removed from the ceria in the oxidation 

zone. 

values of the heat removal are not expected to correspond to experimental values, but the 

trends in heat recovery and temperature swing will be instructive for experimental 

variation of heat removal.  

Starting with the baseline case, the temperature of the oxidation wall Twall was 

increased in order to lower the heat removal rate from the ceria by approximately 200 W 

increments. Figure 5.18 shows the effect of the heat removal on heat recovery 

effectiveness, while Figure 5.19 shows the effect on the material-average maximum and 

minimum temperatures. Heat recovery is relatively unaffected by the heat removal in the 

oxidation zone. Temperatures, however, show a significant change. With lowered heat 

removal rates, temperatures in both zones increase significantly. Temperatures of the 

oxidation zone easily are raised above 1500 K, where oxidation would no longer 

approach completion. With lowered heat removal rate, the temperature swing between 

the maximum and minimum decreases due to the behavior of the cavity. With decreasing 
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removal, the temperature of ceria as it rotates into the cavity is increased. Greater 

temperatures of the ceria entering the cavity increase the maximum temperature achieved, 

but decrease the amount by which ceria can be heated beyond its cavity entrance 

temperature, due to increased re-radiation.  

5.8 Conclusions 

Heat transfer in a solid phase heat recovery system consisting of two counter-rotating 

cylinders has been analyzed using a numerical model coupling conduction, convection, 

and radiative heat transfer. A baseline case is presented, which consists of material 

properties for existing suitable materials and expected geometric parameters. The 

baseline case allows for 41% heat recovered from the outer cylinder of solid reactant. A 

parametric study is presented, with radiative material properties, thermal conductivity of 

the inert inner cylinder, and geometric parameters varied. Heat recovery effectiveness 

values of over 50% are demonstrated within the parametric study. Heat recovery 

effectiveness was found to be insensitive to changes in material properties over the 

majority of the ranges studied, which cover the expected properties of porous ceria for 

the outer cylinder and a variety of inert ceramics for the inner cylinder. Changes to the 

inner cylinder also have little impact on the heat recovery effectiveness, provided that the 

inner cylinder material is not highly reflective or insulating.  

Changes in cylinder wall thickness and cylinder rotation speed have the most 

significant impacts on heat recovery effectiveness. Thin cylinder walls and long rotation 

times lead to improved heat recovery. However, very thin cylinder walls lead to 

decreased maximum temperature of the outer cylinder. This is one of several cases 

identified in which a parameter change causes improved heat recovery effectiveness but 

lower maximum radial average temperature of the reactive material. Consideration 

should be given to both the heat recovery effectiveness and the reactive material 

temperature in order to provide heat recovery for improved efficiency and adequate 

temperatures to drive the chemical reduction. The parameters with the strongest 

relationships with heat recovery are all factors that define the ability of the ceria to 

transfer heat across the cylinder wall, between the outer surface where the driving input 
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and output of heat occur, and the inner surface where heat recovery occurs. The thickness 

and rotation time must be chosen carefully so that heat can be effectively transported 

across the cylinder wall for heat recovery, but not so effectively that the energy is 

transported away before ceria is heated. Emissivity values for both cylinders of 0.3 or 

greater lead to suitable performance, so a wide range of mildly to strongly absorbing 

materials can be considered with similar behavior. It has been shown how heat removal 

from the ceria in the oxidation zone can control the ceria temperatures, and that operating 

the reactor at higher temperatures for the two steps decreases the temperature swing 

between them, while the heat recovery is relatively unaffected by this heat removal.  
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6. THERMAL DESIGN OF PROTOTYPE SOLAR 

REACTOR 

6.1 Introduction  

A group effort is underway to design, construct, and test the reactor shown in Figure 

1.1
4
. Modeling of mechanics, fluid flow, heat transfer, and other analyses contribute to 

the selection of design parameters for the reactor. A task of the current research is to 

provide reactor design parameters related to thermal performance. In this chapter, the role 

of the thermal design in relation to reactor design for fabrication and testing is explained. 

Heat transfer simulation results and additional calculations are used to determine 

parameters, including geometric parameters of the rotating cylinders, cavity, and 

insulation, operational settings such as rotation speed of the cylinders, and select 

materials with appropriate thermal properties. In order to fit within time constraints of the 

overall project, the design process is completed at a stage where the heat recovery system 

model without considering chemistry is available. The heat transfer model described in 

Chapter 5 is applied to select dimensions of the rotating cylinders and material of the 

inert cylinder which optimize thermal performance. Thermal performance is evaluated 

with a combination of heat recovery from the solid reactant and losses through the 

insulation. The dimensions take into account sizing of gaps determined from deformation 

and gas flow analysis. A cavity and insulated reactor body are designed around the 

dimensions of the rotating cylinders, using independent analysis of each component.  

The thermal design analysis is performed in conjunction with additional design 

efforts on separate topics. Temperatures resulting from heat transfer modeling are shared 

to guide mechanics and fluid flow modeling efforts, while results from these efforts assist 

in setting dimensions from the thermal design. These interactions are noted where 

applicable.  

                                                 
4
 The partner institutions are the University of Minnesota, the California Institute of Technology, and the 

University of California Los Angeles [47,117]. Design analysis and fabrication of the reactor is performed 

at the University of Minnesota under the supervision of Wojciech Lipiński, Jane H. Davidson, and Thomas 

R. Chase. 
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6.2 Selection of Dimensions of Rotating Cylinders 

The design of the reactor begins with the selection of geometric parameters of the 

rotating cylinders and identification of suitable materials for the inert cylinder. The heat 

recovery system model of Chapter 5 is the primary means of identifying suitable 

parameters. Several constraints are placed on the selection procedure, leveraging results 

of thermodynamic analysis and reducing the parameter space explored.  

A target maximum average temperature of the ceria is set based on the expected 

insulation materials used. This target temperature is 1850 K, slightly below the maximum 

use temperature of materials such as Zircar Ceramics AL-30, which has an 1873 K limit. 

Following results from Chapter 4, 10% system efficiency is achieved with 90% gas heat 

recovery and 50% solid heat recovery with a 
2O ,redp of 0.01 atm. For a system with a 

100:1 ratio of N2 sweep flow to oxygen release, this partial pressure is the expected 

condition of the outlet flow. According to measurements of ceria reduction 

thermodynamics in [75], at 1850 K and 
2O ,redp of 0.01 atm, the reduction non-

stoichiometry δred is 0.025.  

Rearranging the reactor efficiency definition (4.11), 
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the molar fuel production rate is determined for a 3000 W reactor at a 10% target 

efficiency to be 1.05 x 10
-3

 mol s
-1

. The total amount of ceria needed in the reactor is 

determined from 

 2

2

H

CeO

red ox

n
n P

 



 (6.2) 

assuming near-complete oxidation, δox = 0. The rotation time P is assumed to be 300 s in 

the baseline case based on discussions with team members studying chemical cycling. 

Finally, the volume of ceria required in the reactor is calculated by 
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where the molar mass of ceria 
2CeOM is 0.17211 kg mol

-1
, the density of bulk ceria 

2CeO

is 2.1 kg m
-3

, and porosity ϕ is assumed to be 75%. For the baseline case of a 300 s cycle 

time, the volume of ceria needed is 1220 cm
3
. For parameter studies where the cycle time 

was varied, the calculation above is carried out to determine a new volume of ceria.  

The following describes constraints placed on the geometric parameter set for each 

case. The height of the cylinders is set as Lcyl = 1.41r4, due to the desire to expose one-

quarter of the ceria cylinder circumference in a cavity receiver with a circular cross-

section. The cylinder thickness is the primary parameter varied for the geometry. By 

solving the following:  

  
2

2 2

CeO 4 4 3(1.41 )V r r r   (6.4) 

with the volume 
2CeOV  and cylinder thickness 2 2

4 3r r  known, the outer radius of the ceria 

cylinder r4 is found.  

The inner cylinder is assumed to be the same height as the outer cylinder with a fixed 

ratio of wall thickness between the inner and outer cylinders (0.5 for the baseline). A 1 

mm gap between the ceria and the insulation, and a 2 mm gap between the cylinders are 

set based on results of initial deformation analysis
5
. 

Boundary conditions are as given in Chapter 5, including adiabatic insulation and 

inner surface of the inner cylinder, and a black wall in the oxidation zone fixed at 750 K. 

The ceria is assumed to have a black surface and an extinction coefficient of 20,000 m
-1

 

following preliminary results in [82].  

The parametric study performed to select design parameters iteratively follows the 

parametric study in Section 5.7.2. Using results of the previous study, a new baseline is 

set to improve heat recovery effectiveness. The new baseline values are given in Table 

6.1. 

The parameters varied in order to select the design for the rotating cylinders are: outer 

cylinder wall thickness r4 – r3, ratio of inner to outer cylinder wall thickness (r2 – r1)/(r4 – 

r3),  rotation  speed  ω,  ratio  of  inner  to  outer  rotation  speed  ωin/ωout,  inner  cylinder 

                                                 
5
 Deformation analysis was performed by Stephen Sedler under the supervision of Thomas Chase. 

Additional details are given in Section 6.3.  
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Table 6.1: Baseline parameter values for design optimization. 

Parameter Symbol Value 

Time step Δt 2×10
-2

 s 

Number of radial cells (per cylinder) Nradial 50 

Number of circumferential cells Ncircumferential 50 

Inner radius of inner cylinder r1 7.55 cm 

Outer radius of inner cylinder r2 8.3 cm 

Inner radius of outer cylinder r3 8.5 cm 

Outer radius of outer cylinder r4 10 cm 

Radius of surroundings  r5 10.1 cm 

Height of cylinders Lcyl 14.1 cm 

Angular speed ω 0.2 rpm 

Solar power input qsolar 3 kW 

Solar concentration ratio C 3000 

Outer cylinder porosity ϕ 0.75 

Outer cylinder heat capacity cp,outer 461 J kg
-1

K
-1

 

Outer cylinder density ρouter 1783 kg m
-3

 

Outer cylinder thermal conductivity kc,outer 0.72 W m
-1

K
-1

 

Outer cylinder emissivity outer 1 

Outer cylinder refraction index nouter 1 

Outer cylinder scattering albedo ωs 0.9 

Outer cylinder extinction coefficient β 10,000 m
-1

 

Inner cylinder heat capacity cp,inner 463 J kg
-1

K
-1

 

Inner cylinder density ρinner 5600 kg m
-3

 

Inner cylinder thermal conductivity kc,inner 2 W m
-1

K
-1

 

Inner cylinder emissivity inner 0.7 

Reduction zone convective heat transfer coefficient hc,red 4 W m
-2

K
-1

 

Oxidation zone convective heat transfer coefficient hc,ox 43 W m
-2

K
-1

 

Temperature of wall in oxidation zone Twall 750 K 

Temperature of cavity receiver Tinert 1500 K 

 

emissivity in, and inner cylinder thermal conductivity kc,inner. The objective of the 

parametric study was to optimize the thermal performance of the reactor by minimizing 

unrecovered heat and losses through the insulation. An insulation loss qloss is calculated 

for each case assuming 10 cm thick insulation surrounding the specific cylinder 

dimensions. Details of the insulation loss calculations are given below in Section 6.5. 

Generally, higher heat recovery effectiveness is desired, but in cases where varied 
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parameters cause an increase in reactor dimensions, the balance of heat recovered and 

heat lost through the insulation is used as the objective function to maximize. 

First, the wall thickness of the ceria is varied. Note that the cylinder height and outer 

radius vary accordingly while keeping the ceria volume constant, and the thickness of the 

inner cylinder varies due to the fixed ratio of inner to outer cylinder wall thickness.  

Figure 6.1 shows the effect on heat recovery of the change in cylinder wall thickness. 

Heat recovery is improved with thinner cylinder walls. However, there is a trade-off 

because thin cylinder walls improve heat recovery, but require larger reactor dimensions 

with greater insulation losses. To determine the optimum value of wall thickness, the 

total of qrecovered – qloss is maximized. The optimization is given in Table 6.2.  

Wall thicknesses of 0.8 and 0.7 cm provide similar thermal performance and better 

performance than other cases. Despite greater heat recovery compared to thicker walled 

designs, a wall thickness of 0.5 cm produces less favorable thermal behavior because the 

additional heat recovered is more than offset by increased losses through the insulation. 

With comparable performance to 0.7 cm, the 0.8 cm case is selected for the design 

parameter set because it allows a smaller, less costly reactor. 

 Figure 6.2 shows the effect of inner cylinder wall thickness on heat recovery 

effectiveness. For all cases in Figure 6.2, the dimensions of the outer cylinder are kept 

constant. The baseline inner cylinder wall thickness of is 0.75 cm. Heat recovery 

effectiveness is less sensitive to the inner cylinder wall thickness than the outer cylinder 

wall thickness. Very thin inner cylinder cases show poor heat recovery due to insufficient 

heat capacity of the cylinder to recovery heat. Heat recovery is maximized at an inner 

thickness of 0.45 cm, which is a ratio of approximately 3:1 outer to inner wall thickness. 

In this case heat recovery effectiveness is 0.31, while for a ratio of 2:1, effectiveness is 

0.27. In order to facilitate fabrication of the inner cylinder, a wall thickness of 0.4 cm was 

selected (corresponding to a 2:1 outer to inner thickness ratio) due to comparable 

performance and easier fabrication than thinner options.  

The effect of rotation speed (plotted as cycle time) is shown in Figure 6.3. Note that 

for this variation, the dimensions of the ceria cylinder again are changed to accommodate 

the  proper  quantity of ceria in the reactor.  Heat  recovery is increased  with longer cycle 
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Figure 6.1: Effect of outer cylinder wall thickness on heat recovery effectiveness.  

Table 6.2: Optimization of thermal performance of the model system for varying 

wall thickness of the outer cylinder. 

r4 – r3 (cm) r4 (cm) Lcyl (cm) ε qrecovered (W) qloss (W) qrecovered – qloss (W) 

2  8.8 12.4  0.16 424  456  -32  

1.5 10  14.1  0.28 743  692  51  

1  12  17  0.39 1035 879  156 

0.8  13.3 19.6 0.55 1475 936  540 

0.7  14.2 20  0.62 1646 1104 542 

0.5  16.7 23.5  0.72 1911 1398 513 

 

times, but a trade-off again exists between improved heat recovery and increased losses 

through the insulation. The optimization of thermal performance for varied cycle times is 

again based on a maximization of qrecovered – qloss, and results are given in Table 6.3. 

The case of a 600 s rotation produces improved heat recovery but the advantage is 

negated by increased losses through the insulation. A rotation time of 300 s is selected 

based on the optimization results. Preliminary experimental results indicate that the 300 s 

cycle  time is  sufficient to allow for  oxidation to  proceed to near-completion  during the 
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Figure 6.2: Effect of inner cylinder wall thickness on heat recovery effectiveness. 

 

Figure 6.3: Effect of cycle time on heat recovery effectiveness.  
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Table 6.3: Optimization of thermal performance of the model system for varying 

rotation periods of the cylinders. 

P (s) r4 (cm) Lcyl (cm) ε qrecovered (W) qloss (W) qrecovered – qloss (W) 

125 6.5  9.2  0.12 319  425  -106 

200 8.2  11.6 0.21 558  547  11  

300 10  14.1 0.28 743  692  51  

600 13.9 19.6 0.35 929  1087 -158 

 

one-quarter rotation time of 75 s, but lower values may lead to incomplete oxidation. 

The ratio of rotation speeds ω1/ ω2 and the size of the reduction zone were varied. As 

shown in Figure 5.16 and Figure 5.17, little effect on heat recovery is seen for either 

parameter, so the baseline choices of equal rotation speeds and one-quarter circumference 

for the reduction zone are chosen.  

In order to select a material for the inner cylinder, emissivity and thermal 

conductivity are varied parametrically to determine values which lead to maximum 

performance, and a material is selected which falls within or near the desired values. The 

effect of emissivity on heat recovery effectiveness is shown in Figure 6.4 and the effect 

of thermal conductivity is shown in Figure 6.5. 

A material with emissivity above 0.4 should be selected for the inner cylinder 

material. Greater emissivity improves heat recovery, but the effect is small. A conductive 

inner cylinder is clearly important to effective heat recovery. The data shows a plateau 

above a thermal conductivity of 5 W m
-1 

K
-1

. Materials with thermal conductivity above 2 

W m
-1 

K
-1

 are most suitable for the inner cylinder, with higher values favored. Alumina is 

selected as a suitable material for the inner cylinder based on published emissivity and 

thermal conductivity data [87,88]. Zirconia is another potential material for the inner 

cylinder, as it has thermal conductivity of approximately 2 W m
-1 

K
-1

 at room 

temperature. However, it is unknown if the thermal conductivity decreases significantly 

at higher temperatures, as is the case for alumina [87]. The geometric parameters of the 

rotating cylinders selected for the reactor design are given in Table 6.4. Figure 6.6 shows 

the temperature profile for this selected design assuming an alumina inner cylinder with 

in = 0.7 and kc = 5 W m
-1

 K
-1

. The temperature profile is similar to the profile shown 

previously in Figure 5.4, although the inner shows more variation in temperature. 
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Figure 6.4: Effect of inner cylinder emissivity on heat recovery effectiveness. 

 

Figure 6.5: Effect of inner cylinder thermal conductivity on heat recovery 

effectiveness. 
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Table 6.4: Prototype reactor design dimensions and desired material properties. 

Parameter Symbol Value 

Outer radius of ceria cylinder r4 13.3 cm 

Thickness of ceria cylinder r4 – r3 0.8 cm 

Outer radius of inert cylinder r2 12.3 cm 

Thickness of inert cylinder r2 – r1 0.4 cm 

Radius of surroundings  r5 13.4 cm 

Height of cylinders Lcyl 19.6 cm 

Angular speed ω 0.2 rpm 

 

 

Figure 6.6: Temperature profile of cylinders for the selected design. The radial 

coordinate has been expanded by a factor of 5 in order to show the temperature 

variations through the wall thickness.  

Figure 6.7 shows the material-average temperatures of the ceria and the inert 

cylinders, to give the temperature progression during cycling. Near the exit of the 

reduction  zone,  the  ceria  reaches  a  maximum  average  temperature  of 2006 K, which  
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Figure 6.7: Material-average temperatures of the ceria (solid line) and inert (dashed 

line) cylinders, with angular position.  

corresponds to the temperature of the maximum reduced state of the ceria. Note that this 

temperature is greater than the expected temperature of the ceria for this design, as the 

chemical heat sink of reduction is not accounted for here. The minimum average 

temperature, corresponding to the reduction state, is 1115 K. As significant temperature 

swing is present in the inert cylinder, indicating the thermal mass of the inert cylinder is 

appropriately chosen. 

Figure 6.8 shows the heat flux between the cylinders. Throughout the entire 

preheating zone the inert cylinder is transferring energy to the ceria, while the values of 

flux are nearly uniform. Likewise, throughout the precooling zone, heat is transferred 

from the ceria to the inert cylinder. This behavior validates the purpose of these zones to 

capture and return heat from and to the ceria. The calculated heat recovery effectiveness 

for this case is 55%, consistent with the design assumption of 50% solid phase heat 

recovery used in thermodynamic analysis to select the ceria mass. 

The selection of radii and height for the cylinders are the key results from this 

analysis.  The dimensions and temperature  profile are provided to the rest of the research 



78 

 

 

Figure 6.8: Heat flux between the cylinders as a function of angular position, as 

calculated on the inner ceria surface. Positive flux indicates heat transfer to the 

ceria, while negative flux indicates heat transfer from the ceria. 

team, who use them to determine the design of gas flow passages, the gaps needed to 

account for deformation, and a design of the reactive ceria which will be mechanically 

stable. 

6.3 Selection of Gap Size 

The two-dimensional temperature profile of the selected cylinder geometry is 

provided for deformation analysis to determine gap widths between the cylinders and 

between the ceria cylinder and insulation, in order to allow for thermal deformation of the 

cylinders. A numerical deformation model is used which applies the provided 

temperature profile to a solid cylinder of material
6
. Figure 6.9 shows the output of the 

deformation modeling for the ceria cylinder, indicating a maximum outward radial 

expansion of 2.9 mm, and a maximum inward radial expansion of 1.8 mm. The gap sizes 

used in Section 6.2 are found to be insufficient to avoid interference. Gap widths of 5 mm  

                                                 
6
 Deformation analysis was performed by Stephen Sedler under the supervision of Thomas Chase. 
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Figure 6.9: Output from deformation analysis using temperature profile produced 

with heat transfer modeling. Figure courtesy of Stephen Sedler. 

are selected to allow for a moderate factor of safety in the deformation of the cylinders 

while minimizing the area for undesired gas crossover between inert and oxidizing 

streams. Fluid flow modeling results show that 5 mm gaps are acceptable for gas 

separation between reactor zones
7
. Though the gap sizes are different from those used in 

the design selection for the rotating cylinders, the dimensional changes are small 

compared to the overall dimensions. The effect on the temperature distribution is 

expected to be minor, so the design selection process is considered valid despite the 

change in gap size. 

                                                 
7
 Fluid flow modeling was performed by Aditya Kedlaya with contributions Roman Bader and supervised 

by Jane H. Davidson. 
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Table 6.5: Variation in absorption efficiency with angle of conical cavity wall. 

Wall angle (degrees) 35 31 27 22 

ηabs 0.24 0.32 0.38 0.44 

Table 6.6: Energy sinks of solar input, given in percentages, for cylindrical cavities 

with varying length. 

Lcav (cm) 5 10 15 

Reflection by window 3.6 3.5 3.6 

Re-radiation by window 0.4 0.4 0.3 

Conduction through walls 15.4 21.7 28.4 

Reflection by cavity 10.9 6.1 4.7 

Re-radiation by cavity 23.0 23.6 24.3 

Absorbed by ceria 46.6 44.7 38.7 

6.4 Selection of Cavity Dimensions 

The selection of cavity dimensions is based on results using a three-dimensional 

Monte Carlo analysis of the cavity
8
. The model of the cavity includes reflection, 

absorption, and emission by the window, one-dimensional conduction losses through the 

cavity walls, and spectral properties of ceria and alumina surfaces. The temperature of the 

ceria is imposed from the simulation results of the selected cylinder design. Using the 

cavity model, various geometric configurations are investigated and evaluated based on 

absorption efficiency: 

 refl rerad
abs

solar

1 q q

q


 
  (6.5) 

where qrefl is the reflected power and qrerad is the re-radiated power.  

Cylindrical and conical (with the narrow end near the aperture) cavities are 

considered, with varying length between the aperture and the ceria surface. All cavities 

have a back wall radius of 10 cm, corresponding to half of the ceria cylinder height, to 

ensure that all ceria is irradiated in the cavity. Conical cavities are considered with 

varying angles of the conical wall from the central axis. Table 6.5 shows that the 

absorption  efficiency  is  found  to  significantly  increase  for  cavities  approaching  the  

                                                 
8
 Analysis and data presented in this section are courtesy of Jeffery Stamp. Design decisions are made as 

part of the current research in collaboration with Jeffery Stamp under the supervision of Wojciech Lipiński. 
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Figure 6.10: Net heat flux delivered to ceria surface, taken at vertical midpoint of 

the ceria cylinder for cavities of varying length. 

cylindrical limit of 0° wall angle. In addition, a cylindrical cavity is expected to be less 

costly to fabricate, so it is chosen for the reactor design. 

The length of the cylindrical cavity is the final necessary parameter. Lengths of 5, 10, 

and 15 cm from the aperture to the ceria surface at the cavity axis are considered. Each is 

simulated and Table 6.6 provides a balance of the input energy lost or delivered to each 

sink. Figure 6.10 shows the distribution of net flux delivered to the ceria at the axial 

midpoint.  

The 5 cm cavity delivers the largest fraction of solar input to the ceria, though the 

improvement from the 10 cm cavity is only 2%. Reflection by the cavity is increased for 

the shorter cavity length, but the decreased wall area for conduction losses outweighs the 

increased reflection, leading to greater delivered power. The 15 cm cavity performs 

significantly worse than the 10 cm cavity in power delivered to the ceria. The highly non-

uniform flux distribution caused by the 5 cm cavity is likely to cause a hotspot on the 

ceria at the cavity center, potentially leading to cracking or melting of the ceria. The 10 
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cm cavity length is selected due to its balance of flux uniformity on the ceria surface and 

high fraction of power delivered to the ceria. 

6.5 Insulation Design 

The insulation is designed by calculating expected losses through the insulation for 

several potential design options. The inner dimensions are fixed based on the selected 

design geometry of the rotating cylinders, gap sizes, and cavity. Temperatures of the 

insulation inner surface are estimated from the heat transfer simulation of the selected 

case. Given an inner surface geometry and assumed temperatures, the objective of this 

analysis is to determine an arrangement of insulation materials which will limit the 

thermal losses through the insulation to less than 20% of the input power of 3000 W. The 

value of 20% is selected to match the assumption used in the thermodynamic system 

analysis of the reactor, where cases were identified which achieve a reactor efficiency of 

10% with 20% of input energy lost due to minor factors, primarily heat transfer through 

the reactor body. Commercially available materials are identified and evaluated. The 

selection of insulation includes determining whether the shell of the reactor is made as a 

cylindrical or rectangular shape, the types of insulation which will compose each layer, 

and the thickness of each layer. 

Referring to Figure 5.1, the interior radius of the insulation surrounding the ceria 

cylinder, r5 is 14 cm, based on the 5 mm gap between the cylinder and the insulation, as 

determined by analysis in Section 6.3. The height of the cylinders, Lcyl is 20 cm, 

indicating the interior height of the insulation surrounding the cylinders is 21 cm. Cavity 

analysis described in the previous section was used to select a cylindrical cavity with rcav 

set to 10 cm and a 10 cm length Lcav from the ceria to the aperture. These values define 

the interior dimensions of the insulation. 

The heat transfer results are used to estimate the average temperatures of the ceria 

outer surface for the four zones. These temperatures are, for the oxidation zone 1000 K, 

for the precooling zone 1500 K, for the preheating zone 1300K, and for the reduction 

zone 1900 K. It is expected that the insulation surrounding each zone is in near thermal 

equilibrium with the ceria, so it is assumed that the inner insulation surfaces take on these  
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Figure 6.11: Model domain showing the temperatures selected for the inner surfaces 

of each section of insulation. Shown are vertical (a) and horizontal (b) cross-sections. 

temperatures for the respective zones. All walls of the cavity are assumed to be at 1900 

K, while the top and bottom inner surfaces of the insulation surrounding the cylinders are 

taken to be at an approximate average temperature of the ceria of 1500 K.  Figure 6.11 

shows the insulation sections considered with their inner surface temperatures. 

The heat loss through the insulation is calculated by assuming steady-state conduction 

through planar or cylindrical walls of insulation, from a given inner surface temperature 
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of the insulation to air at ambient temperature surrounding the reactor. Heat transfer 

through the insulation is modeled by a series heat transfer resistance model through the 

layers. Two layers of insulation are considered. An inner layer of insulation is made of a 

denser material, serving two purposes. One, the greater density provides increased 

resistance to gas permeation, and two, higher density materials generally undergo less 

shrinkage at higher temperatures, such as temperatures experienced by the inner layers of 

insulation. The outer layer of insulation is potentially made from a lower density 

insulation material, in order to take advantage of lower thermal conductivity in locations 

where temperature stability and gas permeation resistance are not as critical. Thermal 

resistance of a stainless steel shell is also considered. Convection to ambient temperature 

from the shell provides the final heat transfer resistance.  

The total loss through any section of insulation is [103] 

 i amb
loss

total

T T
q

R


  (6.6)  

where Ti is the temperature on the inner surface of the insulation, and Rtotal is calculated 

for heat transfer through the section of insulation from the inner surface to ambient air.  

The total heat transfer resistance for each insulation section is composed of 

contributions from inner and outer layers of insulation, the stainless steel shell and 

convection from the shell to ambient temperature: 

 total inner outer ss convR R R R R     (6.7) 

Two shapes of the outer shell are considered. First is a cylindrical outer surface. In 

this case, the insulation surrounding the sides of the rotating cylinders and the cavity are 

cylindrical on both the inside and outside, with constant thickness, reducing the heat 

transfer problem in the insulation to one-dimensional cylindrical heat transfer. In the 

second case, the shell is considered to be rectangular. In this case, for the cylindrical 

inner surface of insulation surrounding the cavity and rotating cylinders, heat loss is 

calculated using a two-dimensional shape factor for a body with cylindrical inner surface 

and rectangular outer surface. In either case, the top and bottom of the insulation 

surrounding the rotating cylinders, and the end of the cavity containing the aperture are 

considered one-dimensional planar walls.  
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The heat transfer resistance due to conduction through planar walls is 

 
planar

c

L
R

k A
  (6.8) 

where L is the wall thickness. 

The heat transfer resistance due to conduction through a cylindrical section is 

 
 outer inner

cyl

c cyl

ln /

2

r r
R

k L
  (6.9) 

where rinner and router are the radii of the inner and outer surfaces of the cylinder, and Lcyl 

is the cylinder length. For insulation sections like the preheating zone, which are portions 

of a cylinder, the equation above is multiplied by the fraction of the cylinder 

circumference covered. The heat transfer resistance due to conduction through sections 

with a cylindrical inner surface and a square outer surface is 

 
 inner

cyl/sq

cyl

ln 1.08 /

2

L r
R

kL
  (6.10) 

where rinner is the inner surface radius and L is the minimum distance from the center to 

the surface of the square.  

The heat transfer resistance due to convective heat transfer from the reactor shell is 

 
conv

c

1
R

h A
  (6.11) 

The entire cavity end section is treated as a planar wall, neglecting effects of the aperture 

and aperture cone. The losses through the end of the cavity are small compared to the 

total loss through all insulation. Losses through the oxidation zone are also included in 

the total heat loss, even though heat removed through this insulation (or a heat sink in 

place of the insulation) is desired to allow the ceria to cool for oxidation. The convection 

coefficient on the shell is set to 10 W m
-2

 K
-1

, as a slightly conservative estimate. A 

calculation of natural convection on a vertical plate 0.4 m in height, with a temperature of 

550 K using correlations by Churchill and Chu [104] results in hc = 7.4 W m
-2

 K
-1

.  

The temperature of the inner surface of the shell is calculated by applying the heat 

transfer resistance from ambient air to the inner surface of the shell: 

  SS amb loss conv SST T q R R    (6.12) 
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Table 6.7: Fixed quantities for each insulation section. 

Section name Ti (K) A (m
2
) rinner (m) Lcyl (m) 

Cavity end  1900  0.0314   

Cavity cylinder 1900   0.1 0.1 

Chamber top 1500  0.0615   

Chamber bottom 1500  0.0615   

Precooling insulation 1500  0.14  0.2  

Oxidation insulation 1000  0.14  0.2  

Preheating insulation 1300  0.14  0.2  

 

Evaluation of this temperature is necessary to ensure that the use temperature of stainless 

steel, which is 1000 K or greater, is not exceeded in the shell.  

The geometry is split into seven sections with varying inner surface temperature.  

Table 6.7 provides the fixed values for these sections, giving their inner surface 

temperature, area if the section is planar, and radius and length if the section is 

cylindrical. Note that the oxidation, precooling, and preheating sections are each one-

quarter of a cylinder. 

The thermal conductivity of stainless is set to 20 W m
-1

 K
-1

 [105], and thickness is 

assumed to be approximately 11 gauge at 3 mm. Three types of insulation material are 

considered, modeled after Zircar Ceramics products ZAL-15AA, AL-30AA, and ZAL-

45AA. The numerical values in the product names correspond to density in lb ft
-3

. The 

thermal conductivities for the three materials are taken for an expected average 

temperature of 1073 K, and were 0.12, 0.16, and 0.23 W m
-1

 K
-1 

respectively. A thorough 

search for commercially available rigid machinable insulation materials was performed to 

identify any with temperature resistance and inert properties making them potential 

materials for use in the reactor. The results of this survey are given in Appendix C. It was 

found that most of the potential materials available are made either by Zircar Ceramics or 

Zircar Zirconia. 

A baseline case is calculated in which the shell is assumed to be cylindrical and the 

insulation is 10 cm thick and all composed of ZAL-15AA. The total resistance and heat 

loss for each section is shown in Table 6.8, along with the calculated temperature of the 

stainless steel shell TSS for each section.  
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Table 6.8: Heat transfer resistances and heat loss rates of each insulation section. 

Section name Ti (K) Rtotal (K W
-1

) qloss (W) TSS (K) 

Cavity end  1900 29.7  54  470 

Cavity cylinder 1900 10.8  149 533 

Chamber top 1500 15.2  79  427 

Chamber bottom 1500 15.2  79  427 

Precooling insulation 1500 17.0  80  508 

Oxidation insulation 1000 17.0  47  423 

Preheating insulation 1300 17.0  59  454 

 

The total heat rate lost through the insulation is 547 W, with the largest single 

contribution from the cylindrical cavity wall. A total of 203 W is lost through the cavity 

insulation, while the remaining 344 W is lost through insulation surrounding the 

cylinders. Shell temperatures are all 120-230 K above ambient temperature, which is well 

within acceptable operating range for stainless steel. 

The effect of the convection coefficient on the reactor shell is minor because the heat 

transfer resistance due to convection on the shell is small compared to the insulation’s 

heat transfer resistance, approximately a factor of 6 smaller for the baseline case. 

Increasing hc an order of magnitude to 100 W m
-2

 K
-1

, a typical value for forced 

convection, results in a heat loss of 622 W, an increase of 14%. 

To compare cylindrical and rectangular shell shapes, the insulation is all assumed to 

be ZAL-15AA with a 10 cm thickness. For the rectangular shell, the 10 cm thickness 

indicates the minimum distance between the inner surface of the insulation and the shell. 

The heat loss rate for the cylindrical case is the same as the baseline case, at 547 W, 

while for the rectangular case, the heat loss rate is 536 W, an improvement of only 11 W. 

Although more insulation is used in the rectangular design, there is more surface area for 

convection with only a slight improvement in the mean thermal resistance path. However, 

when calculating the total mass of the insulation and shell, the cylindrical shell design has 

a mass of 55 kg, while the rectangular shell reactor will have a mass of 70 kg. Finally, by 

calculating the average temperature of each insulation section and the energy required for 

sensible heating of the insulation to that temperature, a thermal mass is calculated. For 

the cylindrical shell, the thermal mass is 19.2 kJ, which would be provided in 1.7 hrs at 3 

kW of solar input. For the rectangular shell, the thermal mass is 23.3 kJ, a 21% increase. 
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Therefore, the significant weight and heating time increase does not justify the minor 

improvement in heat loss, and a cylindrical design for the reactor shell is selected. 

The primary variable for the design of the insulation is the thickness. In Figure 6.12, 

thicknesses between 5 mm and 20 mm are evaluated for the total heat loss from the 

reactor, again assuming that all insulation is ZAL-15AA. For this step, it is assumed that 

all insulation will have uniform thickness surrounding the rotating cylinders and the 

cavity. In order to achieve less than 600 W of heat loss, an insulation thickness of 9 cm or 

greater is required. Standard insulation components are made in 0.5 inch thicknesses, or 

approximately 1.25 mm. The smallest multiple of 0.5 inch thickness greater than 9 mm is 

chosen, which leads to 10 cm for the insulation thickness.  

In order to focus insulation to the locations of highest heat loss, a potential 

improvement is to place more insulation surrounding the cavity compared to surrounding 

the rotating cylinders, due to the higher temperatures in the cavity. In Table 6.9, options 

with greater insulation thickness surrounding the cavity are evaluated based on the heat 

loss and total mass of the insulation and shell. Despite the greatest temperatures in the 

reactor, the cavity is the source of only about one-third of the total heat losses through the 

insulation. Allowing for more insulation surrounding the cavity does not improve the heat 

loss relative to the overall mass of the reactor, as can be seen in the first and last cases, 

where the mass is similar but the case with uniform insulation thickness results in fewer 

losses. Increasing the amount of insulation surrounding the cavity by 50% creates a 20% 

increase in reactor mass with a 9% decrease in heat loss. A uniform insulation thickness 

throughout the reactor is selected for the design.  

A denser inner layer of insulation is desirable for mechanical durability and for gas 

sealing. It is considered that two layers of insulation will be used. In all cases, the outer 

layer is ZAL-15AA, for its low thermal conductivity. The inner layer is either AL-30AA 

or ZAL-45AA, with varying thickness between 1.25 cm and 5 cm. The total insulation 

thickness is 10 cm for all cases. The results of this analysis are given in Table 6.10. In 

order to not exceed a 600 W total loss, either a 1.25 cm layer of ZAL-45AA should be 

used, or a 1.25 or 2.5 cm layer of AL-30AA should be used. 1.25 cm layers of inner  
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Figure 6.12: Insulation heat losses with insulation thickness, assuming constant 

thickness throughout the reactor.  

Table 6.9: Heat loss rates for insulation options with greater insulation thickness 

around the cavity. 

Lcyl (cm) Lcav (cm) m (kg) qloss (W) 

10 10  55  547  

10 12.5 60  520  

10 15  66  501  

7.5 10  45  627  

7.5 12.5 51  600  

7.5 15  56  580  

Table 6.10: Heat loss rates for varying composition of the insulation layers. 

Inner insulation material Lins,inner (cm) Lins,outer (cm) qloss (W) 

AL-30AA 1.25 8.75 566 

AL-30AA 2.5  7.5  583 

AL-30AA 5  5  620 

ZAL-45AA 1.25 8.75 583 

ZAL-45AA 2.5 7.5  621 

ZAL-45AA 5  5  706 
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insulation add complexity of to the design of the insulation components, and may be very 

fragile due to some parts being large sheets. The option selected is to use a 2.5 cm layer 

of AL-30AA or similar material with a 7.5 cm outer layer of ZAL-15AA or similar.  

The analysis of losses through the insulation identified suitable design choices for the 

reactor. The shell is designed to be cylindrical and 10 cm of insulation surrounds all inner 

sections of the reactor. The inner 2.5 cm is Zircar Zirconia AL-30AA or similar, while 

the outer 7.5 cm is Zircar Zirconia ZAL-45AA or similar. These design choices lead to an 

expected loss of 583 W through the insulation. The losses through individual sections for 

the selected insulation design are given in Table 6.11. For all sections, shell temperatures 

are less than the maximum operating temperature of stainless steel. Included in the 

insulation component design are the aperture and aperture cone which allow for the solar 

radiation to enter the cavity, and channels for gas inlets and outlets. The aperture cone is 

designed by calculating the necessary aperture radius needed for a solar input of 3000 W 

at a concentration ratio of C = 3000, of 1.8 cm, and extending a cone with a 38° half-

angle matching the angle of the University of Minnesota high-flux solar simulator [106]
9
. 

The gas channel geometry is selected by parametric studies using fluid flow simulations. 

6.6 Summary of Reactor Design 

The selection of thermal design parameters for the prototype reactor is completed as a 

component of the current research. Resulting geometric parameters are drawn to scale in 

Figure 6.13. The dimensions have been adjusted slightly from those selected earlier in 

this chapter to ease fabrication. The heat recovery system model was used to select 

geometry of the rotating cylinders, taking into account necessary gaps between 

components for material deformation and gas flows. The cavity was modeled individually 

and cavity geometry was selected based on parametric studies. Finally, insulation was 

modeled individually and designed to provide a total loss of 20% of the solar input, 

consistent with assumptions from thermodynamic analysis which lead to 10% efficiency.  

The results of the thermal design analysis presented in this chapter are combined with 

design efforts of the larger group. A solid model of the entire reactor has been used to 

                                                 
9
 Design of the aperture section, including ensuring durability of the window, was performed in 

collaboration with Peter Krenzke under the supervision of  Wojciech Lipiński and Jane H. Davidson. 
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Table 6.11: Heat loss rates through each section of the insulation for the selected 

design. 

Section name Ti (K) Rtotal (K W
-1

) qloss (W) TSS (K) 

Cavity end  1900 28.1  57  480  

Cavity cylinder 1900 10.0  160 549  

Chamber top 1500 14.3  84  434  

Chamber bottom 1500 14.3  84  434  

Precooling insulation 1500 15.8  85  522  

Oxidation insulation 1000 15.8  51  431  

Preheating insulation 1300 15.8  63  464  

 

 

Figure 6.13: Selected design dimensions of the prototype reactor, drawn to scale. 

Shown as cross section at axial midpoint of rotating cylinders. Gas channels are not 

shown in the figure. Also not shown is that rotating cylinders have a height of 20 cm, 

a gap of 5 mm exists between the cylinders and insulation on the top and bottom, 

and insulation on top and bottom has a 10 cm thickness. 



92 

 

 

Figure 6.14: Assembly of reactor insulation.  

integrate the results of individual design efforts. Figure 6.14 shows the completed 

insulation assembly, including aperture and gas channels, as an example of the design for 

fabrication. The reactor is currently under fabrication at the University of Minnesota. 

Testing results from the reactor can be compared to modeling results in future work.  

While each component of the reactor to be designed was analyzed thermally, the 

overall performance of the reactor is not gained through the preceding analysis. The 

individual components were not coupled along the interfaces which include the 

temperatures on the surfaces of the ceria and insulation, and the radiative flux between 

the cavity and ceria. Instead of optimizing the reactor overall, due to the complexity of 

the system, individual components were treated independently, with the rotating cylinders 

optimized for heat recovery while other components were designed to limit specific 

losses. A more complete performance evaluation of the reactor system requires a model 

coupling the behavior of the designed heat recovery system, cavity, and insulation 

components. This model is discussed in the next chapter.   
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7. HEAT TRANSFER MODEL OF THE SOLAR 

THERMOCHEMICAL REACTOR
10

 

7.1 Problem Statement 

The simplified model in Chapter 5 has proven useful to determine that greater than 

50% heat recovery is feasible, and to identify that parameters controlling heat transfer 

across the ceria cylinder wall are important for effective heat recovery. However, 

uncertainty exists in predictions of specific temperatures due to exclusion of insulation 

losses, the effects of chemical reactions, and the modeling of the cavity. An expanded 

three-dimensional model with simulated receiver-cavity, insulation, and chemical 

reactions is developed to provide a performance prediction of the designed prototype 

reactor under expected operating conditions with improved estimates of temperatures and 

heat recovery. Heat recovery effectiveness remains the key figure of merit, but 

temperatures are given more focus with the inclusion of improved reactor physics. The 

chemical state is also presented, leading to a calculation of expected reactor efficiency. 

Each additional level of complexity over the model of Chapter 5 is added to the reactor 

model individually to determine its importance.  

Section views of the computational domain, divided into subdomains and showing 

relevant dimensional variables, are given in Figure 7.1. Subdomain A, within the inert 

cylinder, is considered adiabatic as it can be well insulated. Subdomains C and E are non-

participating gas subdomains. The inert cylinder, subdomain B, is modeled as an opaque 

solid composed of dense alumina, which rotates clockwise when viewed from above. 

Alumina is selected as opposed to zirconia due to greater thermal conductivity, shown to 

improve performance in Figure 5.10, and the wider availability of alumina part 

fabrication. The ceria cylinder, subdomain D, is modeled as an isotropic, radiatively 

participating solid with effective properties of 75% porous ceria with nitrogen filled 

pores. Local thermal equilibrium is assumed. The chemical reduction and oxidation of the  

                                                 
10

 This chapter is based on: J. L. Lapp and W. Lipiński, “Three Dimensional Heat Transfer Modeling of a 

Solar Thermochemical Reactor for Water and CO2 Splitting with Ceria,” Proc. of the 7th International 

Conference on Energy Sustainability, Minneapolis, 2013.” which has been submitted in revised form to the 

Journal of Solar Energy Engineering. 
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Figure 7.1: Schematic of the computational domain for the reactor model. 

Horizontal (a) and vertical (b) cross sections are shown. See the description of the 

subdomains A−F in the text. 

ceria are considered by including the heat source term in the general energy conservation. 

The ceria cylinder rotates counter-clockwise. Heat transfer by radiation is modeled 

between the surfaces of the cylinders and the inner surfaces of the reactor body and 

cavity, as well as within the ceria cylinder. The cavity includes a windowed aperture. The 

window reflects and absorbs a portion of the incident solar energy from the external 

source. The remainder is assumed to be uniformly distributed spatially over the aperture 

and uniformly distributed directionally over the solid angles of a 38 half-angle cone, 
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matching the rim angle of the University of Minnesota solar simulator [106]. The total 

solar input power to the reactor is 3 kW, at a concentration ratio of 3000. Radiation 

exiting the cavity through the aperture is assumed to be lost from the system. 

The reduction, precooling, oxidation, and preheating zones are equally spaced, each 

comprising one-quarter of the circumference of the cylinders. Gas inlets and outlets are 

located at the boundaries between the zones, forcing flows in the reduction and oxidation 

zones according to Figure 1.1. Convective heat transfer is included in the boundary 

conditions at the surface of the ceria cylinder in the reduction zone to nitrogen at 
2NT and 

in the oxidation zone to carbon dioxide at 
2COT . Convective heat transfer at all other 

surfaces is neglected, as justified in Chapter 5. The reactor insulation is modeled as an 

opaque solid with properties approximating porous alumina insulation. Heat losses 

through the reactor body, including the cavity walls, are modeled as one-dimensional 

conduction through the insulation and convection to air at ambient temperature. 

Insulation thickness is constant for all sections of the reactor body. Heat removal, 

necessary to obtain a sufficiently low temperature in the oxidation zone, is accomplished 

by a heat sink in place of the insulated reactor wall. A uniform heat flux is set on the 

inner surface of the heat sink to accomplish the heat removal. 

The model utilizes temperature dependent transport properties [87,107–110]. In 

absence of high temperature radiative measurements, it is anticipated that absorption of 

partially reduced ceria at high temperatures is high, and thus the ceria cylinder is assumed 

to be black in the present model, even though ambient temperature measurements with 

ceria in a fully oxidized state indicate high reflectance, especially in near infrared [82]. 

Based on results of Figure 5.8, surface emissivities greater than 0.3 provide similar 

performance, so any significant blackening of the ceria at high temperatures or reduced 

state will allow for the performance predicted in this analysis. Alumina is assumed to 

have emissivity of 0.6 from measurements at 1500 K [88]. An emissivity of 0.7 is 

assumed for the reactor insulation. All surfaces are assumed to be gray and diffuse. It 

would be possible, with little increase in complexity, to account for spectral and 

temperature dependent radiative surface properties. However, published data for these 

properties are unavailable for the insulation, limited to conditions not seen in the reactor 
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for ceria, and limited for alumina, though less so than ceria. With more complete data, it 

is possible that reactor performance would be affected, especially if ceria or alumina is 

highly reflective in the infrared at high temperatures. This is unexpected, but as more 

complete data sets become available, the temperature and spectral dependencies should 

be considered. 

7.2 Governing Equations 

Transient energy conservation, as given in Equation (5.4), is applied to the 

subdomains B and D, accounting for heat storage, advective heat transfer, conduction, 

radiation, and the chemical heat source. The divergence of the radiative heat flux is 

obtained by employing the Rosseland diffusion approximation [89,94], given in Equation 

(5.19). The solution of the chemical heat source term chemq  is discussed in Section 7.3.3. 

The thermal conductivity of the porous ceria in subdomain D is calculated using the 

geometric mean relationship: 

 1

c c,s c,gk k k   (7.1) 

The geometric mean provides a suitable estimate of the effective thermal conductivity of 

a wide range of porous materials with varying ratios between thermal conductivity of the 

two phases [111–114].  

Heat transfer through the insulation (subdomain F) is modeled as one-dimensional 

using 

 F amb
F

F

T T
q

R


  (7.2) 

where TF is the temperature on the inner surface of the insulation, and RF is the thermal 

resistance. RF is found for planar components of the cavity and the reactor body using 

 F
F

c F ,shell F

1

c

L
R

k A h A
   (7.3) 

where AF is the insulation area, and hc,shell is the convective heat transfer coefficient at the 

reactor outer boundary. For cylindrical components of the cavity and the reactor body, RF 

is calculated as  
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 inner outer

F

c cyl c,shell F

ln / 1r r
R

k L h A
   (7.4) 

where rinner and router are the inner and outer radii of the cylindrical component, and Lcyl is 

the cylinder length. Assuming constant thermal conductivity through the insulation, the 

temperature is found by solving 

 
F,av

F rad F Fp
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V c q A q
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 (7.5) 

where VF is the volume of insulation, TF,av is an average insulation temperature, and
radq is 

the radiative heat flux on the inner surface of the insulation, discussed in Section 7.3.2.  

The initial condition for subdomains B and D is  

       4
0 0 0L 0H 0L

4

cos
, , ,

2

r r
T r t t T r T T T

r


 


      (7.6) 

which produces a linear temperature profile along the horizontal direction in Figure 7.1. 

Walls of the cavity are initially set to T0H while insulation surrounding cylinder D is set 

according to Equation (7.6).  

Boundary conditions for subdomains B and D are, 

 for the adiabatic inner surface of the inner cylinder 

 
1

ˆ 0
r r

T


  n  (7.7) 

 for the outer surface of the ceria in the reduction and oxidation zone, where 

convection is present 

  c rad rad c gas
ˆ ( )k k T q h T T     n  (7.8) 

 for all other surfaces 

  c rad rad
ˆk k T q   n  (7.9) 

The quantity Tgas is assumed for an expected average temperature of the flow of nitrogen 

(
2NT ) in the reduction zone or oxidizer, steam or CO2 (

2COT ), in the oxidation zone. 
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(a) (b) 

Figure 7.2: A sample cell of the structured cylindrical grid employed in the ceria 

and inert cylinders: (a) r̂ - θ̂  and (b) r̂ - ẑ  cross-sections. 

7.3 Numerical Solution 

7.3.1 Energy Conservation 

The finite volume method is applied to discretize Equation (5.4) in space using a 

three-dimensional structured cylindrical grid in subdomains B and D. A sample grid cell 

is shown in Figure 7.2. Quantities at cell centers are indicated by integer subscripts i for 

the circumferential direction, j for the radial direction, and k for the axial direction. 

Quantities at cell faces are indicated by half integer subscripts. The grid position and 

orientation is fixed in time with respect to the reference coordinate system shown in 

Figure 7.1. The explicit Euler scheme is applied to integrate Equation (5.4) in time.  

Assuming constant properties over the time step interval t and in the finite volume 

Vi,j, the discretized form of Equation (5.4) is 

  1

, , adv cond rad chem

,

( )
nn n

i j i j

p i j

t
T T q q q q

c V

 
       (7.10) 

where the terms due to advection, conduction, radiation, and chemical reactions are 
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Because the cylinders are assumed to be rotating rigid bodies, only the circumferential 

components of the advection and chemical reaction terms are present. Enthalpies at cell 

faces appearing in Equation (7.11) are evaluated using an upwind scheme. Partial 

temperature derivatives appearing in Equations (7.12) and (7.13) are computed using a 

central difference scheme. Cell face temperatures used to calculate radiative conductivity 

in Equation (5.19) are found by linear interpolation. 

Planar wall insulation components, all of which are circular, are discretized 

circumferentially and radially. Cylindrical wall insulation components are discretized 

circumferentially and axially. The temperature of the insulation is updated at each time 

step using 

  1

F,av F,av rad F F

F

( )
nn n

p

t
T T q A q

c V

 
    (7.15) 

The insulation average temperature TF,av is then used to define an inner and outer surface 

insulation temperature by applying Equation (7.2), considering the individual resistances 
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through the insulation and from the insulation outer surface to ambient temperature. The 

inner surface temperature couples to the radiative heat transfer solution. 

7.3.2 Radiative Heat Transfer 

Variant B of the radiative transfer model is applied, having been validated in Chapter 

5. Within the participating media of subdomain D, radiative transfer is accounted for by 

the use of the Rosseland diffusion approximation. The Rosseland mean extinction 

coefficient βR is obtained from the spectral transport extinction coefficient
tr

 , which, in 

turn, is computed using Mie theory discussed below.  

The space between subdomains B, D, and F is treated as a nonparticipating medium. 

This space includes the cavity receiver where the important transfer of solar energy to the 

ceria and cavity walls occurs. The net radiation method is employed to solve for surface 

heat flux in Equations (7.5), (7.8), and (7.9): 
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         (7.16) 

The equation is simplified from Equation (5.36) by assuming all surfaces are diffuse 

emitters and reflectors. For the heat sink, a net heat flux HSq is selected to provide 

adequate cooling. For other surfaces, a known temperature defines the blackbody 

emissive power Eb. The system of N equations is solved at each time step using LU 

decomposition to determine unknown heat fluxes or emissive powers. Solving Equations 

(7.16) is the most computationally expensive component of the analysis, compounded by 

the number of surface elements due to the three-dimensional discretization. Therefore, 

Equations (7.16) are solved only every 150 time steps, a value limited by computational 

stability. Otherwise radiative heat fluxes are carried over from the previous time step. 

Note that at steady state, the number of steps skipped is irrelevant because heat fluxes do 

not change. View factors Fa–b are computed by the Monte Carlo method as described in 

Section 5.4.2.  

The Monte Carlo method is also applied to determine the distribution of solar 

irradiation at the ceria and cavity walls, accounting for the directional nature of the 

incident irradiation. A large number Nrays of stochastic rays are launched from the cavity 
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aperture. The rays are uniformly distributed over the area of the aperture and over solid 

angles within a half-cone centered along the axis of the cavity. Each ray carries a power 

 solar window
ray

rays

q
q

N


  (7.17) 

where τwindow is the transmittance of the window, modeled as 10 mm thick fused silica. 

Rays are traced geometrically until they intersect a surface a, where the counter Nhit,a is 

updated. Nhit,a is used to calculate the external irradiation term H0a in Equation (7.16):  

  
hit, ray

0

a

a

a

N q
H

A
  (7.18) 

A limiting factor to the application of the described radiative heat transfer method is 

the availability of radiative properties, especially the important extinction coefficient βλ. 

Ideally, experimental data would be used. However, the spectral range of available data is 

somewhat limited. To provide suitable behavior over a wider range of wavelengths, βλ is 

calculated using Mie theory for an assumed bed of spherical particles with size 

corresponding to the characteristic size of the porous materials under consideration. Mie 

theory calculations, described in [89] require a size parameter 

 
particleL

x



  (7.19) 

and complex refractive index mλ to compute efficiency factors for absorption Qabs,λ, 

scattering Qsca,λ, and extinction Qext,λ. The efficiency factors are related to the radiative 

transport properties  ,  , s  by standard equations not reproduced here for brevity. 

A characteristic particle size of 10 μm is used and the complex refractive index is taken 

from the literature [82,115]. 

7.3.3 Chemical Reactions 

The non-stoichiometry δ in ceria must be quantified prior to evaluating the chemical 

source term in Equation (5.4). In the reduction zone, δ is calculated as a function of 

temperature and the partial pressure of oxygen at equilibrium, assuming fast kinetics: 

 In reduction zone: 
2O ,red( , )f T p   (7.20) 

where the functional dependence 
2O ,red( , )f T p  is found by iteratively solving 
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 (7.21) 

The δ-dependent quantities
2Oh and 

2OS are taken from Panlener et al. [75], and 
2O ,redp  

is assumed equal to 0.01 atm. In the precooling zone no chemical reactions are assumed, 

so δ is constant and set equal to the value at the exit to the reduction zone: 

 In precooling zone:    
max,red

r r


   (7.22) 

Oxidation is expected to proceed to near-completion at the temperatures predicted in the 

oxidation zone [26]. In absence of known chemical rate expressions for the oxidation, δ is 

assumed to decrease linearly to zero across the oxidation zone: 

 In oxidation zone:     
max,red

max,ox

max,ox min,ox

,r r


 
  

 





 (7.23) 

No chemical reactions are assumed in the preheating zone. Thus 

 In preheating zone: 0   (7.24) 

Knowing the distribution of δ throughout the domain and assuming steady state 

operation, the chemical heat source term is evaluated as 

 chemq H
M




 
   

 
w  (7.25) 

where the grouping 
M


w accounts for the molar rate of material being cycled, and H is 

a molar enthalpy term accounting for the energy of reaction for the reduction or 

oxidation. 

The enthalpy of reduction or oxidation is determined by averaging 
2Oh  over the 

range of the reaction: 
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The term H  used in Equation (7.25) is set to the oxidation or reduction enthalpy 

depending on the sign of the non-stoichiometry difference: 
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 (7.28) 

At steady state, the fuel production of the reactor is calculated by the sum of all non-

stoichiometry decrease in the oxidation zone. 

7.4 Performance Metrics 

The thermal performance of the system is characterized primarily by the heat 

recovery effectiveness ε, given in Equation (5.38). The rate of heat recovered is defined 

by integrating over the ceria inner surface in both the circumferential and axial directions: 
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An alternative definition of the material-average temperature TMA in Equation (5.39) is 

required to account for the axial coordinate: 

 
4

3

MA 2 2

4 3 0

2
  

i

r L

r

T Tr dr dl
Lr r

 


    (7.30) 

The temperatures of the cylinders resulting from the simulation are provided, with a 

focus on the maximum and minimum material-average temperature. By defining δ 

throughout the ceria, a value is also calculated for fuel production rate and efficiency 

according to Equation (4.11). Performance of reactor subsystems, such as the insulation 

and cavity are evaluated by temperatures and heat transfer rates. 
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7.5 Results 

7.5.1 Case of Selected Reactor Design 

Computations are performed first for a single test case corresponding to the selected 

reactor design from Chapter 6. The model is implemented using an in-house developed 

Fortran code as described in Appendix B. Simulations to 3000 s of simulated time for the 

selected grid size require approximately 24 hours running on a single 3.0 GHz CPU core. 

The simulation parameters including geometric, material, and operational parameters are 

given in Table 7.1. The values of numerical simulation parameters are provided in  

Table 7.2. At the final simulation time of 3000 s, the rate of temperature change at 

any point in the cylinders is less than 0.1 K per rotation of the cylinders, providing the 

steady state solution. 

The steady state temperature profile of the rotating cylinders is given in Figure 7.3. 

The maximum temperature at any location in the ceria cylinder is 1939 K, and the 

minimum is 1045 K. The inert cylinder has a more uniform temperature distribution, with 

maximum and minimum temperatures of 1519 K and 1465 K. To illustrate the 

progression of material temperature during cycling, the material-average temperature TMA 

is calculated at each circumferential position. Figure 7.4 shows TMA for both cylinders 

throughout the rotation. The ceria cylinder is heated from its lowest temperature, first by 

heat recovery from the inert cylinder in the preheating zone, and then by radiation in the 

reduction zone, both the incident solar radiation and the radiation emitted and reflected 

by the cavity walls. The ceria cylinder achieves a maximum TMA of 1690 K near the exit 

of the reduction zone. It cools slightly before leaving the cavity due to the decrease in 

radiative flux in the cavity corner, followed by complete shading by the insulation as 

ceria leaves the cavity. In the precooling zone, the ceria cools by radiating energy to the 

inert cylinder and due to heat losses through the insulation. In the oxidation zone, the 

ceria cylinder is cooled by the heat sink in the reactor back wall, reducing TMA to a 

minimum of 1289 K just before exiting the oxidation zone. This temperature is expected 

to be sufficient to cause near complete oxidation of ceria [26]. The predicted temperature 

swing of 401 K is sufficient to effectively drive the cycle (1.1)−(1.2).  
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Table 7.1: Parameter values for the simulated case. 

Parameter Symbol Value 

Solar power input qsolar 3 kW 

Solar concentration ratio C 3000 

Nominal solar irradiation G0 1000 W m
-2

 

Inner radius of inner cylinder r1 11.8 cm 

Outer radius of inner cylinder r2 12.2 cm 

Inner radius of outer cylinder r3 12.7 cm 

Outer radius of outer cylinder r4 13.5 cm 

Radius of surroundings  r5 14 cm 

Height of cylinders LB, LD 20 cm 

Insulation thickness LF 10 cm 

Radius of cavity rcav 10 cm 

Length of cavity Lcav 10 cm 

Radius of aperture rap 1.8 cm 

Angular speed ω 0.2 rpm 

Outer cylinder porosity ϕ 0.75 

Outer cylinder effective density ρD 1783 kg m
-3

 

Outer cylinder emissivity D 1.0 

Inner cylinder density ρB 4000 kg m
-3

 

Inner cylinder emissivity B 0.6 

Insulation density ρF 480 kg m
-3

 

Insulation emissivity F 0.7 

Heat sink flux 
HSq  18200 W m

-2
 

Heat sink emissivity HS 1.0 

Transmittance of window τwindow 0.98 

Ambient temperature Tamb 298 K 

Reduction zone convective heat transfer coefficient hc,red 15 W m
-2

K
-1

 

Inert gas average temperature 
2NT  1200 K 

Oxidation zone convective heat transfer coefficient hc,ox 20 W m
-2

K
-1

 

Oxidizer average temperature 
2COT  700 K 

Convective heat transfer coefficient on outside of 

reactor 

hc,shell 10 W m
-2

K
-1

 

Reduction zone oxygen partial pressure 
2O ,redp  0.01 atm 
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Table 7.2: Numerical settings of the simulated case 

Parameter Value 

Time step Δt 5×10
-2

 s 

Number of radial cells in cavity front wall 5 

Number of circumferential cells in cavity front wall 10 

Number of axial cells in cavity 10 

Number of circumferential cells in cavity  16 

Number of circumferential cells in insulation and cylinders 32 

Number of radial cells in inner and outer cylinders 10 

Number of axial cells in insulation and cylinders 8 

Number of stochastic rays per surface for view factors 10
6
 

Number of stochastic rays for solar irradiation 10
8
 

Time steps between radiative transfer evaluation 150 

Initial high temperature T0H 1900 K 

Initial low temperature T0L 1100 K 

 

The predicted circumferential locations of the maximum and minimum temperatures 

are desirable, as they are near the inlets of inert and oxidizing gasses, promising optimal 

conditions for the chemical reactions. 

The inert cylinder remains nearly isothermal in TMA between 1515 K and 1475 K. 

This behavior is primarily due to the high resistance to heat transfer across the ceria 

cylinder wall. Although the cylinder wall is thin, the effective thermal conductivity of the 

porous ceria is generally on the order of 0.1 W m
-1

 K
-1

. Radiative conductivity is lower, 

even in the high temperature regions, due to very high extinction coefficients of 30,000 

m
-1

 or greater. The temperature gradients across the ceria cylinder wall are steep, causing 

the inner surface to remain nearly isothermal. In comparison to the results of Chapter 5 

for similar cylinder wall thickness, the inner surface here remains more isothermal due to 

a change in the effective thermal conductivity of the ceria. With the included temperature 

dependence, instead of a constant value taken at 1473 K, the thermal conductivity is 

lowered for sections at higher temperature, which includes the important portion of the 

ceria in the reduction zone, where heat on the outer surface must be transported to the 

inner surface for heat recovery. The difference in models for thermal conductivity of 

porous  materials  (geometric  mean, parallel  conduction)  also has an  effect to lower the 
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Figure 7.3: Cross sectional temperature profile of the rotating cylinders, taken at 

the axial midpoint. The cavity-receiver is on the left-hand side of the plot. The radial 

coordinate has been distorted by a ratio of 5 to illustrate the temperature variations 

across the relatively thin cylinders.  

effective thermal conductivity for the reactor model. 

Figure 7.5 shows the variation in ceria temperature with circumferential position for 

specific radial and axial locations. The larger temperature swing of the outer surface of 

ceria compared to the inner surface can be clearly seen. The solid lines in Figure 7.5 are 

temperatures at the axial center of the ceria cylinder, while dashed lines are the 

temperatures at the cylinder ends. Throughout the majority of the ceria and inert 

cylinders, axial temperature variations are minor, generally 30 K or less between the 

center and ends of the cylinder. The exception is in the reduction zone, where non-

uniformity of the solar input and shading of the corners of the ceria cylinder lead to axial 

variations of up to 300 K during heating by solar energy. The peak ceria temperatures 

vary along the axis by only 30 K. 
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Figure 7.4: Temperatures of the ceria (dashed line) and inert (solid line) cylinders 

averaged at each circumferential position. The directions of rotation are indicated 

by the arrows.  

 

Figure 7.5: Circumferential temperature variations of the ceria cylinder at selected 

radial locations (1) inner surface, (2) radial center, and (3) outer surface, and 

selected axial locations, axial center (solid lines) and ends (dashed lines). 

Temperatures at the two cylinder ends are identical due to symmetry of the system. 



109 

 

 

Figure 7.6: Surface temperature distribution of the ceria cylinder as seen from the 

cavity aperture. 

In Figure 7.6, the temperature of the ceria surface exposed to the cavity is given, as 

would be seen if viewing the ceria cylinder from the aperture through the cylindrical 

cavity. Note the broad hot-spot on the ceria surface. It is centered vertically due to the 

peak solar flux being aligned with the central axis of the cavity. The hot-spot is shifted to 

the right due to the rotation direction of the ceria. The steep temperature gradients seen 

on the left-hand side are indicative of the rapid heating of ceria entering the cavity. The 

current simulation assumes radiation enters the cavity distributed uniformly over a cone 

of 38° half-angle, which would be consistent with implementation of the reactor on a 

dish, and is the maximum rim-angle of the University of Minnesota Solar Simulator 

[106]. However, the solar simulator is composed of discrete lamps which may not all be 

used to deliver 3000 W of radiation. Stronger hot-spots than seen here may occur due to 

individual lamps, which are not considered in this work. 
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Figure 7.7: Temperature profiles along the reactor cylindrical cavity measured from 

the aperture plane at selected circumferential positions θ, where θ = 0 is a point 

nearest to the location at which the ceria cylinder enters the cavity, corresponding to 

the upper cavity surface in Figure 7.1a. 

A total of 60 W of the 3000 W incident solar power is reflected or absorbed by the 

window before reaching the cavity. Re-radiation and reflections losses from the cavity 

are 766 W, which will be highly dependent on the value of C = 3000. The solar flux 

incident at the ceria surface peaks at the central axis of the cavity, at 80.9 kW m
-2

, and 

decreases at the edges of the cavity to 27.2 kW m
-2

. The average value of incident solar 

flux on the ceria is 40.6 kW m
-2

, with a total of 1289 W directly incident. The peak 

incident solar flux on the cavity walls is 33.3 kW m
-2

. The temperature of the cylindrical 

cavity wall varies between 1845 K and 1948 K. Figure 7.7 shows temperature profiles 

along the cylindrical cavity wall, with the aperture plane located at x = 0. Temperatures 

are plotted for four selected circumferential position. The location at θ = 0 is a point 

nearest to the location at which the ceria cylinder enters the cavity. Note that the curves 

for θ = π/2 and 3π/2, located at the top and bottom of the cavity, are nearly identical due 
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to symmetry, and are shorter due to the cavity walls being shorter along the curved sides 

of the ceria cylinder. Temperatures at the top and bottom of the cavity are higher than at 

either side, possibly due to less direct radiative exchange with the ceria cylinder. The 

temperature of the annular front cavity wall varies only slightly, between 1905 K and 

1918 K.  

The rates of heat transferred from the ceria cylinder to the gas flows are 419 W to the 

inert gas in the reduction zone, and 321 W to the oxidizer in the oxidation zone. The 

present formulation assumes a constant effective temperature of the gas flows. However, 

the amount of heat transferred to the gas can be used to estimate the heating of the gas 

and the implications on gas phase heat recovery. The flow rate of inert nitrogen gas is 

determined from the expected flow rate of fuel produced at 10% efficiency of 1.05×10
-3

 

mol s
-1

 H2, and a 100:1 ratio of inert gas to oxygen released. The resulting mass flow rate 

is 1.68×10
-3

 kg s
-1

 N2. Taking the specific heat of nitrogen at 1500 K, it is determined that 

the heat input of 419 W would heat the gas by 200 K. Relating to the 1200 K assumed 

gas temperature modeled, effectively gas enters the reactor at 1100 K and leaves at 1300 

K. Therefore the gas is not heated to the effective reduction temperature of the ceria, as 

was assumed in thermodynamic analysis of Chapter 4, indicating that the assumption of 

gas leaving the system at the reduction temperature is conservative. By comparing the 

enthalpy of the gasses in the inlet and outlet streams, it is determined that a heat 

exchanger would require 80% effectiveness to preheat the inlet gas using the outlet gas. 

A similar calculation is performed for steam flow on the oxidation side and assuming 50 

times stoichiometric flow of oxidizer. A heat exchanger effectiveness of 68% would be 

required for the oxidation gas. 

The losses through the insulation are equal to 643 W, including contributions from 

the cavity and reactor body walls. For this case, the insulation loss is 21% of the solar 

input, which is comparable to the assumption in Chapter 4. The agreement is dependent 

on the overall size of the reactor and the insulation design. For a larger reactor with 

greater insulation losses, the assumption in the thermodynamic analysis may not be valid. 

The heat sink at the rear reactor wall removes 700 W of energy from the system, which is 

a selected value used to set the flux on the heat sink. 
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Figure 7.8: Heat flux at the inner surface of the ceria cylinder. Positive values 

indicate heat transfer from the ceria cylinder to the inert cylinder. The solid line 

represents axially-averaged heat flux, while dashed lines indicate heat flux at (1) the 

axial center and (2) the cylinder ends. 

In the precooling zone 490 W are recovered from the ceria cylinder to the inert 

cylinder. Figure 7.8 shows distribution of the heat flux between the cylinders, as 

computed at the inner surface of the ceria cylinder. Throughout the entire precooling 

zone, heat is transferred from the ceria cylinder to the inert cylinder. In the preheating 

zone, the direction of heat flow is inverted, demonstrating desired heat recovery in the 

specific zones. The heat recovery effectiveness, obtained using Equation (5.38) is 29.6%. 

This value, lower than effectiveness values found in Chapter 5, is due to the isothermal 

behavior of the inner surface of the ceria cylinder caused by lower thermal conductivity. 

This hypothesis is investigated in Section 7.5.3.  

The distribution of the non-stoichiometry δ in the ceria cylinder at the axial midplane 

is shown in Figure 7.9. A significant difference in the extent of reaction exists between 

the inner  and  outer  surfaces.  The  maximum  value  of  δ  is  0.0407,  found at the outer  
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Figure 7.9: Distribution of the non-stoichiometry in the ceria cylinder in the axial 

midplane.  

surface. The corresponding value of δ at the inner surface is an order of magnitude lower, 

δ = 3.38×10
-3

. The steep gradients in temperature cause steep gradients in non-

stoichiometry, amplified by the nonlinear dependence between the two variables. Due to 

the inner portion of ceria remaining relatively cool, approximately half of the ceria is not 

reduced to a state which permits significant fuel production, so the material is poorly 

utilized. Average values of δ are shown in Figure 7.10 as a function of the circumferential 

position. The ceria slightly reoxidizes as it leaves the reduction zone, due to the 

temperature drop observed in Figure 7.4. Based on the non-stoichiometry in the ceria, a 

fuel production rate of 5.08×10
-4

 mol s
-1

 CO is predicted, which in turn corresponds to a 

solar-to-fuel efficiency of 4.8%. 
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Figure 7.10: Average values of non-stoichiometry as a function of the 

circumferential position. 

7.5.2 Model Comparison 

Temperatures predicted in this chapter differ from those predicted in Chapter 5 using 

the simplified heat recovery system model. Results above have shown that the three-

dimensionality of the cylinders is relatively unimportant, as shown by the small 

variations in temperature along the axial direction. However, several other key 

differences between the models exist, and the effect of each is explored by modifying the 

reactor model to isolate these differences. The specific differences investigated are the 

chemical reactions, cavity modeling, assumption of adiabatic insulation, and the 

differences in temperature dependent material properties compared to constant values. 

Five cases are investigated using the reactor model: 

1) The chemical heat source term is neglected, insulation is modeled as adiabatic, 

and constant material properties are used. The key difference between this case 

and the heat recovery system model is the modeling of radiation within the cavity, 

and extension to three dimensions. 
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Table 7.3: Comparison of heat recovery effectiveness, and maximum and minimum 

material-average temperatures for simulation cases with varying levels of physical 

modeling complexity. 

Case ε TMA,max (K) TMA,min (K) 

Base 0.55 2006 1115 

(1) 0.65 1885 1346 

(2) 0.65 1841 1318 

(3) 0.65 1836 1317 

(4) 0.68 1789 1296 

(5) 0.29 1690 1289 

 

2) Identical to case (1) with losses through the insulation modeled. 

3) Identical to case (1) with the chemical heat source term modeled. 

4) Identical to case (1) but with both losses through the insulation and the chemical 

heat source term modeled. 

5) The case described in the results above, including all physics described in Section 

7.1 and variable material properties. 

Each case was simulated using the baseline parameters in Table 7.1, including a fixed 

geometry. The results are compared to an identical geometry case using the model of 

Chapter 5, noted as the Base case, and the results of interest are given in Table 7.3. First, 

note the results of the Base case and case (1), where the primary difference in model 

complexity is the modeling of the cavity and three-dimensional geometry. Due to the 

small effect of the three-dimensional geometry, it is concluded that the modeling of the 

cavity is the primary cause of variations. Heat recovery is increased, yet the temperature 

swing and maximum temperature are reduced. In the Base case, solar flux is uniform 

across the reduction zone, providing continuous heating of the ceria. In case (1), the 

cavity produces a non-uniform distribution of flux that heats the ceria surface quickly in a 

localized area, raising the re-radiation losses before the interior of the ceria is heated. 

Effectively, it is more difficult for the ceria to absorb a short period of high flux heat 

input than a longer uniform input. The increased heat recovery effectiveness is consistent 

with this reasoning. With solar heating occurring in a more confined zone, the effective 

length for heat recovery is increased.  
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Cases (2) and (3) provide insight into the differences produced by adding modeling of 

the heat losses through the insulation (2), and the chemical reactions (3). Each process 

has a nearly identical effect on the figures of merit. Heat recovery effectiveness is 

unaffected, while temperatures throughout the ceria are decreased approximately 30-50 

K. Losses through the insulation clearly act as a heat sink to lower temperatures, while 

the net endothermic chemical cycle has a similar effect. The effects combine for case (4), 

where both processes are modeled. Temperatures are decreased 40–100 K throughout the 

reactor.  

In case (5), temperature and spectrally dependent material properties are included for 

the ceria and alumina. Compared to all other cases, heat recovery is greatly decreased, 

and, consequently, the temperature swing is reduced. The cause, as discussed above, is 

the effective heat transport across the ceria cylinder wall, which is reduced in case (5) by 

including the drop in thermal conductivity of the ceria at high temperatures. The design 

considered has been optimized for the heat transport across the ceria wall by selecting the 

material properties, thickness of the wall, and rotation speed, all of which are unchanged 

for these cases, except the change in material properties for case (5). For reference, the 

constant value used for bulk ceria kc is 2.1 W m
-1

 K
-1

, taken at 1473 K, while at 1873 K, 

kc drops to 0.8 W m
-1

 K
-1 

[107]. 

Each of the investigated effects has a significant effect on the predicted temperatures. 

It is especially important to capture the behavior of the cavity and to accurately predict 

material properties and optimize the reactor for the thermal transport across the cylinder 

wall. 

7.5.3 Simulation Case with Increased Thermal Conductivity 

The case of Section 7.5.1 is limited in heat recovery effectiveness and utilization of 

the reactive material. The hypothesis is that a high resistance to heat transfer across the 

cylinder wall leads to suboptimal performance. The results of Chapter 5 indicate that heat 

recovery is sensitive to factors which define the ability of the ceria to transport heat 

across the cylinder wall. One solution to improve the heat transfer across the cylinder 

wall is an increase in the material thermal conductivity.  An  additional  test  simulation is  



117 

 

 

Figure 7.11: Cross sectional temperature profile, taken at axial midpoint, of 

simulated case with effective thermal conductivity of porous ceria increased by a 

factor of 4.  

performed using the baseline parameters in Table 7.1, but with an artificially increased 

effective thermal conductivity of the porous ceria. The effective thermal conductivity was 

increased for a factor of 4 for all temperatures. The temperature dependence was retained. 

The resulting temperature profile is given in Figure 7.11. Comparing to Figure 7.3, the 

thermal gradients through the ceria wall are reduced by the more effective thermal 

transport across the wall. The inner ceria surface undergoes a larger temperature 

variation, and consequently, temperature variation in the inner cylinder is more 

pronounced. The greater variation in temperature at the ceria inner surface allows for heat 

recovery of 54%, closer to predictions from the heat recovery system model, and 

significantly improved from the design case presented above. The updated case results in 

a TMA,max of 1730 K, an increase of 40 K attributed to the increased heat recovery. Due to 

the  decreased  temperature  gradients,  the  maximum  temperature  of  the  ceria  at  any  
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Figure 7.12: Distribution of the non-stoichiometry δ in the ceria cylinder in the axial 

midplane for the case of increased thermal conductivity.  

location is reduced 62 K to 1877 K. The temperature swing between TMA,max and TMA,min 

is 390 K. Improving the heat transfer across the cylinder wall leads to greater overall 

temperatures due to increased heat recovery without sacrificing the temperature swing 

between the steps. 

Figure 7.12 shows the effect of the increased thermal conductivity on the distribution 

of δ throughout the ceria. The more gradual temperature gradients result in more evenly 

distributed values of δ. The inner section of ceria is better utilized, although the outer 

surface still achieves several times the δ value of the inner surface.  

Increased thermal conductivity provides a significant benefit to the mechanical 

durability of the ceria by reducing the peak temperature and temperature gradients across 

the cylinder wall. The importance of carefully designing the reactor around the transport 

of heat through the cylinder wall is reiterated here. Parameters of the design, including 

the  ceria  cylinder  height  and  outer  diameter are fixed through the design procedure in  
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Table 7.4: Dimensions for cases simulated with results in Figure 7.13 and Figure 

7.15. 

Figure  ω (rpm) r4 –r3 (cm) r4 (cm) r3 (cm) r2 (cm) r1 (cm) Lcyl (cm) 

7.13 0.2 0.5 16.7 16.2 16 15.5 23.5 

7.13 0.2 0.7 14.2 13.5 13.3 12.6 20 

7.13 0.2 1 12 11 10.8 9.8 17 

7.13 0.2 1.5 10 8.5 8.3 6.8 14.1 

7.13 0.2 2 8.8 6.8 6.6 4.6 12.4 

7.15 0.1 1 16.8 15.8 15.6 14.6 23.8 

7.15 0.2 1 12 11 10.8 9.8 17 

7.15 0.3 1 9.8 8.8 8.6 7.6 13.9 

7.15 0.5 1 7.7 6.7 6.5 5.5 10.9 

 

Chapter 6. The design of the ceria cylinder, however, is presently undecided. These 

results indicate that the design of the ceria should be modified to enhance thermal 

transport across the wall thickness. 

7.5.4 Parametric Study 

A parametric study is performed using the reactor heat transfer model for two 

purposes. First, to confirm the behavior found in the parametric study using the heat 

recovery system model for the key parameters of heat recovery, and, second, to evaluate 

the behavior of the selected reactor design with changing operational parameters, such as 

those which would occur during testing. From the parametric study in Section 5.7.2, the 

cylinder wall thickness and rotation speed were determined to be the parameters with the 

strongest impact on heat recovery effectiveness. As done previously, the dimensions of 

the cylinders are adjusted to achieve a constant ceria cycling rate for each case. The 

dimensions for each case are given in Table 7.4. All other parameters are kept at values 

given in Table 7.1.  

The effect of cylinder wall thickness on heat recovery effectivness is given in Figure 

7.13. In Figure 7.14, the effect on maximum and minimum material-average temperature 

is given. As seen with the heat recovery system model in Figure 5.12, thin cylinder walls 

lead to improved heat recovery effectiveness. However, due to the decrease in effective 

thermal  conductivity  between  the  two  studies,  the  heat  recovery  effectiveness  at  a  
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Figure 7.13: Effect of cylinder wall thickness on heat recovery effectiveness. 

 

Figure 7.14: Effect of cylinder wall thickness on maximum (squares) and minimum 

(triangles) material-average ceria temperatures.  
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specific wall thickness is decreased in Figure 7.13, for example from 40% to 20% for a 1 

cm wall thickness. The thickness required for a specific heat recovery effectiveness is 

shifted to lower values. As shown in Figure 7.14, for thick cylinder walls, the maximum 

material-average temperature is increased due to the smaller overall reactor size with 

fewer losses through the body. However, the temperature swing between the steps is 

decreased significantly due to the reduced heat recovery.  

Figure 7.15 shows the effect of cylinder rotation speed on heat recovery effectiveness, 

while Figure 7.16 shows the effect on material-average temperatures. Low rotation 

speeds lead to high heat recovery effectiveness, confirming results of the previous 

parametric study. High rotation speeds lead to greater maximum ceria temperatures, but 

the temperature swing is reduced due to poor heat recovery.  

Even when considering the losses associated with the complete reactor, it is clear that 

greater than 50% heat recovery is possible by allowing for sufficiently low ceria cylinder 

wall thickness and rotation speed. The results indicate that a thinner ceria cylinder wall 

may be used with the current reactor design to achieve an improvement in heat recovery. 

The results here confirm the conclusions regarding wall thickness and rotation sped from 

the parametric study using the heat recovery system model. It is expected that other 

conclusions of the previous parametric study, including conclusions relating to the inert 

cylinder, will be valid for the implemented reactor. 

The above parametric study indicates that improvements in heat recovery are possible 

with changes to the rotating cylinder design, but the changes rely on a redesign of the 

reactor body. With the selected design found in Chapter 6, it is useful to investigate 

whether varying operational settings of the reactor can lead to varied behavior. The 

rotation speed of the cylinders and the heat removal through the heat sink are two 

parameters to be adjusted. In all cases below, other parameters, including geometric 

parameters are kept at the values of Table 7.1. 

Figure 7.17 shows the effect of rotation speed on heat recovery effectiveness and 

Figure 7.18 shows the effect on material-average temperature. Heat recovery is improved 

by slow rotation speeds, but not to the extent seen in Figure 7.15, where increased 

cylinder size allowed for greater heat transfer area in addition to greater time for heat 
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Figure 7.15: Effect of cylinder rotation speed on heat recovery effectiveness. 

 

Figure 7.16: Effect of cylinder rotation speed on maximum (squares) and minimum 

(triangles) material-average ceria temperatures.  
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recovery. With increased rotation speed, the temperature swing achieved in the ceria 

decreases, while the midpoint of the swing is relatively unchanged. Increasing the 

rotation speed with a fixed cylinder size increases the ceria cycling rate. The increased 

mass rate and fixed solar input cause a decrease in temperature changes across the cycle. 

Greater heat recovery and greater temperature swings are achieved at lower rotation 

speeds, but, because of the decrease in ceria cycling rate, efficiency is not improved. 

With reduced rotation speed from 0.2 rpm to 0.1 rpm, heat recovery effectiveness 

increases from 29.6% to 43.9%, while the temperature swing improves from 401 K to 

547 K, but efficiency is decreased from 4.8% to 3.8%. The ceria cycling rate is halved, 

but the efficiency is not reduced as significantly due to the benefits of additional heat 

recovery. The rotation speed can be used to control the temperature swing in the reactor, 

and to achieve greater heat recovery, but greater heat recovery does not necessarily lead 

to greater efficiency due to the change in ceria cycling rate.  

The heat removed through the heat sink qHS provides an expected control over the 

temperature of the ceria in the oxidation zone, which is coupled to the temperature of the 

ceria in the reduction zone. The value of qHS is varied from 300 W to 900 W. Heat 

recovery effectiveness is insensitive to the heat removal, varying from 29.3% to 30.3% 

over the range of heat removal. Temperatures, however, are affected, as shown in Figure 

7.19. Increased heat removal increases the temperature swing, primarily by lowering the 

minimum material-average temperature of the ceria.  Maximum temperatures are less 

sensitive, indicating that the ceria in the reduction zone reaches an equilibrium 

temperature based on re-radiation, losses through the insulation, and heat transferred 

through the ceria, and this equilibrium is reached quickly enough that the temperature of 

the ceria entering the reduction zone is relatively unimportant. The heat sink can be used 

to control the oxidation temperature, but has little effect on the reduction temperature. 



124 

 

 

Figure 7.17: Effect of cylinder rotation speed on heat recovery effectiveness for the 

design geometry. 

 

Figure 7.18: Effect of cylinder rotation speed on maximum (squares) and minimum 

(triangles) material-average ceria temperatures for the design geometry. 
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Figure 7.19: Effect of heat removal by the heat sink on maximum (squares) and 

minimum (triangles) material-average ceria temperatures for the design geometry. 

7.6 Conclusions 

A transient three-dimensional model has been developed to analyze the thermal 

performance of a solar thermochemical reactor for H2O and CO2 splitting via ceria based 

non-stoichiometric redox cycles with solid phase heat recovery. The model couples 

conduction, convection, and radiation heat transfer to reduction and oxidation reactions 

of ceria and solves for heat transfer in the full reactor geometry including the receiver 

cavity and insulation.  

The results presented in this chapter, as well as Chapter 5 identify that the key process 

that enables high levels of heat recovery and effective use of the reactive material is the 

heat transport across the ceria cylinder wall and to the inert cylinder. It is a logical 

conclusion, as the driving thermal conditions in the reactor, the solar radiation in the 

cavity receiver and the heat sink in the oxidation zone, are both applied on the outer 

surface of the ceria. Yet heat recovery only occurs on the inner surface, making the heat 

transport across the wall the key for optimum performance. Several factors determine the 

effectiveness of heat transport across the cylinder wall. The wall thickness and rotation 
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time were found to be key parameters for effective heat recovery because they control the 

distance heat must be transported and the time allowed for transport. Changes to the 

thermal conductivity of the ceria were shown to be important. It is expected that changes 

to heat transport by radiation in the media would have a similar effect, provided the 

radiative heat transport is significant. Providing good thermal performance for the reactor 

is dependent on finding a combination of these factors which allows for effective thermal 

transport across the cylinder wall. No single factor is most important. For each material 

with specific conduction and radiation transfer, a different geometric design will be 

optimum. A detrimental upper limit on the heat transfer across the cylinder wall is 

expected because heat transported too quickly away from the reduction zone will limit 

the temperature swing provided by the reactor. A balance must be struck by evaluating 

both the heat recovery effectiveness and the temperature swing provided to the ceria.  

With the reactor it is possible to provide a heat recovery effectiveness of 50% with a 

temperature swing between the two chemical steps of 400 K or larger. In order to achieve 

good performance with the design dimensions selected for the prototype in Chapter 6, 

heat transport across the ceria cylinder wall should be enhanced from the considered 

design with a monolith ceria material. A limiting factor is the low thermal conductivity at 

high temperatures, which was not considered in the preliminary design selection. It is 

likely that a thinner cylinder would be selected if the parametric study described in 

Chapter 6 were to be performed considering temperature dependent thermal conductivity. 

A number of options exist for improving the heat transfer across the ceria cylinder wall, 

including using a thinner wall or a slower rotation to allow additional time for the thermal 

transport. The material can be modified for different thermal conductivity characteristics 

by varying porosity, or with different radiative properties, achieved with a change in 

morphology. One alternative to the current design is to use a reticulated porous ceramic 

(RPC) material which provides more effective heat transport within the material due to 

radiative heat transfer. For example, the Rosseland conductivity krad in Equation (5.18) 

can be used as a reference. For monolith ceria with β = 20,000 m
-1

, at 1773 K, krad = 0.08 

W m
-1

 K
-1

, for a total krad + kc = 0.25 W m
-1

 K
-1

. A RPC with β = 200 m
-1 

has krad = 8.4 W 

m
-1

 K
-1

, and krad + kc = 8.5 W m
-1

 K
-1

, over an order of magnitude increase in effective 
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thermal transport. RPC materials also have advantages of being less costly to produce 

and, being a proven material, more fabricators exist with experience manufacturing 

ceramic RPC materials. As described in Appendix A, current modeling techniques make 

investigation of the non-optically thick RPC materials infeasible, but application of 

advanced Monte Carlo methods like pathlength methods [116] or approximations such as 

the P1-method [89] could allow investigation with only changes to the model in the 

radiative heat transfer solution. 

The efficiency predicted for the selected design would be higher than any 

demonstrated to date in solar non-stoichiometric redox reactors, but the efficiency 

predictions are subject to simplifying assumptions, particularity those relating to 

chemical rate expressions and the distribution of gas species. The model is used primarily 

to evaluate the reactor based on temperatures and heat recovery, while some comparative 

evaluations are based on fuel production and efficiency. For better evaluation of the 

efficiency, more detail in the model of chemical reactions is desirable. 

The control of heat recovery and ceria temperatures in operation of the reactor can be 

achieved to some extent by varying the rotation speed of the cylinders and heat removal 

by the heat sink. Slower rotation speeds are shown to improve heat recovery and 

temperature swing, but not necessarily efficiency. Heat removal from the heat sink can 

control the oxidation temperature to ensure proper conditions for the oxidation reaction, 

but is a poor control for the reduction temperature. Better methods to control maximum 

temperature are by adjustments to the rotation speed and varying the solar input to the 

reactor. 

The reactor model allows for prediction of the heat losses due to various mechanisms. 

Similar amounts of energy are lost to re-radiation, heating gas flows in the reduction and 

oxidation zones, and to losses through the insulation. A similar finding resulted from the 

thermodynamic analysis of Chapter 4 for systems providing peak efficiency. The heat 

losses to the gas flows are modeled assuming that flow does not enter the porous ceria 

and heat is exchanged to a fixed temperature using the full area of the ceria cylinder 

surface. The flow behavior is expected based on preliminary fluid flow simulations, but is 

dependent on morphology of the material and flow arrangement and velocity. A coupled 
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model of fluid flow and heat transfer could improve understanding and confidence in the 

modeling of convective interactions. 

Compared to the temperatures predicted in similar cases of the heat recovery system 

model, the maximum temperatures predicted by the reactor model are lower and there is 

less of a temperature swing between the high and low temperature zones. Several factors 

are at cause. Losses through the insulation and accounting for the non-uniform 

distribution of solar radiation in the cavity lower the maximum temperature. Chemical 

reactions lower the maximum temperature due to the endothermic reduction while raising 

the minimum temperature due to the exothermic oxidation reaction. The above factors 

indicate that the maximum temperatures and temperature swing were overestimated by 

the heat recovery system model and predictions are more accurate for the reactor model. 

It is recommended that similar analyses consider the effects of the cavity, including non-

uniform distribution of radiation, the insulation, chemical heat source term, and 

temperature dependent thermal properties to accurately estimate temperatures. Due to 

little variation in the ceria in the axial direction, a two-dimensional model may be 

sufficient for most investigations if the other factors are included. 
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8. SUMMARY AND OUTLOOK  

Solar non-stoichiometric redox cycling is a promising and emerging solution to the 

need for renewable fuels. It can address major limitations of solar energy, allowing more 

widespread application by producing transportable chemical fuels. Improving the 

efficiency of these processes is necessary to achieve cost competitiveness. Heat recovery, 

applied to both the gas and solid phases, has been identified as a key to development of 

high efficiency solar reactors to implement non-stoichiometric redox cycles. To optimize 

the reactor design and provide performance predictions, detailed modeling is required due 

to the complex interactions of heat and mass transfer, and chemical reactions.  

A thermodynamic system analysis was applied to a general solar reactor for 

continuous non-stoichiometric redox cycling. For the conditions studied, reactor 

efficiency was improved from 4% to 16% by applying heat recovery to the solid and gas 

phases. These results are the first to consider the efficiency improvements by heat 

recovery when considering a non-stoichiometric redox cycle realized in a reactor. Due to 

the significant efficiency improvement shown, heat recovery should be considered for the 

design of future reactors. Moderate heat recovery applied to both phases provides greater 

efficiency benefit than aggressive heat recovery applied to only one phase, indicating that 

both types of heat recovery should be used if possible. It is recommended that, if inert 

sweep gas is to be used to promote the reduction, flow rates of less than one-hundred 

times oxygen release be used. At higher flow rates, the extra energy needed to heat gas 

products outweighs benefits of additional reduction of ceria. Advanced materials are a 

useful path for efficiency improvements, and will be of most benefit by allowing for 

lowered temperature at a specific reduction state, rather than an increase in non-

stoichiometry at a fixed temperature. 

A reactor was presented which provides continuous cycling of ceria for solar-driven 

fuel production, and heat recovery from the solid phase by a counter-rotating cylinder 

arrangement. In order to design the reactor for high efficiency, heat transfer modeling 

was applied with a focus on predicting the heat recovery possible with the counter-

rotating cylinder design. An initial, simplified model considered the heat recovery system 
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and surrounding boundary, implementing energy conservation equations using a two-

dimensional finite volume method. Radiative heat transfer was analyzed by variants 

based on the Monte Carlo method and the Rosseland diffusion approximation. The model 

was found to be useful for evaluating the parameters of the rotating cylinders with respect 

to heat recovery. The precooling and preheating zones performed as desired, with the full 

length of the precooling zone used to recover heat from the ceria, and the full length of 

the preheating zone used to return heat to the ceria. The simulations provided the first 

numerical validation of the heat recovery concept for the reactor, showing that it has the 

potential to provide over 50% heat recovery from the solid reactant. A parametric study 

was performed to identify the key parameters for heat recovery. The thickness of the 

ceria cylinder wall and the rotation speed were determined to be the most important 

parameters, with thin cylinder walls and low rotation speeds leading to high heat recovery 

effectiveness. Heat recovery is insensitive to material properties of the cylinders over 

most of the ranges studied, with exceptions leading to poor heat recovery if the cylinders 

are highly reflective ( < 0.3) or if the inner cylinder is strongly insulating (kc < 2 W m
-1

 

K
-1

). An additional parametric study using the simplified model, along with additional 

analysis of reactor components, was used to select optimum design parameters for a 

prototype reactor to be fabricated and tested.  

The selected design was analyzed with an expanded three-dimensional heat transfer 

model solving coupled equations for energy conservation within the rotating cylinders, 

resistive heat transfer through insulation, radiation in the cavity-receiver, and chemical 

reactions within the ceria. It was shown that the inclusions of the cavity, insulation, and 

chemical reactions affect the temperatures predicted in the ceria, but do not greatly affect 

the calculated heat recovery, while the three-dimensional geometry of the cylinders had 

little effect on either. Therefore, the simplified heat recovery system model is a suitable 

tool to determine a cylinder design which will lead to high heat recovery effectiveness, 

but, in order to predict the temperatures and temperature swing achieved in the ceria, a 

more complete model including the cavity, insulation, and chemical heat source term is 

necessary, although it may be suitable to limit the analysis to two dimensions.  
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Using the expanded reactor model, a temperature swing of 400 K, promoting the 

chemical reactions, was determined to be possible for the selected design. By considering 

the chemical reactions, the efficiency was calculated as 4.8%. Efficiency based on a 

uniform reduction temperature in the thermodynamic analysis appears to over-predict the 

efficiency of a reactor with the considered design. However, the efficiency from heat 

transfer is subject to modeling limitations caused by simplifying assumptions in the 

calculation of non-stoichiometry, with reaction rates not considered and gas distributions 

assumed. Accurate prediction of the efficiency likely requires implementing not only 

chemical rate expressions, but a modeled distribution of gas composition, both of which 

were outside the scope of this work.  

Using parametric studies with the expanded reactor model, it was shown that the 

temperatures and heat recovery in the selected design can be controlled by adjusting 

rotation speed and heat removal from the oxidation zone. Both can be used to control the 

temperature swing, with rotation speed reducing the temperature swing around a fixed 

mean value, and heat removal decreasing the oxidation temperature. An adjustment of 

solar input power is expected to be the best option for controlling the reduction 

temperature independently. 

The results obtained with the two heat transfer models showed that considering a 

material with increased thermal conductivity would improve performance over the 

selected design. Limitations occur when heat transport across the ceria cylinder wall is 

not effective. The driving forces of the temperature distribution, the solar input and heat 

removal through the heat sink, are applied to the outer surface, while heat recovery only 

occurs on the inner surface, requiring effective heat transport between these locations.  

This is the reason the key parameters found through the parametric study were the 

cylinder wall thickness and rotation speed. The thermal conductivity and radiative 

transport are the other determining factors of how heat is transported across the cylinder 

wall.  

Compared to the selected design, improved performance can be gained by reducing 

the ceria cylinder wall thickness or using a ceria morphology which increases conductive 

or radiative heat transport. In order to achieve high efficiency in the prototype reactor or 



132 

 

for similar reactor designs, the heat transport across the cylinder wall must be carefully 

considered, with cycle time, wall thickness, and conductive and radiative material 

properties of the ceria cylinder the most important parameters. 

Few solar-driven non-stoichiometric redox reactors have been demonstrated, and 

fewer still with heat recovery. The reactor presented in this work holds great potential for 

reaching unprecedented demonstrated efficiency.  The detailed heat transfer analysis 

guided thermal design of the reactor components and provided an understanding of the 

effects of operating conditions on the expected performance of the reactor for future 

testing.  

The coupled solution of heat transfer and chemical reactions in porous irradiated 

material is important for solar thermochemical processes, including those other than non-

stoichiometric redox cycles. The methodology presented is applicable to simulating 

systems in which radiative transfer is coupled to chemical reactions in moving media. By 

developing techniques appropriate for application on three-dimensional domains and 

demonstrating a coupled solution considering various reactor components, the methods 

described are suitable for other solar thermochemical reactors. The importance is 

applying detailed modeling to these reactors is proven by results of the current work 

which showed that variations in certain parameters greatly affected reactor performance.   

The primary limiting factors of this research are the complexity of the heat transfer 

problem and the availability of fundamental information. Due to complexity, 

simplifications were needed to several aspects of the problem to solve all in a coupled 

manner. By developing the model in stages, early simulation results allowed for the 

identification of the areas where additional complexity would provide the greatest 

modeling benefit. Although multiple primary thermal processes were included, the 

reactor model did not include fluid dynamics modeling of the gas flows, which is itself a 

significant undertaking, and a topic of parallel research. A coupled solution of heat 

transfer and fluid mechanics would be desirable to most accurately simulate reactor 

performance.  

Without a solution for the distribution of gas species, and due to unavailability of 

chemical rate expressions, the modeling of chemical reactions is limited. The current 
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analysis presents results primarily in terms of heat recovery effectiveness and 

temperatures, which are less directly tied to the chemical modeling. This approach is 

suitable to design the reactor for effective heat recovery, which can be connected to 

efficiency through the thermodynamic analysis. Future work allowing for improved 

confidence in efficiency estimation from reactor simulations would be useful, but 

requires detailed modeling of chemical reactions coupled to gas species distributions. 

Limited information on material properties is available at the conditions needed for 

the simulation of the solar thermochemical reactor. Specifically, high-temperature 

thermal properties and spectral, temperature-dependent radiative properties are desired. 

In some cases, it is required to apply properties at conditions outside of the measurement 

range. In other cases, theoretical models to predict properties based on morphology of 

porous materials and bulk properties can be used, but cannot be validated due to lack of 

experimental data. Sensitivity studies should be leveraged to identify properties to which 

the results are insensitive and those which must be carefully considered in the design.  

Future work on thermal modeling of the reactor should extend the model to account 

for additional physics, and contribute to the ongoing effort to design, build, and test a 

prototype reactor. Additional simulations can predict the behavior to be seen in reactor 

testing and with alternative designs of the ceria and inert cylinders. Varying 

morphologies of the reactive ceria can be studied, ranging from a ceria monolith with 

microscale pores, to a reticulated porous ceramic ceria with milliscale pores. To study 

RPC materials, the model will require changes to the radiative heat transfer solution, 

possibly using an advanced Monte Carlo method or the P1-approximation.  

As new information on material properties and chemical data become available, they 

should be integrated into the model. Other improvements, such as modeling the drive 

train components, removing the adiabatic assumption on the inside of the inner cylinder, 

and discretizing the insulation in three dimensions may prove useful. Improving the 

chemical reaction modeling and modeling fluid mechanics and fluid phase heat transfer 

will provide the largest gains in the ability of the model to predict reactor performance 

and evaluate designs. 
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APPENDIX A: RADIATIVE MODELING FOR RPC MATERIALS 

It is useful to investigate the accuracy of the two radiative heat transfer model 

variants with respect to predicting the performance of different material morphologies for 

the reactive ceria cylinder. The analysis of this work considers a ceria monolith for all 

simulations, but an alternative is a reticulated porous ceramic (RPC) material. A ceria 

RPC was demonstrated for chemical cycling by Furler et al. [42]. Ceria and other ceramic 

RPC’s are described in [84,98–100]. In the case of the monolith ceria and a wall 

thickness of 8 mm, as selected in Chapter 6, the optical thickness of the cylinder wall is 

160, so the Rosseland diffusion approximation is expected to be valid. For a thicker 2.2 

cm wall and an RPC with β = 200 m
-1

 optical thickness is approximately 4, so the 

requirement of an optically thick material is possibly not met for variant B. In order to 

determine if variant B can be used to provide accurate radiative heat transfer for an RPC, 

the two variants are compared with a simple, one-dimensional model, which is used to 

speed computation time. The model treats heat transfer through a slab of material 

irradiated on one side, roughly approximating the cylinder wall in the reactor, using 

variant A as a reference solution to evaluate variant B. The differences in the predicted 

temperatures are the results of interest.  

The one-dimensional domain is shown in Figure A.1. The outer surface is irradiated 

with flux solarq  = 860 kW m
-2

 the approximate peak flux from the cavity for the baseline 

case in Chapter 6, while the inner surface faces a wall at specified temperature. The inner 

surface approximates the alumina inner cylinder, with = 0.7 and Tinner = 1400 K.  

The temperatures within the domain are initially set to T0 = 1500 K and are solved for 

by a simplified transient energy conservation equation: 

 c radp

T
c k T

t



   


q  (A.1) 

The two variants of the radiative heat transfer model are applied to solve for the 

divergence of radiative heat flux rad
q . The boundary conditions vary for the two 

methods, as  radiative  flux on the boundaries of the  domain is treated  within the  Monte  
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Figure A.1: One-dimensional domain used to assess the applicability of the 

Rosseland diffusion approximation to the modeling of RPC materials. 

Carlo method which then delivers a radiative source term, but is applied as a boundary 

condition for variant B.  

The boundary condition at l = 0 is set to approximate convective cooling, and for 

variant B, includes components of incident and emitted radiation.  
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And the boundary condition at l = L is set to only allow for radiative transfer across 

the inner gap, which is treated either within the Monte Carlo method of variant A, or by 

radiative heat transfer between parallel plates in variant B 
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Note that because the Rosseland diffusion approximation requires treatment of the 

surface  as  opaque,  an  emissivity  is  required  for  the  ceria  only  for  variant  B.   The  
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Table A.1: Material property values used for the evaluation of the Rosseland 

diffusion approximation for RPC modeling. 

Property Symbol Monolith RPC 

Porosity (%) ϕ 75 90 

Thickness (cm) L 0.8 2.2 

Extinction Coefficient (m
-1

) β 20,000 350 

Scattering Albedo ω 0.95 0.9 

Density (kg m
-3

) ρ 1783 713 

Thermal Conductivity (W m
-1

 K
-1

) kc 0.17 0.12 

 

simulations are run from the initial condition until steady state is reached. The results of 

the Monte Carlo simulation are taken as the reference solution. The temperatures and 

radiative source terms are used to determine the applicability of the Rosseland Diffusion 

Approximation.  

The material properties of the monolith and RPC ceria material are given in Table 

A.1. Property values are considered temperature independent and taken for a temperature 

of 1773 K. An RPC is expected to be more porous than the monolith, so slab thickness is 

increased to allow for equal mass of material in the reactor for the two cases. Radiative 

properties for the monolith are approximated from [82], while radiative properties for the 

RPC are approximated from measurements of a 10 ppi zirconia RPC in [98] and 

confirmed for a ceria RPC in [100]. Thermal conductivity of the porous materials is 

approximated with the geometric relationship in Equation (5.8). 

Each of the two material is simulated with variant A, and variant B assuming a 

surface emissivity of 0.1 and 0.7, to allow for the unknown effective surface behavior of 

the materials. The steady state temperatures for the monolith is given in Figure A.2, and 

for the RPC in Figure A.3. 

In both cases, it is clear that variant B assuming a 0.1 surface emissivity does not 

capture the temperature profile well. The temperature difference across the domain is 

well under predicted for both cases using = 0.1. Variant B using = 0.7 captures the 

trend of the temperature profile for the monolith well. The average absolute deviation is 

19 K, and is below 20 K for the majority of the domain. The greatest differences between 

the two methods  occur near the  irradiated  surface where  deviations of up to 60 K occur  
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Figure A.2: Steady state temperature profile of the one-dimensional domain 

modeling monolith material. 

 

Figure A.3: Steady state temperature profile of the one-dimensional domain 

modeling RPC material. 
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over a narrow area. This is consistent with results from validation simulations in Chapter 

5 at the highest temperature and highest surface flux condition in the reactor. It is 

expected that in other locations of the ceria where radiation is less dominant, the methods 

will provide closer matching results.  

For the RPC materials, the two variants do not produce the same temperature profile 

shapes. Variant B under predicts temperatures by up to 80 K in the center of the domain 

while over predicting by up to 80 K at the surface. Variant B predicts the greatest 

temperatures to occur at the surface, while variant A results in a peak temperature within 

the domain. Average absolute deviation is 60 K. Minimum temperatures on the inner 

surface of ceria are very closely predicted for the two cases, indicating that heat recovery 

performance estimates may be similar for the two methods.  

Note that, due to greatly enhanced heat transfer by radiation, for all methods, the RPC 

material have less temperature differential across the 2.2 cm thickness than the Monolith 

material has across a 0.8 cm thickness. This indicates that not only can RPC materials 

with lower porosity be used effectively in place of a denser monolith by making the wall 

thickness larger, RPC material may allow for a smaller overall cylinder with even thicker 

wall, leading to a smaller reactor body. 

Due to the very different shapes of the temperature profiles for the two variants, it is 

currently advised that variant B not be used to predict performance of the reactor using 

RPC, especially when estimating ceria temperatures for stress analysis. Stress analysis 

relies greatly on the temperature gradients and locations of temperature peaks, both of 

which are poorly captured by variant B for RPC. Monte Carlo methods, or other 

advanced radiative modeling techniques should be investigated. Presently, the long 

computational time of variant A and unsuitability of the current variant B model prevents 

investigation of the performance of an RPC material in the current reactor design. All 

current analysis will focus on modeling of a monolith ceria material. 
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APPENDIX B: MODEL IMPLEMENTATION  

B.1 Program Overview 

The heat transfer models are implemented by a custom in-house Fortran code. The 

code is designed to be highly modular for ease of modification and substitution of 

methods to treat individual physics. Input parameters are designed to be flexible enough 

to easily run simulations with a variety of parameter values. The general flow chart of the 

implemented simulation is given in Figure B.1. A settings file is used to initialize the 

simulation, which contains geometric parameters, system parameters such as solar input 

and convection coefficients, and numerical settings such as grid size and the number of 

Monte Carlo rays. Using these inputs, the grid parameters such as cell center locations are 

allocated and calculated, and grid variables like temperature are allocated. Constants and 

values which can be calculated once for the simulation, like coefficients on certain energy 

balance terms are calculated before time stepping is started for maximum efficiency. The 

Monte Carlo method is used to defined view factors and the solar irradiation. These are 

only performed once per simulation, so a high number of stochastic rays can be used. 

Temperatures and other variables are initialized and time stepping is started. At each time 

step, first, radiative transfer between opaque surfaces is computed using the net radiation 

method. The radiative heat fluxes are used, along with convective calculations, to define 

the boundary conditions on the cylinder and insulation surfaces. Each term of the energy 

balance is computed, and temperatures of the cylinders and insulation are updated. At 

intermediate time steps, some key information, such as temperatures and chemical states 

of the cylinders and heat recovery effectiveness are output to files to determine how they 

evolve during the transient portion of the simulation. When the final time is reached, a 

more complete set of results is calculated and output to file. These results include heat 

fluxes between all components, heat transfer at each cell by each component of the 

energy balance, heat losses due to various mechanisms, and specific formatted results 

which are used for plotting. 
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Figure B.1: Flow chart for the simulation code. 
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Figure B.2: Hierarchy diagram of modules contained within Fortran simulation 

code. 
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B.2 Module Descriptions 

The code is designed to be highly modular for ease of understanding, debugging, and 

modification. In order for future researchers to make use of the developed code, each 

model is briefly described here along with the interactions with other modules.  

Figure B.2 shows the hierarchy of modules within the simulation code. The hierarchy 

is top down: modules only use from those lower on the diagram. Each module, along 

with its filename is given on the diagram. The numerical simulation is designated RS1, 

hence the designator on each filename. Not every module lower on the diagram is used, 

but the connections are numerous, so they are not shown. For example, the RS1_vars and 

RS1_mats modules are used by all modules above except the Main and Initialize 

modules. The Constants module defines variable types used throughout the simulation, so 

it is used by every module. The Radiation module is used to define boundary conditions 

which are used by the Conduction and Solver modules, hence their order in the hierarchy. 

The Chemical Source Term, Conduction, Advection, and Solver modules are independent 

of each other. In each of these modules, no variables used in other modules are stored 

locally. Material properties and geometric values are used from their respective modules, 

while grid variables to transfer energy balance information, such as values of the 

conductive or advective terms are defined in the Variables module and used from there. 

The Initialize and Time Stepping modules only call functions within these four modules 

which either initialize by setting up internal variables, or perform the energy balance 

calculations each time step. The Outputs module will create a folder for each simulation 

with a three digit numerical designator which is also included in each output file. Many 

files are generated in this folder to handle relevant output information. The settings file is 

also copied to the folder to provide reference for the simulation which was run. Note that 

the compiled code also depends on the TSL library for random number generation 

available through the University of Minnesota Solar Laboratory web site. 

Below is a brief description of each module. 

RS1_Main.f90: The top level component of the simulation. Only contains calls to do, 

in order, initialization, time stepping, and final output. 
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RS1_ini.f90: The initialization routine. No calculations are done within this module. 

It contains a subroutine which runs several initialization subroutines contained in other 

modules, beginning with reading of the settings file, allocation and calculation of 

variables, allocation and calculation of coefficients within various energy balance term 

modules, and initial file output setup. 

RS1_step: Tracks time progress of the simulation. It updates the time step and calls 

subroutines from energy balance term modules which update respective terms. Then the 

subroutine from the Solver module is called to update temperatures and at certain time 

steps, output subroutines are called.  

RS1_output.f90: Contains subroutines which do initial output, output during time 

stepping, and final output. Initial output includes setting up file folders and copying the 

settings file. Output during time stepping includes outputting files which give the 

temperature and chemical state of the cylinders at selected time intervals. Files follow a 

naming convention of XresultXXidX_XnumX, which the type of results is given in 

XresultX, the ID number of the simulation given XidX as a three digit integer, and 

XnumX is a three digit integer which is incremented with each output of data during the 

simulation. Final outputs include a complex set of data such as temperatures and 

chemical states of reactor components and computed values such as heat loss rates, 

average temperatures and heat fluxes, heat recovery effectiveness, and fuel production 

rates. All final results follow a naming convention of FinalResultsXresultXXidX similar 

to previously described files. 

RS1_src.f90: Contains two subroutines, one to allocate and initialize variables 

internal to the Chemical Source Term module, and one to solve for the chemical state and 

chemical heat source term of the energy balance at each time step. 

RS1_cond.f90: Contains two subroutines, one to allocate and initialize variables 

internal to the Conduction module, and one to solve for the conduction term of the energy 

balance at each time step. Boundary conditions are applied to surface cells using 

information from RS1_BCs.f90. 
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RS1_adv.f90: Contains two subroutines, one to allocate and initialize variables 

internal to the Advection module, and one to solve for the advection term of the energy 

balance at each time step. 

RS1_solve.f90: Contains two subroutines, one to initialize constants used for 

updating of temperatures, and one to update temperatures at each time step. Updating 

temperatures is done for the rotating cylinders, and for insulation components. For 

insulation, this module computes the heat losses through the insulation to ambient 

temperatures. 

RS1_BCs.f90: Computes the boundary conditions on the surfaces of solid 

components in the domain. Uses output from radiative solver, with a specific map 

between the array of output radiative fluxes and the various surface elements within the 

reactor. Also computes the convective heat flux on the ceria surface to apply to the 

boundary. 

RS1_rad.f90: Contains two primary subroutines, plus a number of supporting 

subroutines and functions, including geometric functions used for ray tracing and matrix 

solving. An initialization subroutine contains several sections to first allocate arrays of 

view factors, fluxes, and matrices used in the net radiation solution. The allocation 

follows a map to the surface elements based on the defined grid on subdomains. The 

initialization routine runs a Monte Carlo simulation to determine view factors between 

surface elements and another to determine the incidence location of solar radiation. The 

second primary subroutine solves the net radiation matrix equations by setting terms in 

the matrix equation and solving the matrices using LU decomposition subroutines. 

RS1_vars.f90: Using input from the Settings module, geometric variables like grid 

locations, areas, and lengths are calculated. Variable arrays which are used by multiple 

modules are allocated and initialized here, including the arrays for terms of the energy 

balance. Individual variables calculated once, such as aperture radius and the flux on the 

heat sink are calculated here as well.  

RS1_mats.f90: This module is used to select materials for various subdomains. It 

includes use statements mapping properties of specific materials to properties of 

subdomains. For example, the Material Properties module contains properties of zirconia 
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and alumina. Either of these sets can be used as properties for the inert cylinder, 

subdomain B, but uncommenting specific lines in this module. 

RS1_settings.f90: This module simply reads the input file RS1_settings.dat and maps 

the values from the file to variables within the simulation. The file contains information 

about geometric parameters, thermal settings, and numerical settings. By including 

various settings in an input file, the simulation can be run with great flexibility without 

the need to recompile the code. The code uses a structured cylindrical grid, but the 

number of cells in each direction is set with the settings file. The code is able to allocate 

arrays and define spacing based on inputs from the file. 

RS1_props.f90: A number of constants and functions are defined that give material 

properties for various materials. The properties do not correspond to any specific 

subdomain, but are assigned by the Materials Selection module. Many properties are 

functions of temperature or wavelength, so the syntax of function calls is defined 

accordingly. Also defined here is the number of wavelength bands to use in the band-

averaged methods for radiation solving.  

RS1_const.f90: Defines general constant values including variable types and physical 

constants such as the Stefan-Boltzmann constant and pi. 
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APPENDIX C: PROPERTIES OF HIGH TEMPERATURE RIGID INSULATION 

Table C.1: Collected property data of commercially available high temperature rigid insulation. 

       

Max Use 
Temp (C ) 

 
Shrinkage (%) 

  

Compressive 
Strength 
(MPA) 

Thermal Conductivity 
(W/M/K) 

    

Company Name % AL2O3 
Other 
Mat. Binder 

Density 
(lb/ft3) Porosity Cont. Int. 

Melting 
Point (C) 1700 C 1800 C 1500C 1600C 10% 2% 250C 800C 1350C 1650C 

Coeff. Of 
Th. Exp. 
(10-6/C) 

Est 
Cost 
($/in3) 

Max St 
Thickness 
(in) 

Estimated 
Resistance to 
Hydrogen (** 
estimated) 

Zircar Ceramics SALI-2 80 
 

Silica 32 84 1800 1830 1870 0 3 (24 hr) 
  

1.04 
 

0.15 0.25 0.34 0.39 6.2 2.38 2 
Poor (high 
weight loss) 

Zircar Ceramics AL-25 80 
 

Silica 25 
 

1700 
 

1870 3 (24hr) 
    

0.24 0.11 0.16 0.23 0.27 
 

0.98 2 
Poor (high 
weight loss) 

Zircar Ceramics ZAL-45 85 
 

Silica 45 70 1650 1700 1870 
  

0 (1hr) 3 (1hr) 4.48 2.75 0.16 0.23 0.36 0.43 5 3.39 1 ** Poor 

Zircar Ceramics ZAL-45AA 97 
 

Alumina 45 70 1550 1600 1870 
  

2 (1hr) 6 (1hr) 3.1 2.07 0.16 0.23 0.36 0.43 7.5 3.01 1 ** Good 

Zircar Ceramics AL-30 85 
 

Silica 30 85 1600 1700 1870 3 (24hr) 
 

1 (24hr) 
 

2.76 0.65 0.09 0.16 0.23 0.27 5 1.73 1.5 ** Poor 

Zircar Ceramics AL-30AA 97 
 

Alumina 30 85 1500 1600 1870 8 (24hr) 
 

2 (24hr) 
 

0.72 0.36 0.09 0.16 0.23 0.27 7.5 1.69 1.5 ** Mid 

Zircar Ceramics ZAL-15 85 
 

Silica 15 93 1550 1650 1870 3 (1hr) 
  

1 (1hr) 0.74 0.21 0.06 0.12 0.25 
 

5 1.13 1.5 ** Poor 

Zircar Ceramics ZAL-15AA 97 
 

Alumina 15 93 1500 1600 1870 6 (1hr) 
  

2 (1hr) 0.44 0.05 0.06 0.12 0.25 
 

7.5 1.34 1.5 

Mid (4% 
shrinkage at 
1450C, 7% 
weight loss 

Zircar Zirconia M-45 85 
 

Silica 45 70 1600 
 

1870 2 (1hr) 
    

4.13 
    

5 
  

** Poor 

Zircar Zirconia M-35 80 
 

Silica 39 80 1800 
 

1870 0 (1hr) 
    

1.83 
    

5 
 

2 ** Poor 

Zircar Zirconia M2-35 80 
 

Mullite 35 83 1725 
 

1870 0.6 (1hr) 
    

1.72 
    

5 
 

1.5 ** Mid 

Zircar Zirconia A-30 97 
 

Alumina 30 85 1600 
 

1870 1.4 (1hr) 
    

0.54 
    

7.5 
 

2 ** Good 

Zircar Zirconia M-15 80 
 

Silica 15 93 1600 
 

1870 4 (1hr) 
   

0.72 0.21 
    

5 
  

** Poor 

Zircar Zirconia A-15 97 
 

Alumina 15 93 ?? 
 

1870 ?? 
   

0.44 
     

7.5 
  

** Good 

Zircar Zirconia ZYFB-3 
 

YSZ Zirconia 30 92 1650 
 

2590 3 (24 hr) 
   

0.29 
 

0.08 0.11 0.19 0.24 10.7 
 

1.5 High (1% loss) 

Zircar Zirconia ZYFB-6 
 

YSZ Zirconia 60 84 1650 
 

2590 2 (24 hr) 
   

1.59 
 

0.16 0.19 0.25 0.27 10.7 
 

1.5 High (2% loss) 

Zircar Zirconia ZYZ-3 
 

YSZ Silica (5%) 30 91 1650 1700 2200 2 (24 hr) 
   

0.39 
 

0.08 0.11 0.19 0.23 9 
 

1.5 
 Zircar Zirconia ZYZ-6 

 
YSZ Silica (5%) 60 85 1650 1700 2200 3 (24hr) 

   
0.29 

 
0.16 0.2 0.25 0.27 9 

 
1.5 

 RSI T-Cast (15) 97 
 

Alumina 15 
 

1600 1650 1850 
   

5 max 0.23 
 

0.06 0.13 0.26 0.29 
   

** Good 

RSI T-Cast (30) 98 
 

Alumina 30 
 

1600 1650 1850 
   

5 max 0.23 
 

0.09 0.16 0.23 0.26 
   

** Good 

RSI Gemcolite-A 50 
 

Silica/org 15 
 

1450 1650 
   

2.5 
 

0.12 
 

0.07 0.14 0.27 
    

** Poor 

Unifrax Fiberfrax LD ~50 
 

Silica/org 15 
 

1150 1260 1760 
   

<5 at 
1150 3.08 

         Unifrax Fiberfrax 3000 ~75 
 

Silica/org 12 
 

1480 1650 1870 
  

< 2 
 

1.96 
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Provided here are material properties obtained through a web search of available 

information on rigid high-temperature inert insulation materials which can be fabricated 

to shape as needed for the reactor. The information was used to make preliminary 

selection of insulation materials for the reactor. Zircar Ceramics AL-30AA was selected 

as the material for the inner layer of insulation at highest temperature, while Zircar 

Ceramics ZAL-15AA was selected for outer layers. It was noted that Zircar Zirconia A-

30 and A-15 would be equally suitable. Suitable materials are dominated by those made 

by sister companies Zircar Ceramics and Zircar Zirconia. Materials made by Unifrax and 

RSI are the only other machinable insulation found that is stable at over 1000 C, but most 

of these materials are rated for lower temperatures that those made by the Zircar 

companies. RSI T-Cast may be a suitable substitute, but little characterization 

information is available, so it is difficult to compare to the selected materials. 
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APPENDIX E: COMPUTATIONAL CODE 

Included with this dissertation is the computational code used to produce the results 

contained in this dissertation. 


