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ABSTRACT OF THE DISSERTATION 

Exploring Novel Combustion Challenges associated with High Pressure and 

Temperature Solid Oxide Fuel Cell/Gas Turbine Hybrid System Design 

by 

Daniel J. Jaimes 

Doctor of Philosophy in Mechanical and Aerospace Engineering 

University of California, Irvine, 2020 

Professor G. Scott Samuelsen, Chair 

  

Comprehensive computational models are developed to explore the application of flameless 

combustion for two significant components of a solid oxide fuel cell (SOFC) gas turbine (GT) 

hybrid power system: an off-gas burner, and an eductor. Flameless combustion, a regime in which 

fuel reacts with a high temperature low oxygen content oxidizer, is appropriate for these 

applications given a characteristically low stable adiabatic flame temperature and reduced 

pollutant emissions. 

In this study, the operation of an off-gas burner and an eductor in the non-traditional 

flameless combustion regime are explored and investigated. For the off-gas burner application, 

highlight while alternatives to flameless combustion, such as porous media and catalytic off-gas 

burner designs, have produced promising results for the stable conversion of diluted SOFC off-

gases, the systems are complex and expensive. For the eductor application, the high temperature 

recycled anode off-gas is mixed with low-oxygen content fuel. Facilitating these optimal 

conditions within the eductor promotes removal of oxygen in the mixed gas stream, thereby 

eliminating or reducing the size of an expensive catalytic oxidizer between the eductor and the 

SOFC inlet. The present research involves developing chemical kinetic models and computational 
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fluid dynamic (CFD) models, simulating operation in the flameless combustion regime, and 

performing statistical analyses of the results to determine statistically significant design factors.  

Numerical modeling using chemical reactor networks (CRNs) was validated based on literature 

data and then used to analyze the associated chemical kinetics for flameless combustion within 

each component. Higher dimensional modeling, performed using updated CFD models, 

incorporated both the CRN results as well as important turbulent combustion and physics. 

For the aforementioned applications, an increase in temperature and/or pressure promoted 

key reactions for producing and sustaining flameless combustion. Optimal design criteria for inlet 

mass flow rates for the off-gas burner application, and inlet stream temperatures for the eductor 

reactor application, are established utilizing a systematic method and significant statistical analysis 

tools. Insight from chemical kinetic modeling is essential for exploring the practical limits of the 

flameless combustion regime as they are uniquely tied to application-specific operating conditions 

such as residence time, temperature, pressure, and reactant composition.
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1 INTRODUCTION  

1.1 MOTIVATION 

1.1.1 Increased Utilization of Renewable and Waste Fuels 

The three major sources of energy for the generation of electricity are fossil fuels (coal, 

natural gas, and petroleum), nuclear energy, and renewables as can be seen in Figure 1. Fossil fuels 

constituted 63% of the share of total sources last year in the U.S. (U.S. EIA 2019). The main 

consequences of the continued use of fossil fuels are the emission of greenhouse gases (GHG) and 

criteria pollutants, as well as an increased dependence on these fossil fuels. Major electricity 

generation technologies include gas turbines which can operate on a variety of fuels and have seen 

major advances in reducing harmful emissions. Although utilizing alternative fuels such as more 

carbon neutral fuels produced from biomass and waste inherently represents a solution for reducing 

CO2 emissions, the effect of alternative fuel use on the operation of current combustion systems 

must be taken into consideration. Overall, the increased use of alternative fuels derived from 

renewable sources will support the evolution of the mix of energy sources for electricity generation 

and will facilitate the goal of achieving energy security. 
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Figure 1: U.S. electricity generation by major energy source, 1950-2018 (U.S. EIA 2019) 

Historically, combustion systems for gas turbine stationary power generation have operated 

exclusively on fossil fuels using the injection of non-premixed fuel and air. While non-premixed 

combustors offer reliability, stability, and fuel flexibility, the disadvantage is the emission of 

criteria pollutants such as the oxides of nitrogen (NOx) and carbon monoxide (CO). The higher 

turbine entry temperatures, required for improving efficiency, increase NOx production (Moore 

1997). Several techniques have been attempted to reduce the amount of NOx produced in 

conventional combustors. These techniques include water injection, which utilize a nozzle to 

provide water or steam in the vicinity of the fuel injector, as well as post combustion treatments 

such as selective catalytic reduction (SCR), which utilizes an ammonium hydroxide solution 

sprayed over a mesh of catalysts that react with NOx compounds to form nitrogen and water (el 

Hossaini 2013). Although these techniques are effective at reducing NOx, overall, they are 

relatively expensive to operate. The most widely used technology for achieving low pollutant 
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formation is the dry low-NOx (DLN) system, which operates at lean conditions through premixed 

fuel and air combustion. The main challenges associated with lean pre-mix combustion is stability, 

limited turn-down range, and high demand of additional primary air for combustion. Figure 2 

shows that optimum operation is limited to narrow ranges of fuel/air mixtures, depending on 

whether pilot operation is used, between excessively high NOx and CO productions, denoted by 

the term “operating range”. 

 

Figure 2: Operation range of premixed combustion in DLN systems (Moore 1997) 

As continuous-flow machines with robust designs and universal combustion systems, gas 

turbines have demonstrated distinctive capabilities to accept a wide variety of fuels (Jones, 

Goldmeer, and Monetti 2011). Figure 3 shows a classification of fuels that have been used for gas 
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turbine operation, with the majority of the fuels in gaseous form and categorized according to their 

calorific value. While natural gas and high LHV gaseous fuels are the most used fuels and provide 

stable and relatively clean operation, these types of fuels are seldom produced from renewable 

sources. Medium calorific value gases are considered weak natural gases and are composed of 

methane with high fraction of inert components (CO2, N2), process gases, or gasified coal. A subset 

of these synthetic gas (syngas) fuels is made up of the high hydrogen gaseous fuels, where 

hydrogen makes up more than 65% of the total gas volume. Mostly derived from abundant fossil 

carbon, these fuels represent great potential for the carbon-constrained economy. Finally, low 

calorific value gases or “low-BTU” gases are typically composed of carbon monoxide and 

hydrogen diluted with a large fraction of nitrogen and carbon dioxide. The essential appeal of these 

fuels is to reduce the fuel supply in industrial plants in the carbon-constrained environment.  

 

Figure 3: Fuel classification (Jones, Goldmeer, and Monetti 2011) 
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The development of gas turbines with respect to fuel-flexibility has raised a variety of issues. 

In the context of lean premixed combustion systems, operability issues, such as blowout, 

flashback, combustion instability, and autoignition, and their dependence on fuel variability have 

been investigated (Lieuwen, McDonell, and Petersen 2006). Next-generation gas turbines will (1) 

operate at higher pressure ratios and hotter turbine inlet temperatures conditions that will tend to 

increase nitrogen oxide emissions, and (2) extend the capability to lower calorific value fuels 

produced from renewable biomass and waste sources. To address the challenges of constrained 

fuel sources and increasing environmental focus, further investigation and development of novel 

combustion technologies and strategies are essential.  

1.1.2 Development of Advanced Power Generation Systems 

Due to increasing global demand for electricity, an urgent need exists for highly efficient 

power generation systems. Limited availability of natural resources as well as concerns over 

intensifying emissions from combustion systems also motivate the need to develop these systems 

to be environmental-friendly and based on renewable sources. Solid oxide fuel cells (SOFCs), 

which produce electricity directly from oxidizing a fuel, have emerged as a feasible means of 

satisfying the above requirements for a wide variety of applications (Yen et al. 2010). SOFCs are 

high-temperature fuel cell technologies and have been under development for several years. To 

increase the initial efficiencies, improvements have been made on the cell and systems levels, 

increasing efficiencies up to 60% (Engelbracht et al. 2015). Due to their modular nature, fuel cells 

can be deployed in both large, centralized, and in small, decentralized, power generation units (on 

the order of 10-100 MWe and 1-1000 kWe, respectively). As shown in Figure 4, SOFCs are able 

to outperform competitive power technologies in most of the power range of interest (Campanari 

et al. 2016).  
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Figure 4: General schematization of the attainable electrical efficiency as a function of plant size 

in state-of-the-art, fuel-based, power generation solutions (Campanari et al. 2016) 

A “hybrid” configuration of an SOFC with a gas turbine (GT) or other thermodynamic cycles 

has been the subject of many recent investigations in an effort to develop ultra-high efficiency 

power generation systems. The basic concept of a hybrid gas turbine fuel cell system is illustrated 

in Figure 5. In particular, an SOFC hybrid power generation system can be associated with various 

advantages as well as challenges. Advantages include high electrical efficiency (up to 60%), low 

noise, low emissions, and the ability to operate on a wide variety of fuels. Fuel flexibility of SOFCs 

is mainly a result of the high temperature operation of the fuel cell. Before the fuel is oxidized on 

the anode side with oxygen ions that were transported through the electrolyte from the cathode 

side, reforming reactions convert the typical hydrocarbon fuel to a mixture of hydrogen (H2) and 

carbon monoxide (CO). These reforming reactions can be internally sustained due to the high 
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temperature operation of the fuel cell, taking advantage of exhaust heat to promote the endothermic 

reforming process. Challenges for SOFC systems include longer start up time due to high 

temperature operation, relatively higher cost, and material degradation. However, recent advances 

in high temperature fuel cell technology with respect to improved performance, availability and 

increasingly low performance degradation have suggested nearing technological readiness and 

increased commercialization. Further research into optimal SOFC operating conditions (high 

temperature, high pressure) as well as supporting implementation of SOFCs in hybrid 

configurations for ultra-high efficiency power generation is necessary to address the foregoing 

concerns of growing global power demand and the ensuing environmental effects. 

 

Figure 5: Basic design concept of a hybrid gas turbine fuel cell system (Samuelsen et al. 2006) 

First SOFC installations at around 100 kW scale were demonstrated by Siemens-

Westinghouse in the ‘90s based on 1000 °C-class tubular solid oxide fuel cells (Campanari et al. 

2016). Small scale hybrid systems with recuperated gas turbine cycles were tested a few years 

later, demonstrating 55% efficiency and projecting performances up to 65-70% (Veyo et al. 2000; 

Wayne L Lundberg, Veyo, and Moeckel 2001; Veyo et al. 2003; W. L. Lundberg, Veyo, and 

Moeckel 2003). An example of hybrid SOFC/GT cycle design is shown in Figure 6. 
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Figure 6: Typical hybrid solid oxide fuel cell (SOFC)/gas turbine (GT) system design, noting 

components of interest: (A) off-gas burner and (B) eductor 

The above hybrid design provides a typical layout for an SOFC/GT hybrid system. Air is 

pressurized in the compressor (1→2), preheated by means of an exhaust gas recuperator (2→3) 

and/or air preheater (3→4), and introduced to the cathode side of the SOFC. At the same time, fuel 

is heated by the system exhaust in the fuel preheater (7→8) and flows into an eductor1 as the 

primary motive fluid, mixing with recirculated anode exhaust (12) while also boosting the pressure 

back to the SOFC inlet pressure. This fuel mixture is reformed prior to entering the anode side of 

the SOFC (9→10) and proceeds to react electrochemically with the cathodic stream, generating 

 

 

1 Throughout this text, eductor and ejector will be considered synonymous in order to maintain consistency with the 

preferred terms used by each independent research study published in the literature 
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electricity directly. Anode off-gas contains a small amount of fuel as is typical of the SOFC design 

and is recirculated to improve system fuel utilization. This feature also serves to support the 

necessary steam-to-carbon ratio on the anode side in order to prevent carbon deposition onto the 

active sites of the reforming catalyst inside the fuel cell. The anode off-gas that is not recirculated 

is burned with the cathode off-gas in the off-gas burner (OGB) where the hot combustion products 

are used to preheat inlet SOFC oxidizer as well as provide heat for the internal fuel reformer. These 

hot exhaust gases are expanded in the turbine (13→14) producing additional electrical power 

before completing the cycle by satisfying the remaining necessary preheat load. This hybrid power 

plant system is referred to as an SOFC/GT hybrid system throughout the remainder of this text 

and is the basis for the research areas of interest of the present study. 

1.1.3 Identification of Critical Technology Barriers 

In particular, two components of the SOFC/GT hybrid system have been identified as 

benefiting from further investigation with an emphasis on combustion fundamentals. The first is 

the off-gas burner (OGB) also referred to in the literature as an exhaust gas burner, afterburner, 

combustor, or tail gas oxidizer. Early systems include OGBs in order to reduce harmful emissions 

such as unburnt hydrocarbons, but also as its addition increases the overall efficiency of the system 

by around 70% (Chan, Low, and Ding 2002). As shown in Figure 7, these burners receive the off-

gases directly from the SOFC and the hot exhaust products are used to drive the turbine section. 

However,  due to the low-calorific value of the off-gases, these burners also require supplemental 

fuel and/or air for stable operation and suitable emissions (Veyo et al. 2000). Different strategies 

have been proposed to address this challenge including developing catalytic burners (S. Yu et al. 

2010; Sarioglan et al. 2010) as well as porous media based burners (Yen et al. 2010; Voss et al. 

2009). Although these studies have produced promising results, concerns remain over the 
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complexity and cost of these systems, as well as the stability of the porous materials and limited 

catalyst lifetime due to degradation. 

 

Figure 7: Typical off-gas burner inlet composition in an SOFC/GT hybrid power system 

In order to achieve stable combustion of SOFC off-gases, operation in a non-traditional 

combustion regime is considered. Flameless combustion is one such regime, characterized by a 

highly distributed combustion zone with uniform temperature due to the recirculation of 

combustion products. A more detailed definition and discussion of flameless combustion can be 

found in Section 2.4: Flameless Combustion. Although there has been successful application of 

this regime in industrial furnaces, there are certain challenges precluding direct application in a 

gas turbine combustor. One of the first investigations into gas turbine design operating in the 

flameless combustion regime was conducted by Levy et al. (Yeshayahou Levy, Rao, and 

Sherbaum 2007; Y Levy, Rao, and Sherbaum 2007). Recent investigations have studied the 
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operation of a small-scale jet-stabilized micro gas turbine (MGT) combustor (Hasemann et al. 

2018) and a jet-induced recirculation combustor in the flameless combustion regime (Huijts, 

Perpignan, and Rao 2019). Further discussion on the current state of off-gas burners can be found 

in Section 2.5.2: Application to Gas Turbines. 

The second SOFC/GT hybrid system component of interest is the eductor and its operation 

also shares a close association with the flameless combustion regime. Whereas the purpose of 

typical applications of flameless combustion are to provide efficient and low-emission power 

generation, the following application will seek to remove oxygen in a given diluted fuel stream 

through the facilitation and promotion of oxidation reactions. Recently, a particular challenge was 

discovered in the process of the development of an SOFC/GT hybrid power plant design. 

Specifically, this challenge involves the difficulty of utilizing alternative fuels that contain 

increasing amounts of oxygen as it can poison the reforming catalyst within the high temperature 

fuel cell. Pipeline natural gas can contain up to 0.2 mol % oxygen which is too high for fuel cells 

which require completely oxygen-free fuel. The issue is exacerbated when considering biogas, 

which can contain up to 2 mol % oxygen, or peak shave gas, which can contain up to 3-5 mol % 

oxygen. Mantelli et al. provide a recent example for investigating the effect of fuel composition, 

utilizing a variety of renewable fuels such as biogas, on the performance of a SOFC/GT hybrid 

system (Mantelli et al. 2019). The current technology for removing the oxygen from the fuel is a 

noble metal catalytic oxidizer which can be costly. The current design of this proposed SOFC/GT 

system includes anodic recirculation to maintain the required steam to fuel ratio to prevent carbon 

deposition onto the active sites of the reforming catalyst inside the fuel cell. The anode off gas is 

rich in water as water is created by the electrochemical reaction inside the fuel cell. Figure 8 
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provides an example of the typical gas compositions expected for the proposed anodic recirculation 

system operating on renewable fuels such as biogas. 

 

Figure 8: Typical composition of anodic recirculation with fuel eductor in an SOFC/GT hybrid 

power system 

Due to the small pressure drop across the fuel cell, and the high temperature of the gas 

stream, an eductor is the first choice to raise the pressure of the anode off gas to fuel cell inlet 

pressure, as a compressor is expensive and would require cooling of the gas streams. The resultant 

highly diluted gas stream due to the high temperature anode off gas recycling and the potentially 

sufficient oxygen content of the fuel may sustain flameless combustion under the optimal 

conditions for this regime. Facilitating these optimal conditions within the eductor component of 

this anodic recirculation system would promote the removal of oxygen in the combined gas stream, 

thus possibly eliminating or reducing the size of the expensive catalytic oxidizer between the 

eductor and the fuel cell inlet. Further discussion on the most recent investigations into eductors 

for SOFC systems with anodic recirculation can be found in Section 2.2: Eductor Design. 
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1.1.4 Summary 

The motivation for the present work is the need to reduce our carbon footprint and 

significantly limit the generation of pollutant emissions. Carbon reduction can be achieved through 

the increased utilization of renewable and waste fuels, as well as through the development of higher 

efficiency power generation systems. Innovative cycle design and cleaner combustion strategies 

have been widely demonstrated as key features of ultra-high efficiency systems that also result in 

reduced greenhouse gas and criteria pollutant emissions. An example of one of these systems, 

SOFC/GT hybrid systems, is a focus of this dissertation. The motivation for the present work is 

quantifying the feasibility of operating the off-gas burner, and eductor in the flameless combustion 

regime. The following section introduces flameless combustion, the range of conditions for stable 

operation, and the unique application to off-gas burners and eductor reactors. 

1.2 NOVEL COMBUSTION STRATEGIES 

In addition to the development of novel combustion technologies, further investigation into 

advanced combustion strategies is essential to address the previously discussed challenges. Both 

of the aforementioned SOFC/GT hybrid system components (off-gas burner, eductor) operate at 

unique conditions that make them suitable candidates for applications of flameless combustion. 

The following is an introduction to flameless combustion as a novel combustion strategy and a 

discussion for the need to further explore this regime, both theoretically as well as practically.  

Figure 9 is an attempt to show different combustion regimes schematically in terms of 

reactant oxygen concentration and initial temperature of the reactants (Rao and Levy 2010). As is 

shown in the figure, decreasing reactant oxygen concentration corresponds to increasing 

recirculation ratio which is defined as: 
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 𝐾𝑉 =
�̇�𝐸

�̇�𝐹 + �̇�𝐴
 (1) 

The subscripts in the above equation refer to recirculated exhaust gas (E), fuel (F) and 

combustion air (A). Exhaust gas recirculation increases the content of inerts, such as carbon 

dioxide (CO2) and water vapor (H2O), in the reactant mixture and thus decreases the reactant 

oxygen concentration. Referring again to the figure below, stable combustion is possible for a large 

range of combustion temperatures (normal combustion), and can tolerate recirculation if operated 

at increasingly high temperatures (hot flames). For higher recirculation ratios and temperatures 

below self-ignition, the flame will become unstable, lift off and finally blow out (J. A. Wünning 

and Wünning 1997). At sufficiently high exhaust gas recirculation and temperatures, the fuel can 

react in a steady, stable form of combustion sometimes referred to as flameless combustion. 

 
Figure 9: Comparison of different combustion regimes (Rao and Levy 2010), noting particular 

areas of interest for (A) off-gas burner and (B) eductor applications 
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In the flameless combustion regime, fuel reacts with a high temperature low oxygen content 

oxidizer, achieved by dilution of the fuel/air mixture with vitiated combustion gases. Operating in 

this regime has been of interest in recent years due to the need for improved combustion 

performance in terms of energy conversion efficiency and emission reduction (Dunn-Rankin and 

Therkelsen 2016). Flameless combustion has been widely studied and related applications can be 

found in the literature under specific names such as: 

• FLOX – flameless oxidation (J. A. Wünning and Wünning 1997; Joachim G. 

Wünning 2003) 

• Mild/MILD – Moderate or Intense Low oxygen Dilution combustion (Cavaliere and 

De Joannon 2004; De Joannon et al. 2002) 

• HiTAC – High Temperature Air Combustion (Katsuki and Hasegawa 1998; Tsuji, 

Gupta, and Hasegawa 2003) 

• CDC – Colorless Distributed Combustion (Khalil and Gupta 2011b, 2017) 

• HiCOT – High-temperature Combustion Technology (Peters 2001) 

• NC-POX – Non-Catalytic Partial Oxidation (Chao’en Li et al. 2013, 2018) 

• Super-adiabatic combustion (Weinberg 1986; Howell, Hall, and Ellzey 1996) 

• Volume combustion (Lückerath, Meier, and Aigner 2008) 

• Diluted combustion (Milani and Saponaro 2001) 

• Indirect combustion (Dunn-Rankin and Therkelsen 2016) 

  

Recalling the relevant applications for this research, the particular areas of interest within 

the flameless combustion regime lie along the lower boundary as seen in Figure 9. The off-gas 

burner (A) application operates in the “leaner” region of the flameless combustion regime, with 

relatively higher reactant oxygen concentrations. The eductor (B) application operates in the 

“richer” region of the flameless combustion regime characterized by significantly low 
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concentrations of oxygen in the reactant mixture. Most other applications in the literature operate 

in this regime between point A and point B. 

An important consideration for developing a system to operate in the flameless combustion 

regime is the physical design where the distributed reactions are to take place. The physical design 

must promote short mixing times and long chemical (residence) times, or equivalently, low 

Damköhler numbers. Figure 10 shows a turbulent combustion regime map showing different 

combustion regimes based on Damköhler number (ratio of turbulent time scales to chemical time 

scales) and Turbulent Reynolds number (ratio of viscous dissipation to turbulent transport). 

 

Figure 10: Distributed reaction regime and other turbulent combustion regimes (R. M. Scenna 

2017) 
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In order to achieve flameless combustion, a common strategy is to inject the fuel-air mixture 

through a high velocity jet, entraining exhaust products into the mixture before ignition can occur. 

The entrainment of exhaust products reduces local oxygen concentrations, elongating the chemical 

time and length scales. The high velocity jet promotes rapid mixing, which in turn reduces the 

turbulent time and length scales. This results in the characteristic chemical length scales exceeding 

the characteristic turbulent length scales, generating a volumetric distributed flame. Typical 

combustion occurs within the Wrinkled Flame Regime and the Flamelets in Eddies Regime, while 

flameless combustion occurs within the Distributed Reaction Regime (DRR). Further investigation 

into this recently explored regime is necessary to support the development of the novel flameless 

combustion applications of interest. 

1.3 RESEARCH SCOPE, GOAL AND OBJECTIVES 

The motivation for the present work is to support key sustainability and efficiency goals by 

achieving a better understanding the range of conditions for operating in the flameless combustion 

regime, as well as by providing specific design suggestions for off-gas burners and eductors that 

would greatly improve future SOFC/GT hybrid systems. Although off-gas burner studies have 

been reported in the literature, detail regarding their operation especially in the flameless 

combustion regime has not been thoroughly explored. Eductors are increasingly standard 

components in SOFC/GT hybrid systems. However, the promotion of flameless combustion within 

the eductor for the purpose of oxygen removal from highly diluted streams resulting from 

renewable fuel use is novel and merits investigation. Section 2.5 of this dissertation provides a 

summary of the literature related to flameless combustion applications with an emphasis on ultra-

low heating value fuel and renewable fuel utilization at conditions of elevated temperature and 
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pressure. Available simulation tools, widely used to investigate similar applications, are employed, 

and reported experimental data are used for validation of the numerical methods.  

 

The goal for this research is to: 

• Explore, apply, and investigate the limits of high-pressure flameless combustion of alternative 

fuels uniquely applied to two specific SOFC/GT hybrid system components – the off-gas 

burner, and the eductor – utilizing a combination of comprehensive numerical and 

computational simulation tools. 

 

To achieve this goal, the objectives of the study are: 

1. Perform a literature review. An in-depth survey of flameless combustion, off-gas 

burner, and eductor literature is necessary to identify appropriate numerical and 

computational methods for simulating flameless combustion in the regime of interest. 

2. Develop chemical kinetic models. Various zero-dimensional (0D) and one-dimensional 

(1D) spatial models will be investigated using chemical kinetic modeling software 

(CHEMKIN) with the goal to develop chemical reactor networks (CRN) suitable for 

simulating flameless combustion for each respective application. 

3. Develop computational fluid dynamic models. Higher-dimensional spatial models will 

be investigated using commercial computational fluid dynamic (CFD) modeling 

software (ANSYS Fluent) in order to complement and expand on the CRN approach 

for simulating flameless combustion for each respective application. 
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4. Simulate operation in the flameless combustion regime. Flameless combustion will be 

modeled using CHEMKIN (CRN) and ANSYS Fluent (CFD) for the specific 

applications of an off-gas burner and an eductor reactor in an SOFC/GT hybrid system. 

5. Analyze results in the context of available literature data. The performance and 

emissions results of all simulations will be evaluated based on experimental data 

available in the literature and will be used to improve the CRN and CFD models. 

6. Establish conclusions and suggest recommendations. Final conclusions will be made 

based on the results and specific experimental recommendations will be reported. 
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2 BACKGROUND 

To investigate the application of flameless combustion in the context of SOFC/GT hybrid 

systems, it is important to first provide details about the various technologies and concepts that are 

involved. Hybrid fuel cell systems and gas turbine fundamentals will be introduced and discussed 

in the following text, while another key topic that will be included is the current state of research 

and development concerning flameless combustion, SOFC/GT off-gas burners and eductors. This 

chapter seeks to establish the necessary background for accomplishing the previously outlined 

tasks and objectives that will help achieve the goal of the dissertation research. 

2.1 HYBRID FUEL CELL GAS TURBINE SYSTEMS 

A hybrid configuration of a solid oxide fuel cell (SOFC) with a gas turbine (GT) was 

introduced in Section 1.1.2 as the subject of many recent investigations in an effort to develop 

ultra-high efficiency power generation systems. The following includes additional definitions and 

details regarding the SOFC/GT hybrid systems that will make use of the applications associated 

with the current research. 

2.1.1 General Fuel Cell Characteristics 

Fuel cells are electrochemical devices that convert the chemical energy of a reaction directly 

into electrical energy (Hirschenhofer et al. 1998). This is achieved by feeding the fuel cell gaseous 

fuels continuously to the anode (negative electrode) and an oxidant continuously to the cathode 

(positive electrode). The electrochemical reactions take place at the electrodes to produce an 

electric current as shown in Figure 11. Although batteries are a similar technology in that they also 

produce electrical energy directly, batteries can only produce as much energy as is determined by 

the amount of chemical reactant stored within the battery itself. 
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Figure 11: General schematic of an individual fuel cell (Samuelsen et al. 2006) 

Between the two electrodes is the electrolyte which conducts ions from one side of the fuel 

cell to the other. The ion can vary depending on the electrolyte type and thus the site of water 

production and removal can differ as a result. Electricity is generated through the electrochemical 

oxidation of fuel on the surface of the anode and the electrochemical reduction of the oxidant on 

the surface of the cathode. As ions created by the electrochemical reactions flow through the 

electrolyte, electrons are produced at the anode and flow through an external load to the cathode 

completing the electric circuit.  

Oxygen in air is the preferred oxidant because of its availability in the atmosphere. Gaseous 

hydrogen has become the fuel of choice for most applications, because of its high reactivity when 

suitable catalysts are used, and its ability to be produced from hydrocarbons for terrestrial 
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applications (Hirschenhofer et al. 1998). Although some hydrocarbon fuels are able to be supplied 

to fuel cells, they typically require conversion to hydrogen or a hydrogen-rich mixture before 

electrochemical reactions can occur. Due to the limited availability of hydrogen, fuel cell systems 

that have been developed for practical power generation applications to-date have been designed 

to operate on hydrocarbon fuels. The need for a fuel processor when operating with hydrocarbon 

fuels is shown in Figure 12 upstream of the fuel cell, but can also be accomplished within the fuel 

cell for higher temperature fuel cells. 

 

Figure 12: Basic schematic of the major components in a fuel cell system (Samuelsen et al. 

2006) 

2.1.2 Fuel Cell Types 

There are four primary fuel cell types that have been in continuous development for power 

generation applications. The key distinguishing feature between all these fuel cell types is the 

electrolyte material, and thus this feature is generally used to describe each fuel cell type. These 

primary four types are: Molten Carbonate Fuel Cell (MCFC), Phosphoric Acid Fuel Cell (PAFC), 

Proton Exchange Membrane Fuel Cell (PEMFC), and Solid Oxide Fuel Cell (SOFC). 
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Molten carbonate fuel cells are high temperature fuel cells with an alkali carbonate (or 

combination) electrolyte that conducts carbonate ions (CO3
=) and have been widely tested and 

demonstrated. Phosphoric acid fuel cells use a concentrated 100% phosphoric acid electrolyte for 

conducting hydrogen ions (H+) and have been commercialized for stationary power applications. 

Proton exchange membrane fuel cells contain an electrolyte that is a layer of solid polymer that 

conducts hydrogen ions (H+) and are typically used for transportation and portable power 

applications. Solid oxide fuel cells utilize a non-porous metal oxide electrolyte material that 

conducts oxygen ions (O=) and like MCFCs have also been widely tested and demonstrated. A 

summary of these primary fuel cell types can be found in Table 1. It is important to note that the 

higher temperature fuel cells do not require an external reformer due to their elevated operating 

temperature. As such, MCFC and SOFC technologies are the best suited for integration into a 

hybrid gas turbine fuel cell cycle fueled with natural gas or potentially other hydrocarbon fuels. 

Feature MCFC PAFC PEMFC SOFC 

Electrolyte 
Immobilized 

Molten Carbonate 

Immobilized 

Phosphoric Acid 

Immobilized 

Phosphoric Acid 
Ceramic 

Typical Operating 

Temperature 
600-650oC 200oC 80oC 600-1000oC 

Charge Carrier CO3
= H+ H+ O= 

External reformer for 

Natural Gas 
No Yes Yes No 

Prime Cell 

Components 

Stainless Steel, 

nickel, carbonate 

salts 

Graphite, 

Teflon, 

phosphoric acid 

Carbon, plastics, 

special polymers 

Ceramics, high 

temperature 

metals 

Catalyst Nickel Platinum Platinum 
Nickel, 

Perovskites 

Product Water 

Management 
Gaseous Product Evaporative Evaporative 

Gaseous 

Product 

Product Heat 

Management 

Internal Reforming 

+ Process Gas 

Process Gas + 

Independent 

Cooling 

Medium 

Process Gas + 

Independent 

Cooling Medium 

Internal 

Reforming + 

Process Gas 

Table 1: Key features of the four fuel cell types used in power generation applications, with an 

emphasis on high temperature fuel cells (Samuelsen et al. 2006) 
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2.1.3 High Temperature Fuel Cells 

 The high operating temperature of molten carbonate fuel cell (MCFC) and solid oxide fuel 

cell (SOFC) systems allows for integration with a gas turbine engine at a temperature that is 

mutually beneficial (Samuelsen et al. 2006). The main advantages of high temperature operation 

are that waste heat from the fuel cell can be converted in the gas turbine engine to electricity, can 

be used for preheating of the reactants, and/or can provide heat for fuel processing. Both MCFCs 

and SOFCs provide high fuel-to-electricity conversion efficiencies, high quality waste heat, and 

fuel flexibility; however, there are small yet significant differences between the two technologies 

that need to be considered. 

MCFCs are highly efficient as they operate at high temperatures and take advantage of the 

high-quality heat for fuel processing and industrial heating/cogeneration. Typical operating 

temperatures of an MCFC are around 650oC, thus fuel cell system designs typically contain an 

internal reformer. The most common use for MCFCs are for stationary power generation and their 

use in the distributed power market is already significant. Since the charge carrier is an oxidant, 

these fuel cells are highly fuel flexible and have been operated on a variety of fuels including 

hydrogen, carbon monoxide, natural gas, propane, landfill gas, marine diesel, and simulated coal 

gasification products (Samuelsen et al. 2006). 

SOFCs share the same advantages as MCFCs, namely fuel flexibility, high efficiency, and 

availability of high-quality heat for secondary applications. SOFCs can operate at even higher 

temperatures than MCFCs and therefore SOFC systems have access to higher quality heat for 

optimal fuel processing and bottoming cycle application. This fuel cell technology conducts 

oxygen ions within the ceramic electrolyte at high temperatures (650-1000oC) making it inherently 

more fuel flexible than other fuel cell types. Similar to MCFCs, some disadvantages of SOFCs are 
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the need to insulate the technology to protect from injury and the requirement of more costly 

materials of construction due to the high temperature operation. Nevertheless, SOFCs are an 

excellent match for stationary power generation applications and are frequently paired with a gas 

turbine bottoming cycle in hybrid power plant designs to produce very high overall thermodynamic 

efficiencies. These hybrid cycles offer the potential of fuel-to-electricity efficiencies in the 75-

80% range which is unparalleled for certain scales of power generation as observed in Figure 4. 

Significant industry and agency investments have been focused on SOFC technology due to the 

high potential to produce robust, high power density, fuel flexible, and low-cost fuel cell systems. 

For this reason, specifically SOFC/GT hybrid power systems and auxiliary components provide 

the motivation and context for this dissertation research. 

2.1.4 Hybrid FC/GT Concepts and Developments 

The basic concept of a hybrid gas turbine fuel cell system includes a fuel cell used in place 

of the combustor that is typically found in a Brayton (gas turbine) cycle, producing electricity 

directly from the fuel and air streams. As was illustrated in Figure 5, electrochemical production 

of electricity inherently lowers emissions and increases efficiency with an estimated 80% of the 

total electricity produced in the fuel cell. The remaining 20% of the total electricity is produced in 

the turbo-generator from the exhaust waste heat of the fuel cell, which also provides all 

compression power needed at the beginning of the cycle. The fundamental difference between this 

hybrid system and a typical Brayton cycle is that the energy conversion achieved in a fuel cell is 

more controlled than the energy conversion achieved in a combustor. Reduction and oxidation 

reactions occur in the same place at the same time for traditional combustion while a fuel cell is 

designed to keep the location for these reactions separate. Thus, the result is an ordered flow of 

electrons producing useful electrical work. 
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Primary design concepts for gas turbine fuel cell hybrid systems that are germane to the 

current research and that will be revisited throughout the dissertation are: 

• convert most of the fuel by electro-oxidation in the fuel cell leading to low emissions 

of criteria pollutants and relatively high fuel-to-electricity conversion efficiency, 

• use fuel cell heat and turbine exhaust heat elsewhere in the system (e.g., fuel 

processing, reactant preheating, provide compression power) in a manner in which 

overall efficiency is enhanced, and 

• use the high pressure produced by the gas turbine in a manner that improves fuel cell 

output and efficiency. 

An important characteristic of a hybrid system is the configuration of the fuel cell and gas 

turbine. Figure 5 is an example of a fuel cell “topping” cycle which means that the fuel cell is 

upstream of the turbine section. The turbine in these systems use fuel cell exhaust to produce 

compressive power and additional electricity while the fuel cell is the primary electricity generator. 

In a fuel cell “bottoming” cycle, the fuel cell is placed downstream of the gas turbine and uses the 

gas turbine exhaust as its air supply stream. Bottoming cycles are well-suited for MCFCs since 

this type of fuel cell requires carbon dioxide in the oxidant stream, which can be provided by an 

upstream gas turbine engine combustor. Another configuration parameter for hybrid cycles is 

whether it is “direct” or “indirect”. In a “direct” hybrid cycle, flow from upstream elements is 

directly used in downstream elements of the cycle, while “indirect” hybrid cycles use devices to 

de-couple the gas turbine and fuel cell components of the system. Although direct hybrid cycles 

experience challenges with fuel cell operation and degradation due to pressurized conditions, they 

typically have higher efficiencies. High temperature and high-pressure operation promote an 

environment in which the previously mentioned combustion challenges that motivate the current 
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research become significant. In order to explore these combustion challenges and to better 

understand the influence of these elevated conditions in hybrid gas turbine fuel cell systems, the 

chosen configuration for the following studies is a direct hybrid solid oxide fuel cell/gas turbine 

(SOFC/GT) system in a topping cycle configuration. 

2.1.5 Summary and Current SOFC/GT Design 

The preceding sections provide a brief yet valuable summary of fuel cell technology and 

background on hybrid gas turbine fuel cell systems. Fuel cells are electrochemical devices that 

produce electricity and heat directly without combustion. Along with the fuel cell stack (power 

generator) itself, the other major components in a fuel cell system include a power conditioner and 

a fuel processor. The need for a fuel processor or reformer is to accommodate operation on 

hydrocarbon fuels instead of the preferred fuel of hydrogen for most fuel cell types. Fuel reforming 

requires a heat source and can be achieved either with an external or internal reformer. High 

temperature fuel cells such as molten carbonate fuel cells (MCFCs) and solid oxide fuel cells 

(SOFCs) do not require external reformers as they are able to use waste heat for any necessary fuel 

reforming. These high temperature fuel cells are also the best suited options for integration with 

hybrid gas turbine fuel cell cycles as they can directly benefit from the pressure and temperature 

conditions that a gas turbine engine can produce. As previously stated, the current chosen 

configuration is a direct hybrid solid oxide fuel cell/gas turbine (SOFC/GT) system in a topping 

cycle configuration, including an (A) off-gas burner and an (B) eductor as shown in Figure 13.  
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Figure 13: Chosen hybrid gas turbine fuel cell system design, noting key components of interest 

for the current work: (A) off-gas burner and (B) eductor 

The eductor uses high pressure fuel to boost the pressure of recirculated anode off-gases to 

inlet fuel cell pressure. The off-gas burner (OGB) is a combustor that is designed to burn both the 

anode and cathode off-gas streams directly. Overall, the following sections provide background 

on eductor design, relevant turbulent combustion fundamentals, the development of flameless 

combustion regime maps, and a literature review of the current state of research in these areas. 

2.2 EDUCTOR DESIGN 

An increasingly important component for solid oxide fuel cell (SOFC) systems is an eductor 

to support the recycling of SOFC exhaust for the benefit of the overall system performance. The 

choice for using an eductor instead of other available options such as mechanical pumps or 

compressors is in part due to their low maintenance cost, robust operation, and lack of moving 

parts. However, the largest advantage for selecting an eductor specifically for current and future 

SOFC systems is their flexibility for use at higher operating temperatures. The following 
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discussion introduces definitions and basic characteristics of eductors, typical applications, and 

applications to SOFC systems.   

2.2.1 Definitions and Typical Applications 

An eductor (also referred to as an ejector) is a flow device in which a primary high-pressure 

inlet flow is used to entrain a secondary low-pressure inlet flow as shown in Figure 14. After 

entrainment, both streams are combined in the mixing chamber and the mixture is discharged after 

the diffuser section at some intermediate pressure termed as “back pressure”.  

 

Figure 14: Schematic Diagram of an Eductor 

An important design parameter for eductors is the entrainment ratio, given by: 

 𝜔 =
𝑚𝑆̇

𝑚𝑃̇
 (2) 

The entrainment ratio depends primarily on the eductor operating conditions such as the 

primary flow pressure, secondary flow pressure, and the back pressure. For a given eductor, the 

behavior of entrainment ratio is strongly influenced by the back pressure. As shown in Figure 15, 
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there are three different eductor operating modes depending on the amount of back pressure: the 

critical mode, the subcritical mode, and the back flow mode. In the critical mode, maximum 

entrainment ratio is achieved that is independent of the back pressure. As the back pressure 

increases past the critical value, entrainment ratio decreases sharply in the subcritical mode. The 

back-flow mode occurs when the entrainment ratio becomes zero or negative. It should also be 

noted that higher entrainment ratios can be achieved at lower primary flow pressures. 

 

Figure 15: Operating Modes of an Eductor (B. J. Huang, Jiang, and Hu 1985) 

Eductors were first used to support steam engines, replacing the mechanical pump that would 

feed liquid water to a boiler (Tashtoush, Al-Nimr, and Khasawneh 2019). Another early 

application was to use eductors to remove air from the condenser of a steam power cycle, thus 

more appropriately named “ejectors”. An area where eductors have been widely applied and is 

considered traditional use is in refrigeration systems. Two main types of refrigeration systems 

include the eductor-driven refrigeration cycle and the improved vapor compression refrigeration 
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cycle (Tashtoush, Al-Nimr, and Khasawneh 2019). In the former, the eductor is used to perform 

the compression effect of the working fluid effectively replacing the mechanical compressor. For 

the latter, the eductor enhances the coefficient of performance of the refrigeration system by 

recovering the work dissipated through the throttling process. The reader is directed to the 

following review articles that indicate the extent of the literature that is available for the application 

of eductors in refrigeration systems (Chunnanond and Aphornratana 2004; F. Liu 2014; Besagni, 

Mereu, and Inzoli 2016; Zhang et al. 2020).   

2.2.2 Applications to Fuel Cell Systems 

The primary use of an eductor in a fuel cell application is to support the increase of the fuel 

or air utilization of the fuel cell by means of recirculating the depleted fuel or air. These depleted 

streams do not participate in the electrochemical reactions and thus can be reused by circulating 

back to the inlet of the fuel or air side of the fuel cell. This use of eductors to support and improve 

fuel cell system operation can be first attributed to Costamagna et al. (2001) and Rodatz et al. 

(2002). Rodatz et al. investigated various methods of hydrogen supply to a proton exchange 

membrane fuel cell (PEMFC) for efficiency improvements including using an eductor for depleted 

hydrogen fuel recirculation (Rodatz et al. 2002). Costamagna et al. suggested the use of an eductor 

for anode exhaust recirculation to support a hybrid system based on a solid oxide fuel cell (SOFC) 

reactor with a micro gas turbine (Costamagna, Magistri, and Massardo 2001). 

Fuel cells are excessively supplied with fuel in order to reduce the risk of fuel cell starvation 

as well as to purge undesirable water droplets that accumulate within the fuel cell stack. Excess 

fuel is a result of this mode of operation that is meant to improve system efficiency and thus 

exhaust management is required. Exhausting fuel to the environment not only decreases the overall 

system efficiency but also poses significant safety hazards. Thus, exhaust recirculation presents a 
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promising solution for maintaining high overall efficiency operation of fuel cell systems. The use 

of a pump or blower to help compensate the pressure drop across the fuel cell and promote exhaust 

recirculation is possible; however, a pump would require additional power to operate. Due to the 

advantages of being cost-effective and having no moving parts, the application of an eductor for 

recirculation management has been widely proposed and demonstrated for various fuel cell 

systems. 

Although the eductor component was introduced in the previously mentioned study 

(Costamagna, Magistri, and Massardo 2001), the first study to focus on eductor performance and 

its influence on a tubular SOFC system as shown in Figure 16 was published three years later 

(Marsano, Magistri, and Massardo 2004). These studies came out of Professors Massardo’s 

Thermochemical Power Group (TPG) at the University of Genoa whose research focuses on hybrid 

systems, gas turbines, fuel cells and innovative cycles. Marsano et al. developed an SOFC eductor 

model using a 1D modeling technique for the evaluation of on-design and off-design performances 

(Marsano, Magistri, and Massardo 2004). This study is widely cited in the literature for the design 

and optimization of SOFC eductors, including a majority of the following studies in this research 

area. Ferrari et al. continued these investigations into the influence of anodic recirculation on 

SOFC hybrid system performance by extending the eductor modeling tools to analyzing transient 

behavior (Ferrari et al. 2005). These two studies involve primarily 0D and 1D numerical modeling 

assuming a primary fuel flow (methane) at approximately 400 ℃ and a secondary recirculated 

anodic flow (SOFC exhaust) at approximately 1000 ℃, both at atmospheric pressure conditions.  
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Figure 16: Schematic of the Anodic Circuit of a Tubular SOFC (Marsano, Magistri, and 

Massardo 2004) 

The group at the University of Genoa followed their numerical investigations on eductors 

for high temperature fuel cell hybrid systems with experimental and computational fluid dynamics 

modeling (CFD) studies. Ferrari et al. developed an experimental rig to test single stage eductors 

for hybrid systems at different operative conditions of mass flow rates, pressures and temperatures 

(Ferrari, Bernardi, and Massardo 2006). Although the secondary flow was only tested up to 300 

℃ for these experiments, the study claims this temperature is sufficient for reaching similitude 

conditions that allow for the experimental results to be compared with numerical methods. Ferrari 

et al. continued experimental investigations by testing an eductor anodic and cathodic recirculation 

test rig and corresponding transient model (Ferrari, Pascenti, and Massardo 2008). The stand-alone 

eductor and the anodic recirculation models were successfully validated with experimental testing 

at room temperature and 150 ℃ secondary inlet temperature for air and for carbon dioxide (CO2) 

flows. The hybrid system that was the focus of these studies is shown in Figure 17. As previously 

mentioned, the use of an eductor is not only used for anodic recirculation but is also used to 

recirculate cathodic exhaust to support preheating of the oxidant flow. This system also serves as 
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a reference for the development of another full hybrid system studied by TPG at the University of 

Genoa (Ferrari et al. 2011). The main changes that were made for this hybrid system design were 

the inclusion of a primary surface recuperator, the utilization of a high temperature blower instead 

of an eductor for the cathodic recirculation and the fuel cell operating pressure value. This latest 

hybrid system design, without a cathodic eductor and with more emphasis on the off-gas burner 

(combustor), is most similar to the SOFC hybrid system design of the present dissertation research. 

 

Figure 17: Rolls-Royce Fuel Cell Systems SOFC hybrid system (Ferrari, Pascenti, and 

Massardo 2008) 

Professor Zhu’s work at Xi’an Jiaotong University is also significant in the research area of 

eductor design, especially for application to fuel cell systems. The first study referenced the above 

previous work by TPG (University of Genoa) and introduced a new 2D modeling technique for 

fuel eductors that improved on previous 1D models (Y. Zhu et al. 2007). Figure 18 shows the 

general characteristics of flow in an eductor as well as the corresponding pressure distribution 
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when operating in critical mode. This unique pressure distribution includes supersonic primary 

flow after shocking in the converging-diverging nozzle throat, entrained secondary flow 

accelerated by the primary flow and choking at the mixing chamber inlet,  and the mixed flow 

shocking at the end of the mixing chamber and in the diffuser that results in an overall increase of 

pressure. The following year a model was introduced to analyze eductor operation in the other 

modes (subcritical and back flow) and proposed two parameters for distinguishing these 

operational modes (Y. Zhu et al. 2008). 

 

Figure 18: Schematic diagram showing flow characteristics and the pressure distribution 

in the eductor (Y. Zhu et al. 2007) 

In addition to investigating the use of eductors in SOFC systems, Zhu et al. have also applied 

their developed models to design eductors for polymer electrolyte membrane (PEM) fuel cell 

systems. A numerical CFD technique with data regression and parameter identification treatments 

was used to develop a new 2D theoretical model for convergent nozzle eductor design for an anode 

recirculation line in PEM fuel cell systems (Y. Zhu and Li 2009). Experimental work on eductors 
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investigated by this group of researchers include a study to optimize eductor geometry with respect 

to primary nozzle exist position and converging angle of the mixing section (Y. Zhu et al. 2009), 

as well as proposing a new bypass eductor configuration meant to improve entrainment flow as 

shown in Figure 19 (Y. Zhu and Jiang 2014). Both of these studies mention possible application 

of the eductor to fuel cell systems, however, the working fluids are chosen primarily for ideal 

eductor design optimization experiments. The former uses a refrigerant (Freon R141b) as the 

working fluid, while the latter study uses nitrogen gas.   

 

Figure 19: Detailed flow field in a bypass eductor (Y. Zhu and Jiang 2014) 

Although these experiments were not performed with working fluids relevant to SOFC 

systems, the data were deemed useful by this particular research group for the validation of the 

developed numerical models. The experimental data from the eductor study using Freon R141b 

(Y. Zhu et al. 2009) were used for validating the CFD modeling method developed in the following 

years used for control oriented modeling of an eductor in anode gas recirculation of an SOFC 
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system. Although the working fluid of the experiments was a refrigerant, the authors claim the 

validated eductor modeling method would satisfy the eductor in the SOFC system because both 

Freon R141b and methane could be treated as an ideal gas in practice (Y. Zhu, Li, and Cai 2011). 

This study was notable for developing a new one-equation model that can be applied to support 

real-time control and optimization of a fuel eductor in an anodic recirculation SOFC system. 

Another relevant study by Zhu et al. investigated and optimized the effect of four geometry 

parameters (nozzle divergent part length, nozzle exit position, mixing chamber length, diffuser 

length) on the performance of an eductor in an SOFC system (Y. Zhu et al. 2009). Overall, the 

foregoing literature not only confirms the motivation of the present dissertation research but also 

provides useful experimental data for numerical validations as well as insights on how to approach 

higher dimensional computational modeling of eductors for anode recirculation in SOFC systems. 

Amongst other authors that have employed higher dimensional computational modeling as 

well as experimental validation are those that have focused on the application of eductors to proton 

exchange membrane (PEM) fuel cell systems. Kim et al. adopted an analytical modeling approach 

in determining nozzle throat and mixing section diameters and experimentally verified the eductor 

operation (Kim et al. 2008). The authors were able to simplify both the modeling approach and the 

experimental investigation by designing a custom subsonic eductor which would address 

challenges associated with supersonic flow eductors operating on humidified working fluids. 

Brunner et al. developed a variable geometry eductor for a PEMFC system, utilizing CFD to aid 

in the design process and validating the results from the model against data collected from the 

experimental test bench (Brunner et al. 2011).  In order to minimize costs and safety risks, air was 

initially used as the working fluid during bench testing ensuring the Reynolds and Mach numbers 

of the flows were maintained to be similar. Besagni et al. also utilized CFD modeling with a two-
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dimensional axisymmetric computational domain to investigate the eductor flow field in a wide 

range of PEMFC system operating conditions (Besagni et al. 2014). Nikiforow et al. provide a 

comprehensive design review for a hydrogen gas eductor for a 5 kW stationary PEMFC system, 

including details about the manufacturing and experimental characterization as well as the chosen 

higher dimensional computational modeling methodology (Nikiforow et al. 2016). Figure 20 

shows the final eductor geometry for the custom-made eductor that was compared with a 

commercial eductor for their application to support hydrogen recirculation in PEMFC systems. 

Although the commercial eductor was not tested with hydrogen as the working fluid, both eductors 

were tested on operation with air and their performance was compared. The experimental results 

suggested that the custom-made eductor achieved satisfactory performance on a wide operating 

range and suggested that hydrogen recirculation can be realized with a single eductor in PEMFC 

systems with low enough flow resistance. The best agreement between simulation results and 

experimental data was obtained with an SST k-ω turbulence model which is a useful detail for 

future exploration of CFD models to design efficient fuel cell eductors. Overall, although these 

previous studies are associated with PEMFC systems, the reported experimental and 

computational modeling approaches provide useful background and details for supporting accurate 

fuel eductor design for anode recirculation in SOFC systems and hybrid systems. 
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Figure 20: Custom-made eductor geometry. Area shaded in gray indicates the 2D 

axisymmetric computational domain (Nikiforow et al. 2016) 

Experimental investigations of eductors for solid oxide fuel cell (SOFC) systems are limited 

due to the more extreme conditions of temperature and pressure. Whereas PEMFC systems operate 

at approximately 80 ℃ and at atmospheric pressure, typical SOFC operating conditions include 

800 ℃ to 1000 ℃ at moderate to elevated pressures. Thus, recent studies have focused on and 

provided significant advances in numerical and computational modeling for designing SOFC 

eductors. 

In order to evaluate the performance of an SOFC eductor used for anode gas recirculation in 

a hybrid system, Vincenzo et al. first developed a custom eductor by modifying a design procedure 

first introduced by Zhu et al. (2007) mainly through the addition of mass, momentum and energy 

balances in the mixing chamber and diffuser (Vincenzo, Mads Pagh, and Søren Knudsen 2013). 

These additions were necessary in order to calculate the gas properties at the diffuser outlet and 

the resultant design data from this novel procedure were compared with the previously mentioned 

work conducted by the University of Genoa (Marsano, Magistri, and Massardo 2004). The most 
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significant eductor performance parameters used in this study and other relevant SOFC eductor 

literature are the entrainment ratio (Equation 3) and the steam to carbon ratio (STCR) given by: 

 𝑆𝑇𝐶𝑅 =
�̇�𝐻2𝑂

�̇�𝐶𝑂 + �̇�𝐶𝑂2

 (3) 

In anodic recirculation SOFC systems, STCR is an important parameter used to evaluate 

carbon deposition in the reformer and fuel cell stack. In practice, the STCR is chosen to be no less 

than 2.0 to avoid the risk of carbon deposition and can be evaluated through the entrainment ratio 

ω (Y. Zhu et al. 2007). The key conclusions reported by Vincenzo et al. were that the most 

significant factors affecting eductor performance were the inlet primary flow temperature and the 

diameter of the eductor mixing chamber. High temperatures favored both entrainment and the 

eductor efficiency, while increasing the secondary mass flow rate increased the STCR in favor of 

improved efficiency (Vincenzo, Mads Pagh, and Søren Knudsen 2013). An increase in the size of 

the mixing chamber promoted higher entrainment ratios, however this contributed to a decrease in 

eductor efficiencies. Engelbracht et al. also investigated the use of eductors for recirculating anode 

off-gas in an SOFC system, focusing on the part-load capability of two different eductor systems 

(Engelbracht et al. 2015). Both a fuel-driven eductor and a steam-drive eductor were designed and 

simulated and the minimum possible part load performance of the SOFC system was determined 

for each. The eductor was designed to be used for an SOFC operating at 70% fuel utilization and 

the geometry was validated with data from the previously discussed works (Marsano, Magistri, 

and Massardo 2004; Y. Zhu et al. 2007; Vincenzo, Mads Pagh, and Søren Knudsen 2013). Overall, 

the advantage of the fuel-driven eductor system is that it was simpler and required less components, 

however, the part-load performance was limited due to the formation of carbon especially at higher 

fuel utilizations. The steam-driven eductor system had a significantly effective part-load capability 

and increased electrical efficiency; however, the main challenge was the system complexity. 
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While these previous studies provide valuable insight for numerical design and modeling, 

the ideal approach of the current dissertation research involves analyzing the complex internal 

mixing flow within the eductor component by utilizing computational fluid dynamics (CFD) 

modeling. A recent study that provides details of an internal flow analysis for an eductor system 

is reported by Kumaresan and Starvin (2016) and a sample result is shown in Figure 21. These 

authors utilize the commercial software ANSYS to create the eductor geometry, mesh by dividing 

the fluid domain into multiple cells, establish boundary conditions for the flow characteristics of 

interest, and run flow simulations that provide resultant velocities, pressures, and temperatures. 

 

Figure 21: Velocity vector distribution around primary nozzle in eductor (Kumaresan and 

Starvin 2016) 

Two key studies that utilized CFD modeling for performing a numerical analysis of an 

eductor for an SOFC hybrid system that is most comparable to the system of interest of the current 

dissertation research have been conducted recently by Genc et al. (2017, 2018). The first study 
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numerically investigated the effects of different inlet and outlet pressures as well as the fuel inlet 

temperature on the eductor performance in order to determine the optimum eductor operating 

pressures (Genc, Toros, and Timurkutluk 2017). The results show that the fuel inlet temperature 

significantly affects the STCR and entrainment ratio as similarly reported by Vincenzo et al. 

(2013). The optimum scenario reported an entrainment ratio and STCR of 2.05 and 0.92, 

respectively, which differed greatly from previous studies that recommend nominal values of at 

least 5.0 for entrainment ratio and 2.0 for the STCR. A geometric optimization study conducted 

by the same authors for a smaller SOFC hybrid system the following year reported a more 

reasonable optimum scenario with reported entrainment ratio and STCR of 7.3 and 2.7, 

respectively (Genc, Toros, and Timurkutluk 2018). Figure 22 provides a comparison of the specific 

SOFC hybrid systems introduced in the aforementioned studies.  

(a) 

 

(b) 

 

Figure 22: Schematic diagrams of eductor and reformer components of two recent SOFC 

hybrid systems (a) Vincenzo et al. (2013), (b) Genc et al. (2018) 
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The significance of the studies conducted by Genc et al. are the extreme conditions of the 

eductor operation specifically with respect to inlet temperatures and pressures. These conditions 

explain why there are very limited experimental investigations into eductors for SOFC systems. In 

particular, current SOFC hybrid systems operate at temperatures of approximately 800 ℃ and 

pressures up to 4 bar, and due to improvements in fuel cell materials and related technologies in 

an effort to increase system efficiency, there is a need for investigating eductor operation at even 

higher temperatures and pressures. Genc et al. study SOFC eductors with inlet temperatures of 627 

℃/900 K (fuel, primary) and 827 ℃/1100 K (anode exhaust, secondary) and primary flow 

pressures of 7 bar. An important parameter in these studies to determine optimal system 

performance is the eductor outlet temperature which is necessary for supporting reformer 

component downstream of the eductor as shown in Figure 22. As Genc et al. noted, the reforming 

reactions occur at approximately 1000 K and this is primarily determined by the fuel (primary) 

inlet temperature (Genc, Toros, and Timurkutluk 2017). These elevated temperature conditions 

are not only ideal for the reforming reactions found in conventional reformers for fuel cell systems 

but also for partial oxidation reactions under precise conditions. Introduced in Section 1.1.2, a 

particular application that benefits from these precise conditions is the case of renewable fuel 

utilization that may contain small amounts of oxygen concentrations that require removal before 

use in a fuel cell. Elevated pressure operation is also beneficial for partial oxidation reactions, and 

although up to 4 bar has been studied previously by Genc et al. and Zhu et al., the design point of 

interest is operation at 10 bar. The strategies for achieving these desired chemical reactions at 

elevated conditions of temperature and pressure within the eductor component are mentioned in 

Section 1.2 as non-catalytic partial oxidation (NC-POX) and distributed reformation, and are 

further discussed along with literature germane to the current dissertation research in Section 2.5.3. 
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2.3 GAS TURBINE COMBUSTOR FUNDAMENTALS 

As previously discussed in Section 1.1.1 and shown in Figure 2, current gas turbine 

combustor design is greatly influenced by the need to control simultaneously soot, carbon 

monoxide (CO), and oxides of nitrogen (NOx) emissions. Older engines employed purely non-

premixed combustion systems, with a near-stoichiometric flame zone integrated with secondary 

air streams to complete combustion and dilute the products to the proper temperature before entry 

into the turbine (Turns 2012). Current designs utilize premixed combustion to avoid high 

temperature NOx formation zones. However, among the primary concerns that require careful 

consideration include turndown ratio, CO emissions and flame stability. In order to better 

understand the operation of a gas turbine combustor in a premixed mode, the next sections discuss 

the relevant parameters for turbulent premixed combustion and the role they play in determining 

distinct flame regimes. 

2.3.1 Relevant Turbulent Flame Parameters 

Unlike a laminar flame, which has a propagation velocity that depends uniquely on the 

thermal and chemical properties of the mixture, a turbulent flame has a propagation velocity that 

depends on the character of the flow, as well as on the mixture properties (Turns 2012). For an 

observer traveling with the flame, we can define a turbulent flame speed (𝑆𝑡), as the velocity at 

which unburned mixture enters the flame zone in a direction normal to the flame. Turbulent flame 

speed can be expressed as: 

 𝑆𝑡 =
�̇�

�̅�𝜌𝑢

 (4) 

where �̇� is the reactant flow rate, 𝜌𝑢  is the unburned gas density, and �̅� is the time-smoothed 

flame area. Equation 4 is commonly used to calculate turbulent burning velocities, however, the 
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ambiguity associated with determining a suitable flame area can result in considerably uncertain 

measurements. Figure 23 illustrates two views of the structure of a turbulent flame to aid in 

determining flame area: (a) instantaneous view that shows that the actual reaction front is relatively 

thin as in a laminar premixed flame, and these reaction fronts are sometimes referred to as laminar 

flamelets; (b) time-averaged view that gives appearance of a thick reaction zone, which is 

frequently referred to as a turbulent flame brush.  

 

Figure 23: (a) Superposition of instantaneous reaction fronts obtained at different times. 

(b) Turbulent flame “brush” associated with a time-averaged view of the same flame (Turns 

2012)  

The nature of premixed turbulent flames depends on the length and time scales in the flame 

front and in the turbulent flow field. In order to understand and characterize premixed flames, the 

knowledge of their behavior and interaction with scales of different magnitudes is important. 

Various length scales exist simultaneously in a turbulent flow including the Kolmogorov 

microscale (𝑙𝐾), which represents the smallest eddies in the flow and the integral scale (𝑙0) which 

characterizes the largest eddy sizes. The basic structure of turbulent flames is governed by relating 

𝑙𝐾  and 𝑙0  to the laminar flame thickness (𝛿𝐿 ). The laminar flame thickness characterizes the 
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thickness of a reaction zone controlled by molecular, not turbulent, transport of heat and mass. 

Relevant velocities that are useful for characterizing turbulent flames include the root-mean-square 

of turbulent fluctuations (𝑢′), and the laminar flame speed (𝑆𝐿). Particularly useful characteristic 

times that have been previously defined are the integral timescale based on the lifetime of large 

eddies in the flow (𝜏0), the Kolmogorov timescale based on the lifetime of the smallest eddies in 

the flow (𝜏𝐾) and a characteristic chemical time based on a laminar flame (𝜏𝐿): 

 𝜏0 ≡
𝑙0

𝑢′
 (5) 

 𝜏𝐾 ≡
𝑙𝐾

𝑢′
 (6) 

 𝜏𝐿 ≡
𝛿𝐿

𝑆𝐿
 (7) 

 It is convenient to discuss flame structure in terms of dimensionless parameters. The 

turbulence length scales and laminar flame thickness can be expressed as two dimensionless 

parameters, 𝑙𝐾 𝛿𝐿⁄  and 𝑙0 𝛿𝐿⁄ , while a non-dimensional measure of the intensity of turbulence is 

given by the ratio 𝑢′ 𝑆𝐿⁄ . The turbulence Reynolds number (𝑅𝑒𝑇) is the ratio of viscous dissipation 

to turbulent transport and is a dimensionless parameter that provides a measurement of turbulence 

relative to the integral scale. Besides 𝑅𝑒𝑇, the turbulent Damköhler (𝐷𝑎) and turbulent Karlovitz 

numbers ( 𝐾𝑎 ) are two additional dimensionless parameters used to characterize turbulent 

premixed combustion. The Damköhler number represents the ratio of time scales associated with 

large flow structures to those of a flame’s chemical reactions. In contrast, the Karlovitz number 

signifies the ratio of a flame’s chemistry time scale to the smallest structures in a turbulent flow 

(Skiba et al. 2015). These dimensionless numbers are defined as: 
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 𝑅𝑒𝑇 =
𝑢′𝑙0

𝜈
 (8) 

 𝐷𝑎 =
𝜏0

𝜏𝐿
=

𝑙0 𝑢′⁄

𝛿𝐿 𝑆𝐿⁄
=

𝑙0

𝛿𝐿

𝑆𝐿

𝑢′
 (9) 

 𝐾𝑎 =
𝜏𝐿

𝜏𝐾
=

𝛿𝐿 𝑆𝐿⁄

𝑙𝐾 𝑢′⁄
=

𝛿𝐿

𝑙𝐾

𝑢′

𝑆𝐿
 (10) 

2.3.2 Turbulent Premixed Flame Diagrams 

Diagrams defining regimes of premixed turbulent combustion in terms of the Reynolds 

number and the Damköhler number (Abraham, Williams, and Bracco 1985; Turns 2012) or in 

terms of the aforementioned length and velocity ratios (Borghi 1985; Peters 1986; Poinsot, 

Veynante, and Candel 1991) have been widely reported and discussed in the literature. Beginning 

with the former, the three main regimes are the wrinkled laminar flame or “reaction sheets” regime, 

the flamelets in eddies regime and the distributed reaction regime as shown in Figure 24. The 

various boundaries illustrated in this representation are based on five of the previously mentioned 

dimensionless parameters: 𝑙𝐾 𝛿𝐿⁄ , 𝑙0 𝛿𝐿⁄ , 𝑅𝑒𝑇, 𝐷𝑎, and 𝑢′ 𝑆𝐿⁄ . The criterion for the existence of a 

wrinkled laminar flame (𝛿𝐿 ≤ 𝑙𝐾) is sometimes referred to as the Williams-Klimov criterion where 

the turbulent motion can only wrinkle or distort the thin laminar flame zone. Assuming momentum 

and species diffusivities are constant and equal, equivalent to a Schmidt number of unity, this 

criterion can also be represented by 𝐾𝑎 = 1 . The criterion for the existence of a distributed 

reaction zone (𝛿𝐿 > 𝑙0 ) where transport within the reaction zone is influenced primarily by 

turbulence is sometimes referred to as the Damköhler criterion. The region between the Williams-

Klimov limit (𝑙𝐾 𝛿𝐿⁄ = 1) and the Damköhler limit (𝑙0 𝛿𝐿⁄ = 1) is the so-called flamelets in eddies 

regime. Finally, as was also shown in Figure 10, the operating conditions for typical combustion 

applications generally fall within the wrinkled laminar flame and the flamelets in eddies regimes. 
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Figure 24: Turbulent premixed flame regimes (a) wrinkled laminar flame or reactions 

sheets regime, (b) flamelets in eddies regime, (c) distributed reactions regime. Rectangle 

identifies combustion regimes of engine operating conditions (Turns 2012)  

The second representation for presenting different turbulent premixed combustion regimes, 

sometimes referred to as a “Borghi” diagram, plots the turbulence intensity (𝑢′ 𝑆𝐿⁄ ) and the 

normalized integral length scale ( 𝑙0 𝛿𝐿⁄ ) (Borghi 1985; Peters 1986). Figure 25 shows two 

examples of this type of diagram along with the four primary turbulent flame regimes: wrinkled 

flamelets, corrugated flamelets, thin reaction zones, and broken reaction zones. As with the above 

diagram, the regime boundaries are based on the previously discussed dimensionless parameters 

that characterize turbulent premixed combustion (Veynante and Vervisch 2002):  
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 (a) 

 

(b) 

 

Figure 25: Borghi diagrams for premixed turbulent combustion (a) Peters (1999), (b) 

Wabel, Skiba, Temme, and Driscoll (2016) 



50 

 

• 𝐾𝑎 < 1, 𝑢′ 𝑆𝐿⁄ < 1: Wrinkled flamelets. Turbulent structures are unable to wrinkle the 

flame surface up to flame front interactions. The laminar propagation is predominant and 

turbulence/combustion interactions remain limited. 

• 𝐾𝑎 < 1, 𝑢′ 𝑆𝐿⁄ > 1: Corrugated flamelets. Larger structures become able to induce flame 

front interactions leading to “pockets” or the so-called “corrugated” shape. 

• 1 < 𝐾𝑎 < 100: Thin reaction zones. Turbulent motions are able to affect and to thicken 

the flame preheat zone but cannot modify the reaction zone which remains thin and close 

to a laminar reaction zone. 

• 𝐾𝑎 > 100: Broken reaction zones. Preheat and reaction zones are strongly affected by 

turbulent motions and no laminar flame structure may be identified. 

The boundary between the thin reaction zones and the corrugated flamelets regime (𝐾𝑎 = 1 

in Figure 25a and K-W in Figure 25b) is the same Williams-Klimov limit denoted by 𝑙𝐾 𝛿𝐿⁄ = 1 

in Figure 24. As this boundary is crossed with increasing 𝐾𝑎, the preheat layer is predicted to 

broaden, but the reaction layer is not expected to deviate from the laminar thickness (Wabel et al. 

2016). This broadening is also illustrated in Figure 24 by crossing the Williams-Klimov limit from 

the reaction sheets regime to the flamelets in eddies regime. In general, a direct comparison of 

these two types of diagrams demonstrates that they are relatively inverted, with increasingly 

broadened or distributed reactions in the upward direction for a Borghi diagram as opposed to the 

downward direction for the diagram derived by Williams. 

The boundary between the thin reaction and broken reaction zones is approximated above to 

be 𝐾𝑎 = 100, however, a more appropriate limit is defined by a Karlovitz number based on 

reaction zone, or inner layer, thickness (𝑙𝛿) as opposed to laminar flame thickness. Assuming a 



51 

 

Schmidt number of unity and an inner layer thickness of 𝑙𝛿 = 0.1𝛿𝐿 , Peters introduced this 

additional Karlovitz number: 

 𝐾𝑎𝛿 =
𝜏𝛿

𝜏𝐾
= (

𝑙𝛿

𝑙𝐾
)

2

= (
0.1𝛿𝐿

𝑙𝐾
)

2

=
1

100
𝐾𝑎 (11) 

Therefore, the upper limit of the thin reaction zones regime (𝐾𝑎 = 100) corresponds to 

𝐾𝑎𝛿 = 1  which is sometimes referred to as the Peters criterion (Peters 1999; Veynante and 

Vervisch 2002). Although there are few practical combustion applications beyond this limit due 

to no identifiable laminar flame structures, there is still interest in defining the broken reaction 

zones regime. Distributed reactions have been predicted to occur in either the upper right or upper 

left regions of Figure 25 but minimal useful experimental information is available (Wabel et al. 

2016). The broken reaction zones regime has been described as the distributed reactions regime in 

the literature (Skiba et al. 2015; Demesoukas et al. 2016) as illustrated in Figure 26.  It is important 

to note the requirement of both 𝐾𝑎 > 100  and 𝐷𝑎 < 1  for defining the distributed reactions 

regime. Recalling the location of the distributed reactions regime as reported by Williams et al. 

(1985) shown in Figure 24, the only requirement was to satisfy the Damköhler criterion (𝑙0 < 𝛿𝐿). 

This limit is equivalent to 𝑙0 𝛿𝐿⁄ < 1, however, the distributed reactions regime in Figure 26 is not 

limited by this criterion. The addition of this limit would potentially be consistent with both the 

Williams diagram and the literature, as part of the distributed reactions regime, as well as the 

closely related well-stirred reactor regime, are shown to satisfy the Damköhler criterion. Overall, 

the preceding discussions provide important background with regards to the classification of 

various reaction regimes. The present dissertation research focuses on flameless combustion, 

which is described in the literature as operating in the distributed reactions regime, and which 

provides the motivation to continue prior work and assist in characterizing these unclear regimes. 
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Figure 26: Borghi diagram including well-stirred reactor and distributed reactions 

regimes (Demesoukas et al. 2016) 

2.4 FLAMELESS COMBUSTION 

New combustion technologies seek to maintain high energy conversion efficiencies, increase 

fuel flexibility, and reduce the pollutant formation of combustion processes by extending the 

operating reaction conditions to new domains. As discussed in Section 1.1.1, increasing concerns 

about NOx emissions led to the operation of burners and engines at lean premixed combustion 

conditions. The limits of lean combustion depend greatly on the reactant concentration, especially 

the oxidizer and diluent composition (Dunn-Rankin and Therkelsen 2016). Figure 27 summarizes 

the dependence of the flammability limits of methane on oxygen and nitrogen concentration. 

Recalling Equation 1 for the recirculation ratio, 𝐾𝑉 , an increase in recirculated exhaust gas 
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increases the content of inerts in the reactant mixture. Flammability limits for combustion of 

hydrocarbons and air show that it is possible to achieve flammable mixtures for recirculation rates 

of 𝐾𝑉 ≤ 0.5 (Zabetakis 1965). It has also been demonstrated in the literature that an increase in 

temperature of the reactants widens the flammable range, in particular extending the lean limit 

(Jaimes 2017). Enhancing the rate of combustion through an increase in the reactant temperature 

is achieved by recirculating the heat from the exhaust gases, either externally or internally. 

Weinberg explored heat recirculating combustion, and through exchange of heat of recirculated 

exhaust gas with the reactants, was able to achieve stable methane-air combustion with an 

equivalence ratio, 𝜙 , as low as 0.16  (Weinberg 1986). Compared to the well-known lean 

flammability limit of 𝜙 = 0.53 for the combustion of methane in air at atmospheric temperature 

and pressure, this example demonstrated that the increased temperature of the reactants enabled 

extremely leaner mixtures to be burned. 

 

Figure 27: Flammability limit dependence of methane on reactant species concentration 

(Zabetakis 1965) 
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A combination of both heat and hot gas recirculation appears to be necessary to achieve 

sufficiently low values of autoignition delay time for reacting ultra-lean mixtures in a relatively 

new combustion domain referred to as flameless combustion (Dunn-Rankin and Therkelsen 

2016). For early burners of this type, transition to the flameless mode involved switching the fuel 

flow to a central nozzle and increasing the internal recirculation. Historically, the regime was first 

described by Wünning and Wünning and was presented as “flameless oxidation” (J. A. Wünning 

and Wünning 1997). Figure 28 shows schematic diagrams of the stability limits for different 

combustion modes from the earliest published flameless combustion studies (Plessing, Peters, and 

Wünning 1998). As is shown, the transition from the stabilized flame regime (A) to the flameless 

combustion regime (C) is achieved by means of increased recirculation, 𝐾𝑉, through the unstable 

flame quenching regime (B). The autoignition temperature boundary was first estimated at 

approximately 1000 K, where any reactant mixture with high recirculation below this temperature 

limit would react “very slowly”, or not at all according to Wünning and Wünning. The difference 

in reaction in this regime is the necessity for the residence time in the reactor to be greater than the 

autoignition delay time if assuming idealized perfectly stirred reactor conditions.  

 

Figure 28: Transition from flame to flameless combustion. A is regime of stabilized flame, 

B is that of flame quenching, and C is that of stable flameless combustion; (J. A. Wünning and 

Wünning 1997), left; (Plessing, Peters, and Wünning 1998), right.  
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Temperature and OH laser-induced predissociative fluorescence (LIPF) images of the 

flameless reaction zone in the burner of Plessing et al. (1998) are compared with those of a highly 

turbulent flame in Figure 29. The upper images indicate a thin, convoluted flame reaction sheet, 

as was shown in the previous section is characteristic of turbulent premixed flames, while the lower 

images indicate a more distributed structure. These results demonstrated that flameless combustion 

was able to achieve similarly uniform OH concentrations with less turbulent flow conditions due 

to the more distributed reactions, and that operation at lower temperature and relatively higher 

chemical times versus turbulent times contributed to significantly lower pollutant emissions.  

 

Figure 29: Comparison of simultaneously taken temperature and OH-LIPF images 

between premixed flames under highly turbulent condition and flameless oxidation (flameless 

combustion) (Plessing, Peters, and Wünning 1998) 
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The following sections continue the discussion of flameless combustion as a relatively new 

combustion regime and provide additional background for contextualizing the research areas of 

interest. In order to formally define the boundaries of operation for practical applications, 

important terminology and definitions associated with flameless combustion and similar 

combustion regimes are included, along with a summary of the development of flameless 

combustions regime diagrams similar to those previously shown. 

2.4.1 Key Definitions and Terminology 

Flameless combustion and its other designations2 found in the literature were introduced in 

Section 1.2 and are recalled here for convenience: 

• FLOX – flameless oxidation (J. A. Wünning and Wünning 1997; Joachim G. 

Wünning 2003) 

• Mild/MILD – Moderate or Intense Low oxygen Dilution combustion (Cavaliere and 

De Joannon 2004; De Joannon et al. 2002) 

• HiTAC – High Temperature Air Combustion (Katsuki and Hasegawa 1998; Tsuji, 

Gupta, and Hasegawa 2003) 

• CDC – Colorless Distributed Combustion (Khalil and Gupta 2011b, 2017) 

• HiCOT – High-temperature Combustion Technology (Peters 2001) 

• NC-POX – Non-Catalytic Partial Oxidation (Chao’en Li et al. 2013, 2018) 

• Super-adiabatic combustion (Weinberg 1986; Howell, Hall, and Ellzey 1996) 

• Volume combustion (Lückerath, Meier, and Aigner 2008) 

• Diluted combustion (Milani and Saponaro 2001) 

• Indirect combustion (Dunn-Rankin and Therkelsen 2016) 

Flameless combustion has been defined as a mode in which two conditions must be satisfied 

where the reaction is going to take place: (1) the reactants must exceed self-ignition temperature; 

 

 

2 In the literature, the terms flameless oxidation and mild combustion in particular have been used interchangeably 

to refer to the flameless combustion regime. Throughout this text, clarifications will be presented when necessary. 
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(2) the reactants must have entrained enough inert combustion products to reduce the final reaction 

temperature well below adiabatic flame temperature, so much that a flame front cannot be 

stabilized. In short, Wünning and Wünning provide a definition for FLOX as stable combustion 

without a flame and with defined recirculation of hot combustion products (J. G. Wünning 2005). 

Although these definitions are highly descriptive, it has been noted that the existence of the 

different designations is in part related to the absence of a formal and consensual definition of the 

boundaries of the regime or of the features that characterize it (Perpignan, Gangoli Rao, and 

Roekaerts 2018). 

In their review paper, Cavaliere and de Joannon tackled the issue of the different 

designations and proposed the most used definition for the flameless combustion regime 

(Cavaliere and De Joannon 2004). According to these authors, Mild Combustion is defined as a 

subset of both high temperature air combustion (HiTAC), a process in which the air temperature 

is so high that the frozen mixture temperature of the reactants is higher than the autoignition 

temperature of the mixture; and high-temperature combustion technology (HiCOT), a process 

similar to HiTAC that is not limited to the use of air (Katsuki and Hasegawa 1998; Tsuji, Gupta, 

and Hasegawa 2003). Mild Combustion can be defined as a process that satisfies the following 

two conditions: (1) temperatures of the inlet flows (reactants and/or diluents) that are sufficiently 

high  to result in distributed autoignition in the combustion chamber; and (2) maximum 

temperature is so low that combustion cannot be sustained without suitable preheating of the fuel 

and air reactants (De Joannon et al. 2002). Correspondingly, a combustion process is named Mild 

when the inlet temperature of the reactant mixture is higher than the self-ignition temperature, and 

the maximum temperature during combustion is lower than the mixture self-ignition temperature 

(Cavaliere and De Joannon 2004). This second definition is represented in Figure 30 as well as in 
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Table 2. Neither HiTAC nor HiCOT necessitate a low temperature increase during oxidation and 

therefore Mild Combustion can be considered as a specific type of either. In contrast to typical 

combustion processes, the Mild Combustion mode is characterized by “mild” changes to the 

temperature dependent processes associated with combustion and ensures a more gradual 

evolution during the process. Mild also represents the acronym “Moderate or Intense Low-oxygen 

Dilution” which is precisely one of the most typical conditions for obtaining Mild Combustion.  

 

Figure 30: Tin-ΔT locus of different combustion modes for a methane/oxygen/nitrogen mixture 

(Cavaliere and De Joannon 2004) 

Combustion mode Inlet conditions Working conditions 

Feedback combustion 𝑇𝑖𝑛 < 𝑇𝑠𝑖 Δ𝑇 >  𝑇𝑠𝑖 

High temperature air combustion 𝑇𝑖𝑛 > 𝑇𝑠𝑖 Δ𝑇 >  𝑇𝑠𝑖 

Mild combustion 𝑇𝑖𝑛 > 𝑇𝑠𝑖 Δ𝑇 <  𝑇𝑠𝑖 

Table 2: Conditions identifying the different combustion modes reported in Figure 30 
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Various other definitions for these flameless combustion regimes are proposed that are 

highly temperature dependent. Similar to Cavaliere and de Joannon, Oberlack et al. use well stirred 

reactor (WSR) or perfectly stirred reactor (PSR) theory to characterize the conditions that belong 

in this combustion domain (Oberlack, Arlitt, and Peters 2000). The resultant regime is a region 

delimited by a Δ𝑇 𝑇𝑖𝑛⁄  vs. 𝑇𝑖𝑛  curve in which temperature increase is always lower than inlet 

temperature. By definition, this criterion is more strict than the definition offered by Cavaliere and 

de Joannon as, for instance, for 𝑇𝑖𝑛 = 1000 𝐾 the temperature increase due to heat release should 

be limited to 25% of the inlet temperature. The definition offered by Kumar et al. is based on 

quantification of the temperature variation inside the reactor. According to the authors, a 

combustion process is said to be “mild” when the normalized spatial temperature variation is 

around 15% (Sudarshan Kumar, Paul, and Mukunda 2002). 

In systems relying on recirculation to preheat the reactants, as usually done for gas turbine 

combustors aimed to operate in the flameless combustion regime, relying solely on the previously 

discussed temperature-dependent definitions poses difficulties (Perpignan, Gangoli Rao, and 

Roekaerts 2018). One of the most comprehensive attempts at defining the flameless combustion 

regime was proposed by Rao and Levy (Figure 9) based on the original schematic diagram created 

by Wünning and Wünning (Figure 28). These diagrams highlight the roles of 𝑇𝑖𝑛 , the 𝑂2 

concentration, and the recirculation ratio on establishing flameless combustion and the following 

section discusses the evolution of this particular diagram over the course of the prior two decades. 

2.4.2 Development of the Flameless Combustion Regime Diagram 

 There have been many attempts at determining the limits of flameless combustion and 

establishing a defined flameless combustion regime accordingly. The initial definition put forth by 

Cavaliere and De Joannon (2004) has motivated first and second thermodynamic law analyses in 
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an effort to define Mild Combustion and other associated combustion modes (S. Chen et al. 2012; 

Y. Liu et al. 2016). The majority of recent studies and review papers concerning flameless 

combustion cite the stability limit diagram developed by Wünning and Wünning (1997) shown in 

Figure 31 when attempting to define the specific regime (P. F. Li et al. 2011; Khidr, Eldrainy, and 

EL-Kassaby 2017). In Figure 31, three different combustion modes are mapped against varying 

values for temperature and recirculation ratio (J. A. Wünning and Wünning 1997). Region ‘A’ 

represents traditional stable flames that are possible over the whole range of combustion chamber 

temperatures, but only for recirculation rates up to 30%. An increase in the recirculation rate results 

in the combustion mode shifting to region ‘B’ where it is considered unstable and remains lifted 

unless the temperature is below the self-ignition temperature in which case it will blow off. The 

final combustion mode is denoted by region ‘C’ and is considered a stable form of flameless 

combustion achieved only if the furnace temperature and the exhaust gas recirculation are 

sufficiently high. This regime map was obtained by experiment and has been mostly validated in 

the literature; however, key details that fully define the combustion regimes are lacking. 

 

 Figure 31: Stability limits (J. A. Wünning and Wünning 1997) 
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Over the years, variations of Figure 28 and Figure 31 have been reported and are presented 

below in their entirety and side-by-side for full comparison. Figure 32 is from a review paper on 

diluted combustion technologies by Milani & Saponaro, and offers a similar plot with the 

exception of the molar concentration of oxygen/inerts as the abscissa instead of recirculation ratio 

(Milani and Saponaro 2001). Cavigiolo et al. developed operative parameters maps for the 

flameless combustion of methane and ethane, the former of which is shown in Figure 33 (Cavigiolo 

et al. 2003). Figure 34 is from the “flameless oxidation” review paper by Delacroix, plotting the 

various combustion regimes for various diluted air temperatures and oxygen concentrations 

(Delacroix 2004). Derudi et al. developed their own flameless combustion operating maps 

experimentally, with the clean flameless combustion regime as a function of temperature and 

recirculation ratio identified for pure methane shown in Figure 35 (Derudi, Villani, and Rota 2007). 

As previously mentioned, the most comprehensive flameless combustion regime was produced by 

Rao and Levy and developed over the following years. The first version shown in Figure 36 was 

reported in a 2010 conference paper and is one of the most widely referred to diagrams in flameless 

combustion literature (Rao and Levy 2010). An updated version appears in a chapter by el Hossaini 

(2013) from the book “Progress in Gas Turbine Performance”, however, this is soon after 

improved to the final known version of this flameless combustion diagram shown in Figure 37 

(Rao and Bhat 2015). Rao and Bhat offer flameless combustion as the ideal operating regime for 

the second combustor in a hybrid engine concept for a multi-fuel blended wing body aircraft. The 

latest version of this flameless combustion diagram is also included in a relatively recent review 

paper focused on the application of flameless combustion towards gas turbines, yet, there are no 

justifications offered in any of the aforementioned papers for the changes made since the original 

version (Perpignan, Gangoli Rao, and Roekaerts 2018). 



62 

 

 

Figure 32: Diluted or flameless combustion (Milani and Saponaro 2001) 

 

Figure 33: Operative parameters map for methane; A, traditional combustion; B, flameless 

combustion; C, no combustion (Cavigiolo et al. 2003) 
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Figure 34: An attempt to characterize the flameless combustion mode (Delacroix 2004) 

 

Figure 35: Flameless combustion operating map for pure methane. Full symbols represent clean 

flameless conditions; (A) mixed zone and (B) clean flameless region (Derudi, Villani, and Rota 

2007) 
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Figure 36: Different regimes of combustion (Rao and Levy 2010)  

 

Figure 37: Schematic of different combustion regimes (Rao and Bhat 2015) 
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A shared inconsistency that was observed when comparing the aforementioned stability 

diagrams for flameless combustion is the upper limit of recirculation ratios possible to sustain 

combustion in this mode. This upper limit corresponds to an equivalent lower limit in the amount 

of oxygen concentration required to sustain flameless combustion. From the above direct 

comparison of stability limit diagrams, Wünning and Wünning (1997), Cavigiolo et al. (2003), 

Delacroix (2004), and Rao & Levy (2010) provided diagrams that did not specify an upper (lower) 

limit for operating recirculation ratios (oxygen concentrations). While Milani & Saponaro (2001) 

and Rao and Bhat (2015) both showed a clear limitation with respect to recirculation ratio/oxygen 

concentration of the reactant mixture, there were little to no details provided to justify this 

distinguishing feature. Derudi et al. (2007) experimentally determined a maximum recirculation 

ratio (𝐾𝑣) of approximately 9.5 for the Mild Combustion of methane in their laboratory-scale 

burner; however, during experimental tests carried out with hydrogen-containing fuels, an increase 

of the upper 𝐾𝑣  limit up to about 16 and 20 for 70/30% CH4/H2 and 40/60% CH4/H2 fuels, 

respectively, Derudi et al. claim did not allow for the determination of a practical upper threshold 

for the recirculation ratio. These recirculation ratio values correspond to approximately 1 mol % 

oxygen concentration, and thus, a conclusion from this study is that higher hydrogen 

concentrations result in a decrease of oxygen concentrations required to sustain complete oxidation 

of hydrocarbons even in highly diluted streams. While many of the above diagrams have been 

determined and/or validated experimentally, most are inconsistent due to the dependence on the 

application. The remaining plots have been determined numerically and lack a detailed description 

of the simulation parameters or omit details for the development of the diagram in general. 

2.4.3 Summary 

A summary of the various flameless combustion regime diagrams is found in Table 3. 
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Author(s) Year Method AIT3 Upper Reactant 

Temperature 

Limit 

Range of 𝑲𝑽
4 Source 

Wünning 

and 

Wünning 

1997 Experimental 

using lab-scale 

burner 

Approx. 1000 𝐾; no 

dependence on 𝐾𝑉   

Not specified 𝐾𝑉 ≥ 3; no 

specified 

maximum 

(J. A. Wünning 

and Wünning 

1997) 

Milani and 

Saponaro 

2001 Experimental 

using high 

temp furnace 

Approx. 1150 𝐾; no 

dependence on 𝐾𝑉   

CAFT5 0.5 < 𝐾𝑉 < 4 (Milani and 

Saponaro 

2001) 

Cavigiolo et 

al. 

2003 Experimental 

using lab-scale 

burner 

Slight dependence on 

𝐾𝑉; maximum approx. 

1100 𝐾 

Not specified 𝐾𝑉 ≥ 4; no 

specified 

maximum 

(Cavigiolo et 

al. 2003) 

Delacroix 2004 Numerical Slight dependence on 

𝐾𝑉; maximum approx. 

1100 𝐾 

Not specified 𝐾𝑉 > 0.5; no 

specified 

maximum 

(Delacroix 

2004) 

Derudi et al. 2007 Experimental 

using lab-scale 

burner 

Approx. 1100 𝐾; no 

dependence on 𝐾𝑉   

Approx. 1400 𝐾 4 < 𝐾𝑉 < 9.5 (Derudi, 

Villani, and 

Rota 2007) 

Rao and 

Levy 

2010 Numerical Slight dependence on 

𝐾𝑉; maximum approx. 

1300 𝐾 

Not specified 𝐾𝑉 > 1; no 

specified 

maximum 

(Rao and Levy 

2010) 

Rao and 

Bhat 

2015 Numerical and 

experimental 
Dependent on 𝐾𝑉; 

maximum approx. 

1500 𝐾 

Not specified 1 < 𝐾𝑉 < 8 (Rao and Bhat 

2015) 

Table 3: Comparison of notable characteristics of flameless combustion regimes in the literature 

 

 

 

3 Autoignition temperature (AIT) = Self-ignition temperature (𝑇𝑠𝑖) 
4 Recirculation ratio; inverse relationship with reactant oxygen concentration  
5 Calculated Adiabatic Flame Temperature 
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To recap, the key characteristics of flameless combustion include: 

• Recirculation of combustion products at high temperature (normally >  1000 𝐾) 

• Reduced oxygen concentration of the reactants 

• Low Damköhler number 

• Low stable adiabatic flame temperature 

• Reduced temperature peaks 

• Highly transparent flame 

• Low acoustic oscillation, and 

• Low NOx and CO emissions 

 

Several parameters play a significant role in determining the limiting temperatures and 

recirculation ratios for defining the flameless combustion regime, including but not limited to: (1) 

pressure, (2) fuel type, and (3) residence time. Regarding the effect of pressure, numerous studies 

on ignition delay, an important characteristic that defines the flameless combustion regime, 

confirm the decrease of ignition delay with an increase in pressure; De Joannon et al. confirm this 

result for operation in Mild Combustion mode at different oxygen concentrations (De Joannon et 

al. 2002). Huang et al. conducted an experimental study on the Mild Combustion of hydrogen and 

syngas mixtures at elevated pressures and concluded that the threshold gas recirculation ratio 

exhibits negligible dependence on pressure which prompts further investigation into the effect of 

pressure on Mild Combustion (M. Huang, Zhang, Shao, Xiong, Lei, et al. 2014). Regarding the 

effect of fuel type on defining the various combustion modes, the study by Derudi et al. provides 

valuable experimental results for the effect of hydrogen addition on the sustainability of flameless 

combustion (Derudi, Villani, and Rota 2007). From this study, Derudi et al. claim that hydrogen 

containing fuels require jet velocity larger than those of methane to sustain flameless combustion 

but allow for operation at lower average furnace temperatures. Another key result is that overall, 



 

 

68 

 

 

hydrogen is able to enhance, leading to completion, the hydrocarbon oxidation even in highly 

diluted conditions. 

The final parameter of interest that significantly influences the limits of flameless 

combustion is the residence time allowed for the distributed reactions to occur. Generally, 

flameless combustion is characterized by a low Damköhler number (𝐷𝑎) corresponding to a long 

characteristic chemical or combustion time relative to the characteristic mixing time (Equation 9). 

This was previously discussed in Section 2.3.2 with regards to operating in the distributed reactions 

regime and thus the Damköhler number can potentially be a good indicator for the flameless 

combustion regime. Revisiting the definition provided by Oberlack et al. (2000), in relation to the 

well-stirred reactor behavior, they identify as “mild” the conditions at which the ignition and 

extinction points no longer exist and a monotonic shift from unburned to burned conditions occurs 

(Cavaliere and De Joannon 2004). Although their definition imposes an S-shaped curve of 𝐷𝑎 vs. 

𝑇∗ to be monotonic in the flameless combustion regime, the definition proposed by Cavaliere and 

de Joannon is based on the shift of an S-shaped curve of 𝑇𝑖𝑛 vs. final temperature (Perpignan, 

Gangoli Rao, and Roekaerts 2018). Wünning also provides a reference to the Oberlack and Peters 

definition relating to an S-shaped curve that turns into a monotonous dependence of the 

temperature on the Damköhler number (J. G. Wünning 2005). Due to these considerations, the 

significance of including the Damköhler number in a definition for flameless combustion should 

not be overlooked. From the perspective of gas turbines, combustion is typically placed on the 

premixed diagram in the thin reaction zones region, with high 𝑅𝑒, 𝐾𝑎 in the vicinity of 100, and 

𝐷𝑎 greater than 1. In order to attain the region where flameless combustion is expected to occur, 

higher values of 𝐾𝑎 and 𝑅𝑒 are expected, while 𝐷𝑎 has to drop (Perpignan, Gangoli Rao, and 

Roekaerts 2018). Figure 38 illustrates the balance of these dimensionless parameters using a 
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Borghi diagram, and similar to Figure 26 provides a connection between the distributed reactions 

regime and the related flameless combustion regime.  

 

Figure 38: Combustion regime diagram (Borghi) for premixed flames; regions highlighted by 

the dashed line are relevant for flameless combustion regime (Perpignan, Gangoli Rao, and 

Roekaerts 2018) 

The foregoing discussion serves to provide background for the definition of the flameless 

combustion regime while also highlighting the areas of necessary further investigation. The 

summary of the development of the flameless combustion regime diagrams is reported in detail in 

Table 3 and the inconsistencies prove that a unified schematic diagram with included assumptions 

is needed. Although effective flameless combustion definitions have been widely proposed, the 

inclusion of a Damköhler number and Karlovitz number requirement may provide a more effective 

definition. The following section examines the state of flameless combustion literature in the 

context of the previously mentioned open research questions, as well as determines the latest 

numerical models and tools for investigating new combustion domains, in order to achieve a 

perspective that will help to further develop the aim and scope for this study.  
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2.5 LITERATURE REVIEW 

The preceding sections of this chapter discussed the necessary background to best 

understand the current research scope, goals, and objectives. The system of interest is a highly 

efficient solid oxide fuel cell (SOFC) gas turbine (GT) hybrid utilized for stationary power 

generation to support a sustainable and renewable grid. In order to support this SOFC/GT hybrid 

system, two significant components that experience extreme conditions of temperature and 

pressure are highlighted as being susceptible to certain combustion challenges. An eductor is an 

important component for aiding off-gas recirculation of fuel cell systems, with special care at 

higher temperature/pressure operation and with particular renewable fuel utilizations. The design 

of the off-gas burner (OGB) must take into consideration the extremely depleted fuel and air of 

the fuel cell in order to ensure reliable, efficient, and low-emission operation. Both the eductor and 

OGB components of the SOFC/GT hybrid system will benefit from the unique operating 

conditions and mixtures that allow desirable chemical reactions belonging to relatively new 

combustion domains. The following literature review describes the most promising technologies 

that operate in one of these new combustion domains, flameless combustion, along with the 

potential advantages and numerous fields of application. 

2.5.1 Early Flameless Combustion 

 Before discussing the most relevant applications to the dissertation research, it is important 

to revisit the earliest flameless combustion studies and identify the first applications and 

experiments that were conducted. The discovery of flameless combustion is associated with the 

exploration of “heat recirculating combustion” described by Weinberg as a concept for improving 

the thermal efficiency (Weinberg 1986, 1996). A surprising phenomenon was observed during 
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experiments with a self-recuperative burner. At furnace temperatures of 1000 °C and about 650 

°C air preheated temperature, no reaction could be observed; however, the fuel was completely 

consumed. Furthermore, the CO and NOx emissions from the furnace were considerably low (J. 

G. Wünning 2005). Wünning and Wünning presented this combustion mode as “flameless 

oxidation” and developed low-NOx recuperative and regenerative burners as examples for the 

application of this mode as shown in Figure 39 (J. A. Wünning and Wünning 1997; Joachim G. 

Wünning 2003, 2004; J. G. Wünning 2005). 

 

Figure 39: Typical furnace operation compared with flameless oxidation mode (J. G. Wünning 

2005) 

Years following the investigations by Wünning and Wünning, further flameless combustion 

experiments were conducted such as the application of “diluted combustion” of Milani and 

Saponaro to high temperature furnaces, mainly in the steel industry (Milani and Saponaro 2001). 

Cavigiolo and Galbiati investigated a laboratory-scale burner operating in the flameless 
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combustion regime in order to characterize optimal operating conditions for methane and ethane 

fuels, as well as to quantify thermal and fuel NOx reduction (Cavigiolo et al. 2003; Galbiati et al. 

2004). As shown in Figure 40, typical experimental start-up evolves from case a, characterized by 

a limited recycle, to case c, characterized by a massive recycle. Label F indicates fuel, while A1 

and A2 are the primary and secondary air flows, respectively. Experimental recuperative furnaces 

were used by Dally et al. to study the effect of fuel type and diluent addition on establishing 

flameless combustion and resultant NOx emissions (Dally, Riesmeier, and Peters 2004); as well as 

by Gupta to study the benefits of so-called high temperature air combustion (HiTAC) technology, 

concluding possible energy savings of up to 60%, downsizing of equipment size of about 30%, 

and pollution reduction of approximately 25% (Gupta 2004). 

 

Figure 40: Flameless combustion burner start-up (Cavigiolo et al. 2003) 

Various related studies are found in the literature that experimentally and numerically 

investigate flameless combustion for methane/hydrogen mixtures as well as other alternative fuels, 

including biogas, syngas, and other fuels derived from renewable biomass and waste sources 

(Colorado, Herrera, and Amell 2010; Ayoub et al. 2012; Hosseini, Bagheri, and Wahid 2014; 
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Abuelnuor et al. 2014; M. Huang, Zhang, Shao, Xiong, Liu, et al. 2014c; M. M. Huang et al. 2014; 

M. Huang, Zhang, Shao, Xiong, Liu, et al. 2014a, 2014b; M. Huang, Zhang, Shao, Xiong, Lei, et 

al. 2014; M. Huang et al. 2015). Derudi et al. utilized a laboratory-scale burner to investigate the 

effect of fuel type on the sustainability of flameless combustion, with an emphasis on 

methane/hydrogen mixtures as a form of simulated coke oven gas (Derudi, Villani, and Rota 2007). 

Figure 41 shows the experimental results of the extent of the flameless combustion regime with 

hydrogen addition to methane fuel with no clear specification to the upper limit of the recirculation 

ratio. The reported regions and boundaries are (A) mixed zone and (B) clean flameless region for 

NOx concentrations below (…) 70 ppm, clean flameless region boundaries for (---) 50 ppm and 

(—) 30 ppm, respectively. 

 

Figure 41: Flameless operating map for the 40/60% CH4/H2 fuel. Full symbols represent clean 

flameless conditions (Derudi, Villani, and Rota 2007) 

Although the origins for the application of flameless combustion emanated from an 

industrial combustion area, recent studies have shifted the focus to gas turbine applications. 

Lückerath et al. also studied the effect of fuel type on flameless combustion, as well as the effect 

of elevated pressure conditions in order to assess the applicability of flameless combustion for gas 
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turbine combustors (Lückerath, Meier, and Aigner 2008). Another study that sought to develop 

flameless combustion technology for clean and efficient gas turbines is the thermodynamic 

analysis of gas turbine reactions conducted by Levy et al. (Yeshayahou Levy, Sherbaum, and Arfi 

2004). These particular investigation resulted in the conceptual gas turbine combustor design 

illustrated in Figure 42 (Yeshayahou Levy, Rao, and Sherbaum 2007). According to the analysis 

performed with the aid of chemical reactor networks, having a smaller portion of the gases being 

recirculated to generate local low O2 regions could reach a compromise between achieving 

flameless combustion and the pressure losses caused by recirculation (Perpignan, Gangoli Rao, 

and Roekaerts 2018). Various investigators have conducted experimental and numerical studies 

motivated by the application to developing new low emission gas turbine combustors operating in 

the flameless combustion regime (Melo et al. 2009, 2011; Rao and Levy 2010; Lammel et al. 2010; 

Khalil and Gupta 2011a; Khalil et al. 2012; Xing et al. 2017). In addition to emissions benefits, 

these flameless combustion studies demonstrated the potential to extend the operational range of 

gas turbines as well as to help combat combustion dynamics due to limited heat release gradients. 

 

Figure 42: Schematic of a flameless gas turbine combustor (Yeshayahou Levy, Rao, and 

Sherbaum 2007)  
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Arghode, Gupta, Khalil et al. explored the dependence of flow field, swirling, and liquid fuel 

on flameless combustion, referred to as colorless distributed combustion (CDC), in an effort to 

develop a high intensity CDC combustor for gas turbine engines (Arghode and Gupta 2010, 2011; 

Khalil and Gupta 2011b; Arghode, Gupta, and Bryden 2012; Arghode, Khalil, and Gupta 2012). 

Although classified with a different designation of CDC, the results reported by these authors 

confirm those of other flameless combustion designations such as the previously mentioned study 

by Derudi et al. Figure 43 show the resultant OH* images for CDC flames at various oxygen 

concentrations and preheat temperatures confirming an extended stability regime attained through 

hydrogen enrichment of the methane (Khalil and Gupta 2016, 2017). Although numerical 

simulation and computational modeling has been explored in parallel with experimental 

investigations on flameless combustion, recent years has seen a considerable increase in 

simulation, kinetic analyses, and modeling studies (Y. Yu et al. 2010; Hosseini and Wahid 2014; 

X. Huang, Tummers, and Roekaerts 2017; Z. Chen et al. 2017; Hu et al. 2018). 

 

Figure 43: OH* chemiluminescence for the different oxygen concentrations in reactants at 

temperatures ranging from 300 to 750 K for hydrogen enriched methane (Khalil and Gupta 

2016)  
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2.5.2 Application to Gas Turbines 

 In order to achieve stable combustion of SOFC off-gases, operation in a non-traditional 

combustion regime is considered. Flameless combustion is one such regime that is characterized 

by a highly distributed combustion zone with uniform temperature due to the recirculation of 

combustion products. Although there has been successful application of this regime in industrial 

furnaces, there are certain challenges precluding direct application in a gas turbine combustor. One 

of the first investigations into gas turbine design operating in the flameless combustion regime was 

conducted by Levy et al. (Yeshayahou Levy, Rao, and Sherbaum 2007; Y Levy, Rao, and 

Sherbaum 2007). Recent investigations have studied the operation of a small-scale jet-stabilized 

micro gas turbine (MGT) combustor (Hasemann et al. 2018) and a jet-induced recirculation 

combustor in the flameless combustion regime (Huijts, Perpignan, and Rao 2019). From the latter 

study, Figure 44 shows a result in significant agreement comparing the experimental particle 

imaging velocimetry (PIV) results with the simulation for the jet-based flameless combustor. 

 

Figure 44: Comparison in turbulence intensity (TI) for the PIV results with an inlet TI of 20% 

(Huijts, Perpignan, and Rao 2019)  
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In addition to the need for further study of gas turbine combustors operating in the flameless 

combustion regime, it is also of interest to investigate the combustion of low heating value fuels. 

Zornek et al. developed a FLOX-combustion system based on a micro gas turbine for use of 

product gases from biomass gasification (Zornek, Monz, and Aigner 2015). Bücheler et al. 

developed an atmospheric jet-stabilized combustor also based on FLOX for the use of low-calorific 

SOFC off-gas from an SOFC/MGT hybrid power plant (Bucheler, Huber, and Aigner 2017). 

Lingstädt et al. presented a continued experimental investigation of the previous SOFC off-gas 

combustor. In this study, however, anode off-gas compositions resulted in significantly lower 

heating values (< 2 MJ/kg) and required addition of natural gas for full range of operation 

(Lingstadt et al. 2018). Figure 45 depicts the combustor test rig used by both Bücheler et al. and 

Lingstädt et al, noting the strategy of using a superheated steam generator (SHSG) for mimicking 

the characteristically low-calorific SOFC off-gases to be burned. 

 

Figure 45: Atmospheric combustor test rig with preceding SHSG and air preheater (Bucheler, 

Huber, and Aigner 2017; Lingstadt et al. 2018)  
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Frenzel et al. developed a unique, compact and robust burner concept for low heating value 

anode off-gases from high temperature fuel cell systems (Frenzel, Loukou, and Trimis 2011). The 

developed two-stage burner concept was introduced and elaborated based on numerical 

investigations that identified the need for splitting the total cathode air stream. Pianko-Oprych & 

Jaworski conducted a numerical investigation into a burner design for combusting low heating 

value anode exhaust gases from SOFC stacks (Pianko-Oprych and Jaworski 2017). Figure 46 

shows the burner geometry of these two related studies side-by-side for comparison. It should be 

noted that the similarities of both off-gas burner (OGB) designs include multiple combustor stages 

in order to best manage the combustion of the low-calorific SOFC off-gases. 

 

Figure 46: Schematic of the fuel cell off-gas burner geometry.(Frenzel, Loukou, and 

Trimis 2011), left;(Pianko-Oprych and Jaworski 2017), right.  

Based on these recent studies, the current study is motivated with continuing the numerical 

study of afterburners and developing a suitable SOFC off-gas burner (OGB) for converting ultra-

low heating value anodic exhaust at the high temperature and pressure conditions of interest. 
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2.5.3 Application to Fuel Reforming 

Recalling the typical characteristics of flameless combustion as well as the discussion from 

Section 1.1.2, the displayed operating conditions in Figure 8 confirm the necessary recirculation 

of “combustion” products (e.g. H2O, CO2) as well as the reduced oxygen concentration of the 

reactants. The most important requirement of flameless combustion is the minimum temperature 

of the reactant mixture, which needs to be higher than the self-ignition temperature as was shown 

in the aforementioned combustion regime diagrams. For the current application, the expected 

temperatures of the anodic products and the desired fuel cell inlet are approximately 1100 K and 

900 K, respectively. According to the stability limit diagrams of Wünning and Wünning (1997) 

and Cavigiolo et al. (2003), the ideal operating temperature range to promote flameless combustion 

is approximately 1000 K to 1200 K, as these temperatures are sufficiently above the characteristic 

self-ignition temperatures. The expected reactant oxygen concentrations of less than 3 mol % 

correspond to recirculation ratios greater than 8, which, along with a sufficiently high temperature, 

are also confirmed to be in the flameless combustion regimes according to the aforementioned 

diagrams. In addition to the promising expected mixture compositions and sufficient gas 

temperatures, the anodic recirculation system is designed to operate at elevated pressures of 

approximately 10 bar, as well as to recirculate excess fuel (hydrogen), both of which are shown to 

promote ideal conditions for flameless combustion (Cavaliere and De Joannon 2004; Derudi, 

Villani, and Rota 2007). As previously noted, the final consideration for developing a system to 

operate in the ideal flameless combustion regime is the physical design of the eductor component 

where the distributed reactions are to take place. The physical design must promote short mixing 

times and long chemical (residence) times, or equivalently, low Damköhler numbers. Although 

eductors are widely used in many industries and applications, their application in a fuel cell hybrid 
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system is nascent due to the high temperatures, high entrainment ratio and low-pressure difference 

as was discussed in Section 2.2.2.  

Previous studies have investigated similar combustion modes to flameless combustion in the 

context of fuel reforming (distributed reformation), with an emphasis on turbulent mixing. These 

modes include High Temperature Air Combustion (HiTAC) (Tsuji, Gupta, and Hasegawa 2003) 

and Colorless Distributed Combustion (CDC) (Khalil and Gupta 2017), both of which are 

classified as belonging to the Distributed Reaction Regime (DRR) (R. M. Scenna 2017). Recalling 

the discussion from Section 1.2, for the DRR to emerge, the fuel-air mixture is injected through a 

high velocity jet, entraining exhaust products into the mixture in order to reduce local oxygen 

concentrations, generating a volumetric distributed flame. Compared with the Borghi diagram 

shown in Figure 10 as well as the previous combustion regime diagrams, Figure 47 also provides 

context for the association of typical flameless combustion operating conditions with that of the 

DRR and the “distributed reformation regime”. 

 

Figure 47: Regions of flame stability under reduced oxygen and fuel concentrations (R. M. 

Scenna 2017)  
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The DRR represents a recently explored regime for combustion that has been used for clean, 

low emissions fuel burning typically in furnaces or flameless combustion burners. Several studies 

focusing on utilizing the Distributed Reaction Regime for fuel reformation (distributed 

reformation) have been performed recently by Scenna and Gupta (Richard Scenna and Gupta 2018, 

2017b; R. Scenna and Gupta 2016b). Key results from these studies include the effect of preheat 

temperature on establishing the DRR. An increase in preheat temperature resulted in conditions 

that exceeded the Damköhler criterion as shown in Figure 48 and consequently resulted in rapid 

acetylene concentrations suggesting increased propensity for soot formation (R. Scenna and Gupta 

2016a). Due to the characteristically fuel-rich conditions of the mixtures of interest for distributed 

reformation, soot formation reactions are imperative to consider and include in similar studies. 

 

Figure 48: Chemical and mixing time scales at preheats of 600-750 ℃, in increments of 

30 ℃ at O/C = 1.3 (Richard Scenna and Gupta 2016) 
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Another study investigated effect of oxygen concentration on DRR fuel reforming. Overall, 

an increase in reactor oxygen concentrations resulted in a less distributed reactor as shown in 

Figure 49, however, reformate quality was not affected as the addition of oxygen enhanced the 

extent of the relevant reforming reactions (Richard Scenna and Gupta 2017a). Soot formation 

reaction effects were also investigated in the context of fuel reformation, also referred to as thermal 

partial oxidation. The results of this study suggested that combustion based models were effective 

at studying fuel reformation, provided soot formation reactions were included in the chemical 

kinetic mechanisms (Richard Scenna and Gupta 2014). 

 

Figure 49: Flame regime under dry reforming conditions at molar O/C ratios of 1.04 to 

1.20 (Richard Scenna and Gupta 2017a) 

In addition to a review of relevant studies concerning various combustion regimes to address 

the motivation of the current study, non-catalytic partial oxidation (NC-POX) literature has also 

been investigated in the context of fuel reformation. Interest in developing a single stage NC-POX 
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reactor has increased in recent years as cost and risk of coking and deactivation due to soot 

formation pose significant challenges for catalytic reactors. Laboratory study on the NC-POX at 

high pressures and high temperatures in flow reactors is very difficult because of the involvement 

of premixed fuel/air mixtures which can be flammable or explosive (Zhou, Chen, and Wang 2010). 

Over the years, modeling and simulation has been an important approach to the investigation 

of the partial oxidation of methane and other hydrocarbon fuels. Konnov et al. studied the NC-

POX of methane over a wide temperature range from 823 K to 1531 K using two flow reactors 

(Konnov et al. 2004). Kinetic modeling was performed to simulate experiments and a modified 

mechanism including heterogeneous reactions was suggested to better match the experimental 

results at shorter residence times. Table 4 provides a summary of the methane/oxygen/nitrogen 

mixtures that were studied experimentally. It is important to note that despite the highly diluted 

nature of the mixtures, a few of the mixtures exhibited relatively fast ignition times. 

Mixture O2, vol% CH4, vol% 𝑇, K Time, s 

Case 1 0.89 1.77 1100 0–164 

Case 2 0.8 1.26 1100 0–164 

Case 3 1.39 1.7 1100 0–164 

Case 4 1.46 1.17 1100 0–164 

Case 5 1.39 1.7 1123-1531 1.16-1.59 

Case 6 1.01 2.11 1194-1529 1.02-1.3 

Case 7 10.4 33.4 1015-1271 1.22-1.53 

Case 8 1.39 1.7 1177-1525 21.3-27.6 

Case 9 0.89 1.77 823-1073 56.1-73.1 

Case 10 1.39 1.7 900-1100 90.4-110.5 

Case 11 1.46 1.17 900-1100 90.4-110.5 

Case 12 0.8 1.26 900-1100 90.4-110.5 

Table 4: CH4/O2/N2 mixtures studied experimentally, reproduced from (Konnov et al. 2004) 

Other related investigations include Zhu et al. (J. Zhu, Zhang, and King 2001) studying 

methane reformation utilizing a premixed 1-D laminar flow model and Kumar et al. (Shashi 
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Kumar, Kumar, and Prajapati 2009) utilizing a premixed 1-D plug flow reactor to model NC-POX 

of methane to produce hydrogen. Zahedi et al. (Zahedi nezhad, Rowshanzamir, and Eikani 2009) 

modeled autothermal reforming (ATR) of methane to synthesis gas using a premixed 1-D plug 

flow reactor. Although the ATR reactor of this study (Figure 50) contained a catalyst bed in order 

to achieve the autothermal reforming, and the previous studies also investigated similar fixed bed 

reactors to achieve NC-POX, the developed modeling and simulation tools provide useful insights 

for the reactor modeling of interest in the eductor application of the SOFC/GT hybrid system. 

 

Figure 50: Diagram of the studied autothermal reforming reactor (Zahedi nezhad, 

Rowshanzamir, and Eikani 2009) 

The unique application in the foregoing discussion has not been investigated to the best of 

the author’s knowledge, yet the literature on the design of eductors for anodic recirculation in 

SOFC systems will be significant in developing numerical and computational models for 

evaluating the ideal design and performance of an eductor operating in the flameless combustion 
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regime for the purpose of oxygen removal from highly diluted streams of anode recirculated gas 

mixed with alternative and renewable fuels. 

2.5.4 Summary 

Overall, a review of the literature provides background for the methods used in the current 

study and represents a step towards resolving the previously mentioned challenges that motivate 

the study. Prior to this section, a history of flameless combustion was summarized and operating 

regime maps (produced through experimental and numerical evaluation in order to distinguish 

flameless combustion from other traditional combustion modes) were introduced. With the benefit 

of this background, applications of flameless combustion germane to the off-gas burner (operating 

in the relatively “leaner” region) and the eductor (operating in the relatively “richer” region) were 

identified. Regarding the off-gas burner, whereas the various off-gas burner applications found in 

the literature operate at recirculation ratios corresponding to approximately 9-12 mol % oxygen 

concentration in the reactants, the current research investigates mixtures below this limit. 

Regarding the eductor, the goal is to utilize simulation methods to investigate the effect of 

operating pressure, operating temperature, and alternative fuel type (oxygen concentrations) on the 

eductor reactor outlet species concentration and potential soot development. Overall, the proposed 

research seeks to not only investigate and resolve the above-mentioned challenges in support of 

ultra-high efficiency SOFC/GT hybrid systems, but to also provide a better understanding of the 

flameless combustion regime and its respective boundaries. 
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3 APPROACH 

Before proceeding, it is important to revisit the research scope and objectives with the benefit 

of the background and context provided in Chapter 2, and outline the tasks, each of which maps to 

one of the objectives for the study. 

3.1 TASK 1: PERFORM A LITERATURE REVIEW 

 An in-depth survey of flameless combustion, off-gas burner, and eductor literature is 

necessary to identify appropriate numerical and computational methods for simulating flameless 

combustion in the regime of interest. 

 This first objective is imperative as flameless combustion is a relatively new research area 

with the first key publication on the topic attributed to Wünning and Wünning (J. A. Wünning and 

Wünning 1997). At that time, flameless combustion had been applied in gas-fired industrial 

furnaces and future work included studying flameless combustion burners further as they would 

achieve low emissions and determining other applications for flameless combustion. Many of these 

applications included experimental studies to develop and test flameless combustion combustors 

with a key application being low NOx emission engines. Another relevant area of research is the 

effect of fuel type on flameless combustion as utilization of renewable resources such as biomass 

and renewable hydrogen/NG have become more prominent. Literature in this area within the last 

decade has begun to emphasize the use of numerical modeling and computational fluid dynamics 

(CFD) simulations. Although the application of flameless combustion in the development and 

evaluation of low emission gas turbine combustors has been reported, literature addressing the 

limitations of flameless combustion especially for various fuels and at elevated conditions of 

pressure is lacking. This research seeks to confirm the limits of the flameless combustion regime 
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and put this knowledge into practice with the off-gas burner and eductor components of SOFC/GT 

hybrid systems. A review of the literature is an ongoing task and identifying specific areas of 

interest associated with flameless combustion, eductor modeling, off-gas burners, flameless 

combustion of renewable gaseous fuels and other related numerical and experimental studies are 

essential. A full summary of the related literature for the current research can be found in Section 

2.5: Literature Review. 

3.2 TASK 2: DEVELOP CHEMICAL KINETIC MODELS 

Various zero-dimensional (0D) and one-dimensional (1D) spatial models will be 

investigated using chemical kinetic modeling software (CHEMKIN) with the goal to develop 

chemical reactor networks (CRN) suitable for simulating flameless combustion for each respective 

application. 

This second objective will first include numerical simulations with a focus on autoignition 

and ignition delay studies using various chemical reactor models provided in the CHEMKIN 

package. Various reaction mechanisms will be used to perform the simulations, and the numerical 

results will be compared with results of other ignition models available in the literature in order to 

determine the best mechanism for modeling flameless combustion with an emphasis on methane, 

natural gas, hydrogen and biogas as the primary fuel. Key parameters to be investigated are chosen 

based on their influence on the autoignition temperature of a fuel, including initial temperature, 

initial pressure, and oxygen concentration. Autoignition temperature is also highly dependent on 

residence time, and an evaluation of appropriate residence times dependent on application will be 

investigated and discussed. After studying the characteristics of autoignition and ignition delay 

utilizing single chemical reactor models such as perfectly stirred reactors (PSR) and plug flow 
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reactors (PFR), the next step will include combining a number of reactors to form CRNs. These 

hybrid networks are often used to simulate mixing and flow characteristics of typical combustors 

and will offer additional insight as to the application of flameless combustion to the two 

aforementioned SOFC/GT hybrid systems components. Section 4.2: Chemical Kinetic Modeling 

provides a detailed review of the respective test methodology. 

3.3 TASK 3: DEVELOP COMPUTATIONAL FLUID DYNAMIC MODELS 

Higher-dimensional spatial models will be investigated using commercial computational 

fluid dynamic (CFD) modeling software (ANSYS Fluent) in order to complement and expand on 

the CRN approach for simulating flameless combustion for each respective application. 

This next objective follows from Task 2 and will focus on developing two-dimensional and 

three-dimensional spatial models for simulating operating conditions of flameless combustion. In 

order to fully characterize the flameless combustion regime and demonstrate the two applications 

in question, a CFD model of an off-gas burner and an eductor in an SOFC/GT hybrid system will 

need to be developed. Development of these CFD models will be performed with the commercial 

ANSYS Fluent software, and the chemical reaction mechanisms used for simulation will be 

derived from CHEMKIN. Coupling of these reaction mechanisms with the ANSYS Fluent CFD 

models is necessary in order to understand the significant relevant physics interactions occurring 

within each respective SOFC/GT hybrid system component. The two-dimensional (2D) approach 

will be relevant for off-gas burner and eductor designs that are axisymmetric. Three-dimensional 

(3D) modeling based on the Reynolds-average Navier-stokes (RANS) will be another approach, 

and fully validated 3D models will be the ultimate goal for each application. For both approaches, 

the respective CFD models will be largely based on typical combustor and eductor designs 
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commonly found in practice and in the literature, appropriate for the eventual goal of 

implementation in an SOFC/GT hybrid system. Standard setup and procedure for the CFD 

modeling will be followed including performing sufficient mesh analyses, determining suitable 

turbulence models, and choosing appropriate parameters and boundary conditions. Validation will 

include baseline simulations compared with available data followed by simulating at conditions in 

the flameless combustion regimes and comparing with literature data. Similar to Task 2, a detailed 

review of the respective test methodology is provided in Section 4.3: Computational Fluid 

Dynamics Modeling. 

3.4 TASK 4: SIMULATE OPERATION IN THE FLAMELESS COMBUSTION REGIME 

Flameless combustion will be modeled using CHEMKIN (CRN) and ANSYS Fluent (CFD) 

for the specific applications of an off-gas burner and an eductor reactor in an SOFC/GT hybrid 

system.  

In the following objectives, all preliminary CRN and CFD models will be tested (Task 4) 

and evaluated (Task 5) for viable application in the flameless combustion regime. The approach 

for simulating the flameless combustion regime for the noted applications begins with chemical 

kinetic modeling and determining appropriate parameters (e.g. temperature, pressure, residence 

time, etc.) for 0D and 1D chemical reactor models as well as the hybrid CRNs. The improved 

CRNs for both off-gas burner and eductor applications will inform the CFD model designs and 

provide suitable modeling constraints and will then provide insight as to the performance of each 

application in the flameless combustion regime. Obtaining converged solutions from all CFD 

modeling is essential for acquiring accurate results. The development and improvement of the CFD 

models will better inform the development of the latest CRN models which will then feedback 
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further valuable data to support further design improvements. A full summary of the development 

of the CRN and CFD models with respect to suitable operation in the flameless combustion regime 

can be found in Chapter 5: Results and Discussion. 

3.5 TASK 5: ANALYZE RESULTS IN THE CONTEXT OF AVAILABLE LITERATURE DATA 

The performance and emissions results of all simulations will be evaluated based on 

experimental data available in the literature and will be used to improve the CRN and CFD 

models. 

This next objective will take place in parallel with Task 4 and focus on analyzing all 

numerical results while using literature data to inform redesign of the tested models. The first 

results that will be available for analysis will be the numerical results of the CHEMKIN 

autoignition and ignition delay models, which can be compared with widely published flow reactor 

experimental data. The validated chemical reactors from this approach are then used to create 

hybrid CRNs which are then tested and compared with the available literature data. As the 

developed numerical and computational models increase in complexity towards a full design of an 

SOFC/GT off-gas burner and eductor, the available literature data for comparison and validation 

will be limited. It is in the context of these applications that some of the first conclusions will be 

drawn with respect to characterizing the flameless combustion regime. Although the CFD models 

for the aforementioned unique applications may have limited data for comparison, the results will 

provide insights on desired performance in the flameless combustion regime which will inform 

redesign and retesting. The numerical results will not only be used for design of the SOFT/GT 

hybrid system components but will also be used for the final task of preparing an experimental test 

plan for the next step of proof of concept. Chapter 5: Results and Discussion provides a summary 
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of all collected results as well as a comparison of these results with relevant published data for 

operating conditions in the flameless combustion regime specifically with respect to off-gas burner 

and eductor applications. 

3.6 TASK 6: ESTABLISH CONCLUSIONS AND SUGGEST RECOMMENDATIONS 

Final conclusions will be made based on the results and specific experimental 

recommendations will be reported. 

Finally, this objective will provide conclusions based on the numerical results and with 

respect to the main research goal. New research questions will be noted and specific 

recommendations for appropriate experimental tests to further this work will be reported in more 

detail in Section 6.3: Recommendations. 
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4 METHODOLOGY 

The next section will introduce the specific numerical methods used to study the application 

of flameless combustion for the two SOFC/GT hybrid system components of interest (A) off-gas 

burner, and (B) eductor. In order to support the key research objectives presented in Chapter 3: 

Approach, each method will include a description of how the numerical tools were developed, as 

well as the test procedures that were used for collecting the results. 

4.1 TEST PARAMETERS 

4.1.1 Review of Chosen SOFC/GT Hybrid System Design 

As previously stated, the chosen configuration for the abovementioned applications of 

interest is a direct hybrid solid oxide fuel cell/gas turbine (SOFC/GT) system in a topping cycle 

configuration as was shown in Figure 13 and duplicated here for readers’ convenience. The test 

parameters for the proposed numerical investigations of the current dissertation research were 

provided by the outputs of a process model of this particular SOFC/GT hybrid system. The model 

was developed within the commercial software Aspen Plus which performs plant-wide simulations 

operating on various fuels. The SOFC/GT hybrid system studied for the current dissertation 

research is a 10 MW scale hybrid power system that is designed as a “net-zero-water power plant”. 

In net-zero-water power plants, the anode gas recycle is used to provide the necessary water for 

the internal reforming and water-gas shift reactions inside the fuel cell instead of importing water. 

Reforming is an endothermic reaction and can cool down the fuel cell at the cell entrance, an 

important design characteristic for reducing water use in the form of water cooling. The following 

discussion highlights the relevant operating conditions and compositions for the aforementioned 

applications from the detailed Aspen Plus stream data that can be found in Appendix D. 
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Figure 13: Chosen hybrid gas turbine fuel cell system design, noting key components of interest 

for the current work: (A) off-gas burner and (B) eductor (duplicated from Section 2.1.5) 

4.1.2 Operating Conditions 

The operating pressure and temperature for this 10 MW scale hybrid power system are 

dependent on the particular location as shown in the pertinent process flow diagram. Stream data 

provided by an Aspen Plus power plant simulation and shown in Appendix D are organized by a 

specific numerical location6 that corresponds to the above diagram. Points of interest include the 

(A) off-gas burner with inlets of #6 and the difference between #11 and #12, as well as the (B) 

eductor, with inlets of #8 and #12. 

Before discussing the auxiliary components of interest, it is important to specify the design 

conditions for the chosen fuel cell. As previously discussed, the chosen fuel cell is a high 

 

 

6 These locations correspond to the numbers shown in Figure 13 and are preceded by a ‘#’ symbol when referenced 
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temperature solid oxide fuel cell (SOFC) which operates by conducting oxygen ions within the 

ceramic electrolyte at high temperatures ranging from 650oC to 1000oC. High efficiency SOFC 

systems operate at moderately high pressures, with some demonstrations reported in the literature 

achieving up to 4 bar. The SOFC for this hybrid power system is proposed to operate at inlet 

conditions of approximately 700oC and 10 bar. The outlet pressures for the cathode and anode 

exhaust are approximately 9.7 bar and 9.8 bar, respectively, while both exhaust temperatures are 

approximately 850oC. Due to these elevated temperature and pressure conditions, the system 

components directly upstream and downstream of the SOFC are of particular interest. Table 5 

summarizes the operating conditions from the proposed SOFC/GT hybrid system that are most 

relevant to the notable components. 

 Off-Gas Burner (OGB) Eductor 

 
Anode Off-Gas 

(#11 - #12) 

Cathode Off-Gas 

(#6) 

Fuel – Biogas 

(#8) 

Anode Off-Gas 

(#12) 

P [bar] 9.8 9.5 30 9.8 

T [oC] 850 480 350 850 

�̇� [kg/s] 6.2 29.1 1.4 8.7 

Table 5: Relevant stream properties for proposed SOFC/GT hybrid system 

A. OFF-GAS BURNER 

The particular off-gas burner (OGB) for the current study is to be designed to burn the fuel 

cell off-gases in an efficient manner while maintaining low pollutant emissions. The exhaust 

temperature of the SOFC is 850oC which is the assumed temperature of the anode stream. 

However, the temperature of the cathode exhaust entering the OGB is approximately 480oC due 

to an exchange of heat with the inlet cathode flow (#3 - #4) in a recuperator. Due to this additional 

component between the SOFC and the OGB, the pressure of the cathode off-gas stream decreases 

slightly to approximately 9.5 bar before entering the OGB. The availability of both off-gas streams 
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for reacting in the OGB is given by the mass flow rates. The mass flow rate of the cathode exhaust 

is approximately 29.1 kg/s, nearly five times greater than the available anode exhaust of 6.2 kg/s 

entering the OGB. The total mass flow rate of the anode exhaust is almost 15 kg/s; however, the 

design of the proposed SOFC/GT hybrid system specifies recirculation of approximately 8.7 kg/s 

of the anode off-gas. In addition to this discussion, the values for pressure, temperature, and mass 

flow rates of the OGB inlet streams are shown in Table 5.  

B. EDUCTOR 

As previously mentioned, the proposed SOFC/GT hybrid system design includes anodic 

recirculation to maintain a sufficiently high steam to carbon ratio (STCR) to avoid the risk of 

carbon deposition. The secondary benefit for anodic recirculation is to recycle the exhaust heat for 

use in supporting the necessary fuel reforming reactions. The specific anode off-gas stream that is 

recycled and introduced into the eductor has a mass flow rate of 8.7 kg/s and is at a temperature 

and pressure of 850oC and 9.8 bar, respectively. The choice for an eductor to support the anodic 

recirculation is mainly due to the high temperature streams as well as the relatively small pressure 

increase required. The objective of the eductor for the proposed SOFC/GT hybrid system is to 

boost the pressure of the anode off-gas stream to the inlet SOFC pressure (10 bar) which is 

achieved through the use of a high pressure primary motive fluid. The focus of the eductor work 

for the current dissertation research is to investigate challenges posed by the potential use of biogas 

as an example of an alternative fuel. As shown in Table 5, the fuel (biogas) inlet stream is proposed 

to be approximately 1.4 kg/s and at a temperature and pressure of 350oC and 30 bar, respectively. 
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4.1.3 Reactant Mixture Compositions 

In addition to the different operating conditions due to the distinct locations of the off-gas 

burner and eductor components relative to the solid oxide fuel cell (SOFC), the two components 

also experience different mixture compositions. It is important to note that the focus of off-gas 

burner operation and design will be on natural gas as the system fuel, while the eductor 

investigation will focus on alternative fuel use, in particular biogas with a small amount of oxygen 

content as the system fuel. 

A. OFF-GAS BURNER 

The details shown in Table 6 regarding the expected off-gas composition for reacting in an 

off-gas burner (OGB) are provided for a proposed 10 MW SOFC/GT hybrid system at steady state 

operation on a typical natural gas fuel. The anode exhaust is composed mainly of carbon dioxide 

(CO2) and water vapor (H2O) due to the key fuel oxidation reactions occurring within the fuel cell. 

The remaining mixture is leftover fuel, hydrogen (H2) and carbon monoxide (CO) in this case, and 

a trace amount of nitrogen (N2). On the cathode side, a significant amount of air is utilized by the 

SOFC, leaving only 9 vol % oxygen (O2) in the cathode exhaust with a balance of N2 and traces 

of CO2 and H2O. Although due to this relatively high air utilization of the proposed SOFC resulting 

in considerably low O2 content on the cathode side, there is enough oxidant to fully convert the 

depleted fuel present on the anode side. The heating value for the anode off-gas is approximately 

1.8 MJ/kg (1.4 MJ/m3) and requires about 6.5% mol O2 per mol of anode off-gas to achieve a 

stoichiometric burn. The anode exhaust LHV of the current study is significantly lower than 

previous studies such as Bücheler et al. (base load, 4.6 MJ/kg; part load, 3.4 MJ/kg) (Bucheler, 

Huber, and Aigner 2017), and on the same order as Pianko-Oprych & Jaworski (Pianko-Oprych 

and Jaworski 2017) (base load and part load, 1.6 MJ/kg) as well as Lingstadt et al. (Lingstadt et 
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al. 2018) (base load and part load, 1-3 MJ/kg). Currently, the cathodic exhaust flow rate is more 

than five times the necessary amount for the stoichiometric combustion of the anode off-gas. 

Therefore, it is proposed to design the off-gas burner as a dual-stage combustor. The first stage 

would encompass the main reaction zone designed to react the stoichiometric mixture while the 

second stage would introduce the remaining cathodic off-gas in order to achieve the necessary 

dilution for both cooling and meeting emissions requirements. The main design objectives of the 

off-gas burner are to react the two streams without the use of additional air or fuel and in an 

efficient manner while minimizing pollutant emissions. 

 Anode 

(Fuel) 

Cathode 

(Oxidizer) 

H2 8 - 

CO 5 - 

CO2 29 1 

H2O 57 1 

O2 - 9 

N2 1 89 

Table 6: Approximate off-gas composition (vol %) entering OGB for proposed SOFC/GT hybrid 

system operating on natural gas fuel 

B. EDUCTOR 

The details shown in Table 7 regarding the expected inlet gas compositions for reacting in 

an eductor are provided for a proposed 10 MW SOFC/GT hybrid system at steady state operation 

on a typical biogas fuel. Similar to the OGB application, the anode off-gas stream is composed 

mainly of carbon dioxide (CO2) and water vapor (H2O), as well as excess fuel composed of 

hydrogen (H2) and carbon monoxide (CO). Due to the different choice of fuel for studying eductor 

performance, the composition of the anode off-gas stream differs significantly. The most 

significant difference is in the H2 and CO concentrations, while the concentrations for the more 

abundant constituents of CO2 and H2O vary by a small fraction.  
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 Biogas Fuel 

(Primary) 
 Anode Off-Gas 

(Secondary) 

C3H8 0.0057 C3H8 0.0023 

C2H6 0.0063 C2H6 0.0024 

CH4 94.1095 H2O 60.5170 

H2O 0.5371 CO2 30.4849 

CO2 2.1601 CO 3.1094 

N2 1.5907 H2 5.3122 

O2 1.5906 N2 0.5718 

Table 7: Primary and secondary reactant composition (vol %) entering the eductor for proposed 

SOFC/GT hybrid system operating on biogas fuel 

The fuel, shown as #7 in Figure 13, is taken to be simulated biogas with an initial 

composition of approximately 37 vol% CO2, 60 vol% CH4 and 1 vol% O2 as the major 

components. This biogas stream undergoes an upgrading process involving high performance 

carbon sieve membranes (He et al. 2018) before arriving to the eductor component in the SOFC/GT 

system of interest for the current study. Due to this process, CH4 concentration is significantly 

higher in the resultant stream while CO2 concentration is significantly lower. Relative to the final 

mixture, the amount of O2 increases slightly to approximately 1.59 vol%. Although the emphasis 

of the current work is oxygen content in the fuel, the investigation of eductor performance will 

include an emphasis on possible soot formation. Therefore, the higher hydrocarbon constituents in 

the fuel such as C2H6 and C3H8 are included as shown in Table 7 for the numerical studies. 

The choice of biogas for the SOFC/GT hybrid system fuel is to study the operation and 

performance on alternative types of fuel such as those from renewable and/or waste resources. The 

main reason for investigating these types of fuels for this hybrid power system was introduced in 

Section 1.1.3 as a one of the key critical technology barriers. The relevant barrier for the eductor 

application is the detrimental effect of any amount of O2 present within the fuel cell as it is 

poisonous to the anode materials (De Arespacochaga et al. 2015). Examples in the literature for 
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renewable and/or waste fuels that contain significant amounts of oxygen include biogas produced  

from wood waste with 3 vol% (De Ruyck et al. 1991) as well as a sample biogas fuel with up to 

10 vol% O2 (Shiratori et al. 2010). The oxygen content in these fuels can be introduced in various 

ways such as from air injection such as is the case for many peak shaving fuels currently in 

use(NGC+ Interchangeability Work Group 2005). The potential presence of O2 in a fuel stream 

necessitates the inclusion of a catalytic oxidizer immediately upstream of the fuel cell to remove 

the oxygen. A key goal of the current dissertation research is to determine the amount of oxygen 

concentration reduction possible within the eductor component in order to suggest a reduction or 

possible elimination of this catalytic oxidizer component. Thus, the main design objectives for the 

eductor component are to support the non-catalytic partial oxidation (NC-POX) reactions for 

ensuring removal of oxygen upstream of the fuel cell while also maintaining suitable eductor 

performance for the efficient operation of the SOFC/GT hybrid system 

4.2 CHEMICAL KINETIC MODELING 

4.2.1 Summary of Preliminary Modeling 

A. OFF-GAS BURNER 

A chemical reactor network (CRN) involving perfectly stirred reactors (PSR) and a plug 

flow reactor (PFR) was developed, and studies for operating on low heating value SOFC off-gases 

at elevated temperature and pressure conditions were conducted. A hybrid PSR-PFR network is 

commonly used to simulate mixing and flow characteristics of a gas turbine combustor as shown 

in Figure 51. Typically, a gas turbine CRN consists of a flame zone, a recirculation zone, and a 

post-flame zone (Bhargava et al. 1999; Rutar and Malte 2002). The chosen CRN design for the 

current study also includes a mixing zone to account for a partially premixed fuel/air mixture. In 
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general, this CRN is composed of two main reactor network clusters, with the first cluster 

representing the region around the flame in the combustor and the second cluster representing the 

post-flame region between the flame and the turbine inlet.  

 
Figure 51: Gas turbine (GT) chemical reactor network (CRN) schematic (ANSYS 2018) 

The CRN is built within the ANSYS Chemkin-Pro interface which allows for simple 

management and necessary modification of the system components and operating conditions. 

Before testing the performance of the reactor network for simulating combustion of the SOFC off-

gases at the relevant conditions of use, a standard fuel/air mixture typically found in gas turbines 

and reported in the literature is used to verify the accuracy of the CRN model. The inlet mixtures 

used are a lean premixed methane/air fuel mixture with an equivalence ratio of 0.6, and a primary 

air mixture of approximately 21 vol % O2 and 79 vol % N2. These two inlet streams are preheated 

to a temperature of 650 K and introduced into the mixing zone reactor (R1 7 ). The initial 

 

 

7 The reactor labels R1, R2, and R3 for the off-gas burner CRN are noted here for future reference (e.g. Chapter 5) 
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temperature and pressure of the first reactor are 800 K and 10 bar, respectively, while the 

characteristic residence time is set to 0.5 ms. The mixture then proceeds to the flame zone reactor 

(R3) set to 1600 K and 10 bar where the mixture is mixed with secondary air and ignited. It is 

assumed that approximately 80% of the products from the flame zone proceed to the second cluster 

(post-flame region, PFR), with the remaining 20% recycled to the recirculation zone allowing for 

further mixing and residence time for necessary combustion reactions. The recirculation zone 

reactor (R2) is also set to 1600 K and 10 bar, and it is assumed that 85% of the reactor products 

return to the flame zone while the remaining 15% are recycled to the mixing zone. For both R2 

and R3, the characteristic residence times are 1.5 ms, which is consistent with the time scale 

associated with physical mixing in current low emission combustors based on bulk velocities and 

premixer volumes (Lieuwen et al. 2008). Figure 52 summarizes the previously discussed verified 

initial conditions and relevant parameters for this preliminary GT CRN. 

 

Figure 52: Baseline hybrid PSR-PFR chemical reactor network 

Solutions from this baseline CRN using the GRI-Mech 3.0 reaction mechanism (Smith et 

al., n.d.) confirm typical GT operation with a flame zone temperature of approximately 1660 K 

and an increase to 1680 K in the recirculation zone due to additional oxidation of carbon monoxide 

(CO) to carbon dioxide (CO2). Emissions of oxides of nitrogen (NOx) remain on the order of 1 
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ppm, while peak CO emissions in the first reactor cluster are on the order of 1000 ppm. While NOx 

emissions remain low in the post-flame region despite an increase in the temperature of the 

products to almost 1690 K, CO emissions are reduced significantly to an order of less than 10 ppm 

due to the additional residence time afforded by the PFR for CO oxidation. Overall, the consistency 

of these solutions with typical GT operation suggest the current CRN model can be used to better 

understand a direct application of SOFC off-gas combustion in a standard GT combustor. 

B. EDUCTOR 

The chemical reactor model chosen for studying the eductor application was based on a 

Lawrence Berkeley National Laboratory (LBNL) experimental setup and utilizes the specific 

addition of side inlet flow into a plug flow reactor to approximate the effect of a mixing region on 

product composition. The study this model is based on combined experimental and modeling 

efforts to investigate ammonia chemistry in a hot combustion environment that is below flame 

temperatures, such as in post combustion gases (Grcar et al. 2004). Results from this study 

indicated that the final products of ammonia oxidation remain sensitive to mixing even at 

temperatures below those of self-sustaining flames. The main reasons for choosing to base the 

model of the current eductor study on the LBNL setup are the similar type of highly diluted reactant 

mixtures that are of interest, presence of mixing effects for the plug flow model, and conditions of 

elevated reactor temperatures to simulate non-catalytic partial oxidation (NC-POX). The fuel and 

oxidizer streams used in the LBNL study are primarily composed of inert nitrogen, with the fuel 

containing approximately 0.1 mol % CH4 and 0.03 mol % NH3, and the oxidizer containing 

approximately 4.0 mol % O2 and 2.0 mol % H2O. The details as well as the operating pressure, 

operating temperature range, and experimental setup dimensions can be seen in Figure 53. 
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Figure 53: Schematic of the baseline LBNL experimental setup and compositions of the fuel and 

oxidizer streams as mole fractions of the combined fuel-oxidizer inflow (Grcar et al. 2004) 

4.2.2 Modified Chemical Reactor Models/Networks 

A. OFF-GAS BURNER 

The developed GT CRN model was modified to include all the properties summarized in 

Table 5 and Table 6. The mixing zone reactor (R1) was adjusted to an elevated temperature of 

1000 K to accommodate for the higher inlet fuel temperature of 1100 K from the anode exhaust. 

The residence time of this first reactor was unchanged at 0.5 ms, however, the residence times of 

the two other PSRs in the first cluster required modification in order to achieve stable combustion 

of the different lower LHV fuel mixture. A parameter study for various time scales for R2 and R3 

was conducted, only considering an appropriate range of times from 1-5 ms relevant to gas turbine 

combustion, and described in more detail in Section 5.1.1. Assuming initial R2 and R3 reactor 

temperatures of 1600 K, stable combustion of the SOFC off-gases was achieved with residence 

times of at least 3 ms. The final product temperatures did not exceed 1440 K and thus the 

approximate reactor temperatures were also adjusted and decreased to 1400 K. Accounting for the 

sensitivity of the GT CRN to the parameters of reactor temperature and residence times for the 

fuel/oxidizer mixtures of interest resulted in a suitable model for further investigations. Figure 54 

summarizes the final conditions and parameters for the modified GT CRN. 
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Figure 54: Modified hybrid PSR-PFR chemical reactor network for the current study 

B. EDUCTOR 

Modifications were implemented to the baseline LBNL model in order to apply the final 

modified plug flow reactor (PFR) model to the reactant mixtures of interest within the eductor at 

the desired operating conditions of temperature and pressure as shown in Table 5. The dimensions 

of the reactor were unchanged with the exception of the reactor length which was doubled to L = 

50 cm in order to consider longer residence times. The location of the fuel and oxidizer inlet 

remained the same, although for the current study, the co-flow is composed of anodic products 

that does not contain any concentration of oxygen, and instead oxygen is introduced as a 

component of the fuel. As previously mentioned, the fuel is taken to be simulated biogas which 

undergoes an upgrading process before arriving to the eductor component of the SOFC/GT hybrid 

system of interest. The final fuel and anode off-gas concentrations used for the eductor reactor 

study were reported in Table 7. 

The original investigated reactor temperature range was kept the same for the current study, 

however, in order to utilize the simulated eductor PFR model at elevated pressures, an appropriate 

choice for a reaction mechanism was necessary. The ethylene/air combustion mechanism of Appel 

et al. was chosen as it matches all the desired features, including validation of mechanism with 
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flow reactor data up to P = 10 bar, and the inclusion of soot formation and growth reactions (Appel, 

Bockhorn, and Frenklach 2000). This reaction mechanism consists of 101 species and 543 

reactions which include PAH growth reactions up to pyrene (A4). As a final step in verifying 

suitable performance of the chemical reaction mechanism for simulating non-catalytic partial 

oxidation (NC-POX) for the gas compositions and operating conditions of the current study, the 

developed PFR model with simulated mixing was compared with experimental and numerical 

results for the NC-POX of a highly diluted CH4/O2/N2 mixture. The chosen mixture was the case 

6 mixture investigated by Konnov et al. which had a composition of 1.01 vol% O2, 2.11 vol% CH4, 

balance N2, T = 1194-1529 K and residence time range of 1.02-1.3 seconds (Konnov et al. 2004). 

Figure 55 shows a comparison of the results for final O2 concentration for the case 6 mixture as 

simulated by the present model, the Konnov model, and the corresponding experimental results. 

 
Figure 55: Measured and calculated final oxygen concentration in the case 6 mixture as a 

function of temperature (Konnov et al. 2004) 
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All three sets of data seem to agree up until a temperature of approximately 1290 K. 

Afterward, the present model continues to provide a fair trend when compared with the 

experimental data but begins to deviate at around 1330 K (1000/T ≈ 0.752). Neither the present 

model nor the model presented by Konnov et al. are able to predict the experimental values at 

temperatures greater than 1330 K, however, the present model seems to provide better agreement 

overall. Konnov et al. conclude their study by suggesting a modified mechanism that includes 

heterogeneous reactions in an effort to better predict the experimental values, although,  it is also 

suggested that air ingress may have contributed to the decreased NC-POX performance at higher 

temperatures. Overall, the chemical reaction mechanism chosen for the current eductor reactor 

study is deemed suitable and verified for studying the NC-POX of highly diluted mixtures up to 

temperatures of 1330 K. 

The following section describes in more detail the numerical procedure for investigating 

both the previously outlined off-gas burner and eductor reactor models using CHEMKIN. 

4.2.3 CHEMKIN Procedure 

The following discussion describes the procedure for setting up the aforementioned 

numerical models using the commercial ANSYS Chemkin-Pro package. The eductor application 

is simulated using a side inlet flow into a plug flow reactor (PFR), while the off-gas burner 

application is investigated using a chemical reactor network (CRN) composed of perfectly stirred 

reactor (PSR) and PFR models. Each procedure includes setting up the project, modifying key 

model parameters, running the calculations, and finally post-processing the results. 
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A. OFF-GAS BURNER 

The numerical test procedure for simulating flameless combustion within the off-gas burner 

of a high temperature and pressure SOFC/GT hybrid system using the previously mentioned gas 

turbine (GT) chemical reactor network (CRN) is given below in more detail8: 

1. Open CHEMKIN and select new project file; from the Models tab, select the Perfectly 

Stirred Reactor (PSR) option under “Open 0-D Reactors”, and continue selecting PSR until 

the necessary amount of reactors is chosen (four for the OGB application). 

2. One inlet is already included, upstream of the first PSR, and two additional inlets are 

necessary. Select the first PSR and after highlighted, select “External Source of Inlet Gas”. 

Repeat this procedure for the final PSR in order to add the final required (secondary) inlet. 

3. While the final PSR is highlighted, select the plug flow reactor (PFR) followed by “Outlet 

Flow” under “Miscellaneous” and ensure all reactors are connected in series as shown in 

the modified GT CRN schematic (Figure 54). 

4. Before being able to run any simulations, the Pre-Processer must be run; select the Pre-

Processing option under the open project in the Open Projects tab and choose the 

appropriate chemistry set/mechanism and run the Pre-Processor. For this off-gas burner 

application, a modified GRI Mech 3.0 mechanism is used (further details in Appendix B). 

After this is complete, the model should be ready for receiving input of initial test 

conditions. 

 

 

8 Further details/references for the exact CHEMKIN software and reactor models are provided in Appendix B 
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5. Open the first Inlet Flow window by double-clicking on the arrow connecting the inlet to 

the first PSR. In the open window, under the Stream Properties Data tab, ensure the proper 

flow rate and inlet temperature is selected and specified. Select the Species-specific 

Properties tab and input all species to be tested along with the Reactant Fraction of each 

species with respect to the Total Species. Close the window and rename this Inlet Flow 

either Primary Cathode Off-Gas, Secondary Cathode Off-Gas or Anode Off-Gas 

depending on the respective inputs. Repeat this step for the remaining Inlet Flows. 

6. Double-click the first PSR to open the properties window. Under the Reactor Physical 

Properties tab, confirm that the Residence Time, Temperature, and Pressure show the 

correct initial values. Close the window and rename this PSR either Mixing Zone, Flame 

Zone, Recirculation Zone or Post Flame Zone depending on the respective inputs. Repeat 

this step for the remaining PSRs. 

7. If a parameter study is to be conducted, in the PSR window under the Reactor Physical 

Properties tab, select the [+/-] button next to the parameter of interest in order to set up a 

Parameter Study. In the Parameter Study window, various combinations of parameters can 

be specified; for the current study, the first parameter that was varied was the Residence 

Time and the second parameter was the initial Temperature. After specifying the details in 

the Parameter Study window, the PSR window may be closed. 

8. In the Open Projects tree under the current project and the item 4 PSR Cluster (C1), select 

Recycling. The approximate recycle fractions for the current study should be set as: 0.2 

from Flame Zone to Recirculation Zone, 0.8 from Flame Zone to Post Flame Zone, 0.15 
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from Recirculation Zone to Mixing Zone, and 0.85 from Recirculation Zone to Flame 

Zone. Close the window after ensuring the proper fractions. 

9. Double-click the PFR to open the properties window. Under the Reactor Physical 

Properties tab, ensure that Solve Gas Energy Equation is selected for the Problem Type. 

Make sure that both Momentum Equation and Residence Time Calculation are turned on. 

Confirm the Pressure shows the correct initial value and keep remaining default values. 

Close the window and rename this PFR as Post Flame Reactor. 

10. Under the Open Projects tree, select the Run Calculations option and run a single model by 

selecting Model then Begin or multiple runs by selecting Parameter Study then Begin. 

11. Following the Run Calculations step, the Analyze Results option will be available; you 

may choose to analyze the results through post-processing using the built in Post-processor 

or output as a comma separated value document. The primary data to be analyzed for the 

off-gas burner application are the emissions (CO and NOx) at various stages in the CRN. 

12. Repeat the procedure from Step 7 if wanting to conduct different parameter studies such as 

those dependent on temperature, pressure, and inlet off-gas flow rates.  

13. If subsequent tests involve the use of a different fuel, be sure to repeat the procedure from 

Step 5 and confirm the correct Fuel Species and Fuel Fraction is specified; if a different 

chemical reaction mechanism is required, the procedure should be repeated from Step 4 

which prompts the user to run the Pre-Processor after changing the respective chemistry 

set/mechanism. 
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B. EDUCTOR 

The numerical test procedure for simulating non-catalytic partial oxidation (NC-POX) 

within the eductor of a high temperature and pressure SOFC/GT hybrid system using the 

aforementioned modified plug flow reactor (PFR) model is given below in more detail9: 

1. Open CHEMKIN and select new project file; from the Models tab, select the Plug Flow 

Reactor (PFR) option under “Flow Reactors”. 

2. One inlet is already included, upstream of the first PSR, and an additional inlet is necessary. 

Select the PFR and after highlighted, select “External Source of Inlet Gas” under 

“Miscellaneous”. Finally, select “Outlet Flow” and ensure all the components are 

connected as shown in Appendix B. 

3. Before being able to run any simulations, the Pre-Processer must be run; select the Pre-

Processing option under the open project in the Open Projects tab and choose the 

appropriate chemistry set/mechanism and run the Pre-Processor. For this eductor 

application, the previously discussed Appel et al. mechanism which includes soot 

formation and growth reactions is used (further details in Appendix B). After this is 

complete, the model should be ready for receiving input of initial test conditions. 

4. Open the first Inlet Flow window by double-clicking on the arrow connecting the first inlet 

to the PFR. In the open window, under the Stream Properties Data tab, ensure the proper 

flow rate or velocity option is selected and specified. Select the Species-specific Properties 

tab and input all species of the fuel to be tested along with the Reactant Fraction of each 

 

 

9 Further details/references for the exact CHEMKIN software and reactor models are provided in Appendix B 
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species with respect to the Total Fuel Species. Close the window and rename this Inlet 

Flow to Fuel (Primary). 

5. Open the second Inlet Flow window by double-clicking on the arrow connecting the second 

inlet to the PFR. In the open window, under the Stream Properties Data tab, ensure the 

proper flow rate or velocity option is selected. In order to simulate mixing in the PFR, the 

inlet flow rate/velocity will be set up as a profile. From the drop-down list, select “New 

Profile…” and ensure the correct units are chosen for Distance and the chosen Flow Rate. 

For the current study, the effect of mixing is introduced by an increasing flow rate of the 

secondary stream at the entrance of the PFR. As is shown in Appendix B, the sharp increase 

in flow rate is manually input at increments of 0.1 cm until 3.0 cm at which point the flow 

rate reaches a steady maximum until the PFR outlet. The option to save the profile is 

available, and once the profile is confirmed the window can be closed by clicking Done. 

Select the Species-specific Properties tab and input all species of the secondary stream 

along with the Reactant Fraction of each species with respect to the Total Species. Close 

the window and rename this Inlet Flow to SOFC Anode Off-Gas (Secondary). 

6. Double-click the PFR to open the properties window. Under the Reactor Physical 

Properties tab, ensure that Fix Gas Temperature is selected for the Problem Type. Make 

sure that Residence Time Calculation is turned on and select a long enough Ending Axial 

Position (e.g. 50.0 cm). Confirm the Temperature and Pressure show the correct initial 

values and keep remaining default values. Close the window and rename this PFR as 

Eductor Reformer (Reactor). 
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7. If a parameter study is to be conducted, in the PFR window under the Reactor Physical 

Properties tab, select the [+/-] button next to the parameter of interest in order to set up a 

Parameter Study. In the Parameter Study window, various combinations of parameters can 

be specified; for the current study, the main parameter that was varied was the initial 

Temperature. After specifying the details in the Parameter Study window, the PFR window 

may be closed. 

8. Under the Open Projects tree, select the Run Calculations option and run a single model by 

selecting Model then Begin or multiple runs by selecting Parameter Study then Begin. 

9. Following the Run Calculations step, the Analyze Results option will be available; you 

may choose to analyze the results through post-processing using the built in Post-processor 

or output as a comma separated value document. The primary data to be analyzed for the 

eductor application are the oxygen concentration as well as the species concentrations 

associated with soot formation and growth, as a function of distance. 

10. Repeat the procedure from Step 7 if wanting to conduct different parameter studies such as 

those dependent on pressure and ratio of secondary to primary flow rates.  

11. If subsequent tests involve the use of a different fuel, be sure to repeat the procedure from 

Step 4 and confirm the correct Fuel Species and Fuel Fraction is specified; if a different 

chemical reaction mechanism is required, the procedure should be repeated from Step 3 

which prompts the user to run the Pre-Processor after changing the respective chemistry 

set/mechanism. 
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4.3 COMPUTATIONAL FLUID DYNAMICS MODELING 

4.3.1 Summary of Preliminary Modeling 

A. OFF-GAS BURNER 

Following the first step of developing a gas turbine (GT) chemical reactor network (CRN) 

to model the combustion of the SOFC off-gases at the relevant conditions of use, a computational 

fluid dynamics (CFD) model was also developed to better understand all relevant physics 

interactions. The CFD model used in the current dissertation work was created in ANSYS Fluent 

based on the Reynolds-averaged Navier-Stokes (RANS) approach with full 3D geometry. As 

shown in Figure 56, the model simulates a typical gas turbine can annular combustor with six small 

fuel inlets and two separated air inlets. Primary air is injected upstream of the fuel inlets and passes 

through an axial swirling stage, while secondary air is injected through “cooling holes” further into 

the combustion chamber.  

 
Figure 56: GT can combustor 3D CFD model 
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In order to determine highly accurate and reliable CFD solutions, it is necessary to create a 

detailed and high-quality mesh. The mesh was generated for the given off-gas burner geometry 

with a grid size of approximately one million computational cells as shown in Figure 57. The mesh 

surrounding the inlet surfaces was assumed finer in order to consider larger gradients of variables 

expected in these regions.  

 
Figure 57: Detailed view of final mesh for GT can combustor 3D CFD model 

For the shape of the mesh elements, the most commonly used types for 3D CFD modeling 

are hexahedral, tetrahedral, and polyhedral. Hexahedral elements have been used widely due to 

their flexibility, however, generating these types of meshes for complex geometries can be costly. 

In contrast, tetrahedral elements are simpler to generate and less costly for complex geometries, 

however, the probability of numerical diffusions is high. To solve the aforementioned problems, 

hybrid techniques have been used such as polyhedral or dual meshing. Although this type of mesh 

usually requires more computing operations per cell due, this disadvantage is outweighed by the 
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increased accuracy of the numerical solution. Before proceeding to performing simulations with 

the developed mesh, it was important to ensure that mesh quality recommendations were 

considered and evaluated. Two main values were monitored to determine sufficient mesh quality: 

skewness and orthogonal quality (OQ). In general, low skewness and high orthogonal quality 

values are recommended. The objectives were to maintain a maximum skewness less than 0.95 

with average skewness at a much lower value and maintain minimum OQ above 0.1 with average 

OQ at a much higher value. For the final mesh shown in Figure 57, these respective values were 

0.90 and 0.23 for skewness and 0.1 and 0.77 for OQ. 

A steady state pressure-based solver was chosen for the Fluent simulation at an operating 

condition of 10 bar. The model considers fast burning with the overall rate of reaction controlled 

by the realizable k-ε turbulence model with enhanced wall treatment, curvature correction, 

production limiter and standard remaining model parameters. A non-adiabatic partially premixed 

combustion model was chosen with the specific state relation determined by a flamelet generated 

manifold (FGM) model. After specifying use of a GRI-Mech reaction mechanism and boundary 

values for the fuel and air properties, diffusion FGM is calculated by generating the steady 

diffusion laminar flamelets over a range of strain rates until extinction. Additionally, a probability 

density function (PDF) table was built to include thermochemistry aspects of the gas mixture as 

well as their interaction with the turbulent physics. The fuel inlet and both air inlet boundary 

conditions were specified as mass flow rates with turbulent intensities of 5% and turbulent 

viscosity ratios of 10. The mean species mixture fraction was equal to 1 for the fuel, while for the 

oxidizer it was equal to 0. Figure 58 shows a sample result from simulating this GT can combustor 

model for 1200 iterations with the above parameters and solvers specified. This example is for 

typical fuel-lean natural gas operation with an approximate equivalence ratio of 0.6 and preheated 
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air at approximately 700 K. As shown in the figure below, the reported temperature contours are 

consistent with typical natural gas combustion and illustrate the expected flame zone structures 

within the combustor. For reference, the approximate values for pollutant emissions at the outlet 

of this combustor at these typical conditions are 224 ppm for carbon monoxide (CO) and 261 ppm 

for oxides of nitrogen (NOx). These preliminary results are consistent with conventional combustor 

and literature data and confirm that the model is appropriate for simulating typical GT operation. 

The next steps are to identify the necessary modifications for the application of this baseline 3D 

CFD model as an SOFC/GT off-gas burner with an emphasis on flameless combustion operation.  

 
Figure 58: Sample CFD result for the steady state temperature contours for the lean combustion 

of natural gas in a typical GT can combustor 

B. EDUCTOR 

Although the previously discussed modified plug flow reactor (PFR) eductor model 

incorporated a verified mixing profile, developing a CFD model for performing a more 

comprehensive study of the performance of a SOFC/GT fuel eductor was a necessary next step. 
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The preliminary CFD eductor was developed as a two-dimensional (2D) axisymmetric model with 

the primary flow concentric with the outer secondary flow. The geometry was based on the 

previously discussed study by Zhu et al. and the design is recalled in Figure 59. The objective of 

this study was to develop a new modeling technique for fuel eductors with high entrainment ratio, 

low pressure increment and overheated working gases in an anodic recirculation SOFC system. 

The conditions are closely associated with those of the current dissertation research and thus 

provide a valid basis for a preliminary CFD model. 

 

 

Figure 59: Fuel eductor design and simulation model reference (Y. Zhu et al. 2007) 
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The decision to model the SOFC/GT fuel eductor as 2D-axisymmetric was made in order to 

anticipate the computational cost associated with 3D meshing and modeling. The geometry for 

this preliminary model as well as a high-quality polyhedral mesh was generated within the ANSYS 

package and is shown in Figure 60. It is important to note that all geometrical features of the 

eductor presented by Zhu et al. (2007) including concentric inlets and a converging-diverging 

nozzle were included. The dual mesh that was generated for this model was of an excellent quality 

with a maximum skewness of 0.58 with average skewness of approximately 1.3E-02 and a 

minimum OQ value of 0.67 with average OQ at nearly 1.0.  

(a) 

 
(b) 

 

Figure 60: Preliminary 2D axisymmetric SOFC/GT fuel eductor CFD model (a) main 

geometrical features, and (b) zoomed-in view of mesh 

In order to verify and ensure the accuracy of the developed eductor CFD model, it was 

important to simulate the internal flow through this component as specified in the literature and 

compare with the expected results. A key objective for eductor performance is to confirm the 

necessary boost in pressure which is achieved by creating shocked flow within the eductor. 
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Shocked flow can be indicated either by the pressure distribution as was shown in Figure 18 or by 

the contours of the Mach number as shown in Figure 61. In order to have effective eductor 

performance, the primary flow must shock at the converging-diverging nozzle throat and discharge 

from the nozzle exit supersonically. Initially, a density-based solver was chosen for simulating 

flow within this eductor component, however, to enable combustion modeling in addition to the 

mildly compressible flow interactions, the solver that was chosen for the final model was pressure-

based. As is shown in the figure below, the model is able to properly estimate the shocked flow in 

the nozzle throat as well as the supersonic flow at the nozzle exit. These preliminary results are 

consistent with Zhu et al. as well as related literature and thus next steps can be taken to modify 

and improve the model for simulating the reactant mixture of interest for the current dissertation 

work. 

 

Figure 61: Mach number contours for preliminary 2D axisymmetric eductor CFD model 
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4.3.2 Modified CFD Models 

A. OFF-GAS BURNER 

As was the case for the chemical reactor network (CRN) models, the developed GT 3D CFD 

model was modified to include all the properties summarized in Table 5 and Table 6. As shown in 

Table 8, the primary modification necessary for investigating the off-gas burner (OGB) application 

for the SOFC/GT hybrid power system is the change of fuel and oxidizer inlet compositions. The 

corresponding fuel for the OGB application is the anode off-gas which is essentially depleted fuel 

exhausted from the SOFC. The corresponding oxidizer for the OGB application is the cathode off-

gas which is the exhausted oxidizer of the SOFC with significantly less oxygen content.  

Reference Present Work 

Fuel – Natural Gas Anode Off-Gas 

Primary Air (O2 + N2) Primary Cathode Off-Gas 

Secondary Air (O2 + N2) Secondary Cathode Off-Gas 

Table 8: Comparison of the inlet reactant mixtures for the reference GT case with the inlet 

reactant mixtures of interest for the present dissertation work 

In order to account for the different inlet reactant mixtures, the boundary values for the fuel 

and air properties are adjusted within the partially premixed combustion model. The reference GT 

model is operated at an approximate pressure of 4 bar however for the OGB application the 

modification is made within the combustion model to increase the operating pressure to 10 bar. 

After adjusting these boundary values, the diffusion FGM and PDF tables are recalculated and 

updated to ensure the desired chemical reactions are accounted for during numerical simulations. 

In addition to updating the boundary values within the species (partially premixed combustion) 

model, the boundary conditions must also be updated. The species inputs for each boundary 
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condition remain the same however the momentum and thermal values are modified to reflect 

those introduced in Table 5 and Table 6. Although most initial and boundary conditions are known, 

the unknown parameters, such as ratio of primary to secondary cathode off-gas, are factors that 

will be focused on during the numerical investigations for their influence on specified responses. 

A summary of the results from the subsequent off-gas combustion simulations are discussed in 

detail in Chapter 5: Results and Discussion, while key factors and responses for this OGB 

application are discussed in Section 4.4: Design of Experiments. 

B. EDUCTOR 

Similar to the OGB application, the developed CFD model for the eductor application 

required adjustments to include all the properties summarized in Table 5 and Table 7. However, 

before incorporating the necessary adjustments, it was important to revisit the preliminary CFD 

model. Although the preliminary 2D-axisymmetric model was sufficiently accurate and 

maintained a low associated computational cost, the decision was made to model the SOFC/GT 

fuel eductor fully in 3D. The additional computational cost was a tradeoff for the improved 

accuracy especially for the necessary detailed chemical reactions to be investigated. The final 

eductor 3D CFD model geometry and mesh are shown in Figure 62. In order to improve the 

accuracy and reliability of the numerical solutions, the number of elements was increased by 

approximately one million computational cells. Before proceeding to performing simulations with 

the generated polyhedral mesh, it was important to ensure that mesh quality recommendations 

were considered and evaluated. The final mesh shown in Figure 62 maintained a high mesh quality 

with a maximum skewness of 0.85 with average skewness of approximately 0.24 and a minimum 

orthogonal quality value of 0.15 with average orthogonal quality of 0.76. 
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(a) 

 
(b) 

 

Figure 62: Final SOFC/GT fuel eductor 3D CFD model (a) wireframe geometry, and (b) 

zoomed-in view of mesh 

As previously mentioned, a steady state pressure-based solver was chosen for simulating the 

non-catalytic partial oxidation (NC-POX) within an SOFC/GT fuel eductor at an operating 

condition of 10 bar. The model considers fast burning with the overall rate of reaction controlled 

by the realizable k-ε turbulence model with enhanced wall treatment. A non-adiabatic non-

premixed combustion model was chosen with the specific state relation determined by the 

chemical equilibrium model. After specifying use of the reaction mechanism for this eductor 

application (Appel, Bockhorn, and Frenklach 2000) and boundary values for the fuel and air 

properties, a relevant probability density function (PDF) table is generated to include 

thermochemistry aspects of the gas mixture as well as their interaction with the turbulent physics. 

The primary (fuel) inlet and secondary (anode off-gas) inlet boundary conditions were specified 

as mass flow rates with turbulent intensities of 5% and turbulent viscosity ratios of 10. In addition 

to ensuring the appropriate boundary values for the eductor application within the species (non-

premixed combustion) model, the boundary conditions must also be modified. The species inputs 
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for each boundary condition remain the same however the momentum and thermal values are 

modified to reflect those introduced in Table 5 and Table 7. Although most initial and boundary 

conditions are known, the unknown parameters, such as optimal primary and secondary inlet 

temperatures, are factors that will be focused on during the numerical investigations for their 

influence on specified responses. A summary of the results from the subsequent NC-POX 

simulations within this CFD eductor are discussed in detail in Chapter 5: Results and Discussion, 

while key factors and responses for this eductor NC-POX reactor application are specifically 

discussed in Section 5.2.3: DOEx: Approach. 

4.3.3 ANSYS Fluent Procedure 

The following discussion describes the procedure for setting up the aforementioned 

computational models using the commercial ANSYS Fluent package. Both the eductor application 

and the off-gas burner application are simulated using comprehensive 3D CFD with incorporated 

turbulence and combustion modeling. Each procedure includes setting up the project and key 

model parameters, running the calculations, and finally post-processing the results. 

A. OFF-GAS BURNER 

The numerical test procedure for simulating flameless combustion within the off-gas burner 

of a high temperature and pressure SOFC/GT hybrid system using the previously mentioned gas 

turbine (GT) can combustor 3D CFD model is given below in more detail10: 

1. Open ANSYS Workbench and select new project file; from the Toolbox, select the Fluid 

Flow (Fluent) option under “Analysis Systems” and drag onto the Project Schematic to 

 

 

10 Further details/references for the exact Fluent software and models are provided in Appendix C 



 

 

124 

 

 

create a standalone system. At this point, give the module a descriptive name and be sure 

to save the project (repeatedly save the project throughout the remainder of this procedure). 

2. A geometry must be specified before being able to run a CFD study. Right-click on 

Geometry and select “New DesignModeler Geometry…” to be able to create a geometry. 

Alternatively, you can upload an existing geometry file by right-clicking on Geometry and 

selecting “Import Geometry”. 

3. In DesignModeler, for the OGB application, it is best to create all the necessary features as 

3D components (e.g. fuel injector/center body, swirl vanes, combustor housing, exhaust 

duct, etc.). It is important to consider whether the components will represent the fluid 

domain or the physical design. If the components compose a physical design, proceed with 

extracting the fluid volume using the “Enclosure” option. 

4. The final step after creating the geometry is defining the domain. Select the 3D body that 

has been created in the Tree Outline and under the Modeling tab select either Fluid or Solid 

under “Details of Body” as shown in Appendix C. Save and exit DesignModeler. 

5. The next requirement before running a CFD study is to generate a valid computational 

mesh. Right-click on Mesh and select “Edit…” In order to create an initial mesh, select 

Mesh in the Project Tree and click on either “Update” or “Generate Mesh” in the toolbar. 

6. When Mesh is selected in the Project Tree, the sidebar title “Details of Mesh” include a 

variety of useful information. After creating the initial mesh, one detail to check first is the 

number of elements which can be seen when expanding the Statistics branch. A good rule-

of-thumb is between 40,000 and 400,000 elements, however, the goal for the currently 
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application is approximately 1,000,000 elements. Under Defaults, ensure CFD is selected 

for Physics Preference and Fluent is selected for Solver Preference. 

7. There are various ways to increase the amount of mesh elements while also potentially 

improving mesh quality. Expanding the Sizing branch under Details of Mesh, select 

Adaptive for Size Function, Medium for Relevance Center, and Fine for Span Angle Center 

keeping all other options as defaults. Depending on the size of your geometry, changing 

the Element Size will have a significant effect on the mesh. After all changes are made, 

select Update/Generate Mesh to refresh the mesh.  

8. Continue the process of changing element size and adding refinement in order to increase 

the number of elements as well as improve mesh quality. In order to monitor mesh quality, 

expand Quality under Details of Mesh. Ensure “Yes, Errors” is chosen for Check Mesh 

Quality, and Smoothing is set to High. The two key mesh metrics previously mentioned 

for monitoring mesh quality can be found in the drop-down list of Mesh Metric and shown 

the minimum, maximum, average, and standard deviation values for various mesh metrics. 

9. After updating the mesh and ensuring it is of sufficient element size and quality based on 

the mesh metrics for skewness and orthogonal quality, proceed with creating named 

selections. For the off-gas burner application, four named selections are necessary: Outlet, 

Primary Air Inlet, Secondary Air Inlet, and Fuel Inlet. 

10. To create a named selection, right-click on Named Selections > Insert > Named Selection. 

In the selection toolbar, select Face selection (or Ctrl + F) and select the appropriate face(s). 

Click on Geometry under Scope in Details of Selection and click Apply. Repeat this step 

for all necessary Named Selections.  
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11. Confirm the generated mesh and all Named Selections are suitable, save the file and exit. 

12. Launch Fluent by right-clicking on Setup and selecting “Edit…” In the Fluent Launcher, 

select 3D under Dimension, Double Precision under Options, and Display Mesh After 

Reading. Depending on available computing capacity, select either Serial or Parallel under 

Processing Options. Click OK. 

13. After allowing mesh details and other data to be imported, select General to access general 

settings. Check the mesh by clicking on the Check button and Report Quality if desired. 

Under Solver, confirm that Pressure-Based and Steady are selected as shown in Appendix 

C. 

14. Expand the Models option in the Setup Tree. Right-click on Energy and select On. 

15. Double-click on Viscous to set up the turbulence model. Select k-epsilon (2 eqn), and the 

options Realizable, Enhanced Wall Treatment, Curvature Correction and Production 

Limiter. Click OK. 

16. Double-click on Species to set up the combustion model. For the OGB application, the 

chosen model is Partially Premixed Combustion. Under the Chemistry tab, select the Flame 

Generated Manifold state relation, Non-Adiabatic energy treatment, and set the Operating 

Pressure to 106 pascal for 10 bar. For flamelet options, select Create Flamelet and Diffusion 

Flamelet. Import the chosen chemical reaction mechanism by clicking “Import CHEMKIN 

Mechanism…” 
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17. Under the Boundary tab, confirm the appropriate values (either mass or mole fraction) for 

the composition of the fuel and oxidizer in the table provided. Enter the expected fuel and 

oxidizer temperatures in Kelvin. 

18. Under the Flamelet tab, use the default parameters to Calculate Flamelets. Select “Display 

Flamelets…” to create plots of species and temperature to assess the flamelet range. 

19. Under the Table tab, leave the default values and select Calculate PDF Table. When the 

PDF table is successfully generated, click Apply then OK and save the PDF table by 

navigating to File > Export > PDF. 

20. Create Boundary Conditions that correspond to the Named Selections from the previous 

meshing steps. Double-click on Boundary Conditions and confirm that each inlet type is 

set to mass-flow-inlet. For each mass flow inlet boundary condition, enter the known mass 

flow rate in kg/s under the Momentum tab. Select Normal to Boundary for the Direction 

Specification Method and Intensity and Viscosity Ratio for the Turbulence Specification 

Method. Set the Turbulent Intensity and Viscosity Ratio to 5% and 10, respectively.  

21. Under the Thermal tab, enter the known temperature of the flow. Under the Species tab, 

confirm each field is ‘0’ for each air mass flow inlet, and that Mean Mixture Fraction is set 

to 1 for the fuel mass flow inlet. Click OK when finished. 

22. For the Outlet boundary condition, confirm Gauge Pressure is set to ‘0’, Turbulent Intensity 

and Viscosity Ratio are set to 5% and 10, and that Average Pressure Specification is 

selected. Click OK 
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23. Double-click on Solution Methods in the Setup Tree and confirm the following are selected 

for the off-gas burner application: 

• Scheme: Coupled 

• Spatial Discretization: 

o Gradient: Least-Squares Cell Based 

o Pressure: Standard 

o First Order Upwind for remaining equations 

• Select the Pseudo-Transient option 

24. Double-click on Solution Controls in the Setup Tree. Reduce Density to 0.25, increase 

Pressure to 0.75 and reduce Momentum to 0.25. 

25. Double-click on Solution Initialization in the Setup Tree. Select Hybrid Initialization and 

click on Patch. For the variable Progress Variable, set the value to 1.0, select the part in 

Zones to Patch and click on Patch. Close the Patch window and click on initialize. Close 

the window when the initialization is complete. 

26. Double-click on Run Calculation in the Setup Tree. Click on Check Case and apply 

recommendations if necessary. Confirm the number of iterations is at least 1000. Before 

running the calculations, save the project and case file. Click on Calculate to begin the 

calculations. Monitor the residuals to ensure proper convergence for the simulations. 

27. After the calculation is complete, save the results by navigating to File > Export > Case & 

Data and also File > Save the Project. 

28. Post-processing the results within Fluent includes creating contour maps, vector diagrams, 

among other plots. In order to create appropriate plots, it is important to ensure the 

appropriate surfaces are created. To create a surface for creating a contour/vector map, 
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select Plane from the Create option under Surface in the Postprocessing tab. In the new 

window, select the Point and Normal option and enter ‘0’ for each coordinate under Points. 

Enter (0, 1, 0) for the Normal coordinates in order to create a surface representing the x-z 

plane, enter (1, 0, 0) for the Normal coordinates in order to create a surface representing 

the y-z plane, or enter (0, 0, 1) for the Normal coordinates in order to create a surface 

representing the x-y plane. Enter a New Surface Name for each desired plane and click 

Create then Close to close the window. 

29. An example contour map result from the CFD calculations is described here. Expand the 

Results option in the Tree and right-click on Contours and select New (alternatively, select 

Contours under Graphics in the Postprocessing tab). Various contours can be created 

depending on the choice under the “Contours of” option. A key contour map to study for 

the OGB application is the temperature variation throughout the burner. Thus, select 

Temperature and Static Temperature, confirm only the appropriate surface to plot on and 

select Save/Display. The contour map should be displayed in the Fluent window; 

experiment with different viewing options to achieve the desired result. 

30. If subsequent tests involve the use of a different fuel and inlet operating conditions, be sure 

to repeat the procedure from Step 17 and confirm that the correct species concentration for 

Fuel and Oxidizer is specified; if a different chemical reaction mechanism is required, the 

procedure should be repeated from Step 16 in order to select an appropriate chemistry 

set/mechanism with the Import CHEMKIN Mechanism option. 
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B. EDUCTOR 

The numerical test procedure for simulating non-catalytic partial oxidation (NC-POX) 

within the eductor of a high temperature and pressure SOFC/GT hybrid system using the 

aforementioned eductor reactor 3D CFD model is given below in more detail: 

1. Open ANSYS Workbench and select new project file; from the Toolbox, select the Fluid 

Flow (Fluent) option under “Analysis Systems” and drag onto the Project Schematic to 

create a standalone system. At this point, give the module a descriptive name and be sure 

to save the project (repeatedly save the project throughout the remainder of this procedure). 

2. A geometry must be specified before being able to run a CFD study. Right-click on 

Geometry and select “New DesignModeler Geometry…” to be able to create a geometry. 

Alternatively, you can upload an existing geometry file by right-clicking on Geometry and 

selecting “Import Geometry”. 

3. In DesignModeler, for the eductor application it is best to create the entire geometry using 

a 2-D drawing of the fluid within the eductor and using the Revolve feature about the 

centerline axis. If considering a more complicated eductor design, create all the necessary 

features as 3D components. It is important to consider whether the components will 

represent the fluid domain or the physical design. If the components compose a physical 

design, proceed with extracting the fluid volume using the “Enclosure” option. 

4. The final step after creating the geometry is defining the domain. Select the 3D body that 

has been created in the Tree Outline and under the Modeling tab select either Fluid or Solid 

under “Details of Body”. Save and exit DesignModeler. 
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5. The next requirement before running a CFD study is to generate a valid computational 

mesh. Right-click on Mesh and select “Edit…” In order to create an initial mesh, select 

Mesh in the Project Tree and click on either “Update” or “Generate Mesh” in the toolbar. 

6. When Mesh is selected in the Project Tree, the sidebar title “Details of Mesh” include a 

variety of useful information. After creating the initial mesh, one detail to check first is the 

number of elements which can be seen when expanding the Statistics branch. A good rule-

of-thumb is between 40,000 and 400,000 elements, however, the goal for the currently 

application is approximately 1,000,000 elements. Under Defaults, ensure CFD is selected 

for Physics Preference and Fluent is selected for Solver Preference. 

7. There are various ways to increase the amount of mesh elements while also potentially 

improving mesh quality. Expanding the Sizing branch under Details of Mesh, select 

Adaptive for Size Function, Medium for Relevance Center, and Fine for Span Angle Center 

keeping all other options as defaults. Depending on the size of your geometry, changing 

the Element Size will have a significant effect on the mesh. After all changes are made, 

select Update/Generate Mesh to refresh the mesh.  

8. Continue the process of changing element size and adding refinement in order to increase 

the number of elements as well as improve mesh quality. In order to monitor mesh quality, 

expand Quality under Details of Mesh. Ensure “Yes, Errors” is chosen for Check Mesh 

Quality, and Smoothing is set to High. The two key mesh metrics previously mentioned 

for monitoring mesh quality can be found in the drop-down list of Mesh Metric and shown 

the minimum, maximum, average, and standard deviation values for various mesh metrics. 
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9. After updating the mesh and ensuring it is of sufficient element size and quality based on 

the mesh metrics for skewness and orthogonal quality, proceed with creating named 

selections. For the eductor application, three named selections are necessary: Outlet, 

Primary Inlet, and Secondary Inlet. 

10. To create a named selection, right-click on Named Selections > Insert > Named Selection. 

In the selection toolbar, select Face selection (or Ctrl + F) and select the appropriate face(s). 

Click on Geometry under Scope in Details of Selection and click Apply. Repeat this step 

for all necessary Named Selections.  

11. Confirm the generated mesh and all Named Selections are suitable, save the file and exit. 

12. Launch Fluent by right-clicking on Setup and selecting “Edit…” In the Fluent Launcher, 

select 3D under Dimension, Double Precision under Options, and Display Mesh After 

Reading. Depending on available computing capacity, select either Serial or Parallel under 

Processing Options. Click OK. 

13. After allowing mesh details and other data to be imported, select General to access general 

settings. Check the mesh by clicking on the Check button and Report Quality if desired. 

Under Solver, confirm that Pressure-Based and Steady are selected. 

14. Expand the Models option in the Setup Tree. Right-click on Energy and select On. 

15. Double-click on Viscous to set up the turbulence model. Select k-epsilon (2 eqn), and the 

options Realizable and Enhanced Wall Treatment. Click OK. 

16. Double-click on Species to set up the combustion model. For the eductor application, the 

chosen model is Non-Premixed Combustion. Under the Chemistry tab, select the Chemical 
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Equilibrium state relation, Non-Adiabatic energy treatment, and set the Operating Pressure 

to 106 pascal for 10 bar. Import the chosen chemical reaction mechanism file by clicking 

“Browse…” next to Thermodynamics Database File Name. 

17. Under the Boundary tab, confirm the appropriate values (either mass or mole fraction) for 

the composition of the fuel and oxidizer in the table provided. Enter the expected fuel and 

oxidizer temperatures in Kelvin. 

18. Under the Table tab, leave the default values and select Calculate PDF Table. When the 

PDF table is successfully generated, click Apply then OK and save the PDF table by 

navigating to File > Export > PDF. 

19. Create Boundary Conditions that correspond to the Named Selections from the previous 

meshing steps. Double-click on Boundary Conditions and confirm that each inlet type is 

set to mass-flow-inlet. For each mass flow inlet boundary condition, enter the known mass 

flow rate in kg/s under the Momentum tab. Select Normal to Boundary for the Direction 

Specification Method and Intensity and Viscosity Ratio for the Turbulence Specification 

Method. Set the Turbulent Intensity and Viscosity Ratio to 5% and 10, respectively.  

20. Under the Thermal tab, enter the known temperature of the flow. Under the Species tab, 

confirm the Mean Mixture Fraction is set to 1 for the Primary Inlet, and that the Mean 

Mixture Fraction is set to 0 for the Secondary Inlet. Click OK when finished. 

21. For the Outlet boundary condition, confirm Gauge Pressure is set to ‘0’, and that Turbulent 

Intensity and Viscosity Ratio are set to 5% and 10. Click OK 
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22. Double-click on Solution Methods in the Setup Tree and confirm the following are selected 

for the eductor application: 

• Scheme: SIMPLE 

• Spatial Discretization: 

o Gradient: Least-Squares Cell Based 

o Turbulent Kinetic Energy: First Order Upwind 

o Turbulent Dissipation Rate: First Order Upwind 

o Second Order for remaining equations 

23. Double-click on Solution Initialization in the Setup Tree. Select Hybrid Initialization and 

click on initialize. Close the window when the initialization is complete. 

24. Double-click on Run Calculation in the Setup Tree. Click on Check Case and apply 

recommendations if necessary. Confirm the number of iterations is at least 1000. Before 

running the calculations, save the project and case file. Click on Calculate to begin the 

calculations. Monitor the residuals to ensure proper convergence for the simulations. 

25. After the calculation is complete, save the results by navigating to File > Export > Case & 

Data and also File > Save the Project. 

26. Post-processing the results within Fluent includes creating contour maps, vector diagrams, 

among other plots. In order to create appropriate plots, it is important to ensure the 

appropriate surfaces are created. To create a surface for creating a contour/vector map, 

select Plane from the Create option under Surface in the Postprocessing tab. In the new 

window, select the Point and Normal option and enter ‘0’ for each coordinate under Points. 

Enter (0, 1, 0) for the Normal coordinates in order to create a surface representing the x-z 

plane, enter (1, 0, 0) for the Normal coordinates in order to create a surface representing 
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the y-z plane, or enter (0, 0, 1) for the Normal coordinates in order to create a surface 

representing the x-y plane. Enter a New Surface Name for each desired plane and click 

Create then Close to close the window. 

27. An example contour map result from the CFD calculations is described here. Expand the 

Results option in the Tree and right-click on Contours and select New (alternatively, select 

Contours under Graphics in the Postprocessing tab). Various contours can be created 

depending on the choice under the “Contours of” option. A key contour map to study for 

the eductor application is the oxygen concentration throughout the reactor. Thus, select 

Species and “Mole fraction of o2”, confirm only the appropriate surface to plot on and 

select Save/Display. The contour map should be displayed in the Fluent window; 

experiment with different viewing options to achieve the desired result. 

28. If subsequent tests involve the use of a different fuel and inlet operating conditions, be sure 

to repeat the procedure from Step 17 and confirm that the correct species concentration for 

Fuel and Oxidizer is specified; if a different chemical reaction mechanism is required, the 

procedure should be repeated from Step 16 in order to select an appropriate chemistry 

set/mechanism file after clicking “Browse…” next to Thermodynamics Database File 

Name. 

4.4 DESIGN OF EXPERIMENTS 

In order to analyze the results of the developed off-gas burner and eductor CFD models to 

the fullest extent, parametric analyses through design of experiment (DOEx) methods are 

conducted. These analyses allow for exploring the design space with the objective of determining 

which input parameters (factors) are most relevant and significant with respect to the selected 
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output parameters (responses). Various experimental designs are available for understanding the 

results with as few simulations as possible including simple factorial designs and more 

complicated response surface methodology. The ultimate objective would be to create statistically 

significant predictive models which can be used to optimize the component designs of interest. 

For the current dissertation work, two commercial DOEx programs were used for the 

parametric analyses. Design-Expert provides tools for choosing the appropriate experimental 

designs as well as for performing robust analysis of variance (ANOVA) calculations and statistical 

modeling. DesignXplorer (DX) is an ANSYS product that easily integrates with other relevant 

programs (ANSYS Workbench & Fluent) making it simple to parameterize the CFD models and 

investigate the dependence of various responses on certain factors of interest. The following 

discussion provides further information on how to select appropriate factors and responses, what 

experimental designs are available, and how to optimize based on response surface methodology. 

4.4.1 Factors and Responses 

The central system for the current dissertation research is each of the aforementioned 

developed off-gas burner and eductor CFD models. Assuming the system as a “black box”, 

measurable output data can be determined based on the input variables. These input variables can 

be categorized as controllable or uncontrollable as shown in Figure 63. Since the system of interest 

is a computer simulation (CFD model), the output variables or responses are primarily influenced 

by the “easy-to-control” input variables or factors. 
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Figure 63: Variables for a generic system (Anderson and Whitcomb 2017) 

Design of experiments (DOEx) does not only provide the tools for assessing the natural 

variability of a system but also for identifying areas for systematic improvements. The 

performance of DOEx is highly dependent on selection of the appropriate factors and responses 

and their respective ranges. In the case of the off-gas burner application, the factors can be any of 

the controllable inputs (e.g. off-gas temperature, inlet mass flow rate, etc.). Although DOEx can 

be performed with any number of factors, it is often best to identify and focus on the most 

significant factors. It is also important to keep in mind constraints of the system for choosing the 

range of values as well as for reducing the number of factors to avoid “over testing”. When 

identifying appropriate responses to gauge system performance, it is best to choose measurable 

data that can most clearly be used to identify optimal performance relative to the design objectives. 

In the case of the eductor application, the objectives are to maintain appropriate anodic 

recirculation while reducing oxygen concentration. Thus, potential choices for responses can be 

outlet pressure as well as oxygen concentration. 
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For the current work, it is important to explain how each pertinent DOEx software identifies 

and tracks factors and response. In Design-Expert, the prompts to enter factors and responses are 

clear and intuitive. When setting up a New Design, the necessary information to input for each 

factor and response are the specific name, units, and the lowest and highest value of the range of 

interest. It is important to note that Design-Expert has the ability to track different types of factors 

(Numeric vs. Categoric); however, since all factors germane to the current dissertation research 

are numeric, they will remain as that default type. In ANSYS DX, factors and response are tracked 

as input and output parameters, respectively. When at least one parameter is set up in any of the 

associated models in ANSYS Workbench, a Parameter Set appears in the Project Schematic in 

Workbench. The Parameter Set is used to maintain an organized list of all input parameters 

(factors) and output parameters (responses) that are set up in the same ANSYS Workbench project. 

The input parameter ranges are not set up in the Parameter Set but rather in the Design of 

Experiments module in Workbench as discussed in the next section. 

4.4.2 Types of Designs 

Generally, experiments usually examine the effect of only a single factor or variable at one 

time. An example would be to hold all inputs but one fixed and determine the best response when 

the one free input is varied. That input would be fixed at the optimal value and the next input would 

be varied until the best response is observed. Proceeding in this manner for all the inputs is referred 

to as a one-factor-at-a-time (OFAT) approach. OFAT is favored for experiments that are not costly 

and can produce an abundant amount data. Overall, in situations where data are precious and must 

be analyzed with care, it is almost always better to change multiple factors at one. 
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DOEx offers experimental designs that allow the investigator to study the effect of each 

factor on the response variables, as well as the effects of interactions between factors on the 

response variables. One of the simplest designs is known as a factorial experiment. This type of 

experimental design consists of two or more factors, each with discrete possible value or “levels”, 

and whose experimental units take on all possible combinations of these levels across all such 

factors. Figure 64 provides a comparison between a simple two-factor factorial design and the 

same experiment using an OFAT approach. The square shape of the factorial design is sometimes 

referred to as the “X-space” and has dimensions set by number of levels and factors (two-by-two 

in this case). As can be seen, the OFAT approach requires replicated runs to provide equivalent 

power to estimate the effect of factors on the responses than the factorial design which can test 

multiple factors simultaneously. 

 

Figure 64: Two-level factorial versus one-factor-at-a-time (OFAT) (Anderson and Whitcomb 

2017) 

Compared to OFAT experiments, factorial experiments offer several advantages: 

• More efficient than OFAT experiments, providing more information at similar or 

lower cost and finding optimal conditions faster than OFAT experiments. 

• Additional factors can be examined at no additional cost. 
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• The effect of one factor being different for different levels of another factor 

(interactions) can be detected.  

• The effects of a factor can be estimated at several levels of the other factors, yielding 

conclusions that are valid over a range of experimental conditions. 

Two other designs that merit discussion are the Box-Behnken Design (BBD) and the 

Central Composite Design (CCD). These two types of designs are essentially augmented 

factorial designs that are part of response surface methodology (RSM) which will be discussed in 

more detail in the next section. Figure 65 provides a comparison of the X-spaces of three common 

experimental designs. Compared to the full factorial design (FFD), the main advantage of BBD 

and CCD are the ability to maintain significant design points with a considerably smaller amount. 

 

Figure 65: Augmented factorial designs for three factors based on response surface methodology 

(Lian, Sun, and Song 2017) 



 

 

141 

 

 

BBDs always have three levels for each factor and are purpose built to fit a quadratic model. 

This design type does not have runs at the extreme combinations of all the factors but compensates 

by having better prediction precision in the center of the factor space. Overall, BBD is an excellent 

choice for an initial experimental design due to the smaller number of runs needed especially if 

the behavior is hypothesized to be quadratic. CCDs are based on two-level factorial designs, 

augmented with center and axial points to fit quadratic models. Regular CCDs have five levels for 

each factor; however, this can be modified by choosing an axial distance of 1.0 creating a face-

centered, central composite design (CCF) which has only three levels per factor. CCD and BBD 

are common augmented designs offered by Design-Expert to improve simple factorial 

experiments, while ANSYS DX includes them as the main options available when creating and 

executing a DOEx study. 

4.4.3 Response Surface Methodology 

As alluded to in the previous section, the main idea of response surface methodology 

(RSM) is to use a sequence of designed experiments to obtain an optimal response. The augmented 

factorial designs shown in Figure 65 fall under this RSM category as the basis is a simple factorial 

design and additional design points are recommended to allow estimation of curvature. These 

additional points can often be center points such as for BBD as well as axial points such as for 

CCD. As previously mentioned, the objective is to obtain an optimal response by creating a 

statistically significant model that can be used for predicting system behavior. Figure 66 

demonstrates how this is possible through creating a verified response surface. Specific design 

points were used to determine a statistically significant model represented as a surface that can 

confidently predict responses anywhere within the investigated factor or X-space. 
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Figure 66: Designed experiments with full factorial design (left), response surface with second-

degree polynomial (right) 

Analysis of experiment design and creation of response surfaces is built on the foundation 

of the analysis of variance (ANOVA), a collection of models that partition the observed variance 

into components, according to what factors the experiment must estimate or test. The current 

dissertation research takes advantage of the two aforementioned robust DOEx software for 

performing the pertinent ANOVA calculations and determining statistically significant models. 

Design-Expert provides a simple procedure for directly analyzing input data, determining the most 

accurate model, providing all important ANOVA and relevant statistical diagnostics, and 

producing useful response surfaces. An example of typical DOEx results is summarized and 

presented in Appendix A. ANSYS DX offers RSM as the logical next step in processing the DOEx 

results with available options for response surface type such as non-parametric regression and 

Kriging. However, the Standard Response Surface Full 2nd Order Polynomials type is the most 

common choice and best when comparing the two developed models. For both the off-gas burner 

and eductor applications, the objective of DOEx is to identify the most significant factors, utilize 
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the best design type to create a reliable response surface, and use the developed model for 

understanding and offering insights into the optimal design specifications for each application. 

4.4.4 Optimization Methods 

The power of response surfaces as a reduced-order model is highlighted best when 

investigating for optimal design conditions. For example, while looking at optimization trade-offs, 

the algorithms provided by the DOEx software can search the response surface to rapidly solve 

many thousands of samples. This is the main advantage of DOEx in that instead of testing each 

combination of input variables, the determination of significant effects can be determined from a 

relatively smaller data set with high confidence. 

The triangle shown in Figure 67 has been widely used to depict the unavoidable tradeoffs 

that come with any attempt to make the highest-quality product on schedule at minimal cost 

(Anderson and Whitcomb 2017). The reference for this image as well as the Design-Expert 

software utilize a tool known as desirability which, when coupled with optimization algorithms, 

can achieve the best compromise when dealing with multiple demands. The procedure for 

determining highest desirability involves using the main factor effects and interactions and 

measuring the responses on a scale from least desirable (d = 0) outcome to most desirable (d = 1) 

outcome. The least desirable outcome is set by predetermined design or response constraints and 

the optimal design is determined by setting goals to either maximize or minimize certain responses. 

The ultimate goal is to maximum the overall desirability, which is generally a multiplicative or 

“geometric” mean of the individual desirability values of the responses. ANSYS DX utilizes 

similar optimization algorithms based on setting specific objectives and constraints. Available 

objectives include maximizing, minimizing, or seeking a specific target value while necessary 



 

 

144 

 

 

constraints can be introduced as upper and/or lower bounds. DX includes several algorithms that 

help identify the most suitable candidates in the response surface space, considering multiple 

objectives and performance trade-offs. The resultant optimization outputs include a list of 

candidate points, tradeoff maps, as well as sample and sensitivity charts. 

 

Figure 67: The iron triangle of tradeoffs in process improvement (Anderson and Whitcomb 

2017) 
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5 RESULTS AND DISCUSSION 

The following sections present the results for the numerical investigation of high-pressure 

flameless combustion of alternative fuels uniquely applied to two specific SOFC/GT hybrid 

system components – (A) off-gas burner, and (B) eductor. As outlined in Chapter 3, the approach 

includes utilizing a combination of comprehensive numerical and computational simulation tools 

to achieve the dissertation research goal restated above. The main objectives of developing 

chemical reactor network (CRN) & computational fluid dynamics (CFD) models based on 

literature review and available models were realized in Chapter 4: Methodology. Further 

discussion on the development of each model with respect to operating in the flameless combustion 

regime as well as an attempt at determining ideal design parameters are the focus of this chapter. 

For each application, the CHEMKIN CRN results are presented first, followed by the ANSYS 

Fluent CFD results, and finally the Design-Expert/ANSYS DesignXplorer DOEx results along 

with pertinent conclusions. 

5.1 OFF-GAS BURNER RESULTS 

5.1.1 CRN Modeling 

Initial Validation of OGB CRN 

As discussed in Section 4.2.2, the baseline GT CRN model required a parameter study to 

ensure the modified model would be able to properly model the burning of the significantly lower 

heating value fuel (anode off-gas) and low oxygen content oxidizer (cathode off-gas) as shown in 

Table 6. Recall, the main reaction zone was modeled with three (3) perfectly stirred reactors 

(PSRs) and the post-flame region with a plug flow reactor (PFR). In the main reaction zone, the 

first PSR represented the mixing zone (R1), the second PSR represented the recirculation zone 
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(R2), and the third PSR represented the flame zone (R3). The characteristic residence times for the 

main reactor zone in the baseline model were 0.5 ms for R1, and 1.5 ms for both R2 and R3, while 

the estimated temperatures were initially 800 K for R1, and 1600 K for R2 and R3. These 

parameters were verified for typical natural gas (NG) gas turbine combustor operation, and thus a 

parameter study was conducted in order to determine the necessary modifications for burning the 

aforementioned SOFC off-gases. Figure 68 shows the result of the parameter study for the main 

reaction zone of the modified GT CRN. 

 

Figure 68: Residence time and maximum reaction zone temperature parameter study of baseline 

hybrid PSR-PFR chemical reactor network 

The residence time of the mixing zone, R1, was maintained at 0.5 ms for consistency, 

however, the temperature was increased to 1000 K to account for the higher temperature of the 

inlet reactants. Thus, the main parameters that were studied for burning of the SOFC off-gases 

were the temperatures and residence times of R2 (recirculation zone) and R3 (flame zone). The 

time scale associated with physical mixing in current low emission combustors is on the order of 

1-5 ms based on bulk velocities and premixer volumes (Lieuwen, McDonell, and Petersen 2006)  
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thus the maximum residence time considered was 5 ms. Stable combustion of the SOFC off-gases 

was achieved with residence times of at least 3 ms. As can be seen in Figure 68, there is a small 

but significant increase in the maximum reaction zone temperature with an increase in residence 

time as expected. The effect of initial R2 and R3 temperatures was also investigated and no 

significant influence was identified. Although the baseline GT CRN model used 1600 K for R2 

and R3, the temperature of both reactors was set to 1400 K consistent with the choice of 3 ms for 

both residence times to best match typical combustor design. The final modified GT CRN with 

updated parameters was shown in Figure 54 and duplicated here for readers’ convenience. To 

confirm, the modified GT CRN model design for burning the SOFC off-gases of interest includes: 

a mixing zone reactor (R1) temperature of 1000 K with a standard residence time of 0.5 ms, 

recirculation zone reactor (R2) and flame zone reactor (R3) temperatures of 1400 K with modified 

residence times of 3 ms, and post-flame reactor (R4) temperature of 1400 K, all operating at 10 

bar with the inlet fuel (anode) and oxidizer (cathode) properties as shown in Table 5 and Table 6.  

 

Figure 54: Modified hybrid PSR-PFR chemical reactor network for the current study (duplicated 

from Section 4.2.2) 
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Pollutant Formation in the Main Reaction Zone 

Although the stoichiometric proportion of fuel (anodic exhaust) to oxidizer (cathodic 

exhaust) of nearly equal flow rates was well understood for the design of the first stage (main 

reaction zone), it was important to run parameter studies to determine the optimal flow rates that 

would maximize reactor performance while minimizing pollutant emissions considering the 

foregoing OGB CRN design specifications. Two of the most prominent criteria pollutant species 

for combustion applications are oxides of nitrogen (NOx) and carbon monoxide (CO). Figure 69 

summarizes the effect of primary cathode flow rate on the maximum temperature and NOx 

emissions of the recirculation zone reactor (R2).  

 

Figure 69: Dependence of recirculation zone temperature and NOx emissions on cathode off-gas 

mass flow rate 
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It should be noted that these results are only from R2, however, interactions between R2 and 

the other first stage reactors (R1 and R3) have been considered. The recirculation zone is of 

particular focus as it is the location of maximum reaction temperature in the first stage. This is due 

to additional oxidation of CO to carbon dioxide (CO2) as the combustion products recirculate from 

R3 to R2. The results in the above figure are calculated based on a constant anodic exhaust flow 

rate of approximately 6200 g/s while varying the cathodic exhaust flow rate from 3500 g/s to 5600 

g/s. The stoichiometric amount of cathodic exhaust flow rate for the given anodic exhaust flow 

rate was determined to be approximately 5100 g/s. This value does not correspond with the 

maximum calculated R2 temperature, which occurs at a slightly lower cathodic flow rate. As there 

is less oxidizer than the ideal amount at this flow rate, the maximum temperature occurs at a richer 

mixture than stoichiometric, which is consistent with typical flame behavior (Law, Makino, and 

Lu 2005). A maximum calculated temperature of 1423 K occurs at a cathodic flow rate of 4900 

g/s. The high temperature associated with engine combustion can lead to high levels of NOx 

emissions. Among the low-NOx technologies, lean-premixed combustion is one of the major 

techniques that could reduce NOx emissions, by avoiding the high local fuel-air equivalence ratio 

that increases the local flame temperature (Brewster et al. 1999). For this off-gas burner 

application, however, high temperatures are avoided with the expectedly mild combustion 

associated with the flameless combustion of these SOFC off-gases. Figure 69 confirms the strong 

relationship between NOx production and temperature at all investigated cathodic flow rates. 

Consistent with the production rate, NOx emissions increase steadily with increasing primary 

cathode flow rate. One may conclude that lower cathodic exhaust rates are more desirable, 

however, the magnitude of NOx emissions does not vary significantly and remain < 1 ppm. 

Although these are numerical predictions, literature confirms satisfactory agreement between CRN 
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predictions using a variety of reaction mechanisms and measured experimental gas turbine 

combustor data (Nguyen et al. 2019; Rutar and Malte 2002) as well as flameless/Mild combustion 

data (Galletti et al. 2009). Thus, due to characteristically low NOx emissions similar to lean-

premixed combustion, flameless combustion can be considered an effective low-NOx technology. 

In order to determine the optimal primary cathode flow rate for minimizing the main criteria 

pollutants of interest, it was important to also investigate CO emissions. Figure 70 summarizes the 

effect of primary cathode flow rate on the maximum temperature and carbon monoxide (CO) 

emissions of the recirculation zone reactor (R2).  

 

Figure 70: Dependence of recirculation zone temperature and CO emissions on cathode off-gas 

mass flow rate 
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Recall, the recirculation zone is of particular focus as it is the location of maximum reaction 

temperature in the first stage due to additional oxidation of CO to CO2 from R3 to R2. Therefore, 

R2 is also the location of lowest CO concentration. Although operating at the maximum calculated 

temperature of 1423 K at a cathodic flow rate of 4900 g/s would suggest highest fuel conversion 

efficiency, this does not correspond to the minimum calculated CO concentration. An increase in 

cathodic flow rate past the ideal amount results in a decrease in flame temperature. However, the 

additional oxidizer results in slightly lower CO emissions as well. The total oxidation rate for CO 

increases with increasing cathodic flow rate and there is a tradeoff between reactor temperature 

and CO oxidation rate. This tradeoff results in a minimum in CO concentration at approximately 

5300 g/s of cathodic exhaust. The design of the first stage of this simulated off-gas burner depends 

on whether to maximize reactor temperature near a cathodic flow rate of 4900 g/s, or to minimize 

pollutant emissions near a cathodic flow rate of 5300 g/s. 

Overall OGB Reactor Temperature and CO Emissions 

Figure 71 demonstrates the effect of both streams of cathodic exhaust flow rate on the reactor 

temperatures and CO emissions for R2 (recirculation zone reactor), R3 (flame zone reactor) and 

R4 (post-flame reactor) which serves to help determine an optimal dual-stage burner design. As 

before the results are calculated based on a constant anodic exhaust flow rate of approximately 

6200 g/s while varying the primary cathodic exhaust flow rate from 4000 g/s to 5500 g/s. Recall 

the stoichiometric amount of cathodic exhaust flow rate for the given anodic exhaust flow rate was 

determined to be approximately 5100 g/s. As expected, the highest temperatures occur in R3 and 

R2. As additional CO oxidizes from R3 to R2, a decrease in CO concentration and subsequent 

increase in temperature occurs for all investigated cathodic flow rates.  
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Figure 71: Dependence of various OGB CRN reactor temperatures and CO emissions on 

cathode off-gas mass flow rate split 

It is important to recall the role of the cathode off-gas mass flow rate split on the dual-stage 

design of the proposed off-gas burner. In the previous chapter, it was proposed that the first stage 

would be designed such that the mixture in the main reaction zone would be a stoichiometric 

proportion of fuel (anode) to oxidizer (cathode). From Table 5, the total available cathodic exhaust 

flow rate is nearly five times the available anodic exhaust flow rate, while also more than five 

times the necessary amount to react stoichiometrically with the available anodic exhaust. Thus, the 

remainder of the cathode off-gas that is not used in the first stage is instead introduced in the second 

stage. Figure 71 summarizes the effect of this cathode off-gas split, as the secondary cathode off-

gas is introduced between R3 and R4. 
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Evaluating Single vs. Dual-Stage Design 

Overall, the results presented in Figure 71 confirm the effectiveness of the dual-stage design. 

Firstly, for all primary cathodic exhaust flow rates, the highest reactor temperatures occur in R2 

as further CO oxidation occurs between R3 and R2. Lower CO concentration is also observed in 

R2 compared with R3 for all primary cathodic flow rates for this reason. Both the lowest reactor 

temperatures and the lowest CO emissions are calculated for R4 (post-flame region) for all cathode 

off-gas flow rate splits. These results are expected as the addition of the secondary cathodic exhaust 

heavily dilutes the combustion products, while also increasing the amount of oxidizer aiding the 

oxidation of carbon monoxide. The emissions performance of this off-gas burner is best evaluated 

based on the post-flame region, thus determining the optimal cathode off-gas flow rate split from 

the minimum calculated CO concentration results in an optimal primary cathode flow rate of 

approximately 5000 g/s. At this flow rate, the reaction zone temperature (1422 K) is nearly the 

absolute maximum for all considered operating parameters. Thus, the proposed design cathodic 

exhaust flow rate split is based on a primary cathode flow rate of 5000 g/s. In general, the proposed 

design is optimized for minimizing pollutant emissions while maintaining high combustion 

efficiency. Section 5.1.2 seeks to improve on the OGB CRN results by increasing the complexity 

of the computational modeling and demonstrates the benefits of multiphysics considerations for 

designing an optimal off-gas burner with improved accuracy. 

OGB CRN Conclusions 

The key conclusions for the developed chemical reactor network (CRN) for burning the off 

gases of the focal SOFC/GT hybrid power system include: 
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• The OGB CRN was an effective tool for better understanding stable conversion of 

SOFC off-gases at relevant GT operating conditions (T = 1100 K, P = 10 bar) 

• For the given ultra-low anode exhaust LHV (1.8 MJ/kg), the optimal main reaction 

zone residence times and reactor temperatures of 3 ms and 1400 K, respectively, 

were determined 

• Relatively low OGB CRN temperatures and resultant limited pollutant formation 

including oxides of nitrogen (NOx) confirm operation in flameless combustion mode  

• Maintaining main reaction zone temperatures above 1400 K while minimizing 

carbon monoxide (CO) emissions resulted in an optimal primary cathodic exhaust 

flow rate of approximately 5000 g/s for the dual-stage OGB design 

5.1.2 CFD Modeling 

Review of GT CFD Design Parameters 

The developed 3D CFD GT can combustor model builds upon the design of the GT CRN 

model as well as its results. As was shown in Figure 51, the design of the GT CRN model was 

intended to capture the fundamental physics associated with combustion in a conventional gas 

turbine can combustor. This design was considered when designing the 3D CFD geometry shown 

in Figure 56, in particular including secondary oxidizer inlets which distinguished the first stage 

(main reaction zone) from the second stage (post-flame region). In order to put the results of this 

section in context with typical natural gas-fueled GT operation, a sample temperature contour with 

the baseline CFD model was provided in Figure 58 for reference. As previously mentioned, most 

of the constraints for the operation of this OGB were provided as stream data from an Aspen Plus 
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power plant simulation and summarized in Table 5. Combined with the fuel (anode off-gas) and 

oxidizer (cathode off-gas) composition found in Table 6, the conditions within the OGB can be 

considered to lie within the flameless combustion regime. Finally, the results from the OGB CRN 

study provide the ideal cathodic flow rate split as well as temperature and emissions data for 

comparison and confirmation. The following are results for the modified GT CFD model operating 

in the flameless combustion regime utilizing the aforementioned stream properties, off-gas 

compositions, and primary/secondary cathode flow rates. 

Single-Stage OGB Results 

The first set of results for the developed OGB CFD model simulate a “single-stage” design 

where secondary cathode off-gas is not introduced through the secondary air inlets in order to 

focus on the performance of the near-stoichiometric first stage. Figure 72 shows the simulated 

temperature profiles assuming fuel (anode) and oxidizer (cathode) inlet mass flow rates to match 

the aforementioned OGB CRN model. The profiles clearly confirm a CFD solution that satisfies 

the boundary conditions of a cathode off-gas inlet temperature of 750 K and an anode off-gas inlet 

temperature of 1100 K. After injection of the anodic exhaust into the swirling cathodic exhaust, an 

increase in temperature is observed indicating ignition of the fuel/oxidizer mixture. The maximum 

temperature calculated in the fluid domain is approximately 1420 K which is consistent with the 

results of the GT CRN simulations. A unique characteristic of the temperature profiles as seen in 

Figure 72 is the uniformity of the high temperature reactions throughout the can combustor 

geometry. The hydroxyl (OH) radical concentration map shown in Figure 73 and the velocity 

vector plot shown in Figure 74 confirm this uniformity as well, and offer additional insight into 

the types of reactions occurring within this single-stage off-gas burner. 
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Figure 72: Calculated temperature profiles for single-stage off-gas burner design 

 

 

Figure 73: Calculated OH concentration map for single-stage off-gas burner design 
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As discussed in previous chapters, flameless combustion is a non-traditional combustion 

regime that is characterized by a highly distributed combustion zone with uniform temperature due 

to the recirculation of combustion products. Figure 72 suggests a highly distributed combustion 

zone, while Figure 73 provides evidence for the resultant uniform temperature profiles. The OH 

molecule is a good marker for flame behavior and can provide information on flame mixing, 

propagation, ignition, structure, and local extinction. The increase in OH concentration beginning 

from the region of anode off-gas injection into the combustion chamber suggests immediate 

ignition, while a relatively high concentration of OH throughout the combustor suggests a highly 

distributed combustion zone. These results are consistent with flameless combustion, and in 

particular the OH radical profiles are consistent with those measured using traditional diagnostic 

techniques for non-premixed combustion operating in these regimes (Khalil and Gupta 2014). 

Figure 74 provides a velocity vector plot of the proposed off-gas burner operating in single-stage 

mode and confirms the internal recirculation necessary to sustain flameless combustion. 

 

Figure 74: Calculated velocity vector plot for single-stage off-gas burner design 
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The highest velocities occur with the introduction of the anode off-gas through the fuel inlets, 

while the lowest velocities are found in the distributed reaction zones. Characteristic of flameless 

combustion, the entrainment of combustion products due to high velocity jet injection is also 

observed. Finally, as a result of highly distributed combustion reactions within this single-stage 

OGB and sufficient residence time due to the low velocity region, the CO emissions calculated 

using a surface integral at the outlet were found to be very low at < 1 ppm. It should be noted that 

emissions due to NOx were also approximately < 1 ppm consistent with the OGB CRN results. 

Dual-Stage OGB Results 

The following set of results are based on the full dual-stage off-gas burner design, including 

the introduction of the remaining cathodic exhaust through the secondary air inlets of the GT can 

combustor. Figure 75 illustrates the simulated temperature profiles of the dual-stage OGB 

operation, while Figure 76 illustrates the related OH radical concentration map. 

 

Figure 75: Calculated temperature profiles for dual-stage off-gas burner design 
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Figure 76: Calculated OH concentration map for dual-stage off-gas burner design 

As shown in the above figures, introduction of the secondary cathode off-gas shifts the main 

ignition site from where the anode off-gas is injected to the secondary air inlets. This results in a 

significantly less distributed combustion zone throughout the combustor. The decreased 

performance of the combustor in the flameless combustion regime is not only indicated by the 

lesser uniformity of the temperature and OH distribution, but also by the lower reaction 

temperature achieved. Figure 75 confirms the maximum temperature observed in the off-gas 

burner is approximately 1370 K, slightly less than the single-stage operation as well as the optimal 

reaction zone temperatures suggested by the GT CRN simulations. One main reason for the 

decrease in off-gas burner performance is the location of the secondary air inlets. The introduction 

of the remaining cathodic exhaust through these secondary inlets inhibits the recirculation zones 

seen in Figure 74 that were key to sustaining flameless combustion. 
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Another consequence for the decreased performance of the off-gas burner is the increased 

CO emissions when compared to the single-stage operation. A surface integral calculation of CO 

emissions for the dual-stage design results in approximately 1190 ppm at the outlet. Although this 

is significantly higher than the results of the single-stage design (< 1 ppm), it is considerably lower 

than the minimum CO emissions at the outlet of the OGB CRN (≈ 4700 ppm). For the OGB CRN, 

minimizing CO emissions was dependent on the ratio of primary to secondary cathode exhaust 

flow rates. The above results for the OGB CFD model suggest an opportunity to optimize the 

design of the burner using a parametric analysis of the primary/secondary cathode off-gas flow 

rate split. The objective of the analysis would be to find the optimal flow rate split that would 

include the performance and emissions benefits of both the single-stage and dual-stage designs. 

As was the case with the single-stage design and consistent with the OGB CRN results, emissions 

due to NOx remained < 1 ppm mostly due to the relatively low OGB temperature operation. 

Overall, a parametric analysis through design of experiments is necessary for best understanding 

improved off-gas burner performance through operation in the flameless combustion regime. 

OGB CFD Conclusions 

The key conclusions for the developed 3D CFD GT can combustor model for burning the 

off gases of the focal SOFC/GT hybrid power system include: 

• An effective model was developed for better understanding the stable conversion of 

ultra-low LHV (1.8 MJ/kg) anode off-gas using only low oxygen content oxidizer 

(cathode off-gas) at relevant GT operating conditions (T = 1100 K, P = 10 bar) 
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• In addition to simulated temperature and NOx results that were consistent with OGB 

CRN results, velocity vector plots provided evidence of characteristic recirculation 

zones indicating operation in flameless combustion mode  

• Single-stage OGB operation produced the most uniform application of flameless 

combustion according to temperature and hydroxyl radical (OH) contours with the 

lowest resultant emissions of NOx (< 1 ppm) and CO (< 1 ppm)   

• Dual-stage OGB operation produced sufficiently uniform flameless combustion 

according to temperature/OH contours and low NOx (< 1 ppm); however, the limited 

performance resulted in higher emissions of CO (≈ 1190 ppm) at the outlet 

5.1.3 DOEx: Approach 

 The goal of this design of experiments (DOEx) study is to better understand the 

significance of factors, such as cathodic exhaust mass flow rate split, on the performance of an off-

gas burner (OGB) for a proposed SOFC/GT hybrid power system. The preceding simulation 

efforts provide evidence for the efficient and low pollutant emission combustion of SOFC off-

gases within a typical gas turbine can combustor geometry. The selected factors are expected to 

play a major role and their influence on the responses of interest will be important to consider with 

respect to the final OGB design. The objectives for this DOEx study include designing a set of 

experiments based on chosen factors and responses, utilizing the previously discussed 

computational model (OGB CFD model) to collect the responses of interest, perform a statistical 

analysis of the results, and interpret the various analyses to draw conclusions. 
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OGB Factor Selection 

Based on the previous sections, two factors were identified to be significant to investigate in 

the context of the off-gas burner application and are summarized in Table 9. These factors are 

mainly of interest as the resultant pollutant emissions from the operation of the OGB in flameless 

combustion mode are highly dependent on the cathodic exhaust flow rate split. The chosen ranges 

are based on the aforementioned design constraints of available cathodic exhaust as well as the 

previous calculations and chemical kinetics simulations of the preceding sections. The results of 

these studies suggest that within the SOFC/GT hybrid power system design constraints, OGB 

performance benefits from a dual-stage design. Thus, determining the optimal amount of 

secondary cathodic exhaust relative to primary cathodic exhaust is important to investigate. With 

respect to the primary cathode off-gas mass flow rate, the investigated range is to further 

investigate the role of stoichiometry in the main reaction zone. The high level of the primary 

cathodic stream represents the stoichiometric amount relative to the constant inlet anode off-gas 

flow rate (fuel) and the low level represents a “fuel-rich” mixture in the main reaction zone.  

Name Units Type Low High 

Primary Cathode Off-Gas Mass Flow Rate kg/s Numeric 0.004 0.005 

Secondary Cathode Off-Gas Mass Flow Rate kg/s Numeric 0.000 0.002 

Table 9: List of two-level factors for OGB DOEx study 

OGB Response Selection 

Literature in the area of flameless combustion within the last ten years have incorporated 

numerical modeling and computational fluid dynamics (CFD) simulations using the commercial 

software ANSYS Fluent. As this numerical model is not an “experiment”, there are not many 

uncontrolled factors; however, there is a great deal of uncertainty to consider especially when 

seeking to validate the results of the numerical model with experimental data. The constraints of 
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this model include a given geometry, anodic exhaust mass flow rate, combustor operating pressure, 

and inlet reactant temperatures.  

The responses were collected utilizing the aforementioned OGB CFD model discussed in 

Section 4.3.2 and Section 5.1.2. The desired responses as mentioned in the previous sections are 

reduced pollutant emissions including oxides of nitrogen (NOx) and carbon monoxide (CO), as 

well as the distribution of combustion reactions. It should be noted that consistent with the previous 

modeling results, NOx emissions when operating in flameless combustion mode were negligible 

and the focus for evaluating performance with respect to pollutant emissions will be on CO. In 

general, the ideal approach for analyzing these results is to plot the development of pollutant 

species concentration as a profile with respect to the dimensions of the OGB, while for distributed 

reactions, the approach would be to analyze the resultant temperature contours. Methods for 

analyzing these responses quantitatively are to measure the average concentration of carbon 

monoxide at the exit of the OGB to monitor pollutant formation, and to calculate the standard 

deviation of the temperature throughout the OGB volume in order to gauge temperature variability. 

Selected Experimental Design for OGB 

The experimental design of the current DOEx study is a two-factor, two-level factorial 

design augmented with four face centered axial points and one central point. This type of design 

can be classified as a central composite design (CCD). Regular CCDs have five levels for each 

factor; however, this can be modified by choosing an axial distance of 1.0 creating a face-centered, 

central composite design (CCF) which has only three levels per factor. Thus, the resultant design 

is CCF with a total number of 9 runs with data for two responses to be collected for each run. A 

summary of this experimental design as well as a sample design layout is shown in Table 10. 
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Std Factor 1 

Primary Cathode 

Flow Rate (kg/s) 

Factor 2 

Secondary Cathode 

Flow Rate (kg/s) 

Resp. 1 

Avg. Outlet 

CO (ppm) 

Resp. 2 

Std. Dev., σ, 

Temperature, K 

 

1 0.004 0.001   

2 0.004 0.000   

3 0.004 0.002   

4 0.0045 0.001   

5 0.0045 0.000   

6 0.0045 0.002   

7 0.005 0.001   

8 0.005 0.000   

9 0.005 0.002   

Table 10: OGB DOEx study design layout in standard order – prior to collecting response data 

5.1.4 DOEx: Results 

After response data were gathered for the aforementioned combination of factors and levels, 

a factorial analysis was performed using the Design-Expert software. The following is a summary 

of the model selection process and analytical results provided by the software for each of the 

selected responses. 

Response 1 – Average Outlet CO 

As the chosen experimental design is of the response surface methodology (RSM) category, 

the first step in selecting an appropriate model for this first response was to review the output 

statistical tables computed from the gathered response data. Figure 77 shows the resultant fit 

summary table for the first response and list the types of available models. The Design-Expert 

software underlines and labels as “Suggested” the full-order model that meets the necessary model 

criteria. For the first response, the highlighted model is the two-factor interaction or 2FI model. 

Since this particular DOEx study has only two factors of interest, the suggestion to use 2FI implies 

that adding the interaction term that represents the interaction between the primary and secondary 

cathodic exhaust flow rates will improve the linear model. 
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Figure 77: Model fit summary for OGB - Response 1 

Selecting the 2FI model allows for the software to provide analysis of variance (ANOVA) 

results which can be seen in Figure 78. The key model terms shown are the Cathode Primary Mass 

Flow Rate (A), the Cathode Secondary Mass Flow Rate (B) and the interaction of these two terms 

(AB). All the other possible terms are deemed to be residuals and lie nearest to a zero standardized 

effect with a line fit. As indicated in the final column, the model is deemed to be significant given 

the calculated F-value of 6.45, with only a 3.59% chance that an F-value this large could occur 

due to noise. The significance of the model is largely due to the significance of term B, as can be 

seen in the p-value column. Term B is the only significant term as its p-value is less than 0.05 

(corresponding to a confidence level of 95%), however, term A and AB are nearly significant. 

 

Figure 78: Analysis of Variance results for OGB - Response 1 
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In addition to the ANOVA model results, Design Expert also provides diagnostic results in 

order to identify possible outliers and offer recommendations for improving the model. Figure 79 

shows two key plots which can help suggest whether a transform for modeling this first response 

is necessary. Firstly, a straight line is observed for the normal probability plot for the studentized 

residuals which confirms the model is sufficiently accurate. These residuals are also referred to as 

the outlier t-test and if any of the calculated externally studentized residuals are larger than +/- 3.5 

then they could indicate a problem for the chosen model. Figure 79 also shows the Residuals vs. 

Predicted plot which can indicate a problem with the model if a “megaphone” pattern is observed. 

For this first response, a random scatter is observed which is consistent with an accurate model. 

Thus, the diagnostics suggest the model is sufficiently accurate and an appropriate equation can 

be determined. The final equation in terms of coded factors is given by Average Outlet CO = 

+1437.09 – 1439.21*A – 2144.99*B + 2144.83*AB, and this model is utilized for producing the 

subsequent model graphs. 

 
Figure 79: Diagnostic results for OGB - Response 1 
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Response 2 – Standard Deviation of OGB Temperature 

Selecting an appropriate model for the second response followed a similar approach to the 

first response. Figure 80 shows the resultant fit summary table for the second response and list the 

types of available models. Unlike the first response, the Design-Expert software highlights the 

Quadratic model as “Suggested” for the second response. The suggestion to use the Quadratic 

model implies that adding quadratic terms will improve the 2FI model. Thus, in addition to the 

interaction term for the two factors (AB), two additional terms are considered for this Quadratic 

model: the term A2 and the term B2. 

 
Figure 80: Model fit summary for OGB - Response 2 

Selecting the Quadratic model allows for the software to provide the ANOVA results seen 

in Figure 81. As previously mentioned, the key model terms shown are the Cathode Primary Mass 

Flow Rate (A), the Cathode Secondary Mass Flow Rate (B), the interaction of these two terms 

(AB), and the quadratic terms A2 and B2. All the other possible terms are deemed to be residuals 

and lie nearest to a zero standardized effect with a line fit. As indicated in the final column, the 

model is deemed to be “not significant”. The calculated F-value of 6.47 implies there is a 7.76% 

chance that an F-value this large could occur due to noise. Although this chance is small, the model 

is deemed insignificant due to the set p-value threshold of 0.05 corresponding to a confidence level 
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of 95%. Thus, for confidence levels of 92% or less, the quadratic model can be deemed significant. 

The significance of the model is largely due to the significance of the terms B2, B and AB, as can 

be seen in the p-value column. Term B2 is the only significant term as its p-value is less than 0.05 

however, term B and AB are nearly significant according to the given p-value threshold. The 

remaining check in order to determine the validity of the chosen model is to investigate the 

presence of potential outliers. The pertinent diagnostic plots confirm that no potential outliers are 

identified as the normal plot of residuals produced a satisfactory straight line, the Residuals vs. 

Predicted plot does not exhibit a “megaphone” shape, and the computed externally studentized 

residual values do not exceed the limit of +/- 3.5. Thus, the final model for this second response is 

sufficiently accurate and is selected as St Dev OGB Temperature = +174.47 + 0.1492*A - 4.39*B 

– 5.52*AB – 0.6034*A2 – 8.84*B2. More detail for the ANOVA and diagnostics for the OGB 

DOEx study is provided in Appendix A. 

 
Figure 81: Analysis of Variance results for OGB - Response 2 

5.1.5 DOEx: Discussion 

Response 1 – Average Outlet CO 

The following plots were produced using the final selected model for the first response. In 

Figure 82, the main interaction term (AB) is plotted and the unique model behavior is observed. It 
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is important to note the 95% confidence interval (CI) bands shown as dotted lines for both the 

lowest value for secondary cathodic flow rate of 0.000 kg/s (black line) and the highest value for 

secondary cathodic flow rate of 0.002 kg/s (red line). From this result, it is clear that there is a 

significant difference at a primary cathodic flow rate of 0.004 kg/s between the average outlet CO 

(ppm) calculated at the highest and lowest values for secondary cathodic flow rates.  

 
Figure 82: Interaction plot of Term A and B for OGB - Response 1 

At the lowest value of secondary cathodic flow rate, an increase in the primary cathodic flow 

rate results in a decrease in the average outlet CO. This result is expected as an increase in the 

primary cathodic flow rate towards the highest value of 0.005 kg/s nears the ideal mixture for 

complete combustion in the main reaction zone. At the highest value of secondary cathodic flow 

rate, the model predicts a slight increase in the average outlet CO with an increase in the primary 

cathodic flow rate. This slight increase is present in the model however from the plotted design 
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points there seems to be no significant increase in average outlet CO. There is no significant 

difference between the results at other values of primary cathodic flow rates for the different levels 

of secondary cathodic flow rates tested as indicated by the overlapping CI bands. Due to the 

collected response data at a primary cathodic flow rate of 0.005 kg/s, the model predicts a 

negligible difference in the average outlet CO at all levels of secondary cathodic flow rates. Most 

likely, this can be attributed to the primary cathodic flow rate value of 0.005 kg/s being nearly 

stoichiometric and not needing additional oxidizer (secondary) to completely oxidize the pollutant 

emissions. 

Figure 83 is a 3D surface plot for the first response and provides a clearer interpretation of 

the AB interaction. As is shown in this plot, a variety of combinations of primary and secondary 

temperatures result in low predicted average outlet CO. Although the design point of 0.004 kg/s 

for primary cathodic flow rate and 0.001 kg/s for secondary cathodic flow rate is below the 

predicted value, the model still provides a satisfactory estimation for the performance of the OGB 

model at the remaining design points. The key result from this plot is the identification of the 

combination of cathodic flow rates to avoid if wanting to minimize the average outlet CO. This 

combination is 0.004 kg/s for primary cathodic flow rate and 0.000 kg/s for secondary cathodic 

flow rate, the two lowest values for each of the factors. In the end, the resultant model is validated 

as a significant fit and is used to inform the best conditions for OGB performance with respect to 

the average outlet CO response. 
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Figure 83: 3D surface plot for AB interaction for OGB - Response 1 

Response 2 – Standard Deviation of OGB Temperature 

The following plots were produced using the final selected model for the second response. 

In Figure 84, the main interaction term (AB) is plotted and the unique model behavior is observed. 

As before, it is important to note the 95% confidence interval (CI) bands shown as dotted lines for 

both the lowest value for secondary cathodic flow rate of 0.000 kg/s (black line) and the highest 

value for secondary cathodic flow rate of 0.002 kg/s (red line). Due to the CI bands overlapping 

for the majority of the domain shown, it cannot be said that there is a significant difference in the 

standard deviation of the OGB temperature (SD-T) calculated at the highest and lowest values for 

secondary cathodic flow rates. Due to the collected response data at a primary cathodic flow rate 

of 0.004 kg/s, the model predicts a negligible difference in the SD-T at the lowest and highest 

levels of secondary cathodic flow rates. It is important to note the apparent increase in SD-T for 

the “center points” at a secondary cathodic flow rate of 0.001 kg/s for a primary cathodic flow rate 
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of 0.004 kg/s and 0.0045 kg/s. This result differs however at the highest level of primary cathodic 

flow rate. At the lowest value of secondary cathodic flow rate, an increase in the primary cathodic 

flow rate results in a general increase in the SD-T. This result is expected as an increase in the 

primary cathodic flow rate towards the highest value of 0.005 kg/s nears the ideal mixture for 

complete combustion in the main reaction zone and thus an overall higher reaction temperature. 

At the highest value of secondary cathodic flow rate, the model predicts a slight decrease in the 

SD-T with an increase in the primary cathodic flow rate. Overall, due to the amount of detail for 

this particular interaction chart, a predicted response surface is produced to better understand these 

results. 

 
Figure 84: Interaction plot of Term A and B for OGB - Response 2 

Figure 85 is a 3D surface plot of the AB interaction for the second response. It is important 

to note the desired standard deviation of OGB temperature (SD-T) response is the lowest possible 
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value. A low value for SD-T suggests uniformity of temperature within the OGB and therefore 

better performance in flameless combustion mode. Although the design point of 0.005 kg/s for 

primary cathodic flow rate and 0.001 kg/s for secondary cathodic flow rate is significantly below 

the predicted value, the model is able to provide a satisfactory estimation for the performance of 

the OGB model at the remaining design points. The key result from this plot is the identification 

of the combination of cathodic flow rates to avoid if wanting to minimize the SD-T. Although not 

as clear as the first response, the apparent combinations to avoid are 0.000 kg/s for secondary 

cathodic flow rate at almost all value of primary cathodic flow rate. As previously mentioned, the 

chosen model suffers from predictive accuracy due to a less than significant fit. However, the 

sufficiently significant fit of the predictive model was able to provide insight into the influence of 

primary and secondary cathodic flow rates on SD-T and recommend the best combination of inlet 

values. With these collected results, an optimization study can thus be performed. 

 
Figure 85: 3D surface plot for AB interaction for OGB - Response 2 
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OGB DOEx Optimization 

 DOEx optimization for the OGB application of the current dissertation research was 

performed with the Design-Expert software which uses desirability as the optimization parameter. 

The first step was to establish the desired criteria for both responses. For both average outlet carbon 

monoxide (CO) and standard deviation of OGB temperature (SD-T), the goal was set to minimize 

which aligns with the research objectives to determine the optimal OGB design operating with 

minimal pollutant emissions in the flameless combustion regime. Figure 86 shows the resultant 

desirability ramps offered by the statistical analysis for the OGB application. As expected, the 

optimal design point was the highest level for primary cathode flow rate and secondary cathode 

flow rate as this provided the best conditions for efficient flameless combustion. 

 
Figure 86: Sample desirability ramps for OGB DOEx study 

Desirability for the range of factor levels with respect to both optimization goals can be seen 

in Figure 90. This particular map provides insight as to the flexibility in the operating conditions 

for ensuring optimal operation of the OGB. The most significant parameter is shown to be the 

secondary cathodic flow rate consistent with the previous ANOVA results. Through a similar 
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DOEx process and optimization study, the same result can be determined using ANSYS 

DesignXplorer (DX) as shown in Figure 88 where the color blue indicates feasible points. 

 
Figure 87: Desirability contour map for OGB DOEx study 

 

Figure 88: ANSYS DX tradeoff chart of SD-T for OGB DOEx study  
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OGB DOEx Conclusions 

The goal of this DOEx study was to better understand the significance of two factors on the 

performance of an off-gas burner (OGB) for an SOFC/GT hybrid power system. Both the primary 

and secondary cathodic exhaust flow rates were selected as factors to investigate, each at two levels 

based on previous literature and preliminary numerical results. A face-centered, central composite 

design (CCF) was chosen for the design of experiments and data were gathered from the previously 

developed OGB CFD model for nine combinations of primary and secondary cathodic flow rates. 

Two responses related to the performance of the OGB operating in flameless combustion mode 

were chosen for interpreting the results, namely the average outlet carbon monoxide (CO) 

concentration and the temperature variability measured by the standard deviation of the OGB 

temperature (SD-T). Design Expert software was used to perform statistical analyses and produce 

sufficiently accurate models for each of the two responses. The key results include that the 

secondary cathodic flow rate is the most influential factor with respect to optimal OGB 

performance. In order to minimize average outlet CO emissions, it was necessary to avoid the 

lowest levels of primary and secondary cathodic flow rates tested. An optimization study based on 

desirability (Design-Expert) and tradeoff (ANSYS DX) concluded that in order to ensure low 

emission OGB operation while operating efficiently in flameless combustion mode, the optimal 

design conditions for the primary cathodic exhaust flow rate and secondary cathodic exhaust flow 

rate are approximately 0.005 kg/s and 0.002 kg/s, respectively. 

5.1.6 OGB Conclusions 

Simulations have been performed using various modeling and analysis tools for the low 

pollutant emission and efficient combustion of off-gases produced by the focal SOFC/GT hybrid 
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power system. Kinetic modeling results provided insights as to the effect of reactor operating 

temperature, main reaction zone residence times, as well as inlet cathodic exhaust flow rates on 

overall OGB performance. CFD modeling results provided insights as to the increased complexity 

of modeling flameless combustion within a single-stage and dual-stage OGB design, as well as the 

development of temperature and hydroxyl radicals (OH) throughout the reactor volume. Design of 

experiments (DOEx) was performed to better understand the significance of two factors (primary 

and secondary cathodic exhaust mass flow rates) on the performance of the developed OGB CFD 

model. The key conclusions for the OGB application for the proposed SOFC/GT hybrid power 

system include: 

• Maintaining main reaction zone temperatures above 1400 K while minimizing carbon 

monoxide (CO) emissions resulted in an optimal primary cathodic exhaust flow rate of 

approximately 0.005 kg/s for the dual-stage OGB design 

• Single-stage OGB operation produced the most uniform application of flameless 

combustion according to temperature and hydroxyl radical (OH) contours with the lowest 

resultant emissions of NOx (< 1 ppm) and CO (< 1 ppm)   

• Dual-stage OGB operation produced sufficiently uniform flameless combustion according 

to temperature/OH contours and low NOx (< 1 ppm); however, the limited performance 

resulted in higher emissions of CO (≈ 1190 ppm) at the outlet 

• DOEx was performed to produce sufficiently accurate predictive models and suggest that 

in order to minimize average outlet CO as well as the standard deviation of OGB 

temperature, a combination of primary cathodic exhaust flow rate of approximately 0.005 

kg/s and secondary cathodic exhaust flow rate of approximately 0.002 kg/s is necessary 
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5.2 EDUCTOR REACTOR RESULTS 

5.2.1 CRN Modeling 

Review of Eductor Reactor Model Parameters 

As previously discussed, the main design objectives for the eductor component are to support 

the non-catalytic partial oxidation (NC-POX) reactions necessary for ensuring removal of oxygen 

upstream of the fuel cell while also maintaining suitable eductor performance for the efficient 

operation of the SOFC/GT hybrid system. The choice of biogas for the SOFC/GT hybrid system 

fuel is to study the operation and performance on alternative types of fuel, such as those from 

renewable and/or waste resources, which may contain a significant amount of oxygen. Table 7 

summarizes the particular primary (fuel) and secondary (anode off-gas) compositions of interest 

for the eductor reactor application of the current dissertation research. Although the emphasis of 

the current work is oxygen content in the fuel, the investigation of eductor performance will also 

include an emphasis on possible soot formation. Therefore, the higher hydrocarbon constituents in 

the fuel such as C2H6 and C3H8 are also included in Table 7. The following results are for the 

eductor reactor CHEMKIN model discussed in Section 4.2.2, and operating at the conditions 

summarized in Table 5. 

Effect of Eductor Reactor Operating Pressure 

Kinetic modeling of the NC-POX of the mixture compositions shown in Table 7 has been 

performed for a temperature range of T = 1000 K to 1500 K and for a range of pressures from P = 

1 bar to P = 10 bar. Figure 89 shows the resultant eductor reactor performance using final oxygen 

concentration as the measure for reactor efficiency. For low pressures, it is clear that an increase 

in reactor temperature results in increased reactor performance as suggested by a decrease in final 

oxygen concentration. For ambient pressure, the results for T = 1400 K, T = 1450 K and T = 1500 K 
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are indistinguishable, suggesting that these reactor temperatures are optimal for achieving the 

lowest oxygen concentrations. An increase in pressure decreases the influence of the reactor 

temperature on the overall oxidation performance. The results seem to suggest that above P = 

6 bar, operating the eductor NC-POX reactor at the highest temperatures is unnecessary as the 

same performance can be achieved with the lower reactor temperatures simulated. 

 

Figure 89: Effect of pressure on eductor NC-POX reactor performance at various reactor 

operating temperatures 

Further investigation into model performance at elevated pressures is needed in order to 

determine the optimal minimum temperature for high reactor performance while keeping the 

reactor temperature relatively low. The main takeaway from these results is the significant effect 

of pressure on the performance of the eductor NC-POX reactor. Regarding the previously 

mentioned eductor application, in addition to the promising expected mixture compositions and 
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sufficient gas temperatures, the anodic recirculation system is designed to operate at elevated 

pressures of approximately 10 bar, which suggests an effective condition for operation. The effect 

of pressure is consistent with the literature in that an increase in pressure results in shorter ignition 

delay times, thus promoting oxidation further upstream at higher pressures (De Joannon et al. 

2002).  

Effect of Eductor Reactor Operating Temperature 

Eductor reactor performance for the same mixture was simulated again, this time at the fixed 

pressure of P = 10 bar in order to have a better understanding of the effect of reactor temperature 

on performance. Figure 90 plots the eductor NC-POX reactor performance using final oxygen 

concentration as in the previous study. However, this time O2 mole fraction is plotted against 

reactor length (distance).  Although the results for reactor temperatures of T = 1150 K or below 

are encouraging, they suggest that reactor temperatures higher than T = 1200 K are necessary for 

promoting sufficiently fast oxidation for completion within the given reactor length. These results 

are consistent with reformer literature for highly diluted mixtures. Typically, non-catalytic 

reformers operate at higher temperatures (T = 1400 K – 1600 K) when compared with their 

catalytic counterparts (R. M. Scenna 2017). Operation at these high temperatures promote sooting, 

and as a result, can damage the reactor and downstream components. The challenge involves 

choosing a high enough reactor temperature to promote the necessary NC-POX reactions while 

limiting, or ideally avoiding, the regime of soot formation and growth. Thus, it is important 

consider an upper limit for the reactor operating temperature in the context of past non-catalytic 

reformer studies and literature. In order to maintain high reactor performance while avoiding 

possible soot formation, the suggested temperature range of operation for the eductor NC-POX 

reactor from the simulated results thus far is approximately T = 1200 K to 1400 K. 
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Figure 90: Eductor NC-POX reactor model performance for P = 10 bar at various reactor 

operating temperatures 

Dependence of Temperature on Soot Formation and Growth 

Figure 91 shows the soot propensity from the kinetic modeling of the non-catalytic partial 

oxidation (NC-POX) of the simulated upgraded biogas and anodic product mixture at various 

operating temperatures. The indicator for soot propensity within this eductor NC-POX reactor 

model is given by the resultant particle number density and is plotted versus distance. As expected, 

higher soot propensity trends with higher operating temperature with significantly higher soot 

formation at temperatures of T = 1250 K and above. It should be noted from the figure below that 

the production of soot at these high temperatures occurs rapidly with the highest particle number 

density values within the first 10 cm of the reactor length. In order to better understand the effect 
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of temperature on soot formation and growth, the relevant constituents and pathways are studied 

in greater detail. 

 

Figure 91: Soot formation within eductor NC-POX reactor for P = 10 bar at various reactor 

operating temperatures 

Figure 92 shows the maximum calculated values from the kinetic modeling of the NC-POX 

of the simulated upgraded biogas and anodic product mixture. The maximum values shown are for 

acetylene (C2H2), pyrene (PAH), hydrogen radical (H), hydroxyl radical (OH) and soot particle 

number density. Typically, one pathway for soot formation is through the H-Abstraction-C2H2-

Addition (HACA) soot growth sequence. This sequence is dependent on hydrogen radical 

concentration as well as acetylene formation, which itself is dependent on hydrogen radical 

concentration. Acetylene formation experiences a steady increase together with increasing reactor 

temperatures. The eductor NC-POX reactor model suggests there is no significant increase in soot 

formation (particle number density) until the reactor temperature exceeds T = 1250 K. A further 
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increase in temperature results in a significant increase in hydrogen radical concentration which 

directly affects pyrene (PAH) concentration. Ultimately, it is the increased concentration of pyrene 

that contributes to the substantial increase in soot particle number density as the reaction 

mechanism includes a nucleation reaction that contributes to the creation of soot particles directly 

from the dimerization of pyrene molecules. Although hydroxyl (OH) is the most effective soot 

oxidizer in the flame zone, and there is an observable increase in hydroxyl concentration in the 

temperature range of T = 1350 K – 1500 K, the hydroxyl concentration is not enough to compete 

with the increasing hydrogen radicals and acetylene molecules that contribute directly to pyrene 

formation and subsequently soot particle growth. Thus, to avoid the soot formation regime, it is 

recommended to avoid this higher temperature region. Considering the full analysis of the above-

mentioned results, the final suggested temperature range of operation for the developed eductor 

NC-POX reactor model of the dissertation research is T = 1200 K – 1300 K. 

 

Figure 92: Maximum calculated values relevant to soot particle growth as a function of reactor 

operating temperature 
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Eductor Reactor Model Conclusions 

Simulations have been performed using a non-catalytic partial oxidation (NC-POX) reactor 

model utilizing simulated biogas at high pressure reforming conditions for the eductor reactor of 

the focal SOFC/GT hybrid power system. Kinetic modeling results provided insights as to the 

effect of various reactor operating pressures, reactor operating temperatures, and reactant oxygen 

concentrations on overall reactor performance and soot development. The key conclusions for this 

model include: 

• The developed eductor NC-POX reactor model was validated with available experimental 

and numerical data on reactor performance (final O2 concentration) for the NC-POX of 

highly diluted mixtures of methane at moderately elevated temperatures 

• An increase in either reactor operating temperature or reactor operating pressure improved 

reactor performance by overall shifting key reactions upstream relative to the reactor length 

• Suggested temperature range of operation for the developed eductor NC-POX reactor 

model is T = 1200 K – 1300 K in order to maintain high reactor performance while 

avoiding the soot formation and growth regime associated with high operating 

temperatures 

5.2.2 CFD Modeling 

Review of Eductor Reactor CFD Model Parameters 

The developed 3D CFD eductor reactor model builds upon the previously discussed kinetic 

modeling as well as its results. As was shown in Figure 62 and discussed in Section 4.3.1, the 

design of the eductor component was based on previous work for an SOFC fuel eductor for anodic 
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recirculation (Y. Zhu et al. 2007). The kinetic modeling performed in CHEMKIN served as a 

preliminary step to better understand the desired non-catalytic partial oxidation (NC-POX) 

reactions within the developed one-dimensional eductor reactor model. The following 3D CFD 

modeling is utilized to add necessary turbulent physics modeling in order to determine the best 

operating parameters according to the previously stated objectives of the eductor reactor for this 

SOFC/GT hybrid power system. As previously mentioned, most of the constraints for the operation 

of this eductor reactor were provided as stream data from an Aspen Plus power plant simulation 

and summarized in Table 5. Combined with the desired primary (fuel) and secondary (anode off-

gas) composition found in Table 7, the expected conditions within the eductor reactor can be 

considered to lie within the NC-POX (flameless combustion) regime. The results from the eductor 

reactor modeling in CHEMKIN provide the ideal operating temperature range of T = 1200 K – 

1300 K in order to maintain high reactor performance while avoiding the soot formation and 

growth regime. The following are results for the NC-POX eductor reactor CFD model utilizing 

the aforementioned stream properties and inlet gas compositions. 

Design Eductor Reactor CFD Model Results 

Figure 93 shows the simulated oxygen (O2) concentration contours for the developed eductor 

reactor CFD model with fuel (biogas) as the primary stream and anode off-gas as the secondary 

stream. It should be noted that this figure and the following contours are cross sections of the 3D 

model previously shown in Figure 62. The objective of the eductor reactor is to reduce or eliminate 

the concentration of oxygen within a given fuel stream by reacting with recirculated high-

temperature anode off-gas immediately upstream of a solid oxide fuel cell (SOFC).  
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Figure 93: Calculated O2 concentration contours for eductor reactor CFD model at design 

operating conditions 

From the above figure it is clear that the primary inlet contains approximately 2.0 vol % 

oxygen as previously specified for the biogas fuel of interest, while the secondary inlet contains 

zero oxygen content. As the primary stream reaches the nozzle, it begins to mix with the secondary 

stream and the O2 concentration begins to decrease significantly. The length of the reactor shown 

is approximately the same (≈ 50 cm) that was modeled in the preliminary CHEMKIN plug flow 

reactor modeling. In the relatively short distance, the O2 concentration is shown to decrease 

gradually through the mixing chamber. However, the largest decrease in O2 concentration is 

achieved at the diffuser inlet and further where increased mixing is allowed.  

In order to better discuss the performance of the eductor reactor at O2 content reduction, 

context for the operating temperatures is necessary. Figure 94 shows the simulated temperature 

contours for the eductor reactor CFD model operating at the aforementioned design conditions. 
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Figure 94: Calculated temperature contours for eductor reactor CFD model at design operating 

conditions 

In the figure above it can be seen that the boundary conditions for the inlet temperatures 

outlined in Table 5 are met with Tp ≈ 623 K (350 ℃) and Ts ≈ 1123 K (850 ℃). The upper 

boundary of 1500 K for the temperature contours is set for better comparison with the remaining 

results of this section. Important considerations from these temperature contours are determining 

the level of the desired distributed reactions for simulating flameless combustion. For this 

particular case, the primary stream temperature seems to influence the temperature within the 

mixing chamber greatly resulting in a narrow reaction zone. An important detail to consider from 

these temperature contours are the minimal increases in temperature suggesting significantly 

decreased reactivity between the two streams. Although the ratio of the secondary inlet mass flow 

rate to the primary inlet mass flow rate by design is approximately 7, the influence of the high-

temperature recirculated anode off-gas is not sufficiently effective. This can be seen by observing 

that the mixture temperature near the outlet does not exceed 900 K. As was determined from the 
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kinetic modeling of the eductor reactor, the minimum operating temperature to achieve non-

catalytic partial oxidation (NC-POX) for the primary and secondary mixtures of interest is 1200 K. 

In order to better understand the turbulent and chemistry interactions under NC-POX conditions 

within the eductor reactor CFD model, the following study investigated increasing the reactor 

operating temperature. 

Elevated Temperature Eductor Reactor CFD Model Results 

Figure 95 shows the simulated temperature contours for the eductor reactor CFD model 

operating at the aforementioned design conditions with the only modification that the secondary 

inlet temperature be raised from Ts ≈ 1100 K to Ts ≈ 1500 K. 

 

Figure 95: Calculated temperature contours for eductor reactor CFD model operating at an 

elevated secondary inlet temperature, Ts = 1500 K 

In order to significantly raise the operating temperature of the eductor reactor, the secondary 

inlet temperature was raised due it already being at a high enough temperature and contributing a 
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significant fraction of the total mass flow rate. The increased secondary inlet temperature results 

improved chemical reaction kinetics especially in the mixing chamber. This is observed as a wider 

reaction zone where the primary stream is quickly raised to a higher temperature through mixing 

as well as due to NC-POX. 

 Figure 96 and Figure 97 shows the simulated concentration contours of the hydroxyl radical 

(OH) and oxygen (O2), respectively. The OH contours illustrate the intensity of the NC-POX and 

highlight the main regions for the reactions at the inner mixing chamber wall. NC-POX begins 

immediately at the mixing location of the streams and continues through the mixing chamber into 

the diffuser section. These results are consistent with the peak temperatures shown in Figure 95. 

 

Figure 96: Calculated OH concentration contours for eductor reactor CFD model operating at 

an elevated secondary inlet temperature, Ts = 1500 K 
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Figure 97: Calculated O2 concentration contours for eductor reactor CFD model operating at 

an elevated secondary inlet temperature, Ts = 1500 K 

The oxygen concentration contours shown in the above figure are similar to the resultant 

map for the simulated results at design conditions shown in Figure 93 with exception at the outlet. 

Due to the elevated temperature operation, there is improved reaction kinetics as NC-POX is 

improved at higher operating temperatures. As previously noted from the PFR/CRN modeling, the 

minimum temperature threshold for the eductor reactor to ensure proper NC-POX operation is 

1200 K. Comparing the elevated temperature operation shown in Figure 95 and the original design 

shown in Figure 94, the results suggest higher temperature operation is favored and requires further 

investigation. The following section details a design of experiments approach for determining the 

best combination of primary inlet and secondary inlet parameters for optimizing the performance 

of the eductor reactor CFD model. 
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Eductor Reactor CFD Model Conclusions 

Simulations have been performed using an eductor reactor CFD model for the non-catalytic 

partial oxidation (NC-POX) of biogas at high pressure reforming conditions present in the focal 

SOFC/GT hybrid power system. CFD modeling results provided insights as to the increased 

complexity of modeling NC-POX within an eductor as well as the development of temperature, 

hydroxyl radicals (OH), and oxygen (O2) throughout the reactor volume. The key conclusions for 

this CFD model include: 

• The developed eductor reactor CFD model improved on preliminary kinetic modeling for 

the NC-POX of highly diluted mixtures by adding relevant turbulent physics while 

ensuring appropriate non-premixed combustion reaction modeling  

• Reactor performance was measured utilizing temperature, OH concentration, and O2 

concentration contours, with main objectives for achieving NC-POX including distributed 

reactions as well as high O2 consumption (reduced O2 concentration at the outlet) 

• Improved NC-POX was achieved with an increase in secondary inlet temperature to Ts ≈ 

1500 K as the resultant mixture temperatures neared the operating temperature threshold 

for NC-POX of 1200 K for the eductor reactor 

5.2.3 DOEx: Approach 

The goal of this design of experiments (DOEx) study is to better understand the significance 

of factors, such as temperature and pressure, on the performance of an eductor reactor for a 

proposed SOFC/GT hybrid power system. The preceding simulation efforts provide evidence for 

the extent of the combustion reactions that will take place within this eductor. The selected factors 

are expected to play a major role and their influence on the responses of interest will be important 
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to consider with respect to the final eductor reactor design. The objectives for this DOEx study 

include designing a set of experiments based on chosen factors and responses, utilizing the 

previously discussed computational model (eductor reactor CFD model) to collect the responses 

of interest, perform a statistical analysis of the results, and interpret the various analyses. 

Eductor Reactor Factor Selection 

Based on the previous sections, four factors were identified to be significant to investigate 

in the context of the eductor reactor application and are summarized in Table 11. These factors are 

mainly of interest as the sustaining of flameless combustion and/or non-catalytic partial oxidation 

(NC-POX) are highly dependent on the reactant temperature and pressure. There are two streams 

that are controllable within the experiment, and thus four factors result from varying both the 

temperature and pressure of each inlet stream. As for the chosen ranges, these were based on the 

aforementioned literature as well as the previous calculations and chemical kinetics simulations of 

the preceding sections. The results of these studies suggest that optimal reactant mixture 

temperature for NC-POX is in the range of 1200 K – 1300 K, while pressures exceeding 10 bar 

are optimal for most high-pressure applications. Due to the large entrainment ratios by design, 

most of the reactant mixture is from the secondary inlet and therefore the temperature range for 

this is higher. As the primary inlet serves the purpose of the motive fluid for this eductor 

application, its pressure range is relatively higher than the secondary inlet. 
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Name Units Type Low High 

Fuel Inlet (Primary) Temperature Kelvin, K Numeric 600 800 

Fuel Inlet (Primary) Pressure bar Numeric 20 30 

Anode Off-Gas (Secondary) Temperature Kelvin, K Numeric 1100 1500 

Anode Off-Gas (Secondary) Pressure bar Numeric 5 15 

Table 11: List of two-level factors for eductor reactor DOEx study 

Eductor Reactor Response Selection 

Literature in the area of flameless combustion and NC-POX within the last ten years have 

incorporated numerical modeling and computational fluid dynamics (CFD) simulations using the 

commercial software ANSYS Fluent. As this numerical model is not an “experiment”, there are 

not many uncontrolled factors; however, there is a great deal of uncertainty to consider especially 

when seeking to validate the results of the numerical model with experimental data. This model 

includes a given geometry, design steam to carbon ratio (STCR), design entrainment ratio, and 

fuel/off-gas mixtures.  

The responses were collected utilizing the aforementioned eductor reactor CFD model 

discussed in Section 4.3.2 and Section 5.2.2. The desired responses as mentioned in the previous 

sections are the oxidation throughout the eductor reactor, as well as the overall mixing of the two 

streams. In general, the ideal approach for analyzing these results is to plot the development of 

oxygen species concentration as a profile with respect to the length of the eductor, while for 

mixing, the approach would be to analyze the temperature and pressure profiles along the length 

of the eductor. One way of analyzing these responses quantitatively is to measure the average 

concentration of oxygen, average temperature, and average pressure at the exit of the eductor. 

Selected Experimental Design for Eductor Reactor 

The experimental design of the current DOEx study is a four-factor, two-level factorial 

design. Thus, the total number of runs is 24 = 16 runs with data for three responses to be collected 
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for each run. It was decided to add a “center point” run that is composed of the midpoint of each 

range for each factor. In this manner, the analysis benefits from a run that provides insight into a 

“third” level for each factor. A summary of this experimental design as well as a sample design 

layout is shown in Table 12. 

Std Factor 1 

Primary 

Temperature 

Factor 2 

Primary 

Pressure 

Factor 3 

Secondary 

Temperature 

Factor 4 

Secondary 

Pressure 

Resp. 1 

Avg. O2 

% 

Resp. 2 

Avg. Temp, 

K 

Resp. 3 

Avg. P, 

bar 

1 600 20 1100 5    

2 800 20 1100 5    

3 600 30 1100 5    

4 800 30 1100 5    

5 600 20 1500 5    

6 800 20 1500 5    

7 600 30 1500 5    

8 800 30 1500 5    

9 600 20 1100 15    

10 800 20 1100 15    

11 600 30 1100 15    

12 800 30 1100 15    

13 600 20 1500 15    

14 800 20 1500 15    

15 600 30 1500 15    

16 800 30 1500 15    

17 700 25 1300 10    

Table 12: Eductor reactor DOEx study design layout in standard order – prior to collecting 

response data 

5.2.4 DOEx: Results 

 After response data were gathered for the aforementioned combination of factors and 

levels, a factorial analysis was performed using the Design Expert software. The following is a 

summary of the model selection process and analytical results provided by the software for each 

of the selected responses. 
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Response 1 – Average Exit O2 

The first step in selecting an appropriate model for this first response was to take note of the 

effects computed from the gathered response data. Figure 98 shows a half normal probability plot 

in order to identify the significant model terms and the residuals. The chosen model terms are 

shown in the below figure and consist of Primary Temperature (A), Secondary Temperature (C) 

and the interaction of these two terms (AC). All the other possible terms are deemed to be residuals 

and lie nearest to a zero standardized effect with a line fit.  

 

Figure 98: Half normal probability plot for eductor reactor - Response 1 (no transform) 

Selecting these model terms allows for the software to provide analysis of variance 

(ANOVA) results which can be seen in Figure 99. As indicated in the final column, the model is 

deemed to be significant given the calculated F-value of 1502.22, with only a 0.01% chance that 

an F-value this large could occur due to noise. The significance of the model is largely due to the 

significance of each individual term, and this can be seen in the p-value column. Terms A, C and 



 

 

196 

 

 

AC are all significant as their p-values are much less than 0.05 (corresponding to a confidence 

level of 95%).  

 
Figure 99: Analysis of Variance results for eductor reactor - Response 1 (no transform) 

In addition to the ANOVA model results, Design Expert also provides diagnostic results in 

order to identify possible outliers and offer recommendations for improving the model. Figure 100 

shows two key plots which support the suggestion of using a transform for modeling this first 

response. Firstly, the normal probability plot for the studentized residuals should be a straight line, 

however, an S-shape is observed. Further investigation into the calculated externally studentized 

residuals show data points that are possible outliers, as these residuals are also referred to as the 

outlier t-test and if any of the residuals are larger than +/- 3.5 then they could indicate a problem 

for the chosen model. In addition to this observation of the normal plot, Figure 100 also shows the 

Residuals vs. Predicted plot which further indicates problems with the model as well. The expected 

result for an accurate model is a random scatter, but a “megaphone” pattern is clearly observed. 

Due to these results, the Design Expert software provides a recommended transform of the “Log” 

type in order to improve these diagnostic results. Selecting a logarithmic transform and computing 

the effects again produces a half-normal plot similar to that of Figure 98. The terms A, C and AC 

are selected once again and the ANOVA model and diagnostic results for this transformed model 

are produced. These results are shown in Figure 101 for comparison with the previous model. 
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Figure 100: Diagnostic results for eductor reactor - Response 1 (no transform) 

 
Figure 101: ANOVA model and diagnostic results for eductor reactor - Response 1 (log 

transform) 
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The transformed model is deemed significant once again due to a large F-value of 2924.60, 

while the p-values for each term are low enough (< 0.0001) such that they are considered 

significant to the model. The diagnostic plots for the residuals also shown in Figure 101 

demonstrate a better model fit. The main concern with the transformed model is the presence of 

one significant outlier, with a value for the externally studentized residual of 5.54. Proceeding with 

this model will require careful consideration of this outlier; however, overall, the model fit has 

improved with the transform and thus the final model is selected based on this analysis. The final 

equation in terms of coded factors is given by Log₁₀ (Average Exit O2 + 0.16) = +0.0397 - 

0.6788*A - 0.7873*C + 0.6841*AC, and this model is utilized for producing the subsequent model 

graphs. 

Response 2 – Average Exit Temperature 

Selecting an appropriate model for the second response followed a similar approach to the 

first response. Figure 102 shows the half normal plot for the second response, and the chosen 

model terms are highlighted. In addition to the significant model terms from Response 1, the other 

factors are deemed significant as well - namely Primary Pressure (B) and Secondary Pressure (D). 

All five of these terms were chosen due to their larger standardized effect when compared to the 

other terms. 
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Figure 102: Half normal probability plot for eductor reactor - Response 2 

The ANOVA results for the five selected terms are shown in Figure 103. Similar to the 

results of the first response, the model is deemed to be significant given the calculated F-value of 

2938.17, with only a 0.01% chance that an F-value this large could occur due to noise. The 

significance of the model is again largely due to the significance of each individual term. Terms 

A, C, AC, B and D are all significant as their p-values are much less than 0.05. The remaining 

check in order to determine the validity of the chosen model is to investigate the presence of 

potential outliers. The pertinent diagnostic plots confirm that no potential outliers are identified as 

the normal plot of residuals produced a satisfactory straight line, the Residuals vs. Predicted plot 

does not exhibit a “megaphone” shape, and the computed externally studentized residual values 

do not exceed the limit of +/- 3.5. The Design Expert software does not recommend a transform, 

and thus the final model for this second response is selected as Average Exit Temperature = 895.61 

+ 51.16*A + 11.26*B + 56.41*C + 3.62*D + 9.35*AC.  
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Figure 103: Analysis of Variance results for eductor reactor - Response 2 

Response 3 – Average Exit Pressure 

Figure 104 shows the half normal plot for the third response, and the chosen model terms 

are highlighted. The significant model terms for this response are the same as Response 1, 

however, the AC interaction does not produce as large of an effect. Primary Temperature (A), 

Secondary Temperature (C) and the interaction of these two terms (AC) are selected as significant 

and then an ANOVA analysis is performed. 

 
Figure 104: Half normal probability plot for eductor reactor - Response 3 
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The ANOVA results for the selected terms are shown in Figure 105. The model is deemed 

to be significant given the calculated F-value of 6685.73, with only a 0.01% chance that an F-value 

this large could occur due to noise. Terms A, C, and AC are all significant as their p-values are 

much less than 0.05. Similar to the second response model selection, the diagnostic plots confirm 

no potential outliers for the third response as the normal plot of residuals produced a satisfactory 

straight line, the Residuals vs. Predicted plot does not exhibit a “megaphone” shape, and the 

computed externally studentized residual values do not exceed the limit of +/- 3.5. The Design 

Expert software does not recommend a transform, and thus the final model for this third response 

is selected as Average Exit Pressure = 0.4471 – 0.0595*A – 0.4184*C + 0.0480*AC. More detail 

for the ANOVA and diagnostics for the eductor reactor DOEx study is provided in Appendix A. 

  
Figure 105: Analysis of Variance results for eductor reactor - Response 3 

5.2.5 DOEx: Discussion 

Response 1 – Average Exit O2 

The following plots were produced using the final selected model for the first response. In 

Figure 106, the main interaction term (AC) is plotted and the logarithmic nature of the model is 

observed. From this result, it is clear that there is a significant difference at a primary temperature 

of 600 K between the average exit O2 calculated at a secondary temperature of 1100 K (black line) 
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and a primary temperature of 1500 K (red line). For either of these secondary temperatures, an 

increase in the primary temperature results in a decrease in the average O2 at the exit. This result 

is expected as an increase in the mixture temperature should promote chemical reactions amongst 

the gas constituents and thus oxidation of the O2 present in the mixture. There is no significant 

difference between the results at a primary temperature of 800 K for the different levels of 

secondary temperatures tested. This can be attributed to a primary temperature of 800 K being 

significantly high enough to achieve the desired oxidation within the fuel eductor. The final note 

regarding the result of this interaction is that the tested center point (green point) seems to agree 

sufficiently with the proposed model. As was shown in Figure 101, there was significant curvature 

computed in the ANOVA results, and the choice of a logarithm transform provides an attempt at 

taking this effect into account. Another approach to correct for the curvature includes utilizing 

response surface methodology (RSM).  

 
Figure 106: Interaction plot of Term A and C for eductor reactor - Response 1 
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Figure 107 is a 3D surface plot for the first response and provides a clearer interpretation of 

the AC interaction. As is shown in this plot, a variety of combinations of primary and secondary 

temperatures result in low predicted average exit O2. Although the design point of 700 K primary 

temperature and 1300 K secondary temperature (center point) is slightly below the predicted value, 

the model still provides a satisfactory estimation for the performance of the eductor model at these 

conditions. The key result from this plot is the identification of the combination of inlet 

temperatures to avoid if wanting to minimize the average exit O2. This combination is 600 K for 

primary temperature and 1100 K for secondary temperature, the two lowest value for each of the 

factors. In the end, the resultant model is validated as a significant fit and is used to inform the best 

conditions for eductor performance with respect to the average exit O2 response. 

  

 
Figure 107: 3D surface plot for AC interaction for eductor reactor - Response 1 

Response 2 – Average Exit Temperature 

The following plots were produced using the final selected model for the second response. 

In Figure 108, the main interaction term (AC) is plotted and the linear nature of the model is 
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observed. From this result, it is clear that there is a significant difference between the average exit 

temperature calculated at a secondary temperature of 1100 K (black line) and a primary 

temperature of 1500 K (red line) for both primary temperatures tested. For either of these 

secondary temperatures, an increase in the primary temperature results in an increase in the average 

temperature at the exit. This result is trivial as in increase in the mixture temperature in addition 

to chemical reactions occurring within the eductor will result in an overall higher exit temperature. 

It should be noted that the tested center point (green point) does not seem to agree sufficiently with 

the proposed model. As was shown in Figure 103, there was significant curvature computed in the 

ANOVA results, for this second response and thus further investigation is necessary to correct for 

the curvature. Finally, this second response is the only response that includes both inlet pressures 

as significant terms in the model. The interaction plot changes slightly when either the primary or 

secondary pressure is changed demonstrating the minimal effect of pressure on the eductor 

performance. Overall, an increase in either pressure results in an increase in the average exit 

temperature. 
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Figure 108: Interaction plot of Term A and C for eductor reactor - Response 2 

Figure 109 is a 3D surface plot of the AC interaction for the second response. The results 

shown in this plot are of the form of a flat surface with a clear relationship between primary and 

secondary temperatures, and the average exit temperature. The design point of 700 K primary 

temperature and 1300 K secondary temperature (center point) is shown to be below the predicted 

value, suggesting need for correcting this curvature with RSM. The average exit temperature is 

not the most important purpose of this fuel eductor but understanding which combinations of 

primary and secondary temperatures produce the desired higher temperature is useful in the 

optimal design. Overall, the proposed model offers a significant fit to the gathered response data 

and accurately portrays the expected relationship between the inlet temperatures and the exit 

temperature but will require further augmentation in order to account for the aforementioned 

curvature.  
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Figure 109: 3D surface plot for AC interaction for eductor reactor - Response 2 

Response 3 – Average Exit Pressure 

The following plots were produced using the final selected model for the third response. In 

Figure 110, the main interaction term (AC) is plotted and the linear nature of the model is observed. 

From this result, it is clear that there is a significant difference between the average exit pressure 

calculated at a secondary temperature of 1100 K (black line) and a primary temperature of 1500 K 

(red line) for both primary temperatures tested. For either of these secondary temperatures, an 

increase in the primary temperature results in a decrease of the average pressure at the exit, 

although the effect is more significant at the lower secondary temperature. Generally, an increase 

in temperature results in a similar increase in pressure, however, this may not be the case for the 

current study as other factors are maintained constant. One such factor, the mass flow rate of each 

inlet, is kept constant for all test points and thus would explain the apparent inverse relationship 

between temperature and pressure that is observed. Finally, it should be noted that the tested center 

point (green point) does not seem to agree sufficiently with the proposed model. As shown in 
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Figure 105, there was significant curvature computed in the ANOVA results, the largest of all the 

responses for this third response, and thus further investigation is necessary to correct for this.  

 
Figure 110: Interaction plot of Term A and C for eductor reactor - Response 3 

Figure 111 is a 3D surface plot of the AC interaction for the third response. The results 

shown in this plot are of the form of a flat surface with a clear relationship between primary and 

secondary temperatures, and the average exit pressure. The design point of 700 K primary 

temperature and 1300 K secondary temperature (center point) is shown to be significantly below 

the predicted value, thus a correction for this curvature is necessary. The average exit pressure is 

one of the most important features of an eductor, and thus identifying the ideal combination of 

inlet temperatures is important. The purpose of an eductor is to boost the secondary inlet pressure, 

thus optimal eductor performance will involve achieving the highest exit pressure. The 

combination of inlet temperatures to achieve this is a primary temperature of 600 K and a 

secondary temperature of 1100 K. This ideal combination of temperatures is opposite to the ones 
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for the first two responses, and thus performing an optimization computation using Design-Expert 

is an ideal next step for the current DOEx study. 

 
Figure 111: 3D surface plot for AC interaction for eductor reactor - Response 3 

Eductor Reactor DOEx Optimization 

 DOEx optimization for the eductor reactor application of the current dissertation research 

was performed with the Design-Expert software which uses desirability as the optimization 

parameter. The first step was to establish the desired criteria for all three responses. For both 

average exit temperature and pressure, the goal was set to maximize, while average exit oxygen 

(O2) concentration was set to minimize in order to align with the research objectives to determine 

the optimal eductor reactor design for non-catalytic partial oxidation (NC-POX) operation to limit 

exit O2 content. Figure 112 shows the resultant desirability ramps offered by the statistical analysis 

for the eductor reactor application. The suggested optimal design point for the two main factors of 

primary temperature (A) and secondary temperature (C) in order to achieve the stated goals were 

approximately 800 K and 1150 K, respectively. These results were computed with equal 
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importance (weighting) for all factors and thus another desirability calculation was performed and 

is shown in Figure 113. 

 

 
Figure 112: Desirability ramps for eductor reactor DOEx study with equal response importance 
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Figure 113: Desirability ramps for eductor reactor DOEx study with highest importance for first 

and third responses 

For the second desirability study, the first and third response are more heavily weighted in 

an effort to optimize for minimal O2 concentration and highest average pressure at the exit. There 

is an expected drop in the average exit temperature due to the desired increase in average exit 

pressure. In order to achieve this result, the secondary temperature is set at a lower temperature of 

1100 K. Due to the lower operating temperature of the reactor, the average exit O2 is slightly 

higher. Overall, this second result is preferred over the initial desirability study as can be seen in 

the increase in the desirability parameter. Desirability for the range of factor levels with respect to 

the stated optimization goals and weights can be seen in Figure 114. This particular map provides 

insight as to the flexibility in the operating conditions for ensuring optimal operation of the eductor 

reactor. The most significant parameter is shown to be the secondary temperature consistent with 

the previously discussed ANOVA results.  
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Figure 114: Desirability contour map for eductor reactor DOEx study 

Eductor Reactor DOEx Conclusions 

The goal of this DOEx study was to better understand the significance of four factors on the 

performance of a SOFC/GT fuel eductor. Both the temperature and pressure of the primary (fuel) 

and secondary (anode gas) inlets were selected as factors to investigate, each at two levels based 

on previous non-catalytic partial oxidation (NC-POX) literature and numerical results. A factorial 

design was chosen for the design of experiments and data were gathered from a 3D CFD fuel 

eductor model for sixteen combinations of inlet temperature and pressures as well as one additional 

center point. Three responses related to the performance of the eductor were chosen for interpreting 

the results, namely the average exit O2 concentration, average exit temperature and average exit 

pressure. Design Expert software was used to perform statistical analyses and produce significant 

models for each of the three responses. The key results include that the primary and secondary 
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temperatures are the most influential with respect to optimal eductor performance. In order to 

minimize average exit O2 as well as result in a high average exit temperature, a combination of 

high inlet temperatures (800 K and 1500 K) is necessary. Maximizing average exit pressure, 

however, requires a combination of the lowest tested inlet temperatures (600 K and 1100 K). An 

optimization study based on desirability concluded that in order to ensure efficient anode off-gas 

recirculation while reducing the O2 concentration through NC-POX, the optimal design conditions 

for the primary and secondary stream inlet temperatures are most nearly 800 K and 1100 K, 

respectively. 

5.2.6 Eductor Reactor Conclusions 

 Simulations have been performed using various modeling and analysis tools for the non-

catalytic partial oxidation (NC-POX) of biogas at high pressure reforming conditions present 

within the eductor component of the focal SOFC/GT hybrid power system. Kinetic modeling 

results provided insights as to the effect of various reactor operating pressures, reactor operating 

temperatures, and reactant oxygen concentrations on overall reactor performance and soot 

development. CFD modeling results provided insights as to the increased complexity of modeling 

NC-POX within an eductor as well as the development of temperature, hydroxyl radicals (OH), 

and oxygen (O2) throughout the reactor volume. Design of experiments (DOEx) was performed to 

better understand the significance of four factors (primary inlet temperature and pressure/ 

secondary inlet temperature and pressure) on the performance of the developed eductor reactor 

CFD model. The key conclusions for the eductor reactor application for the proposed SOFC/GT 

hybrid power system include: 
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• An increase in either reactor operating temperature or reactor operating pressure improved 

reactor performance by overall shifting key reactions upstream relative to the reactor length 

• Suggested temperature range of operation for the developed eductor NC-POX reactor 

model is T = 1200 K – 1300 K in order to maintain high reactor performance while 

avoiding the soot formation and growth regime associated with high operating 

temperatures 

• Improved NC-POX was achieved with an increase in secondary inlet temperature to Ts ≈ 

1500 K as the resultant mixture temperatures neared the operating temperature threshold 

for NC-POX of 1200 K for the eductor reactor 

• In order to ensure efficient anode off-gas recirculation while reducing the O2 concentration 

through NC-POX, the optimal design conditions for the primary and secondary stream inlet 

temperatures are most nearly 800 K and 1100 K, respectively. 

  



 

 

214 

 

 

6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 SUMMARY 

Various methods were investigated throughout this work, and comprehensive computational 

models were developed in an effort to explore the application of flameless combustion for two 

significant components of a solid oxide fuel cell (SOFC) gas turbine (GT) hybrid power system. 

In particular, the goal of the present research is to better understand the high-pressure flameless 

combustion of alternative fuels uniquely applied to an SOFC/GT off-gas burner (OGB) and an 

SOFC/GT eductor. 

The approach for both applications was comprised of the same objectives: perform a 

literature review, develop chemical kinetic models, develop computational fluid dynamic models, 

simulate operation in the flameless combustion regime, analyze the significance of the results in 

the context of available literature data, and establish conclusions and suggest recommendations. 

Although literature for both off-gas burners and eductors are limited with respect to operating in 

the flameless combustion regime, past studies provided important design considerations and 

computational modeling insight. Preliminary numerical modeling focused on developing chemical 

reactor networks (CRNs) in order to analyze the associated chemical kinetics for flameless 

combustion within each component. Higher dimensional modeling was performed using 

developed computational fluid dynamics (CFD) models which incorporated both CRN results as 

well as important turbulent physics considerations. Finally, a statistical analysis of the numerical 

results was performed utilizing a design of experiments (DOEx) approach and the significance of 

the design results for both the off-gas burner and eductor were reported. 
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The motivation for the present work is to support key sustainability and efficiency goals by 

contributing to the improvement of future SOFC/GT hybrid systems through suggesting specific 

designs for off-gas burners and eductors operating within the flameless combustion regime. The 

following section summarizes the conclusions and main takeaways of this work in more detail. 

6.2 CONCLUSIONS  

The present dissertation research encompasses several numerical investigations of high-

pressure flameless combustion of alternative fuels uniquely applied to two specific SOFC/GT 

hybrid system components – the off-gas burner, and the eductor. From these investigations, 

conclusions can be drawn for the low pollutant emission and efficient combustion of SOFC off-

gases in an off-gas burner, and for the non-catalytic partial oxidation (NC-POX) of biogas at high 

pressure reforming conditions present within the eductor component of the focal SOFC/GT hybrid 

power system. The key conclusions of the dissertation include: 

• An increase in temperature and/or pressure promotes key reactions for producing 

and sustaining flameless combustion. 

Consistent with previous studies, elevated temperature and pressure conditions are 

effective and often necessary for maintaining flameless combustion. The influence of 

temperature has been widely reported and clearly distinguished in flameless combustion 

regime diagrams as discussed in Section 2.4.2. The influence of pressure has not been 

studied as extensively with most applications in the literature at or near atmospheric 

conditions. Elevated pressure operation can effectively lower the lower temperature 

threshold for sustaining flameless combustion and plays a significant role in the design of 

both of the present applications. Chemical kinetic modeling for the off-gas burner suggest 
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that flameless combustion of the available SOFC off-gases (Table 5 and Table 6) can be 

achieved with proper staging of the inlet streams. A flame temperature of approximately 

1420 K is the result of reacting a stoichiometric amount of cathode exhaust with anode 

exhaust in the main reaction zone. Consistent with the characteristics of flameless 

combustion. the resultant pollutant emissions are negligible oxides of nitrogen (NOx) and 

low carbon monoxide (CO) due to the addition of secondary oxidizer (remaining cathode 

exhaust). Chemical kinetic modeling for the eductor suggest that the NC-POX of the 

primary and secondary streams (Table 5 and Table 7) can be achieved with sufficiently 

high reactor temperature and reactor length. A parameter study with respect to reactor 

temperature and pressure suggest operating at the highest available pressure (10 bar) and 

at a temperature of at least 1200 K in order to sustain NC-POX within the given eductor 

dimensions. An increase in either reactor operating temperature or reactor operating 

pressure improves reactor performance by overall shifting key reactions upstream relative 

to the reactor length. Soot formation and growth due to the highly diluted reactant mixtures 

is observable beginning at approximately 1300 K, and thus the desired operating regime 

for the eductor reactor is determined to be 1200 K - 1300 K. 

• Optimal design criteria for inlet mass flow rates for the off-gas burner application, 

and inlet stream temperatures for the eductor reactor application, are established 

utilizing a systematic method and significant statistical analysis tools. 

Design of experiments (DOEx) produces sufficiently accurate predictive models based on 

carefully designed experiments chosen to identify the most significant factors. For the off-

gas burner application, the significant factors are identified as the primary and secondary 
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cathode off-gas inlet mass flow rates which establish the dual-stage OGB design. The 

significance of these factors is measured based on two responses related to the low 

pollutant emission and efficient flameless combustion within the OGB. Overall, the results 

suggest that in order to minimize average outlet CO, as well as the standard deviation of 

OGB temperature that would suggest more uniformly distributed combustion, a 

combination of primary cathodic exhaust flow rate of approximately 0.005 kg/s and 

secondary cathodic exhaust flow rate of approximately 0.002 kg/s is necessary. For the 

eductor application, the significant factors are identified as the primary and secondary 

stream inlet temperatures. The significance of these factors is measured based on three 

responses related to effective eductor performance (sufficiently high outlet temperature and 

pressure) and efficient NC-POX/flameless combustion within the OGB (outlet O2 

concentration). Overall, the results suggest that in order to ensure efficient SOFC 

performance and sufficient anode off-gas recirculation, while reducing the O2 

concentration through NC-POX, the optimal design conditions for the primary and 

secondary stream inlet temperatures are most nearly 800 K and 1100 K, respectively. 

• Insight from chemical kinetic modeling is essential for exploring the practical limits 

of the flameless combustion regime as they are uniquely tied to application-specific 

operating conditions such as residence time, temperature, pressure, and reactant 

composition. 

An effective off-gas burner CFD model is developed for better understanding the stable 

conversion of ultra-low LHV (1.8 MJ/kg) anode off-gas using only low oxygen content 

oxidizer (cathode off-gas) at relevant gas turbine operating conditions (Table 5). The 
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validated preliminary CFD model is first used to simulate the combustion of the SOFC off-

gases at the same conditions suggested by the initial chemical kinetic modeling. Through 

an iterative process, resultant temperature and pollutant emissions results are compared 

with the OGB CRN results and appropriate modifications are made. Consistent with the 

preliminary results, stable flameless combustion can be achieved in the first stage of the 

OGB CFD model by ensuring a stoichiometric main reaction zone with approximately 

0.0062 kg/s of anode off-gas reacting with approximately 0.005 kg/s. The second stage 

introduces the remaining cathodic exhaust as secondary oxidizer contributing the 

recirculation and uniformly distributed chemical reactions necessary for sustaining 

flameless combustion. An effective eductor reactor CFD model is developed through 

similar iterations of preliminary kinetic modeling for the NC-POX of highly diluted 

mixtures. Due to the comparable requirements for operating in the flameless combustion 

and NC-POX regimes, developing a CFD model is an important step in order to add 

relevant turbulent physics while ensuring appropriate non-premixed combustion reaction 

modeling. The previously suggested operating range of 1200 K - 1300 K for the eductor 

reactor is simulated and suitable NC-POX is verified with CFD modeling. Improved NC-

POX is achieved with an increase in secondary inlet temperature to Ts ≈ 1500 K as the 

resultant mixture temperatures approach the established operating temperature threshold 

for NC-POX of 1200 K for the eductor reactor operating at approximately 10 bar. 
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6.3 RECOMMENDATIONS 

To improve upon the foregoing results and further optimize the designs for SOFC/GT off-

gas burners and eductors operating within the flameless combustion regime, the following 

recommendations are suggested: 

• Continue iteration of chemical reactor network and computational fluid dynamics 

modeling (CRN ↔ CFD). The present dissertation research utilizes sufficient iteration to 

develop models that provided statistically significant predictive models for both 

aforementioned applications. However, further improvement is possible such as 

comparison of the CRNs created from ANSYS Fluent solutions with the manually 

developed CRNs. 

• Further parameter studies for both chemical kinetic modeling (CHEMKIN) and CFD 

modeling (ANSYS Fluent) can provide further understanding as to the presence of 

potentially influential factors. In particular, physical dimensions are challenging to 

parameterize for thermal fluid studies and thus investigating different geometries would 

provide significant insight. 

• Validation of the numerical and computational models of the present dissertation research 

was performed with available literature data. However, previous studies relevant to the 

present applications are limited, especially for the eductor application. Experimental 

testing and subsequent verification of the suggested design and design parameters from the 

previously discussed results is a clear and noteworthy next step. 

• As previously mentioned, the possible existence of other significant factors for the design 

of the applications of interest motivates further parametric studies and analysis. Design of 
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experiments (DOEx) is a valuable tool for minimizing the amount of needed experiments 

while maintaining the significance and usefulness of the resultant predictive models. This 

benefit of DOEx is especially advantageous for the experimental verification step as the 

associated time and material costs per test are inherently high. With respect to DOEx for 

numerical modeling, although the current research did not explore ANSYS DesignXplorer 

(DX) to the fullest extent, its integration with Fluent and other models within the ANSYS 

environment present the opportunity for ANSYS DX to be a significantly valuable tool.  
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APPENDIX 

A. DOEX OUTPUTS 

Sample ANOVA Calculation 

 Determining the level of confidence in the reported results as well as the developed 

predictive models was achieved by means of analysis of variance (ANOVA). Various tests are 

available for providing a quantitative strategy for comparing factors. The example below 

introduces and demonstrates the F-test for determining statistically significant differences between 

treatments (levels of factors).  

The sample calculations are performed on data for measurements collected for the off-gas 

burner (OGB) application of interest. The data are summarized in the table below which shows 

outlet carbon monoxide (CO) concentrations at various secondary cathode mass flow rates. There 

are three levels for this factor (k = 3) and three data points (n = 3) are collected for each level. The 

mean (average) and variance for each level are computed and listed along with the grand mean for 

the data. 

 Secondary Cathode Mass Flow Rate (kg/s) 
 0.000 0.001 0.002 

O
u
tl

et
 

C
O

 

(p
p
m

) 8690.01 55.82 1.09 

8144.04 5.29 1.24 

2168.64 10.56 2.93 

Mean 6334.23 23.89 1.76 

Grand mean 2119.96 
 

  

Variance 1.31E+07 771.75 1.05 

 

A method for determining statistically significant differences amongst these data is to 

compute variation in means, caused by treatments, that are unexpectedly large relative to what 

would be expected from random error. The primary parameter for the F-Test, which compares 

these particular variations in the form of a ratio, is given by the following formula: 

𝐹 =
𝑛𝑠2

�̅�

𝑠2
𝑝𝑜𝑜𝑙𝑒𝑑

 

In the above equation, the variance of the means is denoted by 𝑠2
�̅�, while the mean of the 

variances that represents the random error is denoted by 𝑠2
𝑝𝑜𝑜𝑙𝑒𝑑. If there are no treatment effects, 

the variance estimated from the averages is as expected for the n samples from the same population 

and F ≈ 1. If there is at least one treatment effect, the variance estimated from the averages is larger 

than expected and F >> 1. For the given data set, the computed F value is approximately 9.16. In 

order to determine the significance of this computed value, a critical F-value dependent on 

confidence level must be found using an appropriate table. For the given data set and assuming a 

confidence level of 95% that a treatment made a significant difference, the critical F-value is 5.14. 

Thus, the treatment can be considered to be significant with at least 95% confidence (𝐹 > 𝐹𝑐𝑟𝑖𝑡). 
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The definition for the F-value can be generalized for varying number of samples n per 

treatment. The generalized formula can be stated as follows: 

𝐹 =

𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠
𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

⁄

𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠
𝑑𝑓𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠

⁄
 

In the above equation, the sum of the squared deviations is denoted by 𝑆𝑆, while the degrees 

of freedom are denoted by 𝑑𝑓. For the previous example, the same F-value can be found with 

𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝑘 − 1 = 2, 𝑑𝑓𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 = ∑ (𝑛𝑡 − 1)𝑘
𝑡=1 = 6, and with 𝑆𝑆 given by: 

𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = ∑ 𝑛𝑡(�̅�𝑡 − �̅�)2

𝑘

𝑡=1

 

𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 = ∑ ∑(𝑌𝑡𝑖 − �̅�𝑡)2

𝑛𝑡

𝑖=1

𝑘

𝑡=1

 

The following is a complete summary of the Design-Expert software output for each 

response based on the selected model. These figures are intended to supplement the preceding 

results and discussion. With respect to statistical significance, it should be noted that F-values are 

reported for each factor and model investigated in their respective ANOVA tables. The software 

computes confidence levels based on the statistical analyses and reports a p-value to confirm the 

percent chance that the respective F-value could occur due to noise. The appropriate percent 

confidence level can thus be determined as (1-p) x 100. For example, a p-value of 0.0359 

corresponds to a confidence level of 96.41%. 
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OGB RESPONSE 1 – AVERAGE OUTLET CO 

 

Fit Summary 
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ANOVA 

 



 

 

237 

 

 

Diagnostics 
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OGB RESPONSE 2 – STANDARD DEVIATION OF OGB TEMPERATURE 

 

Fit Summary 
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ANOVA 
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Diagnostics 

 

 

  



 

 

241 

 

 

EDUCTOR RESPONSE 1 – AVERAGE EXIT O2 

 

Effects 
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Diagnostics 
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EDUCTOR RESPONSE 2 – AVERAGE EXIT TEMPERATURE 

 

Effects 
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ANOVA
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Diagnostics 
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EDUCTOR RESPONSE 3 – AVERAGE EXIT PRESSURE 

 

Effects 
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ANOVA
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Diagnostics 
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B. CHEMKIN  

OGB Chemical Reactor Network (CRN) Schematic: 
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OGB CRN – Anode Off-Gas Inlet Stream Properties Data and Species-Specific Properties: 
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OGB CRN – Cathode Off-Gas Inlet Stream Properties Data and Species-Specific Properties: 
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OGB CRN – Mixing Zone Reactor (R1), Recirculation Zone Reactor (R2) and Flame Zone 

Reactor (R3) Physical Properties: 
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OGB CRN – Reactor/Parameter Study (R2 Residence Time vs R3 Residence Time): 
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OGB CRN – Sample Result: 
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Eductor Modified Plug Flow Reactor Model Schematic: 

 



 

 

260 

 

 

Eductor Reactor Model – Fuel (Primary) Stream Properties Data and Species-Specific 

Properties: 
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Eductor Reactor Model – Anode Off-Gas Inlet (Secondary) Stream Properties Data and Species-

Specific Properties: 

 

 

 



 

 

262 

 

 

Eductor Reactor Model – Plug Flow Reactor Physical Properties: 
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Eductor Reactor Model – Reactor/Parameter Study (Temperature vs Pressure): 
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Eductor Reactor Model – Sample Result: 
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Reaction Mechanisms: 

 

GRI-Mech 3.0 (Smith et al., n.d.): http://combustion.berkeley.edu/gri-

mech/version30/text30.html 

 

Reduced version of GRI-Mech (Kazakov and Frenklach, n.d.): 

http://combustion.berkeley.edu/drm/drm19.dat 

 

Soot Formation and Growth Mechanism (Appel, Bockhorn, and Frenklach 2000): 

http://combustion.berkeley.edu/soot/mechanisms/abf.html  

http://combustion.berkeley.edu/gri-mech/version30/text30.html
http://combustion.berkeley.edu/gri-mech/version30/text30.html
http://combustion.berkeley.edu/drm/drm19.dat
http://combustion.berkeley.edu/soot/mechanisms/abf.html
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C. ANSYS CFD   

OGB ANSYS Workbench Schematic: 
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OGB CFD Model Geometry: 

   



 

 

268 

 

 

OGB Final Mesh: 
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OGB ANSYS Fluent Setup – General: 
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OGB ANSYS Fluent Setup – Models: 
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OGB ANSYS Fluent Setup – Boundary Conditions: 
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OGB ANSYS Fluent Solution – Methods & Controls: 

  

OGB ANSYS Fluent Solution – Run Calculation: 
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OGB ANSYS Fluent Sample Results: 
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Eductor ANSYS Workbench Schematic: 
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Eductor CFD Model Geometry: 
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Eductor Final Mesh: 

 



 

 

277 

 

 

Eductor ANSYS Fluent Setup – General: 
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Eductor ANSYS Fluent Setup – Models: 
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Eductor ANSYS Fluent Setup – Boundary Conditions: 
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Eductor ANSYS Fluent Solution – Methods & Controls: 

  

Eductor ANSYS Fluent Solution – Run Calculation: 
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Eductor ANSYS Fluent Sample Results: 
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D. ASPEN PLUS OUTPUTS  

10 MW SOFC/GT Hybrid System: 
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Operation on Natural Gas (Off-Gas Burner): 

 

Steam # 1 2 3 4 5 6 7 8 9
Units AIR AIRTOREC AIRTOANX SOFCOX CATHEX COMBOX NG NGTOEJCT FUELSOFC

Description

From GTCOMP RECUP1 HTXDMMY2 SOFCCON ANRECHTX RECUP2 OXIDIZER

To AIRFILTR RECUP1 ANRECHTX SOFCCON HTLOSS1 GTCOMB NGCOMP1 EJECTOR HTXDMMY1

Stream Class CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN

Maximum Relative Error

Cost Flow $/sec

MIXED Substream

Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase

Temperature C 15 356.4556052 374.0859773 700 854.3416571 483.2649279 15 358.335996 703.1375435

Pressure bar 1.013 10.7 10.35526214 10 9.7 9.493157281 4.1 32.32636574 9.992574203

Molar Vapor Fraction 1 1 1 1 1 1 1 1 1

Molar Liquid Fraction 0 0 0 0 0 0 0 0 0

Molar Solid Fraction 0 0 0 0 0 0 0 0 0

Mass Vapor Fraction 1 1 1 1 1 1 1 1 1

Mass Liquid Fraction 0 0 0 0 0 0 0 0 0

Mass Solid Fraction 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/kmol -2817147.358 7343381.02 7886860.92 18313699.63 22927131.54 10854604.16 -77691474.86 -62027069.8 -195753821

Mass Enthalpy J/kg -97624.58182 254475.3292 273308.919 634637.4687 807376.5092 382243.7439 -4481696.38 -3579056.491 -8363063.572

Molar Entropy J/kmol-K 3672.224757 7232.78356 8358.430732 21666.93934 24953.38206 12176.19529 -94078.87041 -76399.41346 8477.330441

Mass Entropy J/kg-K 127.2561782 250.6427179 289.6505583 750.8396345 878.7307066 428.7834363 -5427.016718 -4408.362631 362.171492

Molar Density kmol/cum 0.042314139 0.203732451 0.19181473 0.123260961 0.103226404 0.150492553 0.173060856 0.613738144 0.123051924

Mass Density kg/cum 1.22105687 5.879096498 5.535187437 3.556935 2.931327972 4.273548285 3.000058909 10.63642857 2.880270386

Enthalpy Flow Watt -3308388.606 8623886.155 9262135.59 21507158.66 23487244.08 11119781.62 -6349069.871 -5068558.542 -84372741.61

Average MW 28.85694674 28.85694674 28.85694674 28.85694674 28.39707532 28.39707474 17.33528296 17.33056462 23.40695121

Mole Flows kmol/hr 4227.751505 4227.751505 4227.751505 4227.751505 3687.948426 3687.947827 294.1976784 294.1749596 1551.652317

O2 kmol/hr 876.8779397 876.8779397 876.8779397 876.8779397 337.0748603 337.0742615 0.058839665 0.058839665 0

N2 kmol/hr 3268.686076 3268.686076 3268.686076 3268.686076 3268.686076 3268.686076 4.705143242 4.705143242 11.27161357

AR kmol/hr 39.06442391 39.06442391 39.06442391 39.06442391 39.06442391 39.06442391 0 0 0

H2 kmol/hr 0 0 0 0 0 0 0 0 101.9766245

CO kmol/hr 0 0 0 0 0 0 0 0 61.38536866

CO2 kmol/hr 1.395157997 1.395157997 1.395157997 1.395157997 1.395157997 1.395157997 2.940718201 2.940718201 369.1941306

H2O kmol/hr 41.72790735 41.72790735 41.72790735 41.72790735 41.72790735 41.72790735 0.044159169 0.044159169 721.3968901

CH4 kmol/hr 0 0 0 0 0 0 273.7809619 273.7809619 273.7809619

C2H6 kmol/hr 0 0 0 0 0 0 9.410315875 9.410315875 9.411630954

C3H8 kmol/hr 0 0 0 0 0 0 2.058505685 2.058505685 2.05874478

C4H8 kmol/hr 0 0 0 0 0 0 0 0 0

C4H10-1 kmol/hr 0 0 0 0 0 0 1.176293166 1.176293166 1.176297208

S kmol/hr 0 0 0 0 0 0 0 0 0

H2S kmol/hr 0 0 0 0 0 0 0.004766013 4.77E-06 1.14E-05

C4H10S kmol/hr 0 0 0 0 0 0 0.017975518 1.80E-05 4.31E-05

COS kmol/hr 0 0 0 0 0 0 0 0 0

SO2 kmol/hr 0 0 0 0 0 0 0 0 0

SO3 kmol/hr 0 0 0 0 0 0 0 0 0

H2SO3 kmol/hr 0 0 0 0 0 0 0 0 0

H2SO4 kmol/hr 0 0 0 0 0 0 0 0 0

HCL kmol/hr 0 0 0 0 0 0 0 0 0

Mole Fractions

O2 0.20741 0.20741 0.20741 0.20741 0.091399017 0.091398869 0.0002 0.000200016 0

N2 0.77315 0.77315 0.77315 0.77315 0.886315561 0.886315704 0.015993135 0.01599437 0.007264265

AR 0.00924 0.00924 0.00924 0.00924 0.010592454 0.010592456 0 0 0

H2 0 0 0 0 0 0 0 0 0.065721311

CO 0 0 0 0 0 0 0 0 0.039561291

CO2 0.00033 0.00033 0.00033 0.00033 0.000378302 0.000378302 0.009995722 0.009996494 0.237936119

H2O 0.00987 0.00987 0.00987 0.00987 0.011314667 0.011314669 0.0001501 0.000150112 0.464921737

CH4 0 0 0 0 0 0 0.930602047 0.930673917 0.176444787

C2H6 0 0 0 0 0 0 0.03198637 0.031988841 0.006065554

C3H8 0 0 0 0 0 0 0.006997015 0.006997556 0.001326808

C4H8 0 0 0 0 0 0 0 0 0

C4H10-1 0 0 0 0 0 0 0.003998309 0.003998618 0.000758093

S 0 0 0 0 0 0 0 0 0

H2S 0 0 0 0 0 0 1.62E-05 1.62E-08 7.36E-09

C4H10S 0 0 0 0 0 0 6.11E-05 6.11E-08 2.78E-08

COS 0 0 0 0 0 0 0 0 0

SO2 0 0 0 0 0 0 0 0 0

SO3 0 0 0 0 0 0 0 0 0

H2SO3 0 0 0 0 0 0 0 0 0

H2SO4 0 0 0 0 0 0 0 0 0

HCL 0 0 0 0 0 0 0 0 0

Mass Flows kg/hr 122000 122000 122000 122000 104726.9492 104726.9301 5100 5098.218148 36319.45007

Mass Fractions

Volume Flow cum/hr 99913.44632 20751.48793 22040.80736 34299.19298 35726.79353 24505.84926 1699.966619 479.3167287 12609.73631
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Steam # 10 11 12 13 14 15
Units SOFCFUEL ANEX ANRECYC4 COMBEXIT GTEXHST1 GTEXHST6

Description

From HTXDMMY4 SOFCCON HTXDMMY3 GTCOMB GTEXPAND RECUP2

To SOFCCON ANSPLIT EJECTOR GTEXPAND

Stream Class CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN

Maximum Relative Error

Cost Flow $/sec

MIXED Substream

Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase Vapor Phase

Temperature C 700 854.4609438 854.4616163 771.7779124 394.2251323 357.7071375

Pressure bar 10 9.8 9.8 9.065157281 1.06 1.020145776

Molar Vapor Fraction 1 1 1 1 1 1

Molar Liquid Fraction 0 0 0 0 0 0

Molar Solid Fraction 0 0 0 0 0 0

Mass Vapor Fraction 1 1 1 1 1 1

Mass Liquid Fraction 0 0 0 0 0 0

Mass Solid Fraction 0 0 0 0 0 0

Molar Enthalpy J/kmol -158782588.9 -225590240.1 -225590310.7 -35930567.19 -48876782.41 -50066998.37

Mass Enthalpy J/kg -7734081.88 -9086379.733 -9086380.131 -1280755.99 -1742227.767 -1784653.37

Molar Entropy J/kmol-K 22925.21678 21151.73728 21151.74018 23742.70391 26279.75224 24764.4812

Mass Entropy J/kg-K 1116.655831 851.9549289 851.9548163 846.3158985 936.7497575 882.7374573

Molar Density kmol/cum 0.123424107 0.104455692 0.10445563 0.104119911 0.019099505 0.019446124

Mass Density kg/cum 2.533927047 2.593352402 2.593351553 2.920999383 0.535821081 0.5455452

Enthalpy Flow Watt -78027111.3 -135267170.4 -78802217.05 -45217161.02 -61509447.62 -63007297.52

Average MW 20.5302441 24.8272961 24.82730279 28.05418633 28.05418633 28.05418643

Mole Flows kmol/hr 1769.070542 2158.612063 1257.536197 4530.45394 4530.45394 4530.45476

O2 kmol/hr 0 0 0 278.4998602 278.4998602 278.5001353

N2 kmol/hr 11.27161357 11.27161357 6.566470326 3273.391218 3273.391218 3273.39122

AR kmol/hr 0 0 0 39.06442391 39.06442391 39.06442391

H2 kmol/hr 416.3162349 175.2497263 102.0943038 0 0 0

CO kmol/hr 164.8272962 105.3706876 61.38536866 0 0 0

CO2 kmol/hr 374.4613158 628.6886847 366.2534124 307.8181162 307.8181162 307.8183015

H2O kmol/hr 607.4205921 1238.028621 721.2350516 631.6802992 631.6802992 631.680656

CH4 kmol/hr 194.7707604 0 0 0 0 0

C2H6 kmol/hr 0.002257397 0.002257397 0.001315079 0 0 0

C3H8 kmol/hr 0.000410423 0.000410423 0.000239095 0 0 0

C4H8 kmol/hr 0 0 0 0 0 0

C4H10-1 kmol/hr 6.94E-06 6.94E-06 4.04E-06 0 0 0

S kmol/hr 0 0 0 0 0 0

H2S kmol/hr 1.14E-05 1.14E-05 6.65E-06 0 0 0

C4H10S kmol/hr 4.31E-05 4.31E-05 2.51E-05 0 0 0

COS kmol/hr 0 0 0 0 0 0

SO2 kmol/hr 0 0 0 2.27E-05 2.27E-05 2.27E-05

SO3 kmol/hr 0 0 0 0 0 0

H2SO3 kmol/hr 0 0 0 0 0 0

H2SO4 kmol/hr 0 0 0 0 0 0

HCL kmol/hr 0 0 0 0 0 0

Mole Fractions

O2 0 0 0 0.061472838 0.061472838 0.061472887

N2 0.006371489 0.005221695 0.005221695 0.722530515 0.722530515 0.722530385

AR 0 0 0 0.008622629 0.008622629 0.008622628

H2 0.235330488 0.0811863 0.081185976 0 0 0

CO 0.093171692 0.048814092 0.048813997 0 0 0

CO2 0.211671218 0.291246721 0.291246815 0.067944211 0.067944211 0.067944239

H2O 0.343355778 0.573529928 0.573530252 0.139429803 0.139429803 0.139429856

CH4 0.110097792 0 0 0 0 0

C2H6 1.28E-06 1.05E-06 1.05E-06 0 0 0

C3H8 2.32E-07 1.90E-07 1.90E-07 0 0 0

C4H8 0 0 0 0 0 0

C4H10-1 3.92E-09 3.22E-09 3.21E-09 0 0 0

S 0 0 0 0 0 0

H2S 6.45E-09 5.29E-09 5.29E-09 0 0 0

C4H10S 2.43E-08 1.99E-08 1.99E-08 0 0 0

COS 0 0 0 0 0 0

SO2 0 0 0 5.02E-09 5.02E-09 5.02E-09

SO3 0 0 0 0 0 0

H2SO3 0 0 0 0 0 0

H2SO4 0 0 0 0 0 0

HCL 0 0 0 0 0 0

Mass Flows kg/hr 36319.45007 53592.50084 31221.23192 127098.199 127098.199 127098.2224

Mass Fractions

Volume Flow cum/hr 14333.26588 20665.3368 12038.95087 43511.88834 237202.6848 232974.6875
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Operation on Biogas (Eductor): 

 

8 12 13
Units Primary Secondary Outlet

Description

From BGCOOL3 HTXDMMY3 EJECTOR

To EJECTOR EJECTOR OXIDIZER

Stream Class CONVEN CONVEN CONVEN

Maximum Relative Error

Cost Flow $/sec

MIXED Substream

Phase Vapor Phase Vapor Phase Vapor Phase

Temperature C 97.94684535 848.9002797 611.524519

Pressure bar 34.82346308 9.8 9.995250757

Molar Vapor Fraction 1 1 1

Molar Liquid Fraction 0 0 0

Molar Solid Fraction 0 0 0

Mass Vapor Fraction 1 1 1

Mass Liquid Fraction 0 0 0

Mass Solid Fraction 0 0 0

Molar Enthalpy J/kmol -78016406.21 -236650139.2 -200282395.1

Mass Enthalpy J/kg -4560667.391 -9295186.614 -8534964.378

Molar Entropy J/kmol-K -95702.21835 17841.37182 35.83092714

Mass Entropy J/kg-K -5594.541042 700.7766024 1.526922457

Molar Density kmol/cum 1.165578445 0.104994217 0.135941731

Mass Density kg/cum 19.93880141 2.673092772 3.19002332

Enthalpy Flow Watt -1423505.188 -13776623.79 -15313868.42

Average MW 17.10635736 25.45942853 23.46610791

Mole Flows kmol/hr 65.68642322 209.5745466 275.2609698

O2 kmol/hr 1.044819084 0 1.044819084

N2 kmol/hr 1.044847291 1.198449443 2.243296734

AR kmol/hr 0 0 0

H2 kmol/hr 0 11.13292477 11.13292477

CO kmol/hr 0 6.516476998 6.516476998

CO2 kmol/hr 1.418899187 63.88868612 65.3075853

H2O kmol/hr 0.35279912 126.8283211 127.1811202

CH4 kmol/hr 61.8171366 0 61.8171366

C2H6 kmol/hr 0.004165018 0.005090293 0.009255311

C3H8 kmol/hr 0.000103015 0.000186744 0.000289759

C4H8 kmol/hr 0 0 0

C4H10-1 kmol/hr 6.92E-05 0.000118607 0.000187844

S kmol/hr 0 0 0

H2S kmol/hr 6.23E-06 7.14E-06 1.34E-05

C4H10S kmol/hr 6.45E-07 7.41E-07 1.39E-06

SO2 kmol/hr 1.26E-06 1.45E-06 2.71E-06

SO3 kmol/hr 0 0 0

Mole Fractions

O2 0.015906165 0 0.00379574

N2 0.015906594 0.005718488 0.008149709

AR 0 0 0

H2 0 0.05312155 0.040444981

CO 0 0.031093838 0.023673814

CO2 0.021601103 0.304849454 0.237256976

H2O 0.00537096 0.605170442 0.462038335

CH4 0.941094576 0 0.224576469

C2H6 6.34076E-05 2.42887E-05 3.36238E-05

C3H8 1.56828E-06 8.91064E-07 1.05267E-06

C4H8 0 0 0

C4H10-1 1.05406E-06 5.65939E-07 6.82422E-07

S 0 0 0

H2S 9.48066E-08 3.40789E-08 4.85706E-08

C4H10S 9.81935E-09 3.53721E-09 5.03634E-09

SO2 1.91687E-08 6.91892E-09 9.84213E-09

SO3 0 0 0

Volume Flow cum/sec 0.015654226 0.554460553 0.562457019




