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Abstract: A solid oxide fuel cell (SOFC) is popular amongst other fuel cell technologies due to
fuel flexibility, low cost, and stability. Because of difficulties involved in the handling of hydrogen,
onsite hydrogen production is considered for many small- and large-scale applications. It involves
an integrated setup consisting of a reformer, combustor, and fuel cell stack. Being operated at high
temperature, gases leaving SOFC contain a significant amount of thermal energy which can be utilized
within the integrated reforming process. In addition, anode-off-gas (AOG) from SOFC contains
unreacted hydrogen which can be utilized as fuel in an integrated combustor thereby increasing
combustor efficiency. For effective integration of a combustor, reformer, and power generator,
modeling and simulation is of great utility. In the present work, a 3D model of an integrated combustor
unit is developed and implemented into the computational fluid dynamics (CFD) simulation package
ANSYS FLUENT®. Main objective of this work is to prove the concept of enhancement in combustor
performance by utilizing AOG from SOFC as a supplementary fuel in the combustor. Simulation
results show a significant increase in combustor temperature and heat dissipated to the reformer side
with AOG utilization. Up to an 18% saving in fuel (natural gas), used in combustor to supply heat to
the reformer, is observed.
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1. Introduction

Coal, natural gas, and oil referred commonly to as fossil fuels comprise a major part of the world
energy supply. A detrimental rise in global temperature is driven by greenhouse gas (GHG) emissions
caused mainly by the burning of fossil-based fuels. Natural gas comprising mainly of methane burns
with lower emissions than oil and coal. Quantitatively, natural gas produces 30% less CO2 than oil and
43% less than coal while producing no SO2. Concerns over fossil fuel depletion and environmental
deterioration have made the world opt for different new technologies such as carbon capture and
storage (CCS), renewables, and nuclear fusion. Renewable energy technology is found to be the most
efficient and reliable option amongst these new technologies [1,2]. A major part of fossil fuels is used to
produce electricity for industrial and domestic consumers leading to a major environmental hazard due
to the release of large amounts of GHG emissions. The transportation sector is another major consumer
of fossil fuels and hence contributes significantly to environmental deterioration. Amongst the present
renewable energy sources, fuel cells and storage batteries stand atop. For cleaner electric power with
almost zero emissions, fuel cells are considered to be the most effective, efficient, and economical option.
In fuel cells an electrochemical process is driven in the presence of hydrogen (as a fuel) and oxygen (or
air) producing water and heat. Amongst the numerous existing fuel cell technologies, the PEMFC
(Polymer Electrolyte Membrane Fuel Cell) and SOFC (Solid Oxide Fuel Cell) are the most promising
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ones. A major advantage associated with the SOFC is the wider operating temperature range i.e.,
700 ◦C to 1000 ◦C under both atmospheric and pressurized conditions. Oxygen (oxidizer) can be used
in pure state or derived from the air while hydrogen (fuel) can be used from storage as well as produced
on the site. Being very light, hydrogen is difficult to transport in tanks or store for extended periods
of time. Moreover, being highly combustible, hydrogen poses risk of fire or explosion. Difficulties
involved in handling and transportation of hydrogen as well as risks associated with it make the
onsite production of hydrogen a favored choice. Onsite hydrogen production involves reforming
hydrocarbon fuels, mainly methane or natural gas, which is an endothermic process. Heat required by
the endothermic reforming reaction is supplied by a combustor attached to the reformer in which part
of the hydrocarbon fuel is burned while the remaining is reformed [3,4].

Due to high temperature associated with SOFC operation, unreacted gases leaving the cell
contain a significant amount of thermal energy that can be retrieved by heat exchange. In addition to
thermal energy, SOFC exhaust gases contain chemical energy that can be retrieved by combustion.
Conventionally, thermal energy is retrieved by direct heat exchange without retrieving chemical
energy of the exhaust gases. Chemical energy is dominantly contained in anode off gas (AOG) mainly
comprised by hydrogen. Thermal energy contained in stack exhaust gases can be utilized in preheating
air and hydrocarbon fuel, water vaporization, and supplying heat to the endothermic reforming process.
Chemical energy in the stack exhaust gases can be recovered by combusting the stack gases along
with the hydrocarbon fuel in the combustor. In an integrated setup, power generation (fuel cell stack)
is combined with reforming (H2 production) and combustion (supply heat to reforming) processes.
Thermal energy utilization by direct heat exchange combined with chemical energy recovery through
combustion greatly improves thermal efficiency of the integrated setup [5]. In addition to thermal
energy utilization, many researchers focused on effective utilization of chemical energy contained
in fuel cell exhaust gases [6–12]. Regarding chemical energy, AOG is of primary importance since it
comprises mainly hydrogen having a very high heat value. Numerous efforts have been invested by
the researchers in investigating the AOG utilization concept [13–16]. Combustion of AOG along with
natural gas (AOG + NG) have not been studied extensively and quite a few instances are found in
the published literature [17–19]. The concept of AOG utilization is comparatively new and a lot of
innovations are being made to improve the efficiency of the process. Burning unreacted hydrogen
(present in AOG) in the combustor in combination with the hydrocarbon fuel can greatly reduce fuel
consumption and thus improve efficiency of the process. Reforming reactions are endothermic and
large amounts of heat are required to achieve high efficiency. Heat contained in AOG can be used to
drive the endothermic reforming reactions. Unreacted hydrogen exhausted with AOG can be used as
fuel to supply heat to the endothermic reforming reactions [20,21].

Experimental investigations of integrated combustion-reforming-power (CRP) systems contribute
significantly to develop an understanding of such complex systems. However, design and execution
of experiments involving such complex systems is often tedious, expensive, and time consuming.
Experimental efforts are often dedicated to a single aspect of the CRP system e.g., power generation,
reforming, or combustion [5,22,23]. Modeling and simulation are effective tools to investigate complex
CRP systems at a significantly lower cost and time. Modeling combustion of NG and hydrogen
mixtures is a challenge especially when the model involves implementation into CFD (computational
fluid dynamics) on a 3D level. The 3D CFD models involving combustion of hydrogen and NG
mixtures are rarely found in the published literature [24]. These models do not specifically focus on
combustion modeling of AOG + NG mixtures to recover chemical energy from AOG and improve
combustor thermal efficiency. Combustion modeling of AOG + NG mixtures requires a detailed
reaction mechanism involving a species comprising NG and AOG along with the kinetic data. Extensive
research work has been performed to develop reaction mechanisms involving combustion of NG
with air, and so is the case with hydrogen-air combustion. Reaction mechanisms resulting from this
extensive work consist of multiple reaction steps usually in hundreds or thousands. Large mechanisms
are hard to implement in CFD where Multiphysics phenomena such as fluid flow, heat transfer,
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and species transport take place simultaneously. These mechanisms should be reduced before being
implemented into CFD simulations. Paulina Pianko-Oprych and Zdzisław Jaworski [24] proposed
a five-step reaction mechanism to model combustion of NG and hydrogen mixture using CFD. Similarly,
N. Stylianidis et al. [25] proposed a 31-step reduced mechanism to model CH4-H2 and syngas mixtures.

In the present work, combustion of natural gas and hydrogen (AOG) to supply heat for the
endothermic reforming reaction is investigated using CFD simulations. A 3D CFD combustion model
is developed involving combustion of AOG from SOFC stack along with NG in the combustor part
of the integrated CRP setup. AOG is composed of H2, CO, CO2, and H2O. H2, being the major
combustible component of AOG, is incorporated in the combustion model while other components are
ignored except for H2O which is considered in a separate case (case III) in the simulation procedure.
an approximated value of 25% for H2O mass fraction in AOG is selected. Approximation is based
on the fact that H2O mass fraction in AOG varies between 10% – 30% as recorded in reference [26].
In addition to combustion of NG + H2, preheating of NG + Air using heat from the AOG has been
considered in the model. AOG utilization concept is elucidated in schematic diagram presented in
Figure 1.

Figure 1. Schematic representation of the anode-off-gas (AOG) utilization concept. Component
encircled in red (combustor) is modeled in the present work.

Combustor geometry and operating parameters have been derived from [5] while the reaction
mechanism to model NG + H2 mixtures has been adopted from [24]. The difference between the
investigations carried out in the present work and that of the references [5] and [24] is that investigations
of reference [5] focused on the performance and efficiency optimization of SOFC and combined heat
and power systems by multi-stage exhaust gas recycling using a process of modeling combined with
experiments. In reference [24], a CFD combustion model of NG and hydrogen was used to investigate
performance and combustion efficiency of a concept burner. Meanwhile, the present work is focused on
recovering chemical and thermal energy of AOG using a 3D CFD combustion model involving NG and
hydrogen combustion. Geometry, operating parameters, mechanisms, and kinetic data are adopted
from references [5,24] for a different type of investigation. The CFD combustion model presented in
this work incorporates the Multiphysics phenomena taking place in a combustor involving fluid flow,
heat transfer, species transport, and reaction kinetics simultaneously.

2. Model Development

Modeling and simulation of multi-component systems, such as CRP or other integrated combined
heat and power (CHP) systems, is a challenge due to the involvement of a large number of parameters.
This makes the majority of the researchers opt for a component-based modeling approach rather
than an integrated modeling approach. This is especially true in case of CFD modeling of such
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multi-component systems. To simulate individual components, as done in the present work, numerous
assumptions and generalization of model parameters have to be made that affect the accuracy of model
predictions. In the present work we tried our best to implement the operating conditions and model
parameters simulating scenarios close to the real case. In the present CFD model, gas phase kinetics are
assumed to model reaction chemistry in order to reduce the complexity of the model. Surface kinetic
mechanisms involving the combustion of natural gas and hydrogen mixtures are seldom found in the
published literature. Moreover, such mechanisms are very large involving several hundred reaction
steps. Implementing surface kinetics in CFD requires reasonable effort and handling simulations
is a challenge. In the present investigations, the gas phase reaction kinetic mechanism performed
reasonably well regarding the accuracy of predictions.

2.1. Integrated Combustor-Reformer Design

For onsite production of hydrogen an integrated combustor–reformer setup is used where
hydrocarbon fuel, i.e., natural gas, is burned in the combustor to provide heat for the endothermic
reforming reaction through a shared wall between the combustor and the reformer. Simplified
2D representation of the integrated combustor–reformer setup used in the experimental setup of
reference [5] is shown in Figure 2. The combustor is provided with two separate inlets for fuel and the
oxidizer, located on right side of the combustor, while the outlet is located on the left side (Figure 2).
The proposed design is based on catalytic combustion and catalytic reforming processes in a crossflow
configuration. In the present work, the combustor design presented in [5] is modified to incorporate
AOG from the integrated SOFC in the natural gas combustion model. In the present model, fuel gases
(natural gas and hydrogen) as well as the oxidizer (air) enter from separate inlets at specified flow rates.
The proposed model assumes non-catalytic combustion of natural gas and hydrogen in the combustor.

Figure 2. A 2D representation of an integrated combustion–reformer setup used in the experimental
setup of reference [5]. The domain selected for the present model is encircled in red.

2.2. Geometry Model

The combustor part of the setup shown in Figure 2 is modeled in the present work on a 3D level.
Half symmetry of the computational domain is selected for the model. The 3D geometrical model is
developed using ANSYS Design Modeler® and is shown in Figure 3. Most of the finer details of the
geometry have been incorporated in the model with minor adjustments. The combustor is 500 mm
in length, 50 mm in width, and 30 mm in height. Combustor geometry contains two inlets: an inner
inlet referred to as fuel inlet and an outer inlet referred to as air inlet. The outer diameter of the fuel
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inlet is 10 mm while the inner and outer diameters of the air inlet are 10 mm and 20 mm, respectively.
In case of NG combustion without AOG utilization, both the inlets are used to feed NG and air mixture.
While in case of AOG utilization, the fuel inlet (inner) is used to feed AOG, whereas NG + Air mixture
is fed to the air inlet (outer). The domain is discretized using the finite volume hexahedral dominant
mesh implemented in ANSYS FLUENT®. The mesh size is optimized using mesh independency
tests. The optimized mesh produced a total of 49,614 elements. Selective mesh sizing and mesh bias
are ignored to avoid complexity in the combustion model. Optimized hexa-dominant mesh on 3D
computational domain is shown in Figure 4.

Figure 3. The 3D geometry model of combustor developed using ANSYS Design Modeler® and
half symmetry.

Figure 4. Hexa-dominant finite volume (FV) mesh across the 3D domain; a total of 49,614
elements generated.

2.3. Mathematical Model

Combustion is a complex phenomenon involving numerous processes such as mass, heat,
and species transport as well as fluid flow taking place simultaneously. Capturing all these phenomena
in the model is a difficult task. In combustion modeling quantification of heat released by the
combustion reactions as well as heat flux across various boundaries is important. The ANSYS
FLUENT® software package, used in present work, is a powerful simulation tool capable of handling
all the above-mentioned processes simultaneously in a robust manner.
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2.3.1. Model Assumptions

Assumptions profoundly impact the level of accuracy of the model as well as the computational
effort and time required to run the model. In other words, realistic assumptions are used to reduce
the complexity of the model with minimal effect on the accuracy of predictions. Therefore, model
assumptions have to be carefully chosen after deliberate consideration of the possible impact on the
simulation results. The following assumptions are made in the present work:

• Steady state conditions are assumed ignoring temporal variations.
• Adiabatic conditions are assumed at all the boundaries of the combustor except for the wall

adjacent to the reformer (top wall in the geometry).
• The heat transfer coefficient is applied to the top wall to draw the heat to an endothermic reforming

process. Constant values of heat transfer coefficient and convective fluid temperature are assumed
• Non- catalytic combustion is assumed.
• Cathode off-gases are excluded from the analysis.
• All fluids are assumed to exhibit ideal gas behavior.

2.3.2. Governing Equations

Equations used in the model have been derived using the well-established conservation principles
and are presented in Table 1. The equations include mass (Equation (1)), momentum (Equation (2)),
and energy balance (Equation (3)) as well as species balance (Equation (4)). Flow model is described by
the turbulent kinetic energy (Equation (5)) and dissipation (Equation (6)) equations. Reactions have
been implemented through various source terms. Parameters and symbols used in the equations are
described in the Nomenclature section on at the end of this document.

Table 1. Model Equations representing various phenomena taking place in the combustor.

Type Governing Equations No. Source

Mass Balance ∂
∂xi

(ρui) = 0 (1) [24]

Momentum Balance ∂(ρuiu j)
∂x j

= −
∂p
∂xi

+
∂τi j

∂x j
+ ρgi + Fi (2) [24]

Energy Balance ∇ .
(
ρ
→
uH
)
= ∇ .

(
kt
cP
∇H
)
+ Sh (3) [24]

Species Balance ∂
∂xi

ρui f1 = ∂
∂xi

(
ut
σt

∂ f1
∂x j

)
+ Si (4) [24]

Turbulent K.E. ∂
∂xi

(ρkui) =
∂
∂x j

[(
µ+

µt
σk

)
∂k
∂x j

]
+ Gk − ρε (5) [24]

Dissipation K.E. ∂
∂xi

(ρεui) =
∂
∂x j

[(
µ+

µt
σε

)
∂ε
∂x j

]
+ ε

k (C1εGk + C2ερε) (6) [24]

Reaction mechanism used to model the combustion of a mixture of hydrogen and natural gas
with air as oxidizer is adopted from reference [24]. This mechanism consists of five reactions presented
in Table 2 along with kinetic and thermodynamic parameters.

Table 2. Species reactions for combustion of NG and H2 along with kinetic and
thermodynamic parameters.

Reactions Pre-Exponential Factor (ko)
(kmol·m−3·s−1)

Activation Energy (E)
(J·kmol−1)

Reaction Enthalpy (∆Hr)
(kJ·mol−1)

No. Source

CH4 + 0.5O2 → CO + 2H2 4.4 × 1011 1.255 × 108 −36 * (7) [24]
CO + 0.5O2 → CO2 2.24 × 1012 1.703 × 108 −283 * (8) [24]
H2 + 0.5O2 → H2O 5.68 × 1011 1.46 × 108 −241.8 * (9) [24]

C2H6 + 3.5O2 → 2CO2 + 3H2O 6.186 × 109 1.256 × 108 −1427.7 * (10) [24]
C3H8 + 5O2 → 3CO2 + 4H2O 6.186 × 109 1.256 × 108 −2043 * (11) [24]

* Calculated values.
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2.3.3. Simulation Procedure

The process of combustion taking place within the combustor was simulated using different
operating conditions and feed compositions. AOG was used as the fuel entering through the inner
inlet (fuel inlet) while the mixture of natural gas and air (NG + Air) was through the outer inlet (air
inlet) (Figure 3). The temperature of AOG leaving the SOFC stack is 1023 K. Thermal energy contained
in the exhaust gas is primarily used to preheat NG + Air mixture. Preheating of NG + Air reduces the
AOG temperature, hence AOG enters the combustor at 623 K. In the combustor all the chemical energy
of AOG is utilized to proceed the combustion of unreacted hydrogen. A fuel (H2) mass fraction of
0.35 was used in simulations selected on the basis of optimum stack fuel utilization factor for SOFC
i.e., Uf = 65%. For the oxidizer, the mean species mixture fraction was kept equal to 1.0 based on
the air-to-fuel ratio (A/F = 10/1). To solve the pressure term discretization, SIMPLE pressure-velocity
coupling was adopted. A hot patch at 2000 K is created next to the inlets to ignite the fuels. Simulations
were carried out using three distinct cases:

• Case I: Pure natural gas and air (NG + Air) were allowed to enter the combustor as a mixture
of fuel and oxidizer, through both the inlets (fuel and air inlets) at 300 K with varying velocities
of 0.5 m/s−1 and 0.7 m/s−1. Species fractions were selected based on A/F = 10/1. Intermediate or
moderate inlet velocities (0.5 m/s−1 and 0.7 m/s−1) have been selected based on the combustor
length (0.5 m). Too fast, and the reactants could not get enough time to get mixed and react within
the combustor. Too slow, and the chances of flame out increase.

• Case II: AOG (mainly H2) is fed to the combustor through the fuel inlet while the mixture of NG +

Air as an oxidizer through air inlet at 623 K and 573 K, respectively.
• Case III: In this case AOG containing H2O is allowed to enter the combustor at fuel inlet at 623 K

while NG + Air enters through air inlet at 573 K.

The following values for the convection heat transfer coefficient hf and convective fluid (top wall)
temperature Tf were used in the simulations for all the three cases:

hf = 30 W·m−2
·K−1 and Tf = 723 K

All the required input parameters for the three different cases are presented in Tables 3 and 4.
The main objective of this research is to explore the recycling of AOG to utilize the chemical energy of
unreacted hydrogen in the reforming process that is starved of energy due to its endothermic nature.
Heat transfer from the combustor to the reformer is simulated by applying convective heat flux at the
top wall of the combustor being shared with the reformer.

Table 3. Inlet parameters used in the simulations for all the three cases.

Case
Inlet Velocity (m/s) Inlet Temperature [K]

AOG NG+ Air AOG NG + Air

Case I - 0.5, 0.7 - 300
Case II 0.5, 0.7 0.5, 0.7 623 573
Case III 0.5, 0.7 0.5, 0.7 623 573
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Table 4. Species mass fractions at the inlet used in the simulations for all the three cases.

Species

Mass Fraction (kg/kg)

Case I Case II Case III

AOG NG + Air AOG NG + Air AOG NG + Air

CH4 - 0.085 - 0.085 - 0.085
C2H6 - 0.01 - 0.01 - 0.01
C3H8 - 0.005 - 0.005 - 0.005

O2 - 0.207 - 0.207 - 0.207
H2 - - 0.35 - 0.35 -

H2O - - - - 0.25 -

2.3.4. Model Implementation

The model equations presented in Table 2 were solved using ANSYS FLUENT®, a Multiphysics
simulation package. ANSYS FLUENT® uses the finite volume method to discretize the domain of
interest. To model the combustion process in the proposed combustor, species transport is coupled
with other transport phenomena taking place in the combustor i.e., mass, momentum, and energy
transport. The species transport model is used along with the eddy dissipation model coupled with
the relax to chemical equilibrium solver. This solver is an extension of the eddy dissipation model
where species react to approach chemical equilibrium rather than reaction completion. Furthermore,
this model also governs the k−ε turbulence model to control the overall reaction rate with efficient
burning based on standard parameters. A turbulent intensity of 10% for both the inlets is used in
the model.

3. Results and Discussion

This section includes results obtained from the detailed simulations of the model as well as
interpretation of the results with analytical discussion. A description of the three distinct cases based
on feed compositions and velocities used in this work is given. Simulation results are discussed with
the help of 3D contours and line plots. In the end model results are compared with the data obtained
from published literature to authenticate the model predictions and presented in the form of a bar
chart. Results obtained from CFD simulations of the proposed combustor design are presented and
discussed in this section. As mentioned in the preceding section, for the combustor simulations, three
distinct cases were examined. Case I considered pure natural gas as a fuel, entered through air (outer)
and fuel (inner) inlets along with air as the oxidizer. Maximum and average temperature within the
combustor, reached 1050 K and 884 K, respectively, for 0.5 m/s inlet velocity; whereas, 1060 K and 908 K
were reached for 0.7 m/s. Area weighted average of CO2 at the combustor outlet was found to be 8.4%
and 8% at 0.5 m/s and 0.7 m/s inlet velocity, respectively. Contours of temperature, CO2 mass fraction,
and H2O mass fraction are presented in Figures 5a, 6a and 7a, respectively.



Energies 2020, 13, 5186 9 of 18

Figure 5. Temperature contours: (a) case I; (b) case II; and (c) case III at different inlet velocities.
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Figure 6. Contours of CO2 mass fraction: (a) case I; (b) case II; and (c) case III at different inlet velocities.
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Figure 7. Contours of H2O mass fraction: (a) case I; and (b) case II at different inlet velocities.

A summary of maximum, average, and outlet temperatures within the combustor as well as
the area weighted average of the CO2 mass fraction at the combustor outlet is presented in Table 5.
It can be seen that maximum temperature observes a greater increase from case I to case II and III,
whereas average and outlet temperatures vary less sharply between case I and case II and III. This can
be explained by the fact that in case II and III hydrogen is combusted with NG and being more reactive
it gets consumed in the first part of the reactor (near inlet). In case I, NG combustion is less violent
than hydrogen due to a slower reaction rate than hydrogen. In the case of NG + H2 (case II and III),
combustor temperature observes a maximum increase near the inlet and then drops sharply. Higher
temperature near the inlet is attributed to hydrogen combustion whereas a sharp decrease after the
mid-length of the combustor is attributed to NG combustion. A slight increase in the combustor
maximum, average, and outlet temperature is observed with increasing inlet velocity. This could be
explained by the fact that at higher velocity reactant mixing improves due to the increased turbulence,
thereby increasing the rate of the combustion reaction. A significant increase in combustor temperature
is observed in case II and case III compared to case I. In case I, where no AOG is utilized and only
natural gas is used as a fuel, a lower temperature and CO2 at the outlet is observed. Whereas, in case II
and case III, where AOG is utilized as pure hydrogen (case II) and hydrogen + water (case III), a higher
temperature and CO2 fraction is observed indicating an increased combustor efficiency with AOG
utilization. There is negligible difference in temperature and CO2 fraction between case II and case III,
indicating the presence of water in AOG does not have significant impact on the combustor efficiency.



Energies 2020, 13, 5186 12 of 18

Table 5. A summary of Maximum and average combustor temperatures along with area weighted
average of CO2 mass fraction at the combustor outlet.

Case Inlet Velocity = 0.5 m/s Inlet Velocity = 0.7 m/s

Tmax, K Tavg, K Tout, K CO2, % Tmax, K Tavg, K Tout, K CO2, %

Case I 1050 884 826 8.4 1060 908 850 8.0
Case II 1601 1014 861 11.3 1636 1072 301 10.9
Case III 1613 1018 860 11.6 1647 1078 901 10.6

In case II, hydrogen was used as a fuel from the AOG using a mixture of natural gas and air
(as oxidizer). The AOG stream containing hydrogen entered through the fuel (inner) inlet (Figure 3).
Maximum and average temperature in the combustor approached 1601 K and 1014 K, respectively,
with an inlet velocity of 0.5 m/s, while it approached 1636 K and 1072 K, respectively, with an inlet
velocity of 0.7 m/s. The area weighted average of CO2 at the combustor outlet reached 11.3% and 10.9%
with inlet velocities of 0.5 m/s and 0.7 m/s, respectively. Contours of temperature, CO2 mass fraction,
and H2O mass fraction are presented in Figures 5b, 6b and 7b, respectively. In case III, the combustor
operation was studied by simulating AOG containing hydrogen and water vapors entering the fuel
(inner) inlet (Figure 3) with NG + Air mixture entering the air (outer) inlet (Figure 3). Hydrogen and
NG were modeled as fuel while air was an oxidizer. Maximum and average temperatures within
combustor turned out to be 1613 K and 1018 K, respectively, at 0.5 m/s inlet velocity and 1647 K and
1078 K, respectively, at 0.7 m/s inlet velocity. The area weighted average of CO2 was found to be 11.6%
and 10.6% at 0.5 and 0.7 m/s inlet velocity, respectively. Contour plots of temperature and CO2 mass
fraction are presented in Figures 5c and 6c. Since water is present in the feed, its contours are not
included in the plots. Inlet velocity in all the three cases was kept the same for inner and outer inlets
i.e., for AOG and NG + Air mixtures.

Temperature variation across the combustor length is plotted as line plots and presented in
Figure 8a,b for 0.5 m/s and 0.7 m/s inlet velocity, respectively. A clear increase in temperature across
the length of the combustor can be seen with AOG utilization (case II and case III) compared to natural
gas alone (case I) used as a fuel. Again, the presence of water shows no noticeable influence on the
combustor temperature as indicated by the plots in Figure 8.

Figure 8. Line plots of temperature along the combustor length at (a) 0.5 m/s and (b) 0.7 m/s inlet
velocity for all the three cases.

Figure 9a,b show line plots of CO2 mass fraction along the combustor length for 0.5 m/s and
0.7 m/s inlet velocity, respectively. It can be seen that without AOG utilization (naturel gas fuel),
CO2 steadily increases along the length. With AOG utilization (case II and case III) in the beginning
(near the inlet), CO2 fraction is low which sharply increases at about half-way along the combustor
length. Hydrogen, being more reactive than natural gas, grabs all the oxygen and forms water during
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combustion indicated by the lower CO2 production in the first half of the combustor length. Once
hydrogen is consumed, natural gas starts to react with the remaining oxygen forming CO2 (and water)
indicated by a sharp increase in CO2. A slightly higher CO2 production with water present in AOG is
explained by the fact that water tends to suppress the hydrogen reactivity causing the natural gas to
react with the oxygen forming CO2.

Figure 9. Line plots of CO2 mass fraction varying as a function of combustor length at (a) 0.5 m/s and
(b) 0.7 m/s inlet velocity for all the three cases.

Plots presented in Figure 10a,b show variation of water along the combustor length at 0.5 m/s and
0.7 m/s inlet velocity, respectively. Plots in Figure 10 are self-explanatory i.e., more water is formed
with AOG due to hydrogen oxidation (case II) and more water present in feed (case III) gives rise to
higher fraction of H2O in the combustor. In case I where only natural gas is used as a fuel, the amount
of water formed is low compared to the other two cases. Case II, where AOG is comprised of pure
hydrogen, forms higher quantities of water compared to case I. The maximum production of water in
case III is due to presence of water in the AOG feed which adds up to the water formed during the
combustion of hydrogen.

Figure 10. Line plots of H2O mass fraction varying as a function of combustor length at (a) 0.5 m/s and
(b) 0.7 m/s inlet velocity for all the three cases.

Figure 11a,b show velocity distribution along the length of the combustor for all the three cases
at 0.5 m/s and 0.7 m/s inlet velocity, respectively. A lower velocity observed in the case of AOG
utilization can be explained by the fact that in the case of AOG, more reactants are present interacting
more frequently thereby increasing resistance to flow. This increased resistance to flow gives rise to
a decrease in velocity as indicated by the line plots in Figure 11. One of the main objectives of this
work is to quantify the amount of heat dissipated through the top wall (shared with the reformer)
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of the combustor with AOG utilization. This heat from the top wall is utilized by the endothermic
reforming process for the online hydrogen generation. Figure 12 shows a comparison between heat
fluxes through the top wall (to the reformer) for all the three cases. Bar charts presented in Figure 12
clearly indicate a higher thermal flux in the case of AOG utilization, compared to when only natural gas
is used as a fuel. Maximum heat flux with AOG utilization is found to be 2311 W/m2 and 2859 W/m2 at
inlet velocities of 0.5 and 0.7 m/s, respectively. This proves that AOG utilization is beneficial in terms
of saving fuel (natural gas in this case) and increasing thermal efficiency of the combustor. Results
presented in form of contour plots (Figures 5–7), line plots (Figures 8–11), and a bar chart (Figure 12)
clearly indicate the superiority of 0.7 m/s feed inlet velocity over 0.5 m/s regarding improvement in the
thermal efficiency of the combustor.

Figure 11. Velocity distribution along the combustor length at (a) 0.5 m/s and (b) 0.7 m/s inlet velocities
for all the three cases is investigated.

Figure 12. Computed thermal flux across the top-wall of combustor to the reformer.

The mathematical model priorly validated with authentic data, obtained either through
experiments or previously published research work, is always more reliable. Combustion chemistry is
complex and finding data matching the exact conditions assumed in this work is difficult. Carrying
out experiments to generate the validation data is beyond the scope of this work. Hence, the model
is compared with published data generated with reasonably similar operating conditions (e.g., feed
ratio, operating temperature) assumed in the present work. Average and maximum temperature in
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the combustor were compared with published data derived from [24]. Comparison is presented in
terms of bar charts in Figure 13, which shows a very good match between the data obtained through
simulations in the present work and those obtained from reference [24].

Figure 13. Comparison between present model (case II) and the data obtained from [24].

4. Conclusions and Outlook

In the present research work, combustor performance, within an integrated
combustor-reformer-fuel cell setup, is evaluated using anode off-gases from a high temperature solid
oxide fuel cell in combination with hydrocarbon fuel (e.g., natural gas). The aim was to prove the
superiority of the AOG utilization compared to the conventional fuel utilization in an integrated setup.
From the detailed simulation results presented in the previous section (Section 3) some important
conclusions were drawn and are presented below:

• Average temperature of the combustor is found to have increased by 130 K at 0.5 m/s inlet velocity
and 164 K at 0.7 m/s inlet velocity with AOG utilization (case II).

• When increasing the feed temperature, combustion proceeds more efficiently.
• AOG utilization causes a 3% increase in maximum CO2 production and a 6.8% increase in

water content.
• A saving of up to 18% in combustor fuel (NG) is affected by AOG utilization along with

conventional fuel within the integrated combustor.
• A 38% and 39% increase in the heat flux from the top wall of the combustor attached to the

reformer is observed at 0.5 m/s and 0.7 m/s inlet velocity, respectively.
• Maximum and average combustor temperatures slightly increase with increasing inlet velocity of

the feed gases.
• Feed inlet velocity of 0.7 m/s is found to be superior to 0.5 m/s regarding improvement in thermal

efficiency of the combustor.
• Simulation results are compared with published data and are found to be in good agreement.

Future Work

In the present model a fixed reformer temperature was used in convection boundary conditions
which needs to be improved to incorporate variations in combustor–reformer wall temperature and
heat transfer coefficient as a function of temperature. Moreover, this work assumes non-catalytic
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combustion which is not as efficient as catalytic combustion. Hence, it is proposed to update the
model to incorporate catalytic combustion by employing a more detailed surface reaction mechanism.
To obtain more uniform temperature in the combustor, multiple inlets for AOG could be used. Moreover,
the geometrical design of the combustor could also be improved further using configurations other
than rectangular e.g., cylindrical configuration. ANSYS FLUENT® has the possibility to customize
the simulation procedure using user defined functions (UDFs) which greatly enhance the capabilities
of the modeling procedure regarding the accuracy of predictions. Hence, a more elaborate model is
proposed in which an ANSYS UDF could be employed to calculate temperature dependent properties
and kinetic parameters. In the present work, only the combustor component of the CRP system is
simulated which can further be improved by incorporating the reformer part along with the combustor.
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List of Symbols

xi, xj direction vectors, [-]
ui, uj velocity vector, [m/s]
P pressure, [Pa]
gi gravitational force, [m/s]
Fi mass force, [N]
H enthalpy, [J/kg]
kt thermal conductivity, [W/m·K]
cp average specific heat, [J/kg.K]
Sh heat source term, [W/m]
ft mass fraction
Si mass source term, [kg/m2

·s]
ρ density, [kg/m3]
K turbulence kinetic energy, [m2/s2]
Gk generation of turbulence kinetic energy, [m2/s2]
Tf reforming temperature, [K]
Uf stack fuel utilization factor, [-]
hf Heat transfer co-efficient, [W/m2.K]
C1ε,C2ε constant, [-]
Greek symbols
σε turbulence Prandtl no. for ε, [-]
σk turbulent Prandtl no. for k,[-]
µ viscosity, [Pa·s]
µt turbulent velocity, [Pa·s]
τi j stress tensor, [Pa]
E dissipation turbulence kinetic energy, [m2 s−3]
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Abbreviations
CCS Carbon Capture and Storage
PEMFC Polymer Electrolyte Membrane Fuel Cell
SOFC Solid Oxide Fuel Cell
GHG Green House Gases
HT-PEMFC High Temperature Polymer Electrolyte Fuel Cell
LTS Low Temperature Water Gas Shift
PL Power Law
LH Model Langmuir Hinshelwood Model
MSR Multistage Reforming
CHP Combined Heating and Power
MS-EGC Multistage Exhaust Gas Combustion
AOGR Anode Off Gas Recycling
AOGC Anode Off Gas Combustion
CFD Computational Fluid Dynamics
O/C Oxygen to Carbon Ratio
NG Natural Gas
A/F Air to Fuel Ratio
AOG Anode Off Gas
k−ε Turbulence model
MCFC Molten Carbonate Fuel Cell
AFC Alkaline Fuel Cell
PAFC Phosphoric Acid Fuel Cell
H/C Hydrogen to Carbon ratio
SMR Steam Methane Reforming
PEM Proton Exchange Membrane
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