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ABSTRACT

Numerical simulations were performed to investigate the key features of oxygen
permeation and hydrocarbon conversion in ion transport membrane (ITM) reactors. ITM reactors
have been suggested as a novel technology to enable air separation and fuel conversion to take
place simultaneously in a single unit. Possessing the mixed ionic and electronic conductivity,
perovskite membranes or ion transport membranes permeate selectively oxygen ions from the air
(feed) side to the sweep gas or reactive gas (permeate) side of the membrane, driven by the
oxygen chemical potential gradient across the membrane at elevated temperature. When a fuel
such as methane is introduced into the permeate side as a sweep gas, hydrocarbon oxidation
reactions occur by reacting the fuel with the permeated oxygen. The fuel can be partially
reformed, completely oxidized or converted to produce higher hydrocarbons. To utilize this
technology more effectively, it is necessary to develop a better understanding of oxygen
transport and hydrocarbon conversion in the immediate vicinity of the membrane or on its
surface. In this thesis, a planar, finite-gap stagnation flow configuration was used to model and
examine these processes.

A spatially resolved physical model was formulated and used to parameterize an oxygen
permeation flux expression in terms of the oxygen concentrations at the membrane surface given
data on the bulk concentration. The parameterization of the permeation flux expression is
necessary for cases when mass transfer limitations on the permeate side are important and for
reactive flow modeling. At the conditions relevant for ITM reactor operation, the local
thermodynamic state should be taken into account when the oxygen permeation rate is examined,
which has been neglected. To elucidate this, the dependency of oxygen transport and fuel
conversion on the geometry and flow parameters including the membrane temperature, air and
sweep gas flow rates, oxygen concentration in the feed air and fuel concentration in the sweep
gas was discussed.

The reaction environment on the sweep side of an ITM was characterized. The spatially
resolved physical model was used to predict homogeneous-phase fuel conversion processes and
to capture the important features (e.g., the location, temperature, thickness and structure of a
flame) of laminar oxy-fuel diffusion flames stabilized on the sweep side. The nature of oxygen
permeation does not enable pre-mixing of fuel and oxidizer (i.e., sweep gas and permeated
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oxygen), establishing non-premixed flames. In oxy-fuel combustion applications, the sweep side
is fuel-diluted with CO, or/and H,O, and the entire unit is preheated to achieve a high oxygen
permeation flux. This study focused on the flame structure under these conditions and
specifically on the chemical effect of CO; dilution.

The interactions between oxygen permeation and homogeneous-phase fuel oxidation
reactions on the sweep side of an ITM were examined. Within ITM reactors, the oxidizer flow
rate, i.e., the oxygen permeation flux, is not a pre-determined quantity, since it depends on the
oxygen partial pressures on the air and sweep sides and the membrane temperature. Instead, it is
influenced by the hydrocarbon oxidation reactions that are also dependent on the oxygen
permeation rate, the initial conditions of the sweep gas, i.e., the fuel concentration, flow rate and
temperature, and the diluent. A parametric study with respect to key operating conditions, which
include the fuel concentration in the sweep gas, its flow rate and temperature and the geometry,
was conducted to investigate their interactions.

The catalytic kinetics of heterogeneous oxygen surface exchange and fuel oxidation for
a perovskite membrane in terms of the thermodynamic state in the immediate vicinity of or on
the membrane surface was investigated. Perovskite membranes have been shown to exhibit both
oxygen perm-selectivity and catalytic activity for hydrocarbon conversion. However, a
description of their catalytic surface reactions is still required. The kinetic parameters for
heterogeneous oxygen surface exchange and catalytic fuel conversion reactions were inferred,
based on permeation rate measurements and a spatially resolved physical model that incorporates
detailed chemical kinetics and transport in the gas-phase. It is shown that the local
thermodynamic state at the membrane surface should be accounted for when constructing and
examining membrane permeation and heterogeneous chemistry. The significance of modeling
both homogeneous and heterogeneous chemistry and their coupling when examining the results
was discussed.

Thesis Supervisor: Ahmed F. Ghoniem
Title: Ronald C. Crane Professor
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Chapter 1 Introduction

1.1. Motivation

Carbon capture and sequestration have been considered as important options for
combating the rise of carbon dioxide concentration in the atmosphere. These technologies, as
shown in Figure 1-1, require additional equipment and advanced processes that are cost- and
energy- intensive. All carbon capture solutions need extra capital investments as well as
advanced technologies [1-5]. Post-combustion capture requires massive amounts of chemicals
and separation technologies that lead to significant efficiency penalties. Pre-combustion capture,
using technologies such as reforming and gasification, is considered most suitable for solid fossil
fuels and heavy hydrocarbons, but needs air separation units, gasifiers, reformers, and syngas
treatment units. On the other hand, oxy-fuel combustion capture, which is an appropriate
technology for lighter hydrocarbons and both solid and gaseous (or gasified) fossil fuels, enables
the least efficiency penalty and cost effectiveness [6].

In oxy-fuel combustion, fuels are burned in a nitrogen-lean (ideally nitrogen-free)
carbon dioxide/water-rich stream [6], which is achieved by feeding the reactor with an oxygen-
enriched stream (i.e., oxygen separated from the air prior to combustion) and recycled flue gases
[7]. The recycled gases are used to control the flame temperature [8]. Oxy-fuel combustion
yields flue gases consisting of predominantly carbon dioxide and condensable water, whereas
conventional air-fired combustion flue gases are nitrogen-rich with only about 15% (by volume)
carbon dioxide [9, 10]. Condensing out water and cleaning up the flue gas using de-SOx and de-

NOy processes, oxy-fuel combustion produces a carbon dioxide stream ready for transportation
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to an enhanced oil recovery or a sequestration site. The high carbon dioxide concentration and
the significantly lower nitrogen concentration in the oxy-fuel flue gases is a unique feature that
lowers the energy and capital costs of oxy-fuel carbon dioxide capture when compared to

alternatives [11].

Nz, Oz, H:0
Pre-Combustion Capture

Oxy-!‘ln |||on Capture

Figure 1-1 Carbon capture and sequestration technologies

To enable oxy-fuel combustion, oxygen is separated from air prior to combustion using
an air separation unit. Currently, cryogenic distillation technology is the only option available for
large-scale fossil-fueled power plants. However, this technology requires energy six times that of
the ideal separation energy as well as large capital expenditure. Moreover, they are bulky and
difficult to integrate with the rest of the power plants because of the complex thermal integration
required for multi-step distillation [6]. In this thesis, a novel approach incorporating membrane

technology for air separation is investigated.
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Dense ceramic membranes with high ambipolar (ionic and electronic) conductivities
have been proposed for separating oxygen from air. At elevated temperatures, typically above
700 °C [12], and oxygen partial pressure gradients across the membranes, oxygen ions
selectively permeate from the air (feed) side to the sweep gas (permeate) side. Integrated at the
front end of the power plant, the membrane unit may use a hot recycled CO, stream as a sweep
gas on the permeate side to maintain the requisite partial pressure gradient and hence drive the
oxygen permeation process. Since the 1980s when these mixed-conducting ceramic membranes
were introduced [13-19], extensive research has been conducted to improve oxygen permeation
rates. For this membrane technology to become more viable for air separation, control of these
two factors while maintaining mechanical, thermal, and chemical stability is necessary.

To enhance oxygen permeation rates, reactive sweep gases or dilute fuel stream can be
fed into the permeate side, promoting consumption of the permeated oxygen through oxidation
reactions. In these configurations, as shown in Figure 1-2, oxygen permeation rate and
hydrocarbon conversion/product selectivity are strongly coupled through the local oxygen partial
pressure at the membrane surface on the permeate side, as well as the membrane temperature
[20]. Given the membrane temperature and sweep gas inlet conditions, oxygen consumption
maintains large partial pressure gradients, leading to increased oxygen permeation rates [20]. In
addition, the heat of reaction reduces the heat input needed to maintain a sufficiently high
temperature within the reactor. Larger permeation rates attributed to oxidation reactions in the
permeate side of the mixed-conducting membranes result in smaller volume membrane reactors
to be used for the same application.

In this regard, studies should be conducted to investigate key features related to oxygen

permeation and hydrocarbon conversion processes within an ITM reactor. Most current research
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is focused on permeation measurements and membrane developments for the reducing
environment. However, it is important to understand the coupled physical and chemical
processes within the membrane reactors in order to improve their effectiveness. In-depth
knowledge of these processes enables us to control fuel conversion through manipulating the
hydrocarbon-oxygen ratio at the optimal operating conditions, and to achieve the desired reactor
design. To meet these needs, I have conducted the detailed analysis of ITM reactors by using

numerical simulations.

®0 ®N
Air eH @®C
(high Pg,)

xnj4 uéﬁﬁxo
Xnj4 jesH

(low Pgy)

Catalytic surface
Homogeneous-phase fuel conversion

fuel conversion

Sweep gas
(Fuel (e.g., CH,) + Diluent (e.g., CO,))

Figure 1-2 Ion transport membrane (ITM) for air separation and fuel conversion in the
absence of nitrogen. Oxygen selectively permeates from the air side to the sweep side of an
ITM. On the sweep side, fuel conversion takes place in a nitrogen-free environment, as the

fuel approaches the membrane while the permeated oxygen transports in the opposite
direction.
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1.2. Background

1.2.1. Oxygen permeation

Dense and gas-tight mixed ionic-electronic conducting ceramic membranes allow only
oxygen ions to move across them. Because they are gas-tight, the direct permeation of oxygen
molecules is prohibited. When both the ionic and electronic conductivities are sufficiently high,
oxygen ion transport through the membranes is possible, without the need of an external
electrical circuit. The permeation of oxygen ions is charge compensated by a flux of electrons.
The movement of these oxygen ions is driven by the difference in oxygen partial pressures
across the membranes at an appropriate temperature [12]. Thus, in general, it is desirable to
maximize ionic and electronic conductivities of the ITM, while maintaining proper oxygen
partial pressure gradients and membrane temperature.

Based on the partial pressure difference, the membrane temperature and its ambipolar
conductivity, oxygen migrates from the high pressure feed side to the low pressure permeate side,

according to the overall transport processes summarized as follows [21-24]:

i.  Gaseous oxygen mass transfer from the feed stream to the membrane
ii.  Adsorption to the membrane and dissociation of oxygen molecules to lattice oxygen
ions (surface exchange)
ili.  Transport of lattice oxygen ions through the membrane (bulk diffusion)
iv.  Association of lattice oxygen ions to oxygen molecules and desorption from the
membrane (surface exchange)

v.  Gaseous oxygen mass transfer from the membrane to the permeate stream

19



The gaseous mass transfer processes (i and v) can be modeled using homogenous gas
species conservation equations (mass, momentum, and energy). The law of mass action, with
reaction rates based on activation energy, temperature, and kinetic parameters, can be used to
approximate the oxygen surface exchange kinetics (ii and iv) [25-29]. Charged-species transport
mechanism shown below enables us to model the oxygen ion transport within the membranes

(commonly termed bulk diffusion) [12, 30-36]:

O.
J,=——=Vn,
3 (ZIF)Z 77;

Eq. 1-1

where J, is the flux of the charged-species i through the membrane; o, is the ionic
conductivity of charged-species #; z, is the charge number of charged-species i#; F is the

Faraday constant; V7, is the electrochemical potential gradient of charged-species i. When

gaseous oxygen molecules approach the feed side membranes, they adsorb onto the membranes
and are dissociated/ionized to oxygen ions by available free electrons from the lattice, resulting

in occupation of an oxygen vacancy and the formation of two electron holes [37]:
e 1 X .
Vo + 502 <0, +2h Eq. 1-2

where V,," is an oxygen vacancy; O stands for a lattice oxygen ion; A" represents an

electron hole. These oxygen ions are incorporated into the lattice structure and transported

through the membranes, while the electron transfer occurs in the opposite direction. Thus,
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oxygen permeation is owing to both ionic and electronic conductivities of the membranes. Once
these lattice oxygen ions reach the permeate side of the membranes, they release their electrons
and are recombined to oxygen molecules. Oxygen molecules then diffuse to the bulk gas in the

permeate side.

1.2.2. Fuel conversion

When the oxygen transport membrane is employed within the reactor where
hydrocarbon oxidation reactions occur, it can be used as an oxygen distributor. Migration of the
oxygen ions in a controlled manner (i.e., by changing sweep flow rate, temperature, etc.) results
in the opportunity for reaction selectivity in ITM reactors [38]. Since oxygen is selectively added
to the permeate side through ion transport (not a convective flow as in conventional reactors), it
leads to a low concentration of oxygen in the reactant mixture, as compared to conventional
reactors using the air. The low oxygen concentration typically drives the oxidation reactions
toward partial oxidations (syngas formation) or oxidative coupling to form intermediate products
[39] depending on the local oxygen/fuel ratio, rather than complete oxidation. It is also found
that oxy-fuel combustion (complete oxidation of fuel) can be achieved within these membrane
reactors [40].

These reactions are, in part, driven by catalytic activity of the mixed-conducting
membranes. The catalytic activity is dependent on the composition of the membranes, synthesis
method, surface exchange rate, surface morphology, and electronic conduction mechanism [38].
Depending on the permeation rates, reaction locations, the temperature, the pressure, and the
catalytic activity of the membranes, desired oxidation reactions can occur within these ITM

reactors. Oxidation reactions within these reactors can be categorized as follows.

21



1.2.2.1. Oxidative coupling

If the mixed-conducting membranes show catalytic activity or are covered with certain
catalysts (e.g., Li/MgO) [41], methane oxidation can be routed to the formation of C; products,
such as ethylene or ethane. Oxygen ions are supplied in a controlled way and reacted directly
within the lattice structure with adsorbed methane [42]. Increasing the methane conversion rate

results in a lower C; selectivity. The overall reactions can be modeled as follows [43],

CH, <> CH,(s)
2CH,(s)+ 0% + 21" < 2CH, + H,0+ V)’ Eq. 13
2CH, <> C,H,

where (s) shows the surface species. Oxidative coupling using the ITM reactors is a good

method to convert methane to higher hydrocarbons or liquid fuels. However, membrane
degradation should be resolved, and the high C, selectivity as well as the significant methane

conversion rate should be achieved at the same time.

1.2.2.2. Partial oxidation

Mixed-conducting membranes may also be used for partial oxidation of fuel to CO and
H,, which is called syngas formation, depending on the permeation rate, stoichiometry, and
catalytic activity of the membrane. Rh-based catalysts mounted on the membranes can enhance
catalytic partial oxidation. Aided by Rh-based catalysts, methane conversion higher than 90%
with greater than 90% CO selectivity is detected [44, 45]. This process whose residence time is
less than 0.1s [44, 46, 47], as shown below, is much faster than conventional reforming reactions
(residence time is 0.5~1.5s) and reduces the reactor size in comparison with conventional
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reformers.

CH, <> C(s)+4H(s)
C(s)+ 0} & CO(s) & CO Eq. 1-4
2H(s) > H,

Moreover, higher selectivity and exothermic reactions make this partial oxidation within
the ITM reactors more promising. Non-premixed reactants with a low oxygen concentration due
to the oxygen permeation environment enable higher selectivity compared to conventional (co-
feed) reforming reactors. In addition, the overall process could be self-sustaining by heating up
the membrane using the heat of reactions, which translates into the elevated temperature for the
oxygen transport. This exothermic partial oxidation process can be combined with conventional

endothermic reforming processes [48] to reduce heat inputs from external sources.

1.2.2.3. Oxy-fuel combustion

Complete oxidation of fuel to form CO, and H,O as products is also possible within
these I'TM reactors, which is called oxy-fuel combustion. Employing oxy-fuel combustion, the
ITM reactors can be used in fossil-fueled power plants while reducing CO, emissions. Although
it is a promising technology, oxy-fuel combustion in membrane reactors has not yet been

explored thoroughly.

CH, +20, = CO, +2H,0 Eq. 1-5

Methane can react in the gaseous phase or on the catalytic surface of the membranes. A
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low oxygen concentration on the permeate side of the reactor results in diffusion-limited non-
premixed combustion. If catalytic oxidation is involved, it may affect the gas-phase chemistry
[49]. Because of the membrane reactor operating conditions, higher hydrocarbons and carbon
monoxide can also be produced along with the main products, carbon dioxide and water. Thus,
operating conditions, which include both air and fuel feed flow rates, temperature, and dilution

ratio in the fuel stream, should be carefully controlled to ensure complete oxidation [40].

1.3. Previous modeling study

Given the novelty of the technology, only few modeling studies on ITM supported fuel
conversion and oxygen permeation so far have been performed and based on reduced chemistry
and simplified transport. Tan et al. [40] and Jin et al. [5S0] showed the dependence of oxygen
permeation and fuel conversion rates on the initial gas temperature, air and fuel flow rates and
reactor geometry. They assumed a plug flow to model their reactor and used single step chemical
reactions for methane oxidation and reforming. The effects of the oxidation reactions on the gas
temperature were also neglected. A more detailed model was proposed by Zhang et al. [51] and
Smit et al. [52], but species concentrations at equilibrium with reduced chemistry were
considered, and the spatial variations of species concentrations and temperature were ignored.
Tan et al. [53] considered the spatially resolved oxygen concentrations and temperature in a
membrane reactor for partial oxidation of methane, and solved for the product selectivity and
hydrocarbon conversion as a function of the operating parameters including temperature,
methane flow rate, membrane tube diameter and membrane thickness. They implemented a

three-step reaction mechanism accounting for methane combustion, steam and carbon dioxide
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reforming, and based their oxygen permeation model on kinetic parameters obtained using the
bulk stream parameters by Xu and Thomson [31]. Mancini and Mitsos [54, 55] developed an
axial, quasi two-dimensional model, which incorporates semi-empirical oxygen transport
equations and simplified fuel oxidation kinetic mechanisms, to examine the dependence of ITM
reactor performance on the reactor geometry, flow configuration, operating conditions and
membrane material properties. Akin and Lin [56] assumed different permeation mechanisms, p-
type and n-type flux expressions, and two limiting oxidation kinetics: either extremely fast
reaction or no conversion. Using a simple reactor model such as a continuously stirred tank
reactor (CSTR), they examined how the oxidation reaction rates, the reducing gas flow rate and
the feed-side oxygen partial pressure influence the oxygen permeation rate. Based on the same
CSTR model, Rui et al. [57] investigated the effect of the finite chemical kinetic rates on the
oxygen permeation rate. The results from these two studies have shown that the chemical
reactions and their kinetic rates have substantial influence on oxygen permeation. However, their
models considered a well-stirred reactor and assumed arbitrary reaction kinetic rates. Wang and
Lin [58] estimated the kinetic parameters assuming that perovskite membranes behave
catalytically in a way similar to Li/MgO membranes and applied them to the CSTR model.
Although some modeling studies have also been performed on membrane reactors for syngas
production [50, 53, 59, 60], these considered additional catalysts mounted on the membrane
surface, and hence the results are not representative of the catalytic activities of the perovskite
membrane itself and do not necessarily reflect the actual impact of heterogeneous reactions on
the oxygen permeation.

Numerical modeling studies conducted so far have not related the homogeneous and

heterogeneous chemical kinetics to the local thermodynamic state, and have not resolved their

25



coupling with the oxygen permeation and flow field in detail. Oxygen permeation expressions
used in these modeling studies were parameterized in terms of the bulk oxygen concentrations
measured outside ITM reactors. In addition, they assumed heterogeneous fuel conversion on the
catalyst surface additionally mounted on the membrane and ignored the homogeneous reactions
that play an important role in fuel oxidation at high temperature. However, as I show in this
thesis, permeation flux models parameterized in terms of the oxygen concentration in the bulk
may not be applicable in the case of a reactive flow on the permeate side. I also show that
detailed chemistry is necessary to account for the reaction pathway and important phenomena
such as fuel pyrolysis. We note that an ITM requires high temperature for enabling substantial
oxygen permeation to facilitate fuel conversion processes [61]. While a catalyst may contribute
to fuel conversion typically at low temperature [62], in this high temperature regime, it has been
demonstrated that the chemical reactions in the gas-phase dominate fuel conversion even if the
surface catalytic reactions take place [63, 64]. Furthermore, spatially resolved solutions in the
direction normal to the membrane should be obtained to examine the key features of ITM
supported fuel conversion and oxygen permeation. Thus, spatially resolved solutions with
detailed gas-phase chemistry and transport are necessary to model fuel conversion processes, to
characterize the heterogeneous chemical kinetics for an ITM, and to capture important
phenomena on the sweep side of the ITM where the oxygen permeation rate and hydrocarbon
conversion/product selectivity are strongly coupled through flow conditions and their variations

in the vicinity of the membrane [20].
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1.4. Approach

To investigate the key features of oxygen permeation and fuel conversion in ITM
reactors, 1 have used an one-dimensional stagnation flow configuration that matches the
experimental apparatus that has been developed and facilitated in our Lab [65]. At first, the
spatially resolved physical model was used to parameterize an oxygen permeation expression in
terms of the local thermodynamic state near the membrane and to study the oxygen permeation
process. Then, the numerical model incorporating the detailed methane chemistry and transport
was used to get a better understanding of the fuel conversion processes and phenomena arising in
ITM reactors. Finally, the heterogeneous chemistry for perovskite membranes was characterized,

and the catalytic reaction kinetic parameters were obtained by performing numerical simulations.

1.4.1. Model development

For the detailed numerical investigation of ITM reactors, an existing one-dimensional
numerical model used for the simulation of a strained flame has been employed [66, 67]. It has
been modified for a membrane reactor in which a finite-gap stagnation flow is established. The
model incorporates detailed homogenous chemistry and transport and resolves spatially the flow
field near the membrane. The geometry and reactor material characteristics used in the model are
based on the experimental setups. Because the membrane divides the physical domain into two
domains (air side and fuel side), coupling of these two domains is a challenge in the numerical
simulation.

Incorporating detailed homogeneous chemistry as well as the oxygen ion transport
mechanism into the model, it is possible to resolve the influence of fuel conversion on the

membrane temperature and to estimate oXygen concentration at the membrane surface, both of
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which govern the oxygen permeation rate, and neither had been considered with much fidelity in

the literature.

1.4.2. Cold flow analysis (permeation study)

Although many investigations have been conducted to measure the permeation rates for
different membrane geometry, composition, temperature, pressure, and gas mass flux, limited
attention has been paid to spatially resolving flow information (i.e., oxygen partial pressure
profiles), as well as to numerical studies for the oxygen ion transport. Typically, global
measurements are assumed to asymptotically approximate the oxygen permeation rates ignoring
the spatial variation of the oxygen partial pressures in the gas phase near the membrane surface.
Oxygen ion transport should be investigated in the vicinity of the membranes. In this thesis, I
used the numerical model to examine oxygen permeation by considering the spatially resolved
oxygen partial pressure. Focusing on the oxygen partial pressure profiles and using constitutive
equations to describe the surface exchange and bulk diffusion of the oxygen ions, I was able to

construct a more reliable oxygen permeation model with more detailed kinetic expressions.

1.4.3. Reacting flow analysis (hydrocarbon oxidation reactions)

The reaction environment on the sweep side of an ITM needs to be characterized, and
influences of hydrocarbon conversion on the oxygen permeation rate or vice versa should be
investigated. High temperature, low oxygen concentration, diffusion-limited reactions lead to a
reacting environment for the mixed-conducting membrane reactors, which has not yet been well

characterized. It is important to understand the fuel conversion processes in order to identify and
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evaluate ITM reactor control and design strategies. By employing a detailed homogeneous
chemical kinetic mechanism, the operating conditions necessary to produce the desired products

from ITM reactors were identified.

1.4.4. Catalytic reaction kinetics

The catalytic kinetics of oxygen surface exchange and fuel oxidation for a perovskite
membrane in terms of the thermodynamic state in the immediate vicinity of or on the membrane
surface was investigated. I inferred the kinetic parameters for heterogeneous oxygen surface
exchange and catalytic fuel conversion reactions, based on permeation rate measurements and a
spatially resolved physical model that incorporates detailed chemical kinetics and transport in the
gas-phase. The conservation equations for surface and bulk species are coupled with the gas-

phase species governing equations through the species production rates from surface reactions.

1.5. Conclusions

A novel membrane technology, the ITM reactor, has been demonstrated for its use in
power plants with CO, capture, and system’s studies show that it is a promising option for
reducing the energy penalty and capital expenditure for air separation. Although some studies
have been conducted to examine ITM reactors, lack of knowledge on the important features of
oxygen permeation and hydrocarbon conversion processes still exists. To make these systems
more viable, it is important to investigate the oxygen transport, thermodynamic and chemical
kinetic (including thermochemistry, electrochemistry, and catalysis) processes in the gas-phase

and on the catalytic membrane surface, and their interactions.
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To meet these research needs, this study has been focused on the detailed analysis of
oxygen permeation and hydrocarbon conversion in ITM reactors by using numerical simulations.
A spatially resolved physical model has been used to understand (a) oxygen ion transport, (b)
homogeneous and heterogeneous fuel conversion, and (¢) chemical kinetic phenomena (such as
pyrolysis). A thorough literature review has been used in the development of accurate sub-
models/mechanisms for each process. The spatially resolved numerical results enhance our
understanding of the coupling between oxygen permeation and fuel conversion within ITM
reactors, which will ultimately enable us to identify and evaluate ITM reactor control and design

strategies.

1.6. Thesis outline

In Chapter 2, the spatially resolved physical model, numerical approach, oxygen
permeation flux expression and detailed gas-phase chemistry and transport employed in this
thesis are described.

In Chapter 3, the oxygen permeation flux expression has been parameterized in terms of
the oxygen concentrations at the membrane surface given data on the bulk concentration, which
is necessary for cases when mass transfer limitations on the permeate side are important and for
reactive flow modeling. At the conditions relevant for ITM reactor operation, the local
thermodynamic state should be taken into account when the oxygen permeation rate is examined.
To elucidate this, the dependency of oxygen transport and fuel conversion on the geometry and
flow parameters including the membrane temperature, air and sweep gas flow rates, oxygen

concentration in the feed air and fuel concentration in the sweep gas has been discussed.
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In Chapter 4, the reaction environment on the sweep side of an ITM has been
characterized. The physical model was used to predict homogeneous fuel conversion processes
and to capture the important features (e.g., the location, temperature, thickness and structure of a
flame) of laminar oxy-fuel diffusion flames stabilized on the sweep side. The nature of oxygen
permeation does not allow pre-mixing of fuel and oxidizer (i.e., sweep gas and permeated
oxygen), establishing non-premixed flames. In oxy-fuel combustion applications, the sweep side
is fuel-diluted with CO, and/or H,O, and the entire unit is preheated to achieve a high oxygen
permeation flux. This study focuses on the flame structure under these conditions and
specifically on the chemical effect of CO, dilution.

In Chapter 5, the interactions between oxygen permeation and homogeneous fuel
oxidation reactions on the sweep side of an ITM have been examined. Within ITM reactors, the
oxidizer flow rate, i.e., the oxygen permeation flux, is not a pre-determined quantity, since it
depends on the oxygen partial pressures on the air and sweep sides and the membrane
temperature. Instead, it is influenced by the oxidation reactions that are also dependent on the
oxygen permeation rate, the initial conditions of the sweep gas, i.e., the fuel concentration, flow
rate and temperature, and the diluent. A parametric study with respect to key operating
conditions has been conducted to investigate their interactions.

In Chapter 6, the catalytic kinetics of oxygen surface exchange and fuel oxidation for a
perovskite membrane in terms of the thermodynamic state in the immediate vicinity of or on the
membrane surface was investigated. Perovskite membranes have been shown to exhibit both
oxygen perm-selectivity and catalytic activity for hydrocarbon conversion. However, a
description of their catalytic surface reactions is still required. The kinetic parameters for

heterogeneous oxygen surface exchange and catalytic fuel conversion reactions were inferred,
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based on permeation rate measurements and a spatially resolved physical model that incorporates
detailed chemical Kkinetics and transport in the gas-phase. It is shown that the local
thermodynamic state at the membrane surface should be accounted for when constructing and
examining membrane permeation and heterogeneous chemistry. The significance of modeling
both homogeneous and heterogeneous chemistry and their coupling when examining the results

was discussed.
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Chapter 2 Physical Model and Solution

Methodology

2.1. Overview

To examine the oxygen permeation, fuel conversion processes and associated important
phenomena (e.g., the relationship between the oxygen permeation rate and the oxidation
reactions, hydrocarbon pyrolysis and the formation of possible soot precursors) occurring on the
sweep side of the ITM, a stagnation flow configuration has been used. The corresponding
experimental reactor, whose geometry is based on a planar, finite-gap stagnation flow shown in
Figure 2-1, has been developed [65]. The gas flow in the neighborhood of the stagnation line is
self-similar, and the dimensionality of the model is reduced to one dimension. The self-similar
stagnation-flow configuration is selected because detailed chemistry and species transport in the
gas-phase can be implemented while keeping the computational cost at a manageable level. As
pointed out by Akin and Lin [56] and Rui et al. [57], detailed analysis of the chemical reactions,
the mass and heat transfer and the local thermodynamic state is necessary for the studies of ITM
supported fuel conversion processes and their relationship with oxygen permeation. Note that
flames described by self-similar solutions have been very useful in studies of fuel conversion
processes and flame properties [68, 69]. It should be noted that such solutions are only valid in
the region near the axis of symmetry in the reactor, as has been demonstrated for this reactor
configuration [70]. Although the results from this study may need some geometrical translation

to be applicable to other reactor systems due to the geometry, the flow field (and thus the mass
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transfer) and reactor dynamics, this configuration allows sufficiently detailed analysis of the
fluid dynamic and thermo-chemical processes, contributing to the understanding of ITM reactors
and the underlying physics in multi-dimensional, commercial reactor configurations.
Furthermore, the knowledge and oxygen permeation expressions gained from such investigations
can be applied for future studies considering more complex reactor configurations and

geometries.
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Figure 2-1 The stagnation-flow configuration considered in this investigation (v = normal
velocity (y -direction), U =scaled transverse velocity (x -direction), xc .., = fuel

concentration in the sweep gas on a molar basis, 7, = sweep gas inlet temperature,

sweep

F,,.., =sweep gas flow rate, H,,, =sweep gas channel height, L =membrane
thickness, air inlet area= A, =533 107m?, sweep gas inlet area= A, =5.81x10"m’

sweep

=membrane area= A, )
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2.2. Governing equations

The flow fields in each domain, i.e., the air and sweep gas domains, are determined by
the system of governing equations derived from the general three-dimensional equations of
reacting flow [71], whose dimensionality is reduced one dimension. As shown in Figure 2-1, x

is a transverse coordinate along the membrane direction, and y is an axis normal to the
membrane. It is assumed that variations in the z-direction, normal to the x—y plane of the

flow, are negligible. The species and thermal diffusion along the x -direction are neglected with

respect to those in the y -direction. A self-similar solution is obtained, in which all the

normalized flow variables are functions of the direction normal to the membrane and time. In
addition, a low Mach number assumption is employed because gas flow velocities are low. The
thermal species diffusion (i.e., Soret effect) is taken into account because of a high temperature
gradient near the membrane. The effect of viscous dissipation is assumed to be much smaller
than the heat released by chemical reactions and hence is neglected. Moreover, Dufour heat flux,
which is typically three orders of magnitude smaller than the Fourier heat flux, is neglected. Gas-
phase radiation is also neglected. The stagnation flow formulation has been known to be valid
over almost the entire range of Reynolds number with good accuracy [72]. Furthermore, using a
CHy/air flame with the inlet velocity of 5.4 cm/s, which is smaller than the velocity considered in
the current study, Kee et al. demonstrated that the reaction zone shows no radial dependence,
confirming that the self-similar solution is valid in this low Reynolds number regime [71]. The
pressure variations are negligible in comparison with the thermodynamic pressure, and the
oxygen partial pressure that determines the oxygen permeation flux [12] depends only on its
mole fraction and the total pressure. The solution variables and the system of governing

equations are as follows:
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V(t,y)=pv

: Mass flux in the y -direction; normal to the membrane [kg/m%/s]

: Continuity

X -momentum

: Species

: Energy

: Pressure curvatures

Eq. 2-1

Eq.2-2

Eq.2-3

Eq.2-4

Eq. 2-5

U (t, y) =— : Scaled transverse velocity in the x-direction; parallel to the membrane [1/s]
Y, (t ,y) : Species mass fraction
T(t,y) : Temperature [K]
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where p is the density; v is the normal velocity; u is the transverse velocity; u is the

dynamic viscosity; D,

. . . R . T
is the mixture-averaged diffusion coefficient; D

diffusion (Soret effect) coefficient; W is the mixture molecular weight; W,
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weight of species k; @, is the molar production rate of species k; ¢, is the mixture specific
heat; c,, is the specific heat of species &; h, is the molar enthalpy of species k; A is the

mixture thermal conductivity; N is the number of gas-phase species. To model the finite
domain configuration where the inlet velocity is imposed as a boundary condition, the pressure
curvature equation is added to the system of governing equations. This is in contrast to the semi-
infinite stagnation flow configuration conventionally considered in opposed-flow flame studies.
Therefore, the pressure gradient is determined as a part of the solution in order to satisfy the
remaining boundary conditions [71]. Along with the system of governing equations, the equation

of state is used to compute the density as a function of species mass fractions:

pw
= Eq. 2-6
p RT a

where R is the universal gas constant.

2.3. Boundary conditions

The boundary conditions describe inflow conditions at the inlets and flux-matching
conditions at the membrane surface. Flux-matching conditions are applied to the continuity,

species and energy conservation equations at the membrane surface, y=0. The convective and

diffusive mass fluxes of the gas-phase species at the membrane surface are based on the oxygen
permeation. In an ITM unit, only oxygen is separated from the air. It permeates to the sweep side

of the membrane. Thus, boundary conditions for the continuity and species conservation
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equations include the oxygen permeation rate, J, , which is negative on the air side (sink term)

and positive on the sweep gas side (source term) as follows:

-J air
v, ={ ° (air) Eq.2-7
+Jo, (sweep)
+J, (k=0,)
i +YV = 2 Eq. 2-8
T L e {0 (k20,) 1

where V _ is the mass flux at the membrane surface. In addition, heat released from chemical

reactions on the sweep gas side is transferred to the membrane, which transfers heat to the air
domain and to the surrounding walls via radiation. Radiation heat transfer is considered between
the membrane and the reactor walls (Inconel 601 [65]). In the ITM unit configuration [65], the

membrane sees a large area of the wall, and the shape factor is taken to be unity. Therefore, the
energy conservation across the membrane relates the heat fluxes, Q;mp and Q;,.,, to and from

the membrane, respectively, and its temperature, as shown below.

Orveep — oty = 208 (Tt = T2) =0 Eq.2-9

N A~
where, Q. =~AVT+ (j,+Y,V,n)h,

air
k=1

N ~
Q:weep = Z'VT - Z(Jk + Ykaem)hk
k=1

where o is the Stefan-Boltzmann constant, 7, is the surrounding wall temperature, and ¢,
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is the emissivity of the membrane. The emissivity of the membrane, £, =0.8, has been
measured [73]. It is assumed that 7 is the same as the gas inlet temperature at steady state. On

the other hand, the no-slip condition at the solid surface makes the transverse velocity at the

membrane surface (U, ) set to zero.

U, =0 Eq.2-10

Input operating conditions are imposed at the inlets, y= H . The mass influx, V,_ and

air

V, and the gas inlet temperature, 7,, and T,

sweep 3 sweep ?

are known. The mass ratio of oxygen to

nitrogen in the air dictates the gas composition, Y, .., at the air inlet, whereas the fuel dilution

ratio between methane and the diluent such as carbon dioxide determines the composition of the

gas inflow, Y, in the sweep gas side. The normal flow condition implies a zero transverse

sweep *

velocity, i.e., u, =U, =0.

m

V _ ‘/air (air) E 2 11
in Voreer (sweep) q-
Y, . air
Yem=4u" (am) Eq. 2-12
Y,c‘sm‘p (sweep)
T, = Lar (air) Eq.2-13
i T,.., (sweep) -
U, =0 Eq.2-14
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Note that the mass influx boundary condition is satisfied through the pressure curvature equation.
Because the continuity equation is first-order, it needs only one boundary condition at the
membrane surface, which is the oxygen permeation rate. However, the finite-gap stagnation flow
configuration requires another mass flux boundary condition at the inlets to take into account the
given mass influx. The pressure curvature equation does not have an explicit boundary condition

and is solved to satisfy the specified mass flux at the inlets.

2.4. Detailed chemistry and transport and numerical methodology

To examine the fuel conversion processes, the detailed chemical kinetic mechanism for
methane, GRI-Mech 3.0 [74], is implemented for the homogeneous gas phase chemical reactions.
Since it has not been elucidated what reactions are important in governing the overall fuel
conversion processes, detailed chemistry is necessary for capturing important phenomena and
chemical species appearing in the vicinity of the membrane. To integrate the multi-step chemical
reactions and evaluate the thermodynamic and the transport properties shown in the governing
equations and reaction kinetics, Cantera [75] is used along with NASA polynomials. Surface
reactions are ignored to focus on the gas-phase fuel conversion and their relationship with
oxygen permeation. Surface chemistry will be considered in future studies.

A finite difference method, which has been used for stiff numerical problems such as
combustion, is used to discretize the governing equations and boundary conditions. The
convective terms are discretized using a first-order upwind differencing to avoid numerical
instabilities [71]. The diffusion terms in the momentum equation and the species conservation

equations are approximated to second-order accuracy. A first-order fully implicit finite
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difference is implemented to discretize the continuity equation. The discretized equations are
integrated using the Sundials IDA solver [76], which integrates the differential algebraic
equations using a variable-order (from 1 to 5) backward differentiation formula. At each time
step, this produces a system of nonlinear algebraic equations, which are solved using a
preconditioned Newton-Krylov method.

Due to the presence of the membrane, the computational domain is divided into two
parts, the air domain and the sweep gas domain. The air and sweep gas domains are coupled to
obtain the steady state solution by matching the two flux-matching boundary conditions, the

oxygen permeation ratc and the heat flux, as shown in Figure 2-2.

Time integration of the governing equations
in each domain with

L]

"
J02 ’ steep—to—mem 4 Qmem—to—air

) Update
. Joz ’
f N «
The oxygen partial pressure and temperature Qm-,,p_w_mem ’
profiles in each domain are updated .
- ’ Qmem—m—air

¥

Steady state solutions?

ves

Integration completed

Figure 2-2 The methodology to couple the two computational domains, air and sweep gas
domains, by using the two flux-matching conditions, the oxygen permeation flux and the
heat flux

Each domain considers the oxygen permeation rate and the heat flux as boundary conditions at
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the membrane surface during time integration, which are solved for during and intermediate
calculation step. After the system of governing equations for each domain is integrated using the
inlet boundary conditions and the two flux-matching boundary conditions determined during the
previous time step, the oxygen partial pressure profile and the temperature profile in each
domain are updated. Note that the oxygen permeation rate and the heat flux depend on the partial
pressures of oxygen in the immediate vicinity of the membrane and the temperature profile in
both domains, respectively. Therefore, the new oxygen partial pressures and the new temperature
profile must be used to update the oxygen permeation rate and heat flux for the following time

step. This simulation procedure is repeated until a steady state solution is acquired.

2.5. Conclusions

A numerical model for oxygen transport and fuel conversion processes in an ITM
reactor was presented. The physical model is consistent with a finite-gap stagnation flow
configuration, and incorporates detailed gas-phase chemistry and transport enabling us to obtain
the spatially resolved profiles of species concentration, temperature and reaction rates. The
membrane separates the domain into two sides, the feed side and the permeate side, coupled by
the oxygen permeation flux and the heat flux across the membrane. An efficient numerical

approach has been implemented to obtain solutions over a wide range of operating conditions.
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Chapter 3 Oxygen Permeation and

Transport

3.1. Overview

Oxygen permeation rate and hydrocarbon conversion/product selectivity are strongly
coupled through the local oxygen chemical potential in the vicinity of membrane surfaces, as
well as the membrane temperature [20]. In case a homogeneous reaction takes place on the
permeate side, the local oxygen concentration in the vicinity of the membrane is influenced by
oxidation reactions and hence cannot be approximated by the bulk stream oxygen concentrations
measured at the permeate stream outlet side. With respect to fuel conversion, since oxygen is
introduced at a finite rate, its local concentration plays an important role in determining the
overa.ll reaction rate and reaction products. Therefore, it is important to perform experimental
studies and to develop modeling approaches that can spatially resolve the thermochemical field
in the immediate neighborhood of the membrane. So far only a limited number of studies have
been conducted [40, 50, 52, 53].

I parameterized an oxygen permeation flux model in terms of the local oxygen partial
pressures in the vicinity of the membrane and used it to examine the dependence of oxygen
permeation on key operating conditions. 1 show that it is important to use permeation flux
models based on the values of the oxygen concentration close to the membrane surface, and
show how experimental measurements of the flux and the oxygen concentration at the bulk can

be used to calculate the oxygen concentration at the surface. The spatially resolved flow field is
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used to estimate the Kinetic parameters of the membrane. Next I use the permeation flux model
to study the dependence of oxygen transport on the operating conditions including the presence

of a fuel in the sweep gas.

3.2. Oxygen transport mechanism

The oxygen permeation mechanism is incorporated into the coupled thermochemical-
fluid dynamic model described in Chapter 2 as a boundary condition at the membrane surface,
using a single step expression. In this expression, the oxygen permeation flux is described in
terms of the gas phase parameters, that is, the oxygen partial pressure in the immediate
neighborhood of the membrane on both air and sweep gas sides. This expression is derived in
this section starting with a multi-step mechanism. Figure 3-1 shows the important steps of
oxygen transport across the membrane: the gas phase mass transfer, surface exchange and bulk
diffusion, following the chemical potential gradient. The gas phase mass transfer is described
using a fluid dynamic model, while surface exchange and bulk diffusion are based on surface
species and bulk phase ions inside the membrane [12, 77]. Instead of keeping track of the surface
species and bulk phase ions, a single step expression that accounts for surface exchange on both
sides of the membrane and bulk ion diffusion across the ITM is developed. Implementing a
single-step oxygen transport expression across the membrane improves the computational
efficiency of the overall model and enables studying important oxygen transport steps and their

dependence on other gas-phase flow parameters.
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Figure 3-1 Oxygen transport processes within the ITM unit following the oxygen chemical
potential gradient (revised from [37])

3.2.1. Overview of oxygen transport processes
Based on the difference in the oxygen chemical potentials between the feed side and the
permeate side, the membrane temperature and its ambipolar conductivity, oxygen migrates from
the high pressure feed side to the low pressure permeate side, according to the overall transport

processes summarized as follows [21-24] (refer to Figure 3-1 for stream points, (a) through (f)):

i. (a) to (b): gaseous oxygen mass transfer (advection and diffusion) from the feed stream

to the membrane surface

ii. (b) to (c): adsorption onto the membrane surface, dissociation and ionization of oxygen

molecules and subsequent incorporation of the ions into the lattice vacancies (feed side

surface exchange)
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iii. (c) to (d): transport of lattice oxygen ions through the membrane (bulk diffusion)

iv. (d) to (e): association of lattice oxygen ions to oxygen molecules and desorption from the
membrane surface into the gas phase (permeate side surface exchange)

v. (e) to (f): gaseous oxygen mass transfer (advection and diffusion) from the membrane

surface to the permeate stream

The gaseous mass transfer processes (i and v) are modeled using homogeneous gas species
conservation equations (continuity, momentum and energy). Global reaction kinetics is used to
approximate the surface exchange (ii and iv), while the bulk diffusion (iii) is governed by

internal defect reactions or oxygen vacancy transport.

3.2.1.1. Gas phase mass transfer

The gas phase mass transfer plays an important role in oxygen transport especially when
the flow rate is low enough to result in a relatively thick boundary layer. A high flow rate of the
sweep gas or feed gas reduces the corresponding boundary layer next to the membrane surface.
In this case, the oxygen concentration profile in the gas is nearly uniform and its effect on the gas
phase mass transfer is insignificant. This is the typical assumption in some ITM research.
However, the flow rate in typical ITM reactors is small such that the required stoichiometry of
the chemical reactions (i.e., fuel to oxygen ratio) is satisfied, and accordingly the boundary layer
thicknesses can be large depending on the length scale of the reactor. In this case, the gas phase
mass transfer has a significant impact on the oxygen concentration profile, especially in the
permeate side where oxidation reactions occur. Recent research has highlighted the importance

of the gas phase mass transfer and the non-uniform oxygen chemical potentials next to the
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membrane surface [78].

In typical ITM permeation measurements, the oxygen permeation rates are characterized
in terms of the feed stream inlet partial pressure or oxygen concentration and the same
parameters at the sweep gas outlet. Oxygen concentrations measured at these two points may not
be the same as those at the two sides of the membrane surface. By ignoring the effects of the gas
phase mass transfer, it is assumed that the measurements at the points away from the vicinity of
the membrane surface are the same as the local values near the membrane ((b) and (e) in Figure
3-1). Thus, while the resulting expressions may be sufficient for describing similar set ups, they
are not gencral [78] and the local oxygen concentration profiles should be determined in order to

recast these expressions in terms of the local values at the vicinity of the membrane surface.

3.2.1.2. Surface exchange

The surface exchange processes connect the gas phase oxygen molecules in the
immediate neighborhood of the membrane with the membrane surface species. As mentioned
above, gaseous oxygen molecules adsorb onto the membrane surface, dissociated and ionized by
reacting with available free electrons from the lattice, hence occupying an oxygen vacancy and
forming two electron holes [37]. The reverse processes take place on the permeate side of the
membrane after the oxygen ions transport across the membrane by bulk diffusion as discussed in

Section 3.2.1.3. The global surface exchange reaction describing these processes is,

-;—02 +V e 508 v 2h° Eq. 3-1

The conventional Kroger-Vink notation is used here for the lattice species and defects where
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V,  is the oxygen vacancy; O, is the lattice oxygen jon; 4" is the electron hole, and &, and

k, are the reaction rates of forward and backward reactions of Eq. 3-1, respectively. The Eq. 3-1

is sufficient to model the overall surface exchange process on both sides of the membrane [29,
33].

The law of mass action, with reaction rates based on the activation energy and
membrane temperature, is used to approximate the oxygen surface exchange kinetics [25-29].
Based on the transition state theory, the reaction rates are typically expressed in an Arrhenius

form,

ko=¢& K”Z”“"" CXP( L ] Eq. 3-2

where k; represents either forward (£, ) or backward (k, ) reaction rate of the surface exchange

reactions, as described in Eq. 3-1; £ is a transmission coefficient; «, is the Boltzmann

constant; hp is the Planck constant; E, is the activation energy; T is the membrane

temperature and R is the universal gas constant. Surface exchange processes are strongly
dependent on the membrane temperature and the activation energy that is a function of surface
properties.

Typical mixed-conducting membranes have a substantially high electronic conductivity,
and hence the electron hole concentrations are constant throughout the ITM at steady state. It can
be assumed that the surface exchange reactions are no longer dependent on the concentration of
electron holes. As a result, the backward reaction of surface exchange, expressed in Eq. 3-1,

becomes pseudo-zero order at steady state under isothermal operations [61]. Then, based on the
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global reaction Eq. 3-1 and the reaction rate expression Eq. 3-2, the oxygen perméation rate by

the surface exchange reaction on each side of the membrane can be expressed as,

Jo, =K P5 et Cop pd — Ko : Feed side Eq. 3-3
Jo, =k, =K P5. e 0Crtr vueer : Permeate side Eq. 3-4

where B, ... and B, ..., stand for the oxygen partial pressures evaluated at the

membrane surfaces in both the feed and sweep gas sides, respectively; Cvg' peed and CV[;.MEP

are the molar concentrations of oxygen vacancies on the membrane surfaces in both feed and
sweep gas sides, respectively. Note that Eq. 3-3 and Eq. 3-4 are equal at steady state. Depending
on how the expressions in Eq. 3-3 and Eq. 3-4 are simplified or the reaction rate Eq. 3-2 is
approximated, different empirical correlations for the surface exchange processes have been

proposed [27-29, 36].

3.2.1.3. Bulk diffusion

When both ionic and electronic conductivities of the membrane are sufficiently high,
oxygen ion transport through the membrane does not need an external electrical circuit. The
permeation of oxygen ions is charge compensated by a flux of electrons in the reverse direction.
Because these membranes are dense/gas-tight, direct permeation of gaseous oxygen molecules is
prohibited, and only ionized oxygen can move across them. A number of different mechanisms
have been discussed to explain bulk ion diffusion across an ITM, among which the vacancy

transport mechanism is widely used [61]. Only mobile ionic defects can move from one lattice
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position to another, and the oxygen vacancy and electron hole are the two charged defects in
ITM. When an oxygen vacancy moves to the site occupied by an oxygen ion, the oxygen ion is
relocated to the site released by the oxygen vacancy. The transport of charged defects at steady

state under an electrochemical potential gradient is described by the Nernst-Planck equation,

J=—-Ji_yp Eq.3-5

(Z,-F )2

where o, is the ionic conductivity of charged defects i; z, is the charge number of charged
defects i; F is the Faraday constant; V7, is the electrochemical potential gradient of charged

defects 7, which can be expressed as,

Vn, =V, +z2,FV¢ Eq. 3-6

where Vy, is the chemical potential gradient of charged defects i, and V¢ is the electric
potential gradient across the membrane. In general, transverse variations of charged defect
concentrations are negligible in a thin mixed ionic-electronic conductor, and a one-dimensional
approximation ((c) to (d) in Figure 3-1) can be implemented. Expression Eq. 3-5 and Eq. 3-6 are

thus written as,

9 InC; .Fidl] Eq.3-7

"':'(ZAF')Z{RT Ay

T
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where C, is the molar concentration of charged defects i. The Nernst-Einstein relation explains

o, , as shown below.

2
5 = \&F) DG, Eq.3-8
RT

where D, is the diffusivity of charged defects i. Depending on the simplification applied to the

Nernst-Einstein relation for the ionic conductivity, different empirical correlations for bulk
diffusion have been proposed [32-36]. Due to the high electronic conductivity of mixed-
conducting ceramic membranes, the concentration of electrons is maintained constant across the
ITM at steady state. As a result, the oxygen permeation is limited by the transport of oxygen
vacancy (i.e., ionic conductivity). In addition, the membrane is electrically neutralized, and the
electric potential gradient is generally neglected at steady state. Then, assuming a linear variation
of oxygen vacancy concentration across the ITM, the oxygen vacancy transport can be expressed

using expression Eq. 3-7 and Eq. 3-8 as,

- Eq.3-9

173 Vo ay L (CV; sweep Vo, feed)

where L is the membrane thickness. Note that the oxygen vacancy diffusion coefficient, D,..,
o

is dependent on the temperature and the crystalline structure of the membrane. At steady state,
under isothermal operations and for small differences in the oxygen partial pressures, the

diffusion coefficient is assumed to be constant across the membrane. Based on the stoichiometry
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(refer to expression Eq. 3-1), the oxygen permeation rate by bulk diffusion becomes,

1 D,.
Joz = —EJV; = 2L (CV‘;' Sweep - CV(;' JJeed )

Eq. 3-10

Expression Eq. 3-10 shows that the oxygen permeation rate by bulk diffusion is governed by the
ionic conductivity, temperature and the chemical potential gradient of oxygen vacancies across

the membrane.

3.2.2. Reduction in terms of the partial pressures

As proposed by Xu and Thomson [31], at steady state, an expression that combines
surface exchange on the feed and permeate sides and bulk diffusion in terms of the oxygen
partial pressures can be derived. At steady state, expression Eq. 3-3, Eq. 3-4 and Eq. 3-10 are

equal. Combining these expressions, the desired form is obtained [31]:

0.5 0.5
J = th;‘ kr (P02 Jeed () T P02 ,:weep,(s))
[

= Eq.3-11
" 20k, (Py, g )7 4D, (P s+ P i)
f 0, ,feed (s)" O, ,sweep,(s) vy 0, ,feed (s) 0, ,sweep (s5)

Note that expression Eq. 3-11 describes the important dependence of the oxygen permeation rate
on the surface exchange (i.e., the membrane temperature and the activation energy) and the bulk
diffusion (i.e., the ionic conductivity, chemical potential gradient and membrane temperature) as
discussed in Section 3.2.1.2 and Section 3.2.1.3 and can be used under surface exchange limited

and bulk diffusion limited conditions.
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To use the single step expression in the fluid dynamic model, the diffusion coefficient of

oxygen vacancies, D, ., and the surface exchange reaction rates, k, and k , must be known.
o

These can be expressed in an Arrhenius form as shown below,

4 ) where ©, = D,. koK, Eq. 3-12

The pre-exponential factor, y,, and the activation energy, E,;, are derived from experimental

data (i.e., oxygen permeation rates). Furthermore, the oxygen partial pressures used in expression

Eq. 3-11 should be evaluated in the immediate vicinity of the membrane surface (i.e., F, 4.,

and F, ((b) and (e) in Figure 3-1), and not the bulk values. This is particularly

sweep ()
important in cases when the local variations of oxygen partial pressure in the direction normal to
the membrane surface are strong, as discussed in Section 3.2.1. Xu and Thomson [31] assumed

that bulk stream parameters (i.e., F, 4.4, and F, ., ) can approximate the local oxygen

partial pressures when they used a similar expression in their numerical and experimental work.
Given that measurements of these variations are not often available, I propose to evaluate them
using a numerical model, as explained in Chapter 2. The methodology to compute the oxygen
partial pressure profiles is discussed in Section 3.3. The numerical model makes it possible to
evaluate the partial pressures at the membrane surface, starting with these values in the bulk and
the oxygen permeation flux. Using this approach, I recast the oxygen permeation flux in terms of

the oxygen partial pressures at the membrane surface, endowing it with wider applicability.
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3.3. Parameterization of spatially resolved oxygen transport

expression

Numerical modeling of reacting flow supported membrane processes requires an oxygen
transport flux expression that can be coupled with the gas-phase transport and reaction chemistry
in the vicinity of the membrane. This is especially true in the case of oxy-fuel combustion and
hydrocarbon reforming. Because of the presence of oxidation reactions near the membrane
surface, flow parameters vary significantly throughout the boundary layer on the permeate side.

In this case, the bulk stream parameters or mean values (ie., F,

sweep (b)) @I€ substantially

different from the local values next to the membrane (i.., F,

weep () ) because of the combined
transport and chemical reactions. Therefore, the oxygen flux model must be formulated in terms
of the local oxygen concentration at the membrane surfaces. These are not available in the
literature, and it is difficult to measure these local properties experimentally. Instead, to proceed
with my modeling effort, I first use the numerical model of the coupled flow-membrane process
described above to derive the parameters in expression Eq. 3-11 and Eq. 3-12 from the measured
global values. I use the permeation rates measured by Xu and Thomson. The flux expression in

terms of the local oxygen partial pressures is then used to estimate the diffusion coefficient of

oxygen vacancies and the reaction rates of surface exchange.

33.1. Estimation of local oxygen partial pressure

The numerical simulation is used to evaluate the local oxygen partial pressures using the
experimentally measured oxygen permeation rates and bulk conditions. To produce the oxygen

partial pressure profile, I used the experimentally measured oxygen permeation rates by Xu and
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Thomson [31]. Using the Lag¢Sro4Coo2Fe0 3035 membrane, they generated 126 data points in a
typical disc-type stagnation-flow permeation facility that were used to evaluate the six
parameters (pre-exponential factors and activation energies) required in expression Eq. 3-12.

Note that they used the bulk stream oxygen partial pressures, Fp .., and Fy ..o0 -

measured at the feed air inlet and a sweep gas outlet, respectively. Thus, the diffusion coefficient
of oxygen vacancies and the reaction rates of surface exchange they derived are evaluated in
terms of the bulk stream parameters or mean values. To utilize their permeation rate
measurements for a reactive flow supported membrane process, where the parameters in
expression Eq. 3-12 should account for the local flow variations, I used my model to numerically
reproduce their experiments to determine the local oxygen partial pressures near the membraﬁe
surface. As discussed in Section 2.3, the continuity and the species conservation equations need
an oxygen permeation rate to be used as a flux matching boundary condition at the membrane
surface. The experimentally measured permeation rates are set as constant boundary conditions

(for the continuity and species equations) at the membrane surface such as,

—Jo, e eed
Vom =1 " (Jeed) Eq.3-13
+Jo, exp (sweep)
tJp oo (K=0,)
i +Y.V. = 2P Eq. 3-14
]k k" mem {O (k#Oz) q

where the subscript exp represents the experimentally measured values.
The corresponding experimental conditions including feed and sweep gas flow rates,

molar compositions and membrane temperature are used as boundary conditions at the inlets.
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Table 3-1 shows the bulk stream oxygen partial pressures and the membrane temperature at

which Xu and Thomson measured oxygen permeation rates. At the feed air inlet, Fy, 44y erp 1

applied as a species boundary condition when the rest of the feed gas is nitrogen.

’ PO Jfeed (b),exp WO
2. Jeed (D), e’ k=0
P W ( ,)
1-P
Yk,feed =1 ( % 'feed’(b)‘exp) Wivz (k = Nz) Eq- 3-15
P’ w
0 (k#0,,N,)

where P° is the operating pressure that is 1 atm. Note that the feed air flow rate is maintained at
the maximum value of 150 ml/min (STP) to reduce the gas phase mass transfer effect in the feed

domain [31], and thus the mass flux of feed air is,

1 5 0 p feed
A feed

Eq. 3-16

Jeed =

where p,,, is the density of feed air (STP), and A,,, is the feed inlet area of 5.333x107m’.

At the sweep gas inlet, the mass flux of the sweep gas can be found from the measured

permeation rates and F, .., 4o Measured by Xu and Thomson. Since Fy .oppyep 19

measured at the sweep gas outlet assuming perfect mixing between the permeated oxygen and

the sweep gas, P,

0, sweep.(by.exp is estimated as,
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J
— 2 p Eq. 3-17

PO; ,sweep (b),exp = V + J
0,

sweep LEXp

Then, the sweep gas mass flux to be used in the numerical simulations as a sweep gas inlet

and the corresponding oxygen permeation

boundary condition is found by using F, ..., ) exp

rate, J, ., by rearranging expression Eq. 3-17,

J 1 Eq. 3-18

Q, exp
’ POz ,xweep,(b).wy
p°

sweep

Nitrogen is used as a sweep gas, and the species boundary condition at the sweep gas inlet is,

1 (k=N,)

Y, = Eq. 3-19
k,sweep {O (kiNz) q

Both feed air and sweep gases are introduced at the membrane temperature assuming isothermal

conditions in the experiments.

Tpoa =Toey =T, Eq. 3-20

sweep mem,exp

By imposing the permeation rate measurements and the corresponding experimental

conditions in my numerical model, I computed the local oxygen partial pressures, F, .., and
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P,

b, sweep () » At €ach operating condition in Table 3-1.

Table 3-1 Experimental conditions for oxygen permeation rate measurements by [31]

Parameter Unit Value
Membrane thickness L [cm] 0.399
yon Pl PrOssure st | By e | [otm] 021-10
Svfzf; r;:sagtliftlllert)ressure athe By, weep (5150 [atm] 46x10™ ~23x107
Membrane temperature T,m [K] 1023 ~ 1223
3.3.2. Evaluation of D,., k, and k for oxygen transport expression

The local oxygen partial pressures computed by my numerical model and the membrane
temperature are used to evaluate the diffusion coefficient of oxygen vacancies and the surface
exchange reaction rates, that is, the six parameters in expression Eq. 3-12 to account for the local
flow variations, using a nonlinear regression analysis. The multivariable nonlinear regression
solver in Matlab is used for parameterization. Since the diffusivity of oxygen vacancy has been
well characterized, its value is controlled to maintain within the range of experimental values.

D,., k; and k, derived from the analysis are shown in Table 3-2 and Figure 3-2, where they

Vo
are compared with the values estimated on the basis of using the bulk stream parameters reported
in [31]. Note that the values reported in this table are fitted against the permeation rate

measurement and may need to be compared with the parameters measured experimentally, which
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is not available in the literature.

Table 3-2 Pre-exponential factors and activation energies of D,., k;, and k, :(a)

accounting for the local flow variations (basedon F, ., and F, .., ) computed by
the numerical simulation and (b) evaluated by bulk stream parameters (£, .., ), a0d

Poz ,sweep,(b),exp) by [31]

Pre-exponential factor, Activation energy, E,
Parameter Value [J/mol]
Unit
€)) (b) () (b)
D,. [em®/s] 1.01£0.05x 107 | 1.58x107 | 7.56£0.05x10* | 7.36 x 10"
k, [em/atm®/s] | 9.21£0.44 x 10® 590 x 10° | 2.68+0.005x10° | 2.27 x 10°
k, [molVem?s] | 1.75+0.087 x 10" | 2.07 x 10* | 3.77+0.004 x 10° | 2.41x10°

The results confirm that the local variations of the oxygen partial pressure should be considered
when constructing an oxygen transport model for use in reactive flow studies. The pre-

exponential factor, y , of the surface exchange reaction rates (k, and k, ) is substantially larger

than that obtained on the basis of using the bulk oxygen partial pressures in the permeation flux.
As shown in Figure 3-1, when the local oxygen concentrations at the surface ((b) and (e) in
Figure 3-1) are considered, the chemical potential gradient is smaller than that determined by the
bulk oxygen partial pressures. With respect to activation energy of the surface exchange reaction
rates, they remain nearly the same. Because the activation energy accounts primarily for the
dependency of the reaction rates on temperature, its magnitude does not vary significantly when
the same temperature is used in its evaluation. The pre-exponential factor and the activation

energy of the diffusion coefficient also remain essentially the same.
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Figure 3-2 The variations of the diffusion coefficient of oxygen vacancies and the reaction

rates of surface exchange with changes in the membrane temperature (Dv,;' ©? kf,(,) and

k,m computed by POZ,(,) using the numerical model and DV(;.‘(b),

kf’(b) and k,,(b)

estimated by £, ., reported in [31])

The fact that the coefficients in the oxygen transport expression pertaining to Dv; , k; and &,

depend on whether the bulk or the local oxygen partial pressures are used to estimate them
highlights the importance of a spatially resolved oxygen partial pressure field and the local
oxygen partial pressure in the vicinity of membrane surfaces. The oxygen transport expression
should be evaluated by the local oxygen partial pressure. If the oxygen transport expression is
based on the oxygen partial pressure at bulk streams as used in previous research, the model
cannot predict the oxygen concentration profile in ITM reactors where significant local flow

variations exist.
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3.4. Factors influencing oxygen transport

The numerical model supplemented with the oxygen permeation flux properly
parameterized can be used to examine oxygen transport and other processes in membrane
supported flows. In typical experimental investigations, the measurement tools are limited and
results are shown as function of the bulk stream data which may not be reflective of the local
conditions at the membrane surface, especially in the reactive cases. Here 1 use my spatially
resolved model to examine the dependency of the process on different operating parameters
including the membrane temperature, feed and sweep gas flow rates, geometry and oxygen
concentration in the feed stream. The base-case parameters and the range of their variations in
the parametric study are summarized in Table 3-3. Moreover, the effects of chemical reactions

on oxygen transport are discussed. To highlight the importance of local flow variations, the

oxygen permeation flux, J, ,, evaluated by the local oxygen partial pressure, F, ., is
compared to that of bulk parameters, J, ,, and F, ). The spatially resolved numerical model
calculates the local oxygen partial pressure, F, .,, and the corresponding permeation rate,
Jo, (s - Next, the bulk oxygen partial pressure, F, ,, is post-processed assuming perfect mixing

between the permeated oxygen and the sweep gas, which is the method used in experiments to

estimate the permeation rate. By using this bulk oxygen partial pressure, I calculate J,, ;.
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. . ered H Jfeed
Table 3-3 Flow parameters used in the parametric study (Re ,,, = ———

and
feed

VSWCE H
— p " sweep
Resweep - )
lusweep
Range of variations
Parameter Unit Base-case value T M
in ax
Membrane T K] 1100 950 1300
temperature mem
R 0.1 0.005 3.0
Sweep gas flow rate sweep | kM) | (Re | =4292) | (Re,,,,, =2.146) | (Re,,,, =1287.6)
v " 0.1 0.001 1.0
Feed gas flow rate seed | (R/MBL | (Re  =11138) | (Re,,, =1.114) | (Re,,, =11138)
Channel height from o 25.4 5.0 70
membrane to sweep [mm] Re = Re = Re =
sweep gas inlet (RCyeey =42.92) | (K€, =8.449) | (RE,,,,, =11829)
Oxygen concentration Y
in feed air 0, feed [atm] 0.21 0.21 1.0
Membrane thickness L [mm] 1.0 -- --
Channel height from
membrane to H feed [mm] 50.8 -- --

feed gas inlet

3.4.1.

Membrane temperature

The high sensitivity of Dvo" , k, and k to temperature is shown in Figure 3-2. The

resistances of surface exchange kinetics and bulk diffusion to oxygen permeation are reduced

significantly with increasing the membrane temperature.

According to the lower resistances,

the permeation rate increases by nearly four orders of magnitude for a temperature rise from

950K to 1300K, as shown in Figure 3-3(a). However, beyond a certain point, the sensitivity of

oxygen permeation to temperature starts to decrease. This can be explained by the different
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activation energies of the surface exchange reaction rates and the diffusion coefficient of oxygen

vacancies.
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Figure 3-3 Influences of membrane temperature on: (a) the oxygen permeation rate and (b)
the oxygen partial pressure
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As shown in Figure 3-2, the slope of D,. is substantially lower than that of k; and k, . As the
(2]

temperature is raised, the diffusion coefficient of oxygen vacancies becomes limiting factor in
oxygen transport [31].
Figure 3-3(a) shows two different oxygen permeation rates evaluated using the oxygen

transport expression based on the oxygen partial pressures at the bulk stream, J,, ,, or the local
partial pressures at the membrane surface, J, ., respectively. The figure shows that the

dependence on the membrane temperature is weaker when the oxygen permeation rate is
described in terms of the local partial pressure. An increasing membrane temperature leads to a
larger permeation rate that accounts for a sink and a source term for the feed domain and the
permeate domain, respectively. However, the permeation flux and partial pressures are coupled
(see Figure 3-3(b)). The local oxygen partial pressure in the feed side decreases and that of the
permeate side increases due to the higher permeation rate, and reduces the chemical potential
gradient across the membrane, as shown in Figure 3-4, We note here that, experimentally, the
bulk stream pressure is a mean value measured in the exiting stream. As shown in Figure 3-4,
the oxygen partial pressures change significantly from the membrane surface to the inlet in the
permeate domain. Assuming complete mixing in the sweep gas at the exit section, the measured
pressure is lower than that at the membrane surface, increasing the apparent partial pressure
difference between the two sides and hence not accurately accounting for the dependency of the

permeation flux on that parameter.
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Figure 3-4 Spatially resolved oxygen partial pressure profiles as a function of the
membrane temperature

3.4.2. Feed and sweep gas flow rates

Given the significant impact of the gas phase mass transfer on oxygen transport, it is of
interest to consider the impacts of the feed and sweep gas flow rates. Figure 3-5 shows that the
permeation rate increases significantly as the sweep gas flow rate is raised. As shown in Figure
3-5, the spatially averaged parallel velocity on the permeate side increases linearly as the sweep
gas flow rate is raised, lowering the oxygen partial pressure. However, the rate of change in the
permeation rate and the oxygen partial pressure become smaller as the sweep gas flow rate
increases. It can be explained by the spatially resolved partial pressure profiles shown in Figure
3-6. As the sweep gas flow rate increases, the boundary layer is restricted to a narrow region in
the vicinity of the membrane surface. As a result, the oxygen transport becomes less dependent
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on the sweep gas flow rates.
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Figure 3-5 The effects of sweep gas flow rate on the oxygen permeation rate, the oxygen
partial pressure on the sweep gas side and the spatially averaged parallel velocity on the
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Figure 3-6 Spatially resolved oxygen partial pressure profiles as a function of the sweep gas
flow rate

66



On the other hand, the permeation rate is much less dependent on the feed gas flow, as

shown in Figure 3-7. At 1100 K (base-case temperature), the forward surface exchange rate, %,,

is higher than both DV(;.

and £, , as shown in Figure 3-2, and hence the permeation is limited

by the bulk diffusion or the surface exchange kinetics on the permeate side. Thus, although the

effects of the gas phase mass transfer in the feed side is reduced by the higher momentum (see

Figure 3-7), the oxygen permeation rate is hardly affected by an increase in the local oxygen

partial pressure. This can also be seen in the spatially resolved partial pressure profiles shown in

Figure 3-8. Whereas the feed side oxygen concentration profiles vary substantially as the feed

gas flow rate increases, the oxygen partial pressure in the permeate side does not change, which

represents negligible changes in the permeation rate.
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Figure 3-8 Spatially resolved oxygen partial pressure profiles as a function of the feed air
flow rate

Ignoring gas phase mass transfer is valid only at high gas flow rates. As shown in
Figure 3-6, the boundary layer on the permeate side is reduced to a narrow region near the
membrane surface when the sweep gas flow rate is raised. In this case, gas phase mass transfer is
negligible, and the bulk stream oxygen partial pressure can be used to asymptotically
approximate the local oxygen partial pressure (see Figure 3-5). However, as discussed in Section
3.2.1.1, the flow rate in ITM reactors is limited by the required stoichiometry of the chemical
reactions.

Comparing Figure 3-3(a) and Figure 3-5, it can be shown that gains in the permeation
rate by increasing the gas flow rates are much smaller than those induced by heating the

membrane. The fact that the oxygen permeation rate is weakly dependent on the gas phase flow
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makes it less efficient to increase the flow rate for enhancing the oxygen permeation rate given

that high gas flow rates introduce more pressure drop.

3.4.3. Geometry — channel height from membrane to sweep gas inlet

To further investigate the dependence of the oxygen permeation rate on the permeate
side gas phase mass transfer, a sensitivity analysis with respect to the channel height on the
sweep gas side was conducted. A smaller channel height increases the parallel velocity
(momentum) on the permeate side reducing the mass transfer effect. In the parametric
investigation of the geometry, the sweep gas flow rate is maintained constant. As shown in

Figure 3-9, the local oxygen partial pressure, F, is lowered with the channel height,

Sweep (s)
enhancing the flux and highlighting the effect of momentum. Note also that the bulk stream

parameters (J, ), and F, .. ) vary in the opposite direction to that of the local flow

parameters (Jg, , and F, ...

y) with respect to the geometry. Since bulk oxygen partial
pressure measured at the exit stream is determined assuming perfect mixing of the permeated
oxygen with the sweep gas (refer to expression Eq. 3-17), its value increases when oxygen

permeation is enhanced by reducing the gap height, lowering the apparent bulk stream oxygen

partial pressure as opposed to the results based on the local oxygen partial pressures.
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3.4.4. Oxygen concentration in feed air

An increase in the oxygen permeation flux with the oxygen concentration in the feed air
is obvious, as discussed in Section 3.2. In this study, I assume that both feed and permeate
domains are at the same operating pressure, which results in no total pressure difference across
the ITM, for mechanical stability. The permeation rate increases when the oxygen partial
pressure in the feed air is higher. Note that the effects of gas phase mass transfer in the feed
domain are negligible (for the configurations considered in this investigation), as discussed in
Section 3.4.2. Therefore, a larger oxygen partial pressure in the feed air directly increases the
local oxygen partial pressure near the membrane surface. Gains in the permeation rate are larger
than those induced by the feed gas flow rates, but not as large as those earned by increasing the
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membrane temperature.

3.4.5. Chemical reactions

To capture the effect of chemical reactions on oxygen transport across the membrane, a
reactive gas (CH.) is introduced into the permeate side with diluents (CO,). Other flow
parameters are maintained at the base-case values as listed in Table 3-3. We note here that to
support combustion on the permeate side in the form of a diffusion flame, a substantial amount
of oxygen is required. A diffusion flame is established in the region of unity stoichiometry. To
achieve a significant oxygen permeation flux for the oxidation reactions, in this study, it is
assumed that the feed and sweep gases are introduced at 1300K. Low oxygen concentration due
to low permeation would make it necessary to use a higher dilution ratio (for instance CH,:CO, =
1:40 on a molar basis) in order to sustain a diffusion flame. To highlight the impacts of oxidation
reactions, the results are compared with those of inert gas.

Oxidation reactions in the permeate side change the oxygen concentration profile as well
as the membrane temperature. The oxygen permeation flux increases in reactive environment
because oxygen concentration in the permeate side is reduced by consumption in the reaction
zone. If the diffusion flame is established in the vicinity of the membrane, the effect of lowering
the oxygen concentration is enhanced and the permeation rate increases further. Figure 3-10
shows that this is indeed the case, and the reaction zone is located a few millimeters away from
the membrane. Oxidation reactions in this region reduce the oxygen concentrations compared to
the inert gas case, as shown in Figure 3-11. Furthermore, compared to the inert gas case in
which no temperature variations is seen, the membrane in the reactive environment conducts heat

from the permeate to the feed sides. The heat released at the reaction zone is transferred to the
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membrane, as well as to the feed side, raising its temperature, and further enhancing the oxygen

permeation flux. Thus, in a reactive flow, lower oxygen concentration (resulting in

A, =149%10" umol /cm* /s ) and higher membrane temperature (leading to

AJ, =1.00umol / cm® | ) enhance the oxygen permeation flux. In comparison with the inert

gas case ( J, =1.15umol/ ecm*/s ), in the reactive case, the permeation rate is

Jo, =230umol | cm® I s.
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Figure 3-10 Temperature variations when sweep gas is inert gas or reactive gas
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Figure 3-11 Spatially resolved oxygen partial pressure profiles when sweep gas is inert gas
or reactive gas

Partial oxidation and fuel pyrolysis are also seen on the permeate side, as reported in [45,
51, 79-81]. When fuel is introduced into a high temperature reactor without oxygen, the
decomposition and pyrolysis of fuel proceed rather than combustion. The oxygen permeation
rate and hence the oxygen concentration on the permeate side are rather low, resqlting in a fuel-
rich environment in the reaction zone. In this case, instead of being fully converted to carbon
dioxide (complete combustion), methane is partially oxidized to form synthesis gas composed of

carbon monoxide and hydrogen, as follows.
CH4+%02 —CO+2H, Eq. 3-21
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Figure 3-12(a) shows the spatially resolved species concentrations. Within the reaction zone,
fuel-rich conditions are established, and the partial oxidation of fuel produces carbon monoxide
and hydrogen. Note that the fuel stream is highly diluted by carbon dioxide. Methane is reformed
to produce carbon monoxide and hydrogen by carbon dioxide reforming reaction as shown

below.

CH, +CO, —2CO +2H, Eq. 3-22

Moreover, methane is decomposed and pyrolyzed before reaching the reaction front at 1300K, as
shown in Figure 3-12(b). Fuel pyrolysis may result in soot formation and carbon deposition on
the membrane surface [82]. Deposited carbon degrades the membrane activity including oxygen
permeation. Rigorous investigation on these phenomena will be conducted using the current
model. The location of the reaction zone along with fuel pyrolysis shows the importance of
possible heterogeneous reactions on the membrane surface [83]. It has been reported that typical
mixed-conducing ion transport membranes exhibit catalytic activities [20]. This is another

phenomenon that will be investigated in a subsequent work.

74



0 ) . Towe” T ")
< § o005 N 1
‘g >?: s ;f;': - -
Qo o s
0 3
5§ F CH
w9 001 o
Qg ; o
3 ..H,0
001E 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05
Mole fraction
(@
G 2 -
oE e
£ g 0.005 e
£ 3
s>
O Q .o"
2g
0 s
»g 001}
Qg H
& H
b —CH,
---CMH,
0'0150 02 0.4 06 0.8 1
-4
Mole fraction x 10
(b)

Figure 3-12 Influences of chemical reactions on the species concentration variations when a
reactive gas is used as a sweep gas: (a) major species including CHy, O,, CO, H;, and H,0,
and (b) soot precursors including C:H; and C:H,

75



3.5. Conclusions

I used available experimental data and the numerical model to obtain an expression for
the oxygen permeation flux in terms of the oxygen partial pressure at the membrane surface on
both sides. I demonstrated that this is a more accurate and general representation that allows the
application of the resulting expression over a wider range of conditions. I showed that neglecting
the impact of mass transfer in parameterizing the dependency of the permeation flux on the
operating conditions may lead to errors. The flux expression accounts for the
adsorption/desorption kinetics and the diffusion across the membrane. The values of the

parameters DV(;. » k; and k evaluated using the local oxygen partial pressures confirm that

the local variations should be considered when constructing an oxygen transport model.

The resulting model was then used to examine the impact of the operating conditions,
such as the membrane temperature, feed and sweep gas flow rates, geometry, oxygen
concentration in the feed air and chemical reactions on oxygen transport. The oxygen permeation
rate depends most strongly on the membrane temperature, but also on the gas flow rates and the
channel height on the permeate side. Moreover, a lower oxygen concentration in the permeate
side and a higher membrane temperature resulting from fuel oxidation reactions on the permeate
side enhance the oxygen permeation rate. A reaction zone located in the vicinity of the
membrane consumes the permeated oxygen and reduces its partial pressure. A high temperature
and low oxygen concentration environment may also result in the partial oxidation and/or the

pyrolysis of fuel. The latter is a subject of current studies.
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Chapter 4 Flame Analysis

4.1. Overview

Fuel conversion processes on the sweep side of the ITM have important features that
should be investigated for reaction selectivity. The nature of oxygeﬁ permeation across the
membrane does not enable pre-mixing fuel and oxygen, which results in the establishment of a
non-premixed (diffusion) flame in the absence of nitrogen. In a diffusion flame, the state of the
reactants is critical for defining the response of the flame to strain rates and controlling the
reaction products. On the sweep side of the ITM, the sweep gas stream, i.e., the fuel stream,
tends to be preheated and to require diluents such as CO, and H,O along with the fuel in order to
control the flow rate and the flame temperature [52, 84]. In addition, the oxygen permeation flux,
i.e., the oxidizer stream, is influenced by oxygen consumption and heat released from the
oxidation reactions, which affect the oxygen concentration in the immediate vicinity of the
membrane and the membrane temperature. Thus, the oxidation reactions and flow conditions
near the membrane are highly important for determining the flow rate of the oxidizer, i.e.,
oxygen permeation rate. The reaction environment on the sweep side of the ITM is different
from that in conventional diffusion controlled combustion. Modeling studies are needed to
investigate fuel conversion processes and to control reaction selectivity.

In this chapter, fuel conversion and some important features (e.g., the flame location,
temperature, thickness and structure) of a non-premixed flame established on the sweep side of
an ITM are investigated. It is assumed that no additional catalyst is mounted on the membrane,

and the membrane surface is not catalytically active for hydrocarbon or syngas conversion so
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that the impact of the homogeneous phase reactions can be independently considered. Dry COs; is
assumed as the diluent in the sweep gas stream with CH, as a fuel, and results are compared with
those in which the fuel is diluted with N,. [ examine the chemical reactions occurring on the
sweep side of the ITM and their effects on the reaction products, flame structure and oxygen
permeation rate. In addition, important phenomena such as hydrocarbon pyrolysis and the

formation of possible soot precursors are discussed.

4.2. Reaction environment supported by an ITM

The presence of a dense ceramic membrane between the air and sweep gas inlets leads to
several particular characteristics concerning the fuel conversion processes on the sweep side of
an ITM, as compared to the classical opposed-flow diffusion flames. First, oxygen selectively
permeates from the air side to the sweep side. In the absence of diluents (other than nitrogen) in
the sweep side, this forms a nitrogen-free environment for the chemical reactions. Nitrogen is
completely removed prior to combustion, and oxy-fuel combustion takes place without NOy
formation. However, the flame temperature in the absence of nitrogen, i.e., oxy-fuel flame, is
significantly higher compared to that of CHs/air combustion. Matching the combustion
temperature requires the introduction of a substantial amount of another diluent such as CO; or
H,O in the sweep gas stream [7]. In typical oxy-fuel combustion reactors, a fraction of the flue
gas stream is recirculated back to the reactor in the form of wet or dry CO; to control the flame
structure and its temperature. In this study, dry CO, recycle is assumed, and it is mixed with CHy4
as a sweep gas stream, which is also considered in experiments [65]. Note that CO; is mixed and

fed into the reactor along with CH,, rather than being mixed with oxygen, i.e., the process relies
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on fuel dilution rather than oxidizer dilution. Since oxygen is introduced into the sweep side of
the ITM via permeation, pre-mixing of the recirculated CO, stream with oxygen is not possible.
This will affect fuel pyrolysis, which will be discussed in Section 4.3.4. In an environment with a
mixture diluted by CO,, the thermodynamic and transport properties of gases change greatly
from those of a mixture diluted by Ny, i.e., air. CO, is a tri-atomic molecule with the higher
specific heat capacity and molecular weight than the diatomic N, molecule. A higher molecular
weight raises the gas density and hence the density-weighted diffusion coefficients, i.e., pD,, of
the fuel and oxidizer, i.e., permeated oxygen in the gas-phase. In addition, the chemical effects of
CO; driven by its reduction reaction with the H radical become important [85, 86]. These effects
also become apparent in an I'TM reactor as will become evident in Section 4.3.

The oxygen permeation flux across the membrane is relatively low compared to the
convective oxidizer feed stream in conventional counter-flow diffusion flames. The stream -
velocity in typical opposed-flow diffusion flames is on the order of 107'~1 m/s [68, 87}, whereas
that in the ITM reactor is limited by low oxygen permeation rates, which is on the order of 10
1.1 pmol/ecm?¥/s [61] or 10*~10" m/s. Accordingly, the fuel stream must be fed to the sweep side
at a low flow rate to satisfy the requisite stoichiometry and stabilize the reaction zone between
the membrane and the sweep gas inlet. The corresponding Reynolds number for the sweep side,

which is defined as below, is on the order of 10.

Remeep - psweepvsweepH sweep — szeepH sweep Eq- 4_1
uxweep lusweep
where H_,, isthe sweep gas channel height of the reactor. Therefore, the species transport by
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diffusion is important in this low Reynolds number regime, which further highlights the
implications of a CO,-diluted (rather than N,-diluted) sweep gas stream. The species diffusion is
also critical with respect to the oxygen permeation rate, as will be discussed in Section 4.3.1. In
addition, the air and sweep gas streams are preheated to a high temperature to enhance the
oxygen permeation flux and promote the gas-phase kinetics, as the former is predominantly
dependent on the membrane temperature and the oxygen partial pressure on the sweep side of the
ITM.

Lastly, the flow rate of the oxidizer, i.e., the oxygen permeation rate, is not a pre-
determined or controlled parameter, but it is a dependent variable. Unlike conventional counter-
flow diffusion flames where the oxidizer flow rate can be controlled explicitly, the oxygen
permeation rate is not known a priori and depends on the local oxygen partial pressure in the
immediate vicinity of the membrane and membrane temperature [12]. These two parameters are
strongly influenced by the oxidation reactions and cannot be independently manipulated.
Furthermore, the overall reaction rate and reaction products/selectivity are dependent on the
oxygen permeation rate, which is also affected by the chemical reactions. Non-premixed,
diffusion-limited reactions occurring on the sweep side are governed by the oxidizer flow rate,
i.e., the oxygen permeation rate, as well as the sweep gas initial conditions (e.g., flow rate, initial
temperature and fuel concentration). Thus, it is difficult to control the oxygen permeation flux,
the mass ratio of oxygen to fuel, i.e., equivalence ratio, and reaction products independently. The
operating regime of ITM reactors and associated fuel conversion processes need to be examined
using detailed models capable of resolving each of these processes to gain understanding of the

complex coupling.
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4.3. Fuel conversion and flame analysis

To gain insight into the fuel conversion process, a reference operating condition was
defined and the flame, oxygen permeation, chemical kinetics, and thermodynamic characteristics
were evaluated. The following results were obtained for a sweep gas fuel concentration of 6% on
a molar basis, with the remainder being CO,, and a sweep gas mass flux of 3.00x10% kg/m%/s,
corresponding to Resweep = 15.6 and sweep gas inlet velocity = 7.56x10 m/s. In addition, it is
assumed that the sweep gas stream is preheated to 1300 K in order to obtain a high oxygen
permeation rate. These conditions were selected because they are within the realistic operating
regime of an ITM unit and allow a sustainable reaction zone to be established. To characterize
the impacts of fuel dilution using CO, sweep gas stream, the results are compared to those of a
N»-diluted sweep fuel stream in which the Damkéhler number (defined as a ratio of the
extinction strain rate to the flow strain rate), the fuel concentration on a mass basis in the sweep
gas stream and the initial temperature are the same as those of the CO,-dilution case. Since a
diffusion flame structure appears in a complicated coupled manner between thermal input,
species transport and chemical kinetics, and is strongly sensitive to the flame regime in Linan's
S-curve, the Damkohler number is maintained constant for comparison. Note that, since the
temperature on the sweep side of the ITM is sufficiently low, N> chemistry does not have
significant effects on the flame. The mass flux of air is maintained at 1.00x10" kg/m?s,
corresponding to Re,; = 100 and air inlet velocity = 3.70x10™" m/s, for both cases. It is assumed
that the air is preheated to 1300 K, and the surrounding wall temperature is the same as the gas
(i.e., both air and sweep gas) inlet temperature. Results obtained from the CO,-diluted sweep gas
stream are categorized as a base case (CO,-dilution), while those from the sweep gas stream

diluted with N are called a reference case (N2-dilution).
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4.3.1. Flame location and oxygen permeation

Low oxygen permeation rates result in a stagnation point and a flame front established in
the vicinity of the membrane with weak flame stretch. The flame location is defined as the point
of maximum heat release. As discussed in Section 4.2, the oxygen permeation rate from a typical
ITM is substantially lower compared to the oxidizer flow rate in conventional opposed-flow
diffusion flames. Given the inlet conditions, the oxygen permeation rates obtained from the
simulations are 1.13x107 and 1.24x10® kg/m%s for CO,-dilution and N,-dilution cases,
respectively, which are one order of magnitude lower than the sweep gas mass flux. In this case,
the stagnation point and the flame front are established in the vicinity of the membrane, as shown

in Figure 4-1.
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Figure 4-1 Normal velocity and strain rate along with the flame location (where, solid lines
represent CO;-dilution, and dotted lines stand for N;-dilution). y,,,, = 0 is located on the

membrane surface of the sweep side.
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In addition, low strain rate flames result from the low oxygen permeation flux, as compared to
the strain rate of conventional opposed-flow diffusion flames which is on the order of 10*~10° s’

[68, 87]. The strain rate, K, is defined as [87],

k=-—2°pv)_ 10V Eq. 4-2

Figure 4-1 shows that the strain rates of both CO,-dilution and N,-dilution cases are close to or
less than 10 s!. Furthermore, to obtain the same Damkdhler number for the CO,-dilution and the
N»-diluted fuel stream, the latter needs a higher inlet velocity resulting in a larger strain rate. The
differences in the flame location, inlet velocity and strain rate between the two cases are
attributed to the chemical effects and transport properties of CO,, which will be discussed in
Section 4.3.2.

The flame location and the high CO, concentration on the sweep side of the ITM play
important roles in determining the oxygen permeation rate and the flame temperature. Table 4-1
summarizes the results regarding the flame location and several critical parameters in this
problem. Since the reaction zone is established close to the membrane, the heat transfer from the
flame towards the membrane is substantial, which decreases the flame temperature while
increasing the membrane temperature. It can be seen that maximum flame temperature for both
CO,-dilution and Nj-dilution cases are lower than the corresponding adiabatic flame
temperatures, while the membrane is heated and is maintained at a high temperature due to the
heat transfer from the reaction zone. If this heat loss is extensive such that the reaction rates are
significantly lowered, the flame can be even extinguished [88, 89]. Moreover, oxygen

consumption and the diffusion of the reaction products towards the membrane surface and the
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permeated oxygen away from the surface reduce the oxygen concentration in the immediate
vicinity of the ITM and increase the permeation rate. In the CO,-dilution case, the flame front
established closer to the membrane along with the enhancement of the species diffusion because

of the larger density-weighted diffusion coefficients in CO, with respect to that in N, (e.g.,

pPDy, = 1.10x10™* and 8.94x107° kg/m/s for CO,-dilution and N, dilution cases, respectively)

result in a lower oxygen mass fraction at the membrane surface, in comparison with that of the

N»-dilution case.

Table 4-1 The effects of the flame location on the flame temperature and the oxygen
permeation rate

P te Unit Base case Reference case
arameter ! (CO; diluted sweep gas) | (N; diluted sweep gas)
Flame location
(from the membrane) [mm] 3.82 4.28
Stagnation point
(from the membrane) [mm] 2.10 1.80
Heat transfer towards the [W /mz] 7436 7496
membrane
Adiabatic flame
temperature K] 1980 2056
Maximum flame
temperature (K] 1537 1589
Membrane temperature K] 1311 1311
Oxygen mass fraction at [-] 501 x 10 6.41 x 102
the membrane surface ) )
Oxygen partial pressure at [atm] 6.37 x 102 565 x 102
the membrane surface ) )
Oxygen permeation rate | [umol/cm?¥/s] 3.53 3.87
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Note that oxygen permeation is enhanced as the oxygen chemical potential gradient across the
membrane and the membrane temperature increase (refer to Eq. 3-11 and Eq. 3-12). A lower
oxygen concentration induced by a closer flame location increases the oxygen permeation flux.
However, the high molecular weight of CO, reduces thé impact of these effects, as the oxygen
permeation rate is a function of oxygen partial pressure, i.e., the O> mole fraction (and not mass
fraction), as described in Eq. 3-11. Thus, the higher mixture molecular weight in the CO;-
dilution case translates the oxygen mass fraction to a higher oxygen partial pressure in the
vicinity of the membrane than when N dilution is used. As a result, the permeation rate in the
N,-dilution case is slightly larger than that of the CO,-dilution case, despite the CO,-dilution

case having a lower oxygen mass fraction in the vicinity of the membrane.

4.3.2. Flame temperature and thickness

Fuel conversion processes on the sweep side of the ITM show a number of important
features regarding the temperature and thickness of the flame. Figure 4-2(a) shows the
temperature for both CO,-dilution and N»-dilution cases, in the direction normal to the
membrane. It can be seen that the flame temperature and its gradient in the CO,-dilution case are
lower than those of the Nj-dilution case. This can be attributed to the chemical, thermal and
transport effects of CO, and the oxygen leakage through the flame. To examine the chemical
effects of CO,, Table 4-2 shows dominant reactions governing the overall fuel conversion
processes and the strength of each reaction, as described by the spatially averaged reaction rate,

7, (defined as below), for both CO,-dilution and N-dilution cases.
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dilution, dashed lines are for CO; (inert, eliminating the chemical effects of COy)-dilution,

on the membrane surface of the sweep side.
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and dotted lines stand for N,-dilution). A lower slope of the local equivalence ratio
represents a wider overlap of CHy and O, and hence a thicker flame.
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Table 4-2 Important reactions considered in this investigation (obtained from the reaction
pathway analysis), which determine the reaction products and govern predominantly the
overall fuel conversion processes, and their enthalpy of reaction at standard temperature
and pressure, AH,.The spatially averaged reaction rate, 7),, represents the strength of

each reaction for both CO;-dilution and N,-dilution cases. The CH; exists in two electric
states, singlet and triplet, and (s) in R.2 and R.10 represents its singlet state.

;
Reaction Reaction AH TP [mol/m’/s]
Number kJ/mol] CO,-dilution/
CO;-dilution N;-dilution N,-dilution
O -~ yﬂame 0 ~ yﬂame 1.57
:-5.76 :-3.68
(R.1) H+CO, <> OH +CO 104.3
yﬂame - steep yﬂame - waeep 425
231 x 10" :—5.43 x 107
(R.2) CH,(s)+CO, <> CH,0+CO | -2555 226 x 10™ 6.08 x 107 3.72
(R.3) H+O0, < O0+0H 70.5 1.02 1.14 0.895
R.4) O+H, < H+OH 8.2 539 x 107 2.13 x 10" 0.253
R.5) H+0,+M < HO,+M -205.5 2.85 x 10 2.31 x 107 123
(R.6) H+CH, < CH,+H, 35 1.02 x 10” 3.74 x 107! 0.273
0~ fam 0 am 0.342
:—1.62 :—4.74
R.7) H+H, O~ OH+H, 63.2
yﬂame - H.fweep yﬂame - H:weep 0.0795
1136 x 107 :1.71 x 107
(R.8) H+CH,0 < HCO+H, -67.4 7.57 x 107 1.79 x 10™ 0.423
(R.9) OH +CH, < CH,+ H,0 -59.7 5.58 x 107! 4.40 x 10 1.27
(R.10) OH + CH, <> CH,(s)+ H,0 1.8 2,67 % 107! 2.06 x 10" 1.30
(R.11) OH +CH,0 <> HCO + H,0 -130.6 3.12x 10" 1.63 x 10° 1.91
(R.12) 2CH,+M & C,H,+ M -371.7 5.87 x 107 8.56 x 107 0.686
(R.13) 2CH, <> H +C,H, -175.1 1.85 x 107 2.77 x 102 0.668
(R.14) C,Hs+0OH < C,H;+ H,0 -78.7 3.90 x 107 3.73 x 107 1.05
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(R.15) C,H,+M«<>H+C,H,+M 151.8 7.36 x 107 1.11 x 10°! 0.663
®16) | GH,+M < H,+C,H,+M 175.7 4.05 x 10° 457 x 107 0.886
R.17) HCO+M <> H+CO+M 65.5 2.74 x 10°! 2.51 x 107 1.09
(R.18) OH + HO, <> O, + H,0 -293.7 4.02 x 107 2.92 x 10" 1.38
(R.19) H+0,+H,0< HO,+H,0 | 2055 1.83 x 107! 2.15 % 10 0.851
(R.20) CH,+ 0, &> OH +CH,0 -216.1 1.63 x 107 3.56 x 107 458

where 7, is the rate of reaction i. Note that 7, of R.1 and R.7 are shown for each side, i.e., the

oxidizer and fuel sides, of the flame in Table 4-2, because their directions change from the

1 H:weep
[ @y >0, to the

forward reaction on the fuel side of the flame, i.c., (
Y pame

H:weep _)’ﬂame)

backward reaction on the oxidizer side of the flame, i.e., —— j:m N, dy <0, where yg,,, is

the flame location. Other reactions vary monotonically such that the forward reaction is
dominant throughout the sweep gas channel. When high concentration CO; is introduced with a
hydrocarbon fuel into a high temperature environment such as the sweep side of the ITM, the
endothermic reaction of CO, with the H radical, R.1, forming CO is favored [85] while
approaching the flame, i.e., on the fuel side of the flame. The radical H is formed through
thermolysis of CH4 prior to the flame. Compared to the N,-dilution case, the reaction rate of R.1
and consumption of the H radical in the CO,-dilution case is faster on the fuel side of the flame
because of the high concentration CO,, which leads to a reduction in the flame temperature. On
the oxidizer side of the flame, high concentration CO; acts as a third body in R.5, which is a
chain terminating reaction, to promote the H radical consumption and to inhibit the most
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important chain branching reaction, R.3. The lower flame temperature and consumption of the H
radical due to R.1 and R.5 slow down R.3, which is weakly endothermic and depends strongly on
temperature. R.3 is the primary reaction for consuming oxygen and producing more radicals
hence enhancing the overall reaction rates. As a result, in the CO»-dilution case, oxygen is not
fully consumed in the reaction zone due to the lack of the H radical and instead leaks through the
flame, as shown in Figure 4-2(b). The unconverted oxygen further lowers the flame temperature.
The leakage of oxygen through the flame results in a lower peak flame temperature, flame
instability and possible extinction in conventional diffusion flames under the impact of high
strain rates [90, 91]. Moreover, since CO; has a higher specific heat capacity than N;, the
temperature rise due to the exothermic reactions of fuel combustion is lower. Consequently, the
flame temperature is reduced in comparison with that of Ns-dilution. To differentiate the
chemical effects of CO; from its thermal effects on the flame temperature, Figure 4-2(a) also
shows the temperature in a case in which CO, was assumed to be chemically inert. Inert-CO; has
the same thermodynamic and transport properties as CO», but it is chemically inactive and hence
does not contribute to the chemical reactions. The flame temperature in the inert-CO, dilution
case is similar to that of the N»-dilution case, indicating that the chemical effects of CO; on a
lower flame temperature are more dominant. in addition, the enhanced species diffusion in the
CO,-dilution case promotes the transport of the reaction products away from the reaction zone,
leading to a smaller temperature gradient, in particular, on the fuel side of the flame. This
reduces the conductive heat transfer towards the fuel stream, and hence preheating of the
reactants.

The presence of high concentration CO; in the sweep gas stream also affects CH,

oxidation, the flame thickness and location. Figure 4-2(b) shows that CH, conversion is delayed,
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and it diffuses closer to the membrane in the CO,-dilution case. The suppression of the chain
branching reactions, R.3 and R.4, and the enhancement of the chain terminating reaction, R.5,
reduce the radical concentrations, as will be discussed in Section 4.3.4, and lower the overall
reaction rates. The initiation of CHj4 Kkinetics through reaction with the H radical via R.6 is
delayed by the consumption of the H radical in R.1 on the fuel side of the flame. These two
effects suppress CHy oxidation and delay the onset of fuel conversion. Moreover, the flame
stretch is smaller in the CO,-dilution case than that with N, (see Figure 4-1). The leakage of
oxygen in the CO,-dilution case makes the reaction environment unstable and brings it closer to
the extinction limit. In this case, to obtain the same Damk&hler number as that of the CO,-
dilution case, the N»-diluted fuel stream requires a higher strain rate, which needs a higher inlet
velocity. Consequently, given the same Damkohler number, fuel concentration and inlet
temperature, the lower reaction rates and smaller flame stretch in the CO,-dilution case form a
thicker diffusion flame, as evidenced by the smaller slope of the local equivalence ratio in

Figure 4-2(a) (see comments on the figure). The local equivalence ratio, ¢, _,, is defined as,

(mol / Meu, )stoich _ (2WOz / WCH4)
(mo, /men, ) (Yo, /Yen,)

Eq.4-4

¢local =

A lower slope of the local equivalence ratio represents a wider overlap of fuel and oxidizer, and
hence a thicker diffusion flame. In addition, the suppression of CH,4 oxidation shifis the flame
towards the membrane. Figure 4-2 highlights the chemical effects of CO,, showing that they
result in a thicker diffusion flame and shifts the flame further towards the membrane, as seen in

comparison with the inert-CO; dilution case.
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4.3.3. Reaction products governed by suppressed H and enhanced OH
radical chemistry

The dominant reactions governing the overall reaction rates are different from those of
CHy/air flames and consequently impact the products on the sweep side of the ITM. Figure 4-3
shows the profiles of CO,, CO, H, and H,O concentrations. It can be seen that the CO
concentration in the CO,-dilution case is larger than that of the N,-dilution case throughout the
sweep gas channel. The higher CO concentration is attributed to the enhanced CO; reduction
reactions, R.1 and R.2 in Table 4-2. Note that a small fraction of CO reaches the membrane
surface in the CO,-dilution case, as compared to the N»-dilution case in which the CO
concentration at the membrane surface is nearly zero. Due to its higher concentration of CO and
the relative proximity of the flame location to the membrane, CO oxidation cannot be completed.
On the other hand, the H; concentration in the CO,-dilution case is lower, in comparison with
that of the N,-dilution case. This can be explained by the suppressed H radical reactions, R.6 to
R.8 in Table 4-2, because of the lower H radical concentration as a result of R.1 on the fuel side
of the flame. R.6, R.7 and R.8 are the primary reactions for the production of H,, which takes

place on the fuel side of the flame (see Figure 4-4(b)).
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Figure 4-4 The molar production rates of the reaction products, CO,, CO, H; and H;O,
along with the gross heat release rate and the flame location for CO-dilution ((a) and (b))
and N-dilution ((c) and (d)). Y., =0 islocated on the membrane surface of the sweep

side.

Because the H radical is consumed by R.1, the forward rates of these three reactions are reduced,

hence lowering the H, concentration. With respect to H>O production, R.9, R.10 and R.11 (see
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Table 3-1) are more dominant in the CO;-dilution case. The OH radical is produced in the CO,
reduction reaction, R.1, before reaching the flame, while the H radical is consumed. This
promotes the forward reactions of R.9, R.10 and R.11, and a slightly larger H>O concentration in
COs-dilution. Therefore, suppressed H radical chemistry and enhanced OH-driven reactions
change the products on the sweep side of the ITM and lead to higher CO and lower H;
concentrations.

Changing the H and OH radical chemistry impacts the location of CO,, CO, H; and H,O
production. Figure 4-4 shows the molar production rate profiles of the four species along with
the gross heat release rate for CO»-dilution ((a) and (b)) and N»-dilution ((c) and (d)) cases. In the
CO,-dilution case, CO is produced via R.1 while approaching the primary reaction zone (defined
by the major peak in the heat release rate). It can be seen that CO production and CO,
destruction proceed together, and they are accelerated in comparison with the N»-dilution case
(compare Figure 4-4(a) and (c)). Their production and destruction rates are maximized in the
high temperature primary reaction zone driven by both R.1 and R.2. As these two reactions
become dominant when the sweep gas approaches the primary reaction zone, the H,O production
rate increases significantly via R.9 to R.11, whereas H, production is suppressed (compare
Figure 4-4(b) and (d)). On the other hand, in the CO,-dilution case, CO oxidation (the backward
reaction of R.1) in the secondary reaction zone (defined by the secondary peak in the heat release
rate) is substantially enhanced (refer to Figure 4-4(a) and Table 4-2) due to the high CO
concentration, which inhibits the H,O production and H; destruction in this region (see Figure
4-4(b)) by competing for the OH radical with the backward reaction of R.7. As a result,
suppressed H radical chemistry (R.6 to R.8) and OH-driven reactions (R.9 to R.11) on the fuel

side of the flame, and enhanced CO oxidation on the oxidizer side of the flame confine species
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production to a small region in the high temperature primary reaction zone, relative to the N-

dilution case. This effect will be discussed further in Section 4.3.5.

4.3.4. Low radical concentrations

Suppressed chain branching reactions due to CO, decomposition affect the radical
concentrations. Figure 4-5 shows the profiles of the radicals, H, O, OH and CHs. In general, the
radical concentrations in the CO,-dilution case are significantly reduced in comparison with
those of the N»-dilution case. The small amount of hydrogen-oxygen radicals, i.e., H, O and OH,
are attributed to the suppression of the chain branching reactions, R.3 and R.4, and the
enhancement of the chain terminating reaction, R.5 (refer to Table 4-2 for their reaction rates).
The consumption of the H radical by the CO, reduction reaction, R.1, on the fuel side of the
flame and the chain terminating reaction, R.5, on the oxidizer side of the flame lower the
reaction rate of R.3, while the low H; concentration in the CO,-dilution case slows down R.4. In
addition, high concentration CO, promotes the chain termination via R.5. The suppression of R.3
and R.4 and the enhancement of R.5 lower the radical concentrations and reduce the overall
reaction rates in the CO,-dilution case as compared to the N»-dilution case. In addition, the
concentration of CHj, which is a precursor for the initiation of CH4 oxidation, is substantially
lowered before reaching the primary reaction zone due to R.6. As discussed in Section 4.3.2, the

reaction rate of R.6 is reduced by competing with R.1 for the H radical.
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As a consequence, the CHy kinetics is delayed, and the CH3 mass fraction is lowered. Therefore,
the higher concentration of CO, on the sweep side of the ITM reduces the radical concentrations
and slows the overall fuel conversion processes.

Lowering the CHj; radical concentration also has an impact on the fuel pyrolysis. In a
diffusion flame with temperature of approximately 1500 K, such as that established on the sweep
side of the ITM, the CH, kinetics have additional pathways that lead to the formation of C,
hydrocarbons [92]. Before reaching the flame, i.e., on the fuel side of the flame, CH; molecules
are combined to form C,Hs and C>Hs via R.12 and R.13 (see Table 4-2). C;Hg and C,Hs react
further via R.14, R.15 and R.16 to form C,H, and C,Hs, which are known soot precursors [93].
However, high CO, concentration in the sweep gas stream lowers CH; formation and
concentration before reaching the primary reaction zone via R.1 and R.6 by reducing the H
radical concentration, as shown in Figure 4-5. Accordingly, the reaction rates of R.12 and R.13
are reduced, and the formation of soot precursors, C,H; and C,H,, are suppressed, as shown in
Figure 4-6. Note that, because CO, is mixed and fed into a reaction zone with the fuel stream,
i.e., fuel dilution, the formation of soot precursors is reduced, as discussed in [94, 95]. In
conventional diffusion flames in which oxidizer dilution via N, is typically used, such a
reduction in the formation of soot precursors does not take place. Thus, the presence of high
concentration CO, in the sweep gas (fuel) stream may suppress hydrocarbon pyrolysis and the
formation of soot precursors. This conclusion needs further investigations by implementing a

more comprehensive soot chemistry.
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4.3.5. Reaction pathway and flame structure

A reaction pathway analysis shows that the dominant reactions governing the overall
fuel conversion processes and the flame structure on the sweep side of the ITM are also impacted
by CO, dilution. Figure 4-7 shows the reaction rate of the important reactions, which determine
the reaction products and govern predominantly the overall fuel conversion, and the gross heat
release rate for CO»-dilution ((a) and (b)) and N»-dilution ((c) and (d)) cases. Figure 4-7(a) and
(c) show the primary reaction zone where CH, conversion forming CO takes place, while the
secondary reaction zone in which CO oxidation and H,/O» reactions occur is shown in Figure
4-7(b) and (d). In the CO,-dilution case, the major peak in the heat release rate is attributed to
R.2,R.9, R.10,R.11 and R.17, while the secondary peak in the heat release rate is contributed by
R.1,R.5,R.7, R.18 and R.19, most of which are not prominent in the N»-dilution case (see Table

4-2 for reactions and their relative reaction rates).
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reactions for the primary reaction zone where CH, is converted to CO ((a) and (c)) and the
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The minus sign in front of a reaction number means by its reverse direction. (a) and (b)

belongs to CO,-dilution, while (c) and (d) are for N>-dilution. y, . =0 islocated on the

membrane surface of the sweep side.
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Note that CO and CO; in the secondary reaction zone are important third bodies, M, in R.5 and
R.17 promoting their forward reaction rates. We also note that CO oxidation, which is the
reverse of R.1, is dominant in the secondary reaction zone and is not completed by the time it
reaches the membrane, while the reverse of R.7 is suppressed. As a result, the concentration of
CO can be non-zero at the membrane surface, and the H,O production is limited to the primary
reaction zone. It can be observed that the dominant reactions in the CO»-dilution case coincide
with the major peak in the heat release rate, as discussed in Section 4.3.3, in comparison with the
Nz-dilution case where its dominant reactions, R.6, R.8, R.9, R.11 and R.17 (see Table 4-2 for
reaction numbers), are spatially more distributed across the primary reaction zone. Thus, the
flame structure in the CO,-dilution case is governed by CO; reactions and OH-driven chemistry.
The results from the reaction pathway analysis are depicted in Figure 4-8, showing the
importance of the reaction pathways for CO, dilution relative to N dilution. This shows the
important carbon-containing species and dominant reactions that govern the overall fuel
conversion processes in ITM reactors (CO,-dilution). The thickness of the arrows represents the
ratio of the reaction rates between the CO,-dilution case and the reference case (N,-dilution), i.e.,
thick-solid arrows mean that the corresponding reactions are enhanced, whereas thin-dashed
arrows show suppressed reactions in CO,-dilution in comparison with N-dilution. In the N,-
dilution case where both H and OH radical reactions are relevant, the dominant reactions follow

the characteristics of typical counter-flow diffusion flames as discussed in [81].
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Figure 4-8 Reaction pathway analysis showing the important carbon-containing species
and dominant reactions in ITM supported fuel conversion processes (CO,-dilution). The
thickness of arrows represents the ratio of the reaction rates between the CO,-dilution case
and the reference case (N-dilution), which is summarized in Table 3 (i.e., thick solid
arrows = enhanced reactions in CO;-dilution, thin solid arrows = moderate reactions in
CO;-dilution, thin dashed arrows = suppressed reactions in CO-dilution).

4.4. Conclusions

The numerical model is used to examine fuel conversion processes and associated
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important phenomena, which includes the location, temperature, thickness and structure of a
flame, the relationship between the oxygen permeation rate and the oxidation reactions,
hydrocarbon pyrolysis and the formation of possible soot precursors, occurring on the sweep side
of the ITM. The presence of an ITM that permeates oxygen into the sweep side supports oxy-fuel
combustion with high fuel dilution with CO,. Since the oxygen permeation rate is typically low
compared to the convective oxidizer flow in conventional counter-flow diffusion flames, the
flow rate and fuel concentration of the sweep gas stream are limited to meet the requisite
stoichiometry. In addition, to achieve a sufficient oxygen permeation flux and enhance the
chemical kinetics, the sweep gas, i.e., the fuel feed stfeam, is preheated, leading to a relatively
high temperature pre-flame environment. The oxygen permeation rate is not known a priori and
is dependent on the local flow conditions, i.e., the species concentration and temperature near the
membrane, which are affected by the chemical reactions in the vicinity of the membrane. As a
result, under the conditions modeled in this study, the sweep side of the ITM features a preheated
laminar oxy-fuel diffusion flame composed of a CO;-diluted fuel stream and an oxidizer, the
flow rate of which is coupled with the fuel conversion characteristics such as reaction zone
position, flame temperature and diluent composition.

Fuel conversion processes on the sweep side of the ITM show the interesting features of
a laminar oxy-fuel diffusion flame. The chemical effects of a high CO, concentration in the
sweep gas stream result in a lower flame temperature and the suppression of the CH, kinetics,
relative to the case with the N>-diluted sweep gas. The endothermic reduction reaction of CO»
and the chain terminating reaction promoted by CO, compete with the chain branching reaction
for the H radical and leads to a reduction in the flame temperature, low radical concentrations

and oxygen leakage through the flame. The leakage of unconverted oxygen through the flame
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further lowers the flame temperature. Moreover, the initiation of CHs oxidation is delayed due to
the reduction of the H radical chemistry, and hence a thicker flame is established near the
membrane surface. The location of the flame determines the flame temperature and the oxygen
permeation rate via species diffusion and heat transfer from the flame towards the membrane.
CO; decomposition consumes the H radical while producing the OH radical. As a result, H
radical chemistry is suppressed, whereas OH-driven reactions are enhanced. This produces more
CO and H>0 and less Ha. Fuel dilution with CO, also reduces CH; formation, which slows down
fuel pyrolysis and may reduce soot formation. In addition, CO, and OH driven reactions govern
the flame structure to confine species production to a small region in the high temperature
primary reaction zone. The flame location close to the membrane implies that surface reactions
may play important roles in fuel conversion processes. This along with gas radiation effects will

be investigated in a subsequent study.
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Chapter S Sensitivity Analysis of

Operating Conditions

5.1. Overview

When a reactive gas is added to the sweep stream of an ITM reactor, the oxygen
permeation rate and the hydrocarbon conversion are influenced by the local thermodynamic state
(predominantly the oxygen concentration and the gas temperature near the membrane surface).
Because oxygen is introduced through permeation, the fuel and oxidizer in the sweep side of an
ITM are not pre-mixed, leading to the establishment of a non-premixed or diffusion-controlled
reaction zone. In such diffusion-supported reactions, the local thermodynamic state including
species concentration and temperature play significant roles in establishing stable reactions and
determining the reaction products. Unlike typical diffusion-controlled combustion in which the
temperature is so high that the overall hydrocarbon conversion rate is governed almost solely by
diffusion, the temperature in an ITM reactor is kept low to protect the membrane, and hence
chemical kinetics play an important role in determining the fuel conversion rate. Furthermore,
the initial conditions of the oxidizer and the fuel streams (i.e., permeated oxygen and sweep gas
in the case of I'TM reactors, respectively) govern the hydrocarbon conversion. However, unlike
other conventional reactors, the flow rate and temperature of the oxidizer stream (i.e., oxygen
permeation) in an ITM reactor are not known a priori and rather depend on the oxygen partial
pressure in the immediate vicinity of the membrane and its temperature. Therefore, it is difficult

to independently control the mass ratio of the fuel to the oxidizer in the sweep side and hence
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hydrocarbon conversion processes. The detailed analysis using a spatially resolved physical
model is needed to examine the key features that can be observed in the vicinity of the
membrane, which has been neglected in the literature.

In this chapter, the interactions between oxygen permeation and fuel conversion on the
sweep side of an ITM are investigated. It is assumed that no additional catalyst is mounted on the
membrane, and the membrane surface is not catalytically active for hydrocarbon or syngas
conversion. To elucidate the relationship between fuel conversion and oxygen permeation, a
parametric study is performed with respect to several control parameters including the fuel
concentration in the sweep gas stream (i.e., fuel plus a diluent), its inlet temperature, flow rate
and the channel height (i.e., the distance from the membrane to the sweep gas inlet or the

opposite walls).

5.2. Parametric study

To examine the interactions between fuel conversion and oxygen permeation, a
parametric study is conducted with respect to several control parameters including the fuel

concentration in the sweep gas stream on a molar basis, Xgy, ., the sweep gas inlet

temperature, 7., , volumetric flow rate, F and the channel height, H . The

sweep 3 sweep
parameters and their variations considered in the parametric study are summarized in Table 5-1.
The interaction between the permeated oxygen and the fuel forms a laminar, non-premixed
(diffusion), oxy-fuel reaction zone. The oxygen permeation rate is substantially lower than the
flow rate of a convective oxidizer feed stream in conventional counter-flow diffusion flames [68,

87], and hence the fuel stream (i.e., sweep gas) has to be fed into the sweep side at a low velocity
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in order to maintain an overall stoichiometric mixture.

Table 5-1 The control parameters or independent variables and their variations considered
in the parametric study

Control parameter . Base-case Range of variations
. . Unit

(independent variable) value Min Max
Fuel concentration in
the sweep gas X o
(with the remainder cHymeep | [78] 6 3 30
being COy)
Sweep gas inlet temperature T e [K] 1300 1050 1400
Sweep gas flow rate Foe | [m%s]| 439x10% | 3.00x10* | 4.50x 107
Sweep gas channel height H,,, | [mm] 254 3.00 30.0

Moreover, the fuel stream is heavily diluted with CO; to keep the reaction zone temperature low
[7] in order to protect the membrane material, and hence the fuel oxidation Kinetic rates are not
as fast as in the case of conventional diffusion flames. To meet this requirement, the base-case
considers a sweep gas volumetric flow rate of 4.39 x 10 m*/s (sweep gas velocity at the inlet =
7.56 x 107 m/s, Resweep = 15.6) and a fuel concentration of 6%, with the remainder being CO; at

a temperature of 7, =1300K . Note that, integrated at the front end of a power plant, an ITM

sweep
reactor may use a hot recycled carbon dioxide stream as a diluent in the sweep gas stream. The
base-case considers a membrane thickness, L, of 100 um and the sweep gas channel height of
25.4 mm. Throughout the parametric study, the air inlet flow rate of 1.97 x 107 m?/s (air velocity
at the inlet = 3.70 x 107" m/s, Re,; = 100) and temperature of 1300 K, are maintained constant. It

is assumed that the surrounding wall temperature is the same as the gas (i.e., both air and sweep
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gas) inlet temperature. The total pressure is kept constant at 1 atm. These control parameters for
the base-case are selected as they are representative of realistic operating conditions for ITM

reactors.

5.2.1. Base-case results and important features

The base-case results highlight the characteristics of the diffusion-controlled reaction
zone and the important features regarding fuel conversion and oxygen permeation. Figure 5-1(a)
shows the variations of the CH4 and O, molar concentrations, the temperature and the heat
release rate between the membrane and the sweep gas inlet. The concentrations of CH4 and O,
decrease from the sweep gas inlet and the membrane surface, respectively, approaching the
reaction zone in which the maximum temperature and the peak heat release rate are found. The
chemical reactions, i.e., CHs conversion and O, consumption, around the reaction zone lower
their concentrations while raising the heat release rate and the temperature. A rise in temperature
exists even in regions without a significant heat release due to the heat transfer and the transport
of the hot products towards both the membrane surface and the sweep gas inlet. A sharp
temperature gradient near the membrane indicates a high heat transfer rate towards the
membrane of 8.58 kW/m?, being a significant fraction of the gross heat release of 12.1 kW/m>.
This raises the membrane temperature while lowering the reaction zone temperature. The
membrane conducts part of this heat (4.33 kW/m?) to the air side and transfers the rest of it (4.25
kW/m?) to the sweep side surrounding walls via radiation. On the air side, the conducted heat is
transferred to the air (0.08 kW/m?) and towards the air side surrounding walls via radiation (4.25
kW/m?). Note that the radiative heat transfer plays an important role in controlling the membrane

temperature and maintaining a high reactor temperature. In addition, the thermal energy carried
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by the permeated oxygen (1.15 kW/m?) is transferred from the air to the sweep gas through the

membrane. The gross heat release, O

gen °

is defined as follows,

Hepop Hoop [ n . A
Qpen = IO LY gyeey = Io (Zwkh,‘ )dym, Eq.5-1
1

where g is the heat release rate; N is the number of gas-phase species; @, is the molar

production rate of species &; l;,( is the molar enthalpy of species k. The gross heat release shows

the extent of the chemical reactions and their effect on the temperature rise, whereas the heat
transfer to the membrane indicates a thermal effect on the temperature drop.

The transport of the products away from the reaction zone is also important for
determining the temperature as well as the local species concentration. The major products from
fuel conversion processes include CO,, CO, H> and H>O, and their concentrations indeed show
large increase around the reaction zone (i.e., production) and continuous reductions away from it
(i.e., transport), as shown in Figure 5-1(b). Note that the CO, concentration drops as the fuel
stream reaches the reaction zone increasing that of CO, due to decomposition or reverse water
gas-shift reactions, which suppresses the production of H, [96]. The reduction in the CO,
concentration is also attributed to the transport of O; and H;O towards the sweep gas inlet. After
being produced through the chemical reactions, the primary products diffuse out from the

reaction zone towards the membrane surface and the sweep gas inlet.
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Figure 5-1 Base-case results: (a) the profiles of the temperature, the heat release rate, the
CH, and O; mole fractions; (b) the concentrations of the products including CO,, CO, H;0
and H, along the direction normal to the membrane
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Thus, in such diffusion-controlled reactions, both species production and their transport are
important for determining the local thermodynamic state including species concentration and
temperature. In particular, when comparing the molar concentration of the products and oxygen
at the membrane surface in Figure 5-1(a) and (b), it can be seen that the transport of the products
towards the membrane surface reduces the oxygen concentration and raises the gas temperature

near the membrane. Since the reaction zone, the location of which, relative to the membrane, is

represented by the location (i.e., reaction front, y,,,) of the maximum heat release rate, is

established near the membrane surface, the effect of species transport towards the membrane is

substantial, resulting in a low oxygen partial pressure in the immediate vicinity of the membrane,

Py, yem» and a high membrane temperature, 7,,,,. As a result, the transport of the products and

heat towards the membrane along with oxygen consumption through the chemical reactions

enhances the oxygen permeation rate, J, , to 3.53 pmol/cm?/s, in comparison with the case of

an inert sweep gas which achieves the oxygen permeation rate less than or nearly 1.00
umol/cm?/s. The transport of the reaction products towards the membrane is also important in
influencing the kinetic rates on the oxidizer side of a diffusion-controlled reaction zone. The
product concentrations on the oxidizer side of a reaction zone can change substantially the O»
consumption and radical reaction rates, i.e., chain-branching and chain-terminating reactions.
Moreover, depending on the membrane, the composition of the mixture at the membrane surface
can have significant implications on the membrane longevity [30, 97, 98].

Fuel conversion processes in an ITM reactor can be characterized by key variables such
as the CH, conversion, the gross heat release, the residence time and the average scaled

transverse (i.e., parallel to the membrane) velocity. The CH, conversion, XC,,4 , is defined as,
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sweep

H
VCH4 ,convertedAmem Amem 0 _a)CH4 dy sweep
Xey, = = Eq. 5-2
F :weepxCH4 ,sweePGsweep F sweep'xCH4 ,:weepgsweep

whete Vi omenea 18 the conversion rate of CH, on the sweep side; ¢,,,,, is the molar density

of the sweep gas; A,,, is the membrane area. The CH, conversion indicates how much fuel is

consumed relative to the amount of fuel in the sweep gas stream, representing the effectiveness
of fuel conversion processes on the sweep side. The base-case result shows a CHy conversion of
39.4%. The rest of the fuel cannot be converted through the chemical reactions and rather flows
out from the reaction zone following the transverse velocity, whose magnitude is represented by

the average scaled transverse velocity, U,,,:

ay

1 sweep
U = ["vay,., Eq.5-3

where U is the scaled transverse velocity. Given the normal velocities of the oxidizer (i.e.,
oxygen permeation at the membrane surface) and the fuel (i.e., sweep gas at the inlet) streams
and the sweep gas channel height, the flow field within the sweep side is determined and hence
the transverse velocity. In addition, the normal velocities of both streams determine the available

time or the residence time for the chemical reactions. The residence time, ¢__, is defined as,

res ?

H wWeej
1 = Eq. 5-4

(voz + vsweep )
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where v, is the velocity associated with the oxygen permeation rate; v is the sweep gas

sweep
velocity at the sweep gas inlet. Under diffusion-controlled conditions, the fuel oxidation kinetics
governs the CH, conversion based on such variables as the flow field as well as the local
thermodynamic state and the initial conditions of the oxidizer and the fuel streams.

Important features found in the base-case results show that it is worthwhile to investigate
the relationship between fuel conversion and oxygen permeation by varying flow conditions on
the sweep side. In diffusion-controlled reactions, the local thermodynamic state has a large
impact on the fuel oxidation kinetics and hence the CHs conversion. Furthermore, oxygen
consumption via the chemical reactions, the species transport and heat transfer towards the
membrane play significant roles in determining the gas temperature and the oxygen
concentration in the vicinity of the membrane, affecting the oxygen permeation rate. For these
reasons, a parametric study is conducted with respect to the control parameters that change flow
conditions on the sweep side, including the fuel concentration in the sweep gas, its inlet

temperature, flow rate and the channel height.

5.2.2. Effect of fuel concentration

In an ITM reactor used for oxy-fuel combustion or fuel reforming, the fuel is diluted in
CO,. Here, we investigate the impact of the fuel concentration in the CO, sweep stream on fuel
conversion and oxygen permeation. In the parametric study, the fuel concentration is raised from
3% to 30%, while the sweep gas inlet temperature, flow rate and channel height are maintained

at their base-case values. Figure 5-2 shows that, up to xgy ., =15%, increasing the fuel
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concentration enhances the oxygen permeation rate substantially, while the CH,4 conversion is

gradually lowered.
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Figure 5-2 The dependency of the oxygen permeation rate and the CH,4 conversion on the
fuel concentration

Beyond this point, as the fuel concentration is raised further, the oxygen permeation rate starts
decreasing. As the oxygen permeation rate approaches a peak, the CHs conversion does not
change significantly, but decreases extensively again, as the oxygen permeation rate decreases
with further increases in fuel concentration. To examine why these two regimes (i.e., the
enhancement and reduction of the oxygen permeation rate) exist, variables changing largely with
the fuel concentration and affecting the oxygen permeation rate and the CH,4 conversion need to

be investigated.

Oxygen consumption, the generation and transport of the products, in particular, the
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primary products such as H,O, near the membrane and the heat tranéfer towards it play
significant roles in determining the oxygen permeation rate through the oxygen partial pressure
near the membrane and its temperature. In addition, the reaction zone is shifted towards the
membrane with increasing CHs concentration, which further lowers the CH, conversion. Figure

5-3(a) shows the enhancement of the oxygen consumption rate, @, , and the gross heat release

with the fuel concentration. In addition, as the fuel concentration is raised, the reaction zone is

shifted towards the membrane, while the molar flow rate ratio of the oxygen permeation rate to

the fuel influx, J, /Jgy, ;,, gradually decreases. Higher reactant concentrations in the reaction

zone promote the fuel oxidation kinetics in the gas-phase, consuming more oxygen, and result in
substantial fuel conversion, although the membrane is not catalytically active. Furthermore, since
the increase in oxygen permeation is not sufficient to match that of the fuel supply, raising the
fuel concentration moves the reaction zone towards the oxidizer stream inlet, i.e., the membrane
surface. As such, more fuel is convected out following the transverse velocity prior to the
reaction zone, hence reducing the CH4 conversion. On the other hand, when the reaction zone is
shifted towards the membrane along with the higher oxidation kinetic rates, more products such
as H,O are produced and transported towards the membrane, increasing the product
concentration at the membrane surface while decreasing that of O, as shown in Figure 5-3(b).
In the meantime, the heat transfer increases significantly driven by a larger gross heat release and
the reaction zone established closer to the membrane, which leads to a higher membrane
temperature. Therefore, the enhancement of oxygen consumption, species production and
transport near the membrane and the heat transfer lowers the oxygen partial pressure in the
immediate vicinity of the membrane and increases its temperature, hence enhancing the oxygen

permeation rate.
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Figure 5-3 The variations of: (a) the oxygen consumption rate, the gross heat release from
the chemical reactions, the reaction zone location relative to the membrane and the molar
flow rate ratio of the oxygen permeation rate to the fuel influx; (b) the heat transfer
towards the membrane, the membrane temperature and the concentrations of H,O and O,
at the membrane surface, with respect to the change in the fuel concentration

However, these variations change their trends as the reaction zone reaches the membrane. Once

this occurs, subsequent increases in the fuel concentration result in decreases in the oxygen
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permeation rate.
The heat transfer towards the membrane impacts the reaction zone temperature and the
fuel oxidation kinetics, and causes the reaction zone remaining near the membrane surface. The

maximum gas temperature, T, , represents the reaction zone temperature. Figure 5-4(a) shows

that the reaction zone temperature initially increases with the fuel concentration. However, as the
fuel concentration is raised, the reaction zone temperature reaches a peak at the same fuel
concentration at which the net heat release (gross heat release minus heat transfer) is at a
maximum. It should be noted that this occurs at a lower fuel concentration than the maximum
gross heat release. In addition, the concentrations of the reactants such as CHs, CO and H; at the
membrane surface rise slowly, when the reaction zone temperature decreases substantially with a
further increase of the fuel concentration. When the gross heat release increases with the fuel

concentration, the heat transfer also increases resulting in the reduction of the net thermal energy

released, Q,,, = Qponser » Which contributes to the variation of the reaction zone temperature.

When the reaction zone is established close to the membrane, heat transfer to the air side and
reactor walls increases, and extensive heat loss lowers the reaction zone temperature
significantly. This slows down the fuel oxidation kinetics, and eventually leads to the reaction
zone remaining near the membrane surface [88, 89]. Figure 5-4(b) shows the heat release rate
profiles at different fuel concentrations, showiﬁg that the reaction zone reaches the membrane,
and the maximum heat release rate reduces at high fuel concentration. As a result of extensive
heat loss and the reaction front remaining at the membrane surface, when the fuel concentration
is further increased, partial oxidation of methane, CO, decomposition reactions or the reverse
water gas-shift reactions and hydrocarbon pyrolysis prevail, and the extent of the chemical

reactions is reduced, while the reactants that are not fully oxidized reach the membrane surface.
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Figure 5-4 (a) The variations of the reaction zone temperature, the gross heat release
subtracted by the heat transfer towards the membrane and the concentrations of CH,4, CO,
H; at the membrane surface, with respect to the change in the fuel concentration; (b) the
profiles of the heat release rate at different fuel concentrations

Therefore, at high fuel concentration, the oxygen permeation rate is reduced due to the lower

kinetic rate of oxygen consumption and associated increase in local oxygen concentration and
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the reduced generation and transport of the products near the membrane and the heat transfer, all
due to the reaction zone being located at the membrane surface. The rise in the reactant
concentrations at the membrane surface implies that heterogeneous chemistry may play a role at
high fuel concentration if the catalytic activity of the membrane is significant or if it has
additional catalysts on its surface.

The heat loss to the air side and the surrounding walls via radiation from the membrane
limits the rise of the membrane temperature and its effect on oxygen permeation. As shown in
Figure 5-3(b), the variation of the membrane temperature is much smaller than that of the
reaction zone temperature (see Figure 5-4(a)). Although a substantial amount of thermal energy
is transferred to the membrane from the sweep side due to the chemical reactions, as the reaction
zone is shifted towards the membrane, the rise of the membrane temperature is insignificant.
This is attributed to the extensive heat loss to the air side and the surrounding walls via surface
radiation. Note that the membrane sees large surrounding walls whose temperatures are
maintained at the gas inlet temperature, as shown in Figure 2-1. Since the membrane
temperature is nearly constant, its effect on oxygen permeation is limited, and the oxygen
permeation rate is mostly dependent on the oxygen partial pressure. As seen in Figure 5-2 and
Figure 5-3(b), the oxygen permeation rate increases nearly three-fold, as the oxygen
concentration near the membrane surface is significantly reduced for increasing fuel
concentrations (given that the reaction zone is not at the membrane surface). At a high membrane
temperature, oxygen permeation is largely governed by the species concentration in the vicinity
of the membrane. Akin and Lin also pointed out that the oxygen permeation rate in the case of
ITM reactors is highly sensitive to the variation in the oxygen partial pressure on the sweep side

[56]. Thus, the species concentration near the membrane surface and the location of the reaction
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zone relative to the membrane play important roles in controlling oxygen permeation.

5.2.3. Effect of sweep gas inlet temperature

The sweep gas inlet temperature is another important parameter that is expected to
impact oxygen permeation and fuel conversion. To examine its effect, the sweep gas inlet
temperature is varied from 1050 K to 1400 K while maintaining the fuel concentration, the
sweep gas flow rate and channel height at their base-case values. The air inlet and reactor wall
temperature are also changed to the same value. As discussed in Chapter 3, the oxygen
permeation rate varies significantly depending on the membrane temperature, and a higher sweep
gas inlet temperature raises the membrane temperature, enhancing oxygen permeation. Figure
5-5 shows that, as the sweep gas inlet temperature is increased, the oxygen permeation rate first

grows slowly and then experiences a sudden and significant increase around 7,,,,, =1200K at

sweep
which the CH,4 conversion also rises substantially. Beyond this point, as the sweep gas inlet
temperature is raised further, the growth rate of the oxygen permeation rate is lowered, while the
CH,4 conversion keeps increasing extensively. To investigate why these sudden and substantial
increases of the oxygen permeation rate and the CH4 conversion occur and their growth rates
change, variables that depend on the sweep gas inlet temperature and impact oxygen permeation

and fuel conversion are examined.
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Figure 5-5 The dependency of the oxygen permeation rate and the CH,4 conversion on the
sweep gas inlet temperature

The onset of homogeneous fuel oxidation reactions contributes to the consumption of
the permeated oxygen, the generation and transport of species near the membrane and fuel
conversion, while reforming reactions and partial oxidation of methane play important roles with
an increase of the sweep gas inlet temperature. Figure 5-6(a) shows that the gross heat release

and the oxygen consumption rate rise substantially around 7,,,,, = 1200K , which coincides with

sweep
the increase of the oxygen permeation rate and the CHy4 conversion, as the sweep gas inlet
temperature is raised. This phenomenon can be explained by the initiation of the CH4 oxidation
kinetics. When the gas temperature is not high enough to facilitate methane oxidation, only the
decomposition of CH4 and CO, occurs, which does not significantly affect the oxygen
concentration or temperature and, as such, does not impact the oxygen permeation. To obtain the
considerable gas-phase fuel conversion and oxygen permeation from the ITM reactor, the sweep

gas inlet temperature has to be high enough, i.e., above an ignition temperature at the given
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reactant concentration, to facilitate the CH4 oxidation reactions. Note that the typical operating
temperature or membrane temperature of ITM reactors are high enough to permeate substantial
oxygen to the sweep side in order to enable fuel conversion processes [61]. As a result, in the
case of ITM reactors operating at high temperature, fuel oxidation reactions in the gas-phase can
contribute substantially to the enhancement of oxygen permeation and fuel conversion. The
sweep gas inlet temperature influences oxygen permeation not only by changing the membrane
temperature, but also promoting fuel oxidation kinetics. However, as the sweep gas inlet
temperature is raised further (after the initiation of homogeneous fuel oxidation reactions), the
CH, conversion increases continuously, although the growth rate of the oxygen permeation rate
decreases. This phenomenon is attributed to reforming reactions and the partial oxidation of
methane. A high temperature environment facilitates the endothermic reforming reactions to
increase H; and CO concentrations in the products. In addition, the limited oxygen concentration
on the sweep side, which is lower than what is needed at higher kinetic rates (driven by high gas
temperature), promotes the partial oxidation of methane. Therefore, as the sweep gas inlet
temperature increases (beyond the ignition temperature), reforming reactions and the partial

oxidation of methane become important to raise the CH4 conversion.
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Figure 5-6 The variations of: (a) the gross heat release from the chemical reactions and the
oxygen consumption rate; (b) the membrane temperature, the concentrations of H;O and
O at the membrane surface, the reaction zone location relative to the membrane and the

heat transfer towards the membrane, with respect to the change in the sweep gas inlet
temperature

The reaction zone shifts away from the membrane with an increase of the oxygen
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permeation rate, reducing the effect of mass and heat transfer on oxygen permeation. When the
temperature is significantly high and fuel oxidation occurs, a significant H,O concentration at the
membrane surface and the heat transfer towards it are obtained, lowering the oxygen partial
pressure and raising the membrane temperature, which confirms the effect of the CH,4 oxidation
and the mass and heat transfer on oxygen permeation, as shown in Figure 5-6(b). However, as
the sweep gas inlet temperature is raised further, the H,O concentration near the membrane and
the heat transfer decrease slowly, although the oxidation reactions are further promoted, as the
reaction zone is pushed away from the membrane due to a higher oxygen permeation rate.
Consequently, the oxygen concentration at the membrane surface grows gradually, driven by a
higher oxygen permeation rate. The heat and mass transfer towards the membrane is reduced
when the reaction zone is established further from the membrane, which weakens their effect to
lower the O, concentration in the vicinity of the membrane and to raise its temperature. Because
of the reduced mass transfer, the accumulation of the permeated oxygen on the sweep side
reduces the growth rate of oxygen permeation, as the sweep gas inlet temperature is raised
further after the onset of homogeneous fuel oxidation reactions. Therefore, oxygen permeation is

governed not only by oxygen consumption, but also by the heat and mass transfer.

5.2.4. Effect of sweep gas flow rate

I now examine the influence of another sweep gas inlet condition, the sweep gas
volumetric flow rate, which determines the effect of fuel stream velocity on fuel conversion and
oxygen permeation. The change in the sweep gas flow rate influences the flow field and hence
the mass transfer. To highlight the mass transfer effect, the sweep gas flow rate is varied from

3.00x10™* m’/s to 4.50x10° m*/s while maintaining the fuel concentration in the sweep gas

124



stream, its inlet temperature and the channel height at their base-case values. Figure 5-7 shows
that, as the sweep gas flow rate is raised, the CH,4 conversion gradually decreases, whereas the

oxygen permeation rate increases, before showing sudden and substantial reductions around
Fpeep =2.30% 107 m3/ s . Beyond this point, the oxygen permeation rate is raised again with an

increase of the sweep gas flow rate, while the CHy conversion remains negligible. Given the fuel
concentration and temperature, the homogeneous fuel oxidation reactions can proceed and
contribute to fuel conversion and oxygen permeation up to a certain flow rate. Beyond this flow
rate, oxygen permeation is governed by a non-reacting flow. To verify the reason for these
variations and the extinction of fuel conversion processes in the gas-phase, variables that have

impacts on the oxygen permeation rate and the CH4 conversion when the sweep gas flow rate is

raised are examined.
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Figure 5-7 The change in the oxygen permeation rate and the CH, conversion, when the
sweep gas flow rate is raised
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The enhanced species transport establishes the reaction zone closer to the membrane and
contributes to an increase of the oxygen permeation rate, whereas a higher transverse velocity
and the reaction zone shifted towards the membrane make more fuel to flow out from the
reaction zone before reaching it, which reduces CH4 conversion. Figure 5-8(a) shows that the
reaction zone is gradually shifted towards the membrane, and the CO, concentration in the
immediate vicinity of the membrane rises, leading to the reduction of the oxygen partial pressure
near it to a similar degree, with an increase of the sweep gas flow rate. The H,O concentration at

the membrane surface remains constant and then decreases to a smaller value, at the sweep gas
flow rate of approximately 2.30x107* m3/ s, coinciding with the significant reductions of both

the oxygen permeation rate and the CH4 conversion. A higher sweep gas flow rate enhances the
convective transport of the species towards the membrane and results in the reaction zone being
established closer to it. In this case, more species such as CO, are transferred towards the
membrane surface, which lowers the concentration of O, in the vicinity of the membrane, hence

increasing the oxygen permeation rate.
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Figure 5-8 The variations of: (a) the concentrations of COz, HO and O; at the membrane
surface and the reaction zone location relative to the membrane; (b) the gross heat release
from the chemical reactions, the oxygen consumption rate, the heat transfer towards the
membrane and the molar flow rate ratio of the oxygen permeation rate to the fuel influx; (c)
the residence time, the reaction zone temperature and the average scaled transverse
velocity, with respect to the change in the sweep gas flow rate
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However, the concentration of H,O at the membrane surface does not change even with the
movement of the reaction zone towards the membrane and a larger oxygen permeation rate,
which promotes the formation of the products. This is attributed to the limited enhancement of
homogeneous fuel oxidation reactions, as evidenced by the small rise of the gross heat release
and the O, consumption rate shown in Figure 5-8(b), and the low fuel concentration. In the
meantime, the heat transfer towards the membrane increases more substantially, driven by the
displacement of the reaction zone, as the sweep gas flow rate is raised. Aided by the rise of the
permeated oxygen, the fuel oxidation reactions are promoted, forming more products and
consuming oxygen, which also contributes to an increase of the oxygen permeation rate.
However, despite the rise of the oxygen permeation rate, the growth of the gross heat release is
not significant. In addition, the low CH,; concentration leads to a small increase in the H,O
concentration, and the overall reactions are predominantly governed by the CO/CO, reactions
due to a high CO, concentration on the sweep side. Thus, the limited enhancement of the fuel
oxidation reactions in the gas-phase and the low fuel concentration increase the formation of the
reaction products slowly, as compared to the faster transport of CO,, the net effect of which is
that the H,O concentration at the membrane surface is approximately constant. Furthermore, a
higher transverse velocity (as evidenced by Figure 5-8(c)) and the reaction zone shifted towards
the membrane have more fuel flow away from the reaction zone in the transverse direction
before reaching it. The slowly promoted oxidation reactions, a gradual reduction in the molar
flow rate ratié of the permeated oxygen to the fuel influx and the movement of the reaction zone
towards the membrane contribute to a continuous reduction in CH4 conversion before the
extinction of the fuel oxidation reactions.

The limited enhancement of the chemical reactions and their extinction are attributed to

128



the higher heat capacity of the sweep gas due to the higher flow rate, as well as to the extensive
heat loss towards the membrane, the smaller residence time and the flow field with a higher
transverse velocity. Figure 5-8(c) shows that, as the sweep gas flow rate is increased, the
residence time and the reaction zone temperature are gradually reduced, while the average scaled
transverse velocity increases significantly. Since the velocity associated with oxygen permeation
is approximately three orders of magnitude smaller than the sweep gas velocity at the inlet due to
the low oxygen permeation rate, the residence time is predominantly governed by the sweep gas
velocity, i.e., the sweep gas flow rate. Given the sweep gas channel height, a higher sweep gas
velocity results in a smaller residence time (see Eq. 5-4) and a flow field that is more stretched in
the direction parallel to the membrane gaining a higher transverse velocity. In this case, as Akin
and Lin [56] and Rui et al. [57] pointed out in their study, the shorter residence time results in
lower fuel conversion. Given the reaction time scale, determined by the oxidation kinetics, which
depends on the species concentration and temperature, the shorter residence time results in lower
fuel conversion. A substantial fraction of the fuel is not converted and instead flows out from the
reaction zone. Both the chemical time scale, determined by the oxidation kinetics, and the
residence time play an important role in determining the extent of fuel conversion. In addition,
the convective heat transfer away from the reaction zone is enhanced, and the heat capacity of
the sweep gas is raised due to a higher sweep gas flow rate, as is the convective heat transfer to
the membrane, all of which reduce the temperature rise driven by the reaction exothermicity,
even if the gross heat release is increased. Note that the extinction of the homogeneous oxidation
reactions coincides nearly with the flow rate at which the reaction zone reaches the membrane
(compare Figure 5-8(a) and (b)), which highlights the significant effect of the heat transfer

towards the membrane on fuel conversion processes. As a result, the oxidation kinetic rates are
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substantially lowered. If the sweep gas velocity is too high such that the residence time is not
sufficient for the reactants to be converted following the oxidation pathway, the homogeneous
fuel oxidation reactions cannot proceed. As a result of this mass and heat transfer effect, the
chemical reactions in the gas-phase are extinguished with an increase of the sweep gas flow rate,

and their positive effect on oxygen permeation and fuel conversion vanishes.

5.2.5. Effect of sweep gas channel height

It has been shown above that the location of the reaction zone relative to the membrane
and the flow field play important roles in determining the oxygen permeation rate and the CH,
conversion. Now I investigate another way to manipulate them. The flow field and reaction zone
position can be manipulated without changing the sweep flow rate or fuel concentration, both of
which have significant impacts on the kinetics of fuel conversion, by varying the sweep gas
channel height. In the following, the sweep gas channel height is varied from 3 mm to 30 mm
while maintaining the fuel concentration in the sweep gas stream, the inlet temperature and flow
rate at their base-case values. Figure 5-9 shows that, as the sweep gas channel height is reduced,
the oxygen permeation rate and the CH4 conversion first increase and then show substantial

reductions around H =T75mm.

sweep
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Figure 5-9 The dependency of the oxygen permeation rate and the CHj, conversion on the
sweep gas channel height

When the sweep gas channel height is reduced further beyond this point, the oxygen permeation
rate rises again, whereas the CH,4 conversion is lowered continuously to zero. Note that the
growth rate of the CH, conversion is smaller than that of the oxygen permeation rate when both
of them rise before the significant decrease. Given the sweep gas initial conditions, the fuel
oxidation reactions in the gas-phase can proceed and contribute to fuel conversion and oxygen
permeation only above a certain channel height. Below this channel height, oxygen permeation is
governed by a non-reacting flow. To examine what results in these variations and their different
growth rates, variables that are mostly dependent on the sweep gas channel height and influence
the oxygen permeation rate and the CH; conversion need to be examined.

The rise of the oxygen permeation rate is attributed to the enhanced mass transfer, driven
by the reaction zone established closer to it, as well as a higher transverse velocity. Figure

5-10(a) shows that, as the sweep gas channel becomes narrower, the reaction zone is shifted
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towards the membrane, and the oxygen partial pressure in the immediate vicinity of the

membrane first reduces and then grows significantly around H_, =7.5mm at which the

Sweep

oxygen permeation rate suddenly drops, while the CO; concentration at the membrane surface

changes to a similar degree.
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Figure 5-10 The change in: (a) the concentrations of CO;, H,O and O; at the membrane
surface and the reaction zone location relative to the membrane; (b) the gross heat release
from the chemical reactions, the oxygen consumption rate and the heat transfer towards
the membrane; (c) the residence time, the reaction zone temperature and the average
scaled transverse velocity, when the sweep gas channel height is reduced

Beyond this point, as the sweep gas channel height is reduced further, the O, concentration near
the membrane decreases again. The H,O concentration at the membrane surface remains
constant and then decreases to a substantially small value. As the reaction zone approaches the
membrane with decreasing the channel height, mass transfer is enhanced, reducing the O
concentration at the membrane surface and enhancing oxygen permeation. However, the
concentration of the primary product, H>O, at the membrane surface remains constant, which
does not contribute to the reduction of the O, concentration, even if the reaction zone is
established closer to the membrane. This phenomenon and the sudden increase in the magnitude
of the oxygen partial pressure are explained by the low fuel concentration and the limited
enhancement of the fuel oxidation reactions in the gas-phase and their extinction with a reduction
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of the sweep gas channel height, as shown in Figure 5-10(b). The gross heat release is raised
with a reduction of the sweep gas channel height, enhancing the O, consumption rate and the
heat transfer towards the membrane. Note that heat transfer to the membrane increases faster
than the gross heat release because of the movement of the reaction zone. Given the sweep gas
initial conditions, the fuel conversion is enhanced with an increase of the oxygen permeation rate.
A larger amount of the permeated oxygen promotes the fuel conversion kinetics, which enhances
further oxygen consumption and thus the oxygen permeation rate. However, the gross heat
release does not rise as fast as the oxygen permeation rate. In addition, as explained in Section
5.2.4, the low CH4 concentration results in a small rise of the H,O concentration. Thus, although
the formation of H,O is slowly promoted (i.e., a small increase in the gross heat release), its
transport towards the membrane is reduced as compared to that of CO;, maintaining the H,O
concentration at the membrane surface constant and making the oxygen partial pressure rather
dependent on the CO, concentration. As soon as the fuel conversion is substantially limited due
to the extinction of homogeneous fuel oxidation reactions, the production of H;O and the
consumption of the permeated oxygen vanish, increasing the oxygen partial pressure
significantly. Therefore, along with the oxidation reactions in the gas-phase, the location of the
reaction zone with respect to the membrane plays an important role in determining the extent of
the mass and heat transfer and hence the oxygen permeation rate.

Extensive heat loss, a smaller residence time and the stretched flow field in the direction
parallel to the membrane cause the limited enhancement of homogeneous fuel oxidation
reactions and eventually lead to their extinction. Figure 5-10(c) shows that the residence time is
gradually lowered, while the average scaled transverse velocity increases continuously, as the

sweep gas channel height is reduced. In the meantime, the reaction zone temperature is lowered
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and drops to a small value around H,,,, =7.5mm, coinciding with a reduction of the CHy

sweep
conversion to zero. Given a constant normal velocity of the sweep gas stream, a smaller sweep
gas channel height lowers the residence time (see Eq. 5-4) and makes the flow field more
stretched in the transverse direction, resulting in a higher transverse velocity, analogous to what
is seen for the sweep gas flow rate variation. Furthermore, the heat loss towards the membrane
increases significantly as the reaction zone is shifted towards the membrane. Note that the
extinction of the gas-phase reactions coincides nearly with the channel height at which the
reaction zone reaches the membrane. As a result of the reduced residence time, the flow field
more stretched in the direction parallel to the membrane and slower kinetic rates due to the heat
loss from the reaction zone, the growth of the gross heat release and accordingly the CH,4
conversion is not as fast as that of the oxygen permeation rate, and the diffusion-controlled
reactions extinguish at small sweep gas channel height. Thus, changing the sweep gas channel
height not only affects the mass and heat transfer via the reaction zone location, it also influences

the residence time and the flow field for fuel conversion processes.

5.3. Feedback interactions

Results of the parametric analysis show that fuel conversion and oxygen permeation are
strongly interconnected through the change in several dependent variables, e.g., reaction zone
location relative to the membrane, oxygen consumption rate, residence time, etc. Figure 5-11
shows schematically the feedback interactions between the dependent variables and the oxygen
permeation rate, all of which have effects on the CHy4 conversion. As discussed Section 5.2, the

sweep gas initial conditions and the reactor geometry play significant roles in influencing the
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local thermodynamic state and hence the fuel oxidation kinetics, affecting the gross heat release,
the oxygen consumption rate and the reaction zone temperature. These in turn depend on the
homogeneoué fuel oxidation reactions and the flow field. In addition, the reaction zone location
with respect to the membrane influences the local thermodynamic state through the mass and
heat transfer towards it, changing the amount of the reaction products and thermal energy
transported towards the membrane. Thus, the dependent variables encapsulating the chemical
effect, the mass and heat transfer and the flow field are closely interconnected and have
significant impacts on thermodynamic state at the membrane surface, i.e., the oxygen partial
pressure in the immediate vicinity of the membrane and its temperature, and the oxidation kinetic
rates. When the control parameters or independent variables are changed, both the chemical and

heat and mass transfer effects determine the oxygen permeation rate and the CH4 conversion.
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Figure 5-11 The feedback interactions among important dependent variables affecting the
oxygen permeation rate and the CH,4 conversion with respect to the variation of the control
parameters or independent variables

When a reactive gas is employed on the sweep side of an ITM, the local thermodynamic
state changes significantly between the membrane surface and the opposite wall or sweep gas
inlet, through the variations of the dependent variables by influencing the chemical reactions and
the energy and species transport. The local thermodynamic state is governed by the diffusion-
controlled oxidation reactions and the mass and heat transfer in the gas-phase, and vice versa.
Therefore, bulk stream parameters measured at the outlet of an ITM reactor cannot predict

correctly the thermodynamic state in the immediate vicinity of the membrane and hence the
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oxygen permeation rate in the case of an ITM reactor. To control and examine the permeation
rate and the amount of fuel converted, the diffusion-controlled oxidation kinetics, the reactor

geometry and mass and heat transfer have to be taken into account.

5.4. Conclusions

A parametric study using numerical simulations was conducted to investigate the
interactions between fuel conversion and oxygen permeation on the sweep side of an ITM.
Within an ITM reactor, the oxygen permeation rate is not known a priori and rather depends on
the oxygen partial pressure in the immediate vicinity of the membrane and its temperature. The
oxygen permeation rate, in part, determines the oxygen concentration in the reaction zone and
hence the local mass ratio of oxygen to fuel, affecting fuel conversion processes. The local
thermodynamic state (i.e., species concentration and temperature) govern the diffusion-
controlled reactions, i.e., non-premixed reactants, and vice versa. Control parameters including
the fuel concentration in the sweep gas stream, its inlet temperature, flow rate and channel height
were considered for the parametric study.

The oxygen permeation rate and the CH, conversion are strongly interconnected through
the fuel oxidation kinetics, the reaction zone location relative to the membrane, the residence
time for the chemical reactions and the oxygen partial pressure and gas temperature near the
membrane, all of which have significant effects on the local thermodynamic state and hence fuel
conversion and oxygen permeation. The diffusion-controlled reactions in the gas-phase depend
heavily on the local thermodynamic state and affect oxygen consumption, the heat transfer and

the generation of the reaction products near the membrane, resulting in substantial fuel
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conversion and the enhancement of oxygen permeation even without catalytic surface activity.
The location of the reaction zone relative to the membrane, governed by the fuel oxidation
kinetics, has large influences on the transport of the reaction products and heat from the reaction
zone towards the membrane, showing the effects of the mass and energy transfer on the local
thermodynamic state near the membrane. These two effects determine the oxygen concentration
in the immediate vicinity of the membrane and its temperature, respectively, and hence the
oxygen permeation rate. Moreover, the heat transfer towards the membrane, i.e., heat loss from
the reaction zone, impacts the reaction zone temperature and accordingly the fuel oxidation
kinetics. If the heat loss is too extensive such that the reaction zone temperature is lowered to a
large degree, slowing down the fuel oxidation kinetics, the extent of the chemical reactions and
hence their effect on fuel conversion and oxygen permeation are significantly limited. The
residence time and the flow field influence the amount of fuel that can be converted following
the oxidation pathway and the heat and mass transfer away from the reaction zone. The oxygen
permeation rate determines the local oxygen concentration in the reaction zone and the velocity
associated with the oxidizer stream, affecting the oxidation kinetics and the reaction zone
location. Sufficient oxygen permeation rate, gas temperature and the residence time are needed
to support gas-phase fuel conversion processes on the sweep side of an ITM. Thus, the feedback
interactions among the reaction zone location, the residence time, the fuel oxidation kinetics and
the local thermodynamic state near the membrane highlight the importance of the chemical and
mass and heat transfer effect on the CH4 conversion and the oxygen permeation rate. When a
reactive sweep gas is employed, the diffusion-controlled oxidation kinetics and the mass and heat
transfer resistance have to be accounted for in order to examine and control the operating

regimes of an ITM reactor. Fuel oxidation reactions in the gas-phase enable substantial fuel
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conversion and oxygen permeation in the absence of catalytic surface activity. The oxygen
permeation rate obtained in the parametric analysis is comparable to the values reported in the
literature [61], which is on the order of 0.2~9.0 pmol/cm?/s and based on ITM reactors, which

are believed to include catalytic fuel conversion.
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Chapter 6 Heterogeneous Chemistry

6.1. Overview

Perovskite membranes have been shown to exhibit not only oxygen perm-selectivity
suitable for air separation [30], but also catalytic activity for hydrocarbon conversion. These
membranes have been shown to act as hydrocarbon conversion catalysts [83, 991, which, coupled
with oxygen permeation, could enable their use as membrane reactors, i.e., ITM reactors, in
which fuel conversion reactions take place on the sweep side in the absence of nitrogen. Multiple
applications have been proposed for these reactors [61]. Methane is typically used as a feedstock,
and its conversion to higher hydrocarbons, i.e., oxidative coupling of methane [39, 100-102],
syngas, i.e., partial oxidation of methane [45, 103, 104], or complete oxidation to carbon dioxide
and water, i.e., oxy-fuel combustion [40] has been investigated. In spite of these promising
applications, little is known about catalytic fuel conversion processes on the sweep side of an
ITM and their interactions with oxygen permeation and the homogeneous-phase flow, transport
and chemical reactions.

Examining the key features of catalytic fuel conversion and how they couple with
oxygen permeation and gas-phase reactions require detailed and complex models. Conventional
catalytic reactors use a mixed fuel and air stream approaching the catalysts surface and typically
operate at low temperature where gas-phase reactions are negligible. In contrast, ITM reactors
supply pure oxygen, separated from air prior to the chemical reactions, through the membrane to
the sweep side to which a fuel is introduced. The coupling between catalytic fuel conversion and

oxygen permeation is significant [101]. Since the oxygen permeation rate is not known a priori
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but rather depends on the local thermodynamic state (the oxygen concentration on both sides of
the membrane and its temperature), fuel conversion on the membrane surface may change the
extent of oxygen permeation significantly, and vice versa. Perovskite membranes typically
require temperatures above 800 °C to enable oxygen permeation [30], and they have been
employed at 800 ~ 1000 °C when fuel conversion is considered [61]. In this high temperature
regime, the fuel conversion may take place through homogeneous as well as catalytic surface
reactions and ultimately impact the extent of fuel conversion and product selectivity. Therefore,
to examine the interactions and control fuel conversion and oxygen permeation, a detailed
analysis that accounts for the coupling of oxygen permeation, gas-phase flow and transport, and
homogeneous and heterogeneous chemistry in terms of the local thermodynamic state at both
sides of the membrane surface is needed. However, the heterogeneous chemistry on an ITM
surface has not been described in detail.

In this chapter, I develop a heterogeneous kinetic mechanism for a perovskite membrane.
My computational model builds on my previous work, which incorporates detailed chemical
kinetics and transport in the gas-phase and resolves species concentration and temperature
spatially and temporally. To develop the heterogeneous chemistry for LagSro4Cop2Feo50;5.5
(LSCF) membranes, the model also incorporates conservation equations for the concentrations of
surface and bulk (solid-state), i.e., incorporated into the lattice, species. I first estimate the kinetic
parameters for oxygen surface exchange processes using experimentally measured mean oxygen
permeation rates in which an inert gas is used on the sweep side. Next, incorporating these
oxygen surface exchange kinetic parameters, I estimate the kinetic parameters for catalytic
surface fuel reactions by comparing the predicted permeation rates to measurements using

methane [39, 101], carbon monoxide [105] or hydrogen [106] as a reactive sweep gas.
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6.2. Model formulation

The heterogeneous chemistry for a high temperature ion transport membrane surface,
which is coupled with the oxygen permeation and homogeneous-phase reactions and transport, is
now developed by using a spatially resolved physical model. In Chapter 2, I formulated a
homogeneous-phase physical model for a planar, finite-gap stagnation-flow configuration (see
Figure 6-1), under consideration of the spatially resolved gas-phase flow, transport and chemical

reactions, all of which are coupled with the oxygen permeation flux and heat flux across the

membrane.
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Figure 6-1 The planar, finite-gap stagnation flow configuration considered in this study,
where H_, =air channel heightand H_,, =sweep gas channel height. y,, =0 and

Yoweep =0 are located on the membrane surfaces of the air and sweep side, respectively.

In this chapter, this model is augmented to incorporate the heterogeneous chemistry. The
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governing equations for surface and bulk species are added, and the flux-matching boundary
conditions at the membrane surface are revised to couple the surface reactions with the gas-phase
local thermodynamic state near the membrane. Note that, to examine the key features of ITM
reactors, detailed chemistry and transport in both homogeneous and heterogeneous phases should
be considered [56, 57]. In this thesis, this is implemented by selecting the self-similar stagnation-
flow configuration to keep the computational cost at a manageable level. This self-similar
solution captures most of the features of typical laboratory scale reactors used to measure the
permeation flux, while allowing sufficiently detailed analysis of the thermo-chemical-transport

processes close to the membrane surface.

6.2.1. Species conservation equations and their coupling

The overall model, including the time dependent continuity, momentum, energy and
species conservation equations, has been described in detail in Chapter 2, though here the species
conservation equation is shown for illustration. The conservation equations for surface and bulk
species and their reactions are implemented in the spatially resolved physical model of the
stagnation flow reactor and are coupled by mass-flux-matching conditions. To account for
surface reactions and the role of catalytic chemistry, the concentrations of surface and bulk
species should be considered as part of the solution variables, and their conservation equations
need to be taken into account. Figure 6-2 shows how the overall field is divided into three
domains and the species that belong to each domain. This includes two volumetric domains,
which are the gaseous and bulk (solid) domains, and one interfacial domain between them. The
transport-chemistry interaction in each domain is modeled using the appropriate form of the

differential equations, while surface reactions are used to connect them, as shown in Figure 6-2.
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Figure 6-2 Three domains and the species belonging to each domain considered in this
study. The gaseous and bulk domains are volumetric domains, whereas the surface domain
is an interface domain between these two volumetric domains

The spatial variation of the gas-phase species concentration in the gaseous domain is
influenced by convective and diffusive mass fluxes as well as homogeneous-phase chemical

reactions. The species concentration in the gaseous domain is governed by the following

equation:
18
p%+ Vﬁ+ai— o, W, =0 : Gas-phase species Eq. 6-1
ot dy dy
oY, Y, oW\ D/ aT
h j$=—pD, | —2t+E*— |-—%+—
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where p is the gas-phase density [kg/m’]; Y, is the mass fraction of gas-phase species k; V
is the convective mass flux [kg/m%/s]; j¢ is the diffusive mass flux of gas-phase species k
[kg/m’/s]; @, is the molar production rate of gas-phase species k through homogeneous

chemistry [kmol/m’/s]; W, is the molecular weight of gas-phase species & [kg/kmol]; D, is
the mixture-averaged diffusion coefficient [m%s]; D! is the thermal diffusion (Soret effect)

coefficient [kg/m/s]; W is the mixture molecular weight [kg/kmol]; 7 is the gas temperature
[K]. A detailed chemical kinetic mechanism (GRI-Mech 3.0 [74]) is employed for the
homogeneous-phase chemical reactions. Cantera [75] along with NASA polynomials is used to
integrate the multi-step chemical reactions and evaluate thermodynamic and transport properties.
The gaseous domains are connected with the surface domains by heterogeneous chemical
reactions and other boundary conditions. At steady state, the gas-phase species produced or
consumed by surface reactions should be balanced with convective and diffusive mass fluxes
into or from the gaseous domain, respectively. Therefore, at the membrane surface boundary, the
gaseous domain is coupled with the interface domain by the mass-flux-matching boundary

conditions, described as follows:

N,

V=2, 5 W, Eq. 62
k=1

jlf,mem +Yk,memeem = jk Wk (k = 19'"aNg) Eq. 6"3

where V__ is the convective mass flux at the membrane surface [kg/m%/s]; j mem 15 the

diffusive mass flux at the membrane surface [kg/m?/s]; Y, em is the mass fraction of gas-phase
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species k at the membrane surface boundary; §, is the molar surface production rate of species
k through heterogeneous chemistry [kmol/m2/s]; N, is the number of gas-phase species. These
two matching conditions, Eq. 6-2 and Eq. 6-3, describe the transition from gas-phase to surface
species.

Moreover, it is needed to relate gas-phase and surface species to the bulk (solid-state)
species. The bulk species concentration immediately below the membrane surface is coupled
with gas-phase and surface species by surface reactions. The model does not spatially resolve the

bulk species concentration in the direction of the membrane thickness, which is governed by
bulk diffusion, j, (see Figure 6-2). The control volume approach is used to relate the

volumetric bulk domain with the interface domain. The species concentration in the bulk domain

is resolved by considering a small control volume dV adjacent to the surface [107, 108]:

5 %

dvV—-| s, dA+|j2dA=0 :Bulk species Eq. 6-4
pmem at k k

where P, is the molar density of the membrane [kmol/m’]; C, is the concentration of bulk
species k; j, is the diffusive flux of bulk species & through the membrane [kmol/m?/s]. Per the
discussion in Section 6.3.1. I consider two bulk species: the oxygen vacancy and lattice oxygen
ion. The bulk diffusion, j’, is modeled using the charged-species transport. It has been argued

that the oxygen vacancy is a mobile charged-species whose transport within the membrane
represents the overall bulk diffusion process [61] and can be described by the following

expression,
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oC,..

Yo

dy

]55- = —ﬁmemDV‘;' Eq' 6-5

where D, . is the diffusivity of the oxygen vacancy inside the membrane [m?/s]. At steady state,

assuming the constant value for D, .., this equation, Eq. 6-5, yields,

1794

_pmemDVO"

L (Cvé' sweep Cv,;‘ ﬂif) Eq. 6-6

b —
jv‘;' -

where L is the membrane thickness [m]; Com .. )
o SWee]

and Cvg'mr are the concentrations of the
oxygen vacancy on the sweep and air sides of the membrane, respectively. The detailed
derivation of Eq. 6-5 was discussed in Chapter 3. The diffusivity of the oxygen vacancy for an
LSCF membrane was found in Chapter 3 and depends on the membrane temperature and
crystalline structure. The flux of the oxygen vacancy from the sweep side to the air side is
counter-balanced by the movement of bulk oxygen ions in the opposite direction. At isothermal,
steady state conditions, and with small differences in the oxygen concentration across the
membrane, the diffusivity of the oxygen vacancy can be assumed constant. Moreover, I assume
no spatial diffusion or concentration gradients of bulk species in the transverse direction, i.e.,
along the membrane (x -direction in Figure 6-1). Thus, at steady state, the bulk species produced
or consumed by surface reactions must be balanced with a diffusive flux into or from the bulk

domain. At steady state, the bulk species conservation equation, Eq. 6-4, yields the flux balance

or flux-matching condition at the interface,
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5, =jv (k=1,...,N,) Eq. 6-7

where N, isthe number of bulk species. This condition describes the transition from surface to
bulk species.

The species conservation within the interface domain is accounted for by surface
reactions without species transport or mass fluxes. The following describes the surface species

concentration in the surface domain:

F%’f—- 5,=0 : Surface species Eq. 6-8

where T is the total available surface site density [kmol/m®]; Z, is the concentration or

surface site occupancy of surface species k. Per the discussion in Section 6.3.1, I consider two
surface species: the vacant surface site and adsorbed surface oxygen anion. Note that I assume no
surface diffusion or concentration gradients of surface species in the transverse direction, i.e.,
along the membrane ( x -direction in Figure 6-1). At steady state, the surface species
conservation equation, Eq. 6-8, yields the condition that the net production or consumption of

surface species is zero,

.
x
I

0 (k=1,..,N,) Eq. 6-9

where N, isthe number of surface species.

The heterogeneous kinetic mechanism developed in this chapter is based on the species
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concentration at and immediately below the surface domain and used for the coupling conditions
between the three domains. The spatially resolved physical model enables an estimation of the
kinetic parameters for surface reactions based on the local thermodynamic state, rather than the
global state conventionally measured outside the reactor. In addition, as shown in Eq. 6-2 to Eq.
6-4 and Eq. 6-7 to Eq. 6-9, the species molar production rates through surface reactions relate the
bulk domains and the interface domain. The production and consumption of all gas-phase,

surface and bulk species from each surface reaction are considered in connecting these domains.

6.2.2. Thermal energy balance of the membrane

Heterogeneous chemical reactions may contribute to the balance of heat fluxes across

the membrane. The thermal energy balance of the membrane is attributed to the conductive,

convective and diffusive heat transfer with the gaseous domain (i.e., Q,, and Q;weep [W/m?])

and the heat release from surface reactions as well as the thermal radiation between the

membrane and the reactor walls, which is expressed as follows:

Q;weep - Q;tr - 208mem (Tn‘:em - T:)_ Z Ak jk =0 Eq. 6-10
knem " mem

N, .
where, Qa, =—-AVT + z(jfmm +Y, .V )hk
k=1

N, R
Q:weep = A’VT - Z(Jlf,mem + Yk,memeem )hk
k=1

where o is the Stefan-Boltzmann constant [W/m%/K*]; & is the emissivity of the

mem
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membrane; T, and T, are the membrane and surrounding wall temperature, respectively

[K]; fzk is the molar enthalpy of species k [J/kmol]; A is the mixture thermal conductivity

[W/m/K]. Thermodynamic properties of surface and bulk species on perovskites are obtained
from [109], assuming that they are similar to those on YSZ. Note that since typical membranes
are very thin [61], I assume that no temperature gradient exists inside the membrane (i.c.,

uniform membrane temperature).

6.3. Heterogencous chemistry

To characterize the catalytic activity of a perovskite membrane and examine its coupling
with oxygen permeation and gas-phase transport and reactions, a description of the
heterogeneous chemistry is needed. This should account for two important types of Kinetics:
oxygen surface exchange on both sides of the membrane and catalytic fuel conversion on the
sweep side. Unlike conventional catalytic combustion in which air is fed along with a fuel
approaching the catalyst surface together (i.e., co-feed), the oxygen is introduced into the reactor
through the (catalytically active) membrane and the fuel as the sweep stream. Therefore, a
heterogeneous kinetic mechanism must resolve catalytic fuel conversion, which is also coupled
with oxygen permeation. To investigate oxygen surface exchange processes, we use data
obtained using an inert sweep gas and measured by Xu and Thomson [31] and my spatially
resolved physical model for flow, transport and chemistry across the entire domain. The model,
expanded to include the oxygen surface exchange kinetics, is then used to estimate the kinetic
parameters for catalytic fuel conversion, using the experimental data acquired when a reactive

gas is introduced into the sweep side of the membrane [39, 101, 105, 106].
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6.3.1. Oxygen surface exchange Kinetics

6.3.1.1. Oxygen surface exchange mechanism

A multi-step oxygen permeation kinetic mechanism is considered and accounts for a
sequence of surface exchange processes between the oxygen molecule in the gaseous domain
and the bulk oxygen ions inside the membrane. To enable oxygen permeation through the
membrane, the gaseous oxygen molecules must first be incorporated into the membrane
crystalline structure. The sequence represents the interactions between the gas-phase oxygen
molecules in the immediate neighborhood of the membrane, surface species, and the bulk ions
inside the membrane. On the sweep side, the reverse process takes place to release the bulk ions
into the gas-phase. The overall incorporation/discharge processes are described by the global

oxygen surface exchange reaction shown below,
1 -
502 +V, & 0,+2h Eq. 6-11

where V" is the oxygen vacancy; O is the lattice (bulk) oxygen ion (charge number = —2);

h" is the electron hole. This one step reaction has been widely used to model the overall surface
exchange processes. However, when fuel conversion occurs on the membrane surface, this
global reaction, Eq. 6-11, may not accurately capture the surface reactions because the fuel
conversion reactions might influence some of the intermediate oxygen surface exchange
processes. Thus, intermediate reactions need to be taken into account in order to resolve oxygen
surface reactions with other species. As shown in Figure 6-3, it has been suggested that the

global oxygen surface exchange reaction can be described by a sequence of five intermediate
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steps [25] summarized as follows (refer to Figure 6-3 for step numbers, (i) through (v)):

i. adsorption/desorption of gas-phase oxygen molecules onto/from the membrane surface

ii. dissociation/association of adsorbed oxygen molecules into/from oxygen atoms

iii. electron transfer with the lattice to form singly-charged surface oxygen anions/oxygen
atoms

iv. incorporation into/discharge from the crystalline structure by filling/forming an oxygen
vacancy

v. electron transfer with the lattice to form fully-charged/singly-charged bulk oxygen anions

0 Oxygen atom

@ Electron
“ 0 Electron hole

0 Oxygen vacancy

Figure 6-3 Five intermediate steps for the oxygen surface exchange process. The step (i) to
(iii) corresponds to dissociative adsorption/desorption (surface reaction 1, Eq. 6-12), and
the step (iv) to (v) refers to charge-transfer incorporation (surface reaction 2, Eq. 6-13)

With respect to oxygen transport, step (i) connects the gaseous domain and the interface domain,

while steps (ii) and (iii) take place within the interface domain. Step (iv) relates the interface to
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the bulk domain, whereas step (v) occurs wholly inside the bulk domain. Using an oxygen
isotope exchange technique, Boukamp et al. demonstrated that the kinetics of these five
intermediate processes can be approximated by two rate-limiting single-electron transfer reaction
steps [110, 111]. The first is the dissociative adsorption/desorption, Eq. 6-12, accounting for
steps (i) to (iii), while the second is the charge-transfer incorporation, Eq. 6-13, describing steps

(iv) and (v), as shown below,

0, + 2(s)<M> 207(s)+ 24" : Surface reaction 1 Eq. 6-12
O (s)+ V) L2lh2 0% 4 (5)+h° : Surface reaction 2 Eq. 6-13

where (s) is the vacant surface site on the membrane surface; O7(s) is the adsorbed singly-
charged surface oxygen anion; k,; and k,; are the reaction rate constants of forward and

backward reactions, respectively, of Eq. 6-12 and Eq. 6-13; the subscript number in the reaction

rate constants is the corresponding reaction number. The reaction rate constants, k., and %,,,

are assumed in an Arrhenius format, as shown below:

-F
k=AT" ex A Eq. 6-14

mem

where A is the pre-exponential factor; n is the temperature exponent; E, is the activation
energy [J/mol]; R is the universal gas constant [J/mol/K]. To model the two rate-limiting steps,

the concentrations of two surface species, (s) and O7(s), and two bulk species, V' and O},
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are introduced as thermodynamic state variables in the analysis. Note that typical perovskite
membranes have a high electronic conductivity, and hence, at steady state, the concentration of

electron holes is considered constant throughout the membrane and its impact on the surface
exchange reaction rate can be neglected. Then, the net reaction rates, R, [kmol/m?/s], of Eq. 6-

12 and Eq. 6-13 are expressed as follows:

(2}

. Y,
R=k,, [%)(rzm f ~k,(rz,, ) Eq. 6-15

R, =k, (FZo-m)(f’mva;)_ Ky (iamemcog )(I"Zm) Eq. 6-16

Summing up these two reaction rates, we obtain the molar production rate of each species

participating in the oxygen surface exchange reactions:

Npg .
Se= Vi, R Eq. 6-17

i=1

where N, is the number of surface reactions; the subscript 7 is the reaction number; v, is the

stoichiometric coefficient of species k in the reaction i. As seen in Eq. 6-15 and Eq. 6-16, surface

reactions and their reaction rates link gas-phase, surface and bulk species. Note that Y,, C, and
Z, shown in Eq. 6-15 and Eq. 6-16 are the local species concentration in the gas-phase or on the

membrane surface (i.e., interface domain). Thus, the reaction rate constants, k., and k,,,

should be determined in terms of these local thermodynamic state variables, as will be evident in

155



Section 6.4.

6.3.1.2. Estimation of kinetic rate parameters

The oxygen surface exchange kinetic parameters were estimated using the spatially
resolved physical model, the surface kinetics model and the experimentally measured oxygen
permeation rates. Using the LSCF membrane with an inert sweep gas, Xu and Thomson
measured the oxygen permeation rates in a typical disc-type stagnation-flow permeation
apparatus [31]. I use their data to estimate the kinetic parameters in Eq. 6-15 and Eq. 6-16. The
experimental conditions at which the permeation rates were measured, including the air and
sweep gas flow rates, the molar compositions, and temperature, were used as boundary
conditions at the air and sweep gas reactor inlets for the spatially resolved physical model. Given
these inlet conditions and measured average flux, the oxygen surface exchange Kkinetic
parameters were manually adjusted, such that difference between the calculated and measured
fluxes was minimized. Note that each surface reaction, Eq. 6-12 and Eq. 6-13, needs forward and

backward reaction rate constants, k, and k,. That is, twelve parameters must be evaluated

(refer to Eq. 6-14). Since the equilibrium constants of these two rate-limiting reactions are not
known, the forward and reverse reaction rate constants were separately determined using the four
reactions (i.e., forward and backward reactions of Eq. 6-12 and Eq. 6-13). First, because the
oxygen permeation rates are predominantly governed by the membrane temperature, the
sensitivity of each reaction to the temperature was examined by changing its activation energy,

E,, and temperature exponent, n. The activation energies and temperature exponents of the

four reactions were tuned simultaneously until we achieved the same temperature dependency of

the predicted permeation rates as that of the measurements. Second, the four pre-exponential
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factors are varied to obtain the same absolute oxygen permeation rates as the experimentally

measured values. The estimated values of these twelve oxygen surface exchange Kkinetic

parameters are shown in Table 6-1.

Table 6-1 The oxygen surface exchange kinetic parameters for the two rate-limiting
reactions and the catalytic fuel conversion kinetic parameters for CH4, CO and H;
oxidation (the units of the pre-exponential factor, A, are in kmol, m®, second)

Pre-

Reacti Reaction ., | Exponent for | Activation
eaction . exponential energy
number Reactions rate factor temperature, s
coefficients A > n E, [I/mol]
Oxygen surface exchange kinetics
kf,] 1.00 E+30 0 2.68 E+05
1 0,+2(s) 20 (s)
k,, 2.30 E+27 3.6 3.15 E+05
k, 120 E+13 52 3.66 E+05
£
2 O (5)+V,; &0, +(s)
k,, 3.30 E+07 52 4.35 E+05
Catalytic fuel conversion kinetics
3 2CH,+0} —2CH,+ H,0+V,’ ks 3.20 E+14 0 2.17 E+05
4 CO+0, - CO,+V, ko, 4.79 E+02 0 3.10 E+04
5 H,+0;— H,0+V,’ k; s 1.10 E+02 0.75 8.86 E+04

The oxygen permeation rates estimated considering this parameterization of the surface

exchange kinetics are in good agreement with experimental results. As shown in Figure 6-4(a),

the estimated oxygen surface exchange kinetic parameters result in an oxygen permeation rate

that matches the measurements very well.
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Figure 6-4 (a) Comparison between the oxygen permeation rates estimated using the
oxygen surface exchange kinetic parameters obtained in this study and those measured by
Xu and Thomson [31] and (b) comparison between the heat release rate and temperature
evaluated using the oxygen surface exchange kinetic parameters obtained in this study and

those estimated by the previous numerical model using a one-step oxygen permeation

expression
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The oxygen surface exchange Kinetic parameters are also implemented at the sweep side of the
membrane in cases when a reactive sweep gas is introduced. The reactive sweep gas conditions
refer to Chapter 4, which include a methane concentration of 6% on a molar basis with the
remainder being carbon dioxide, a sweep gas inlet temperature of 1300 K and a sweep gas flow
rate of 4.39 x 10™* m>/s. At these conditions, it has been shown that reactants are mostly oxidized
through gas-phase reactions and hardly reach the membrane surface, limiting the role of catalytic
fuel conversion. Thus, only the oxygen surface exchange reactions take place at the membrane
surface, enabling us to examine the estimated oxygen surface exchange kinetics when a reactive
sweep gas is introduced, with the assumption of negligible catalytic fuel conversion kinetics. As
shown Figure 6-4(b), the predicted temperatures and heat release rates are in very good
agreement with those reported in Chapter 4.

Figure 6-5 shows the oxygen surface exchange reaction rates for LSCF estimated by
here using our spatially resolved physical model on the same plot along with those for
(Y203)0.08(Zr02)052 (YSZ), La;NiOsrs (LNO) and BapsSrosCoosFeo 2035 (BSCF) measured
experimentally by Bouwmeester th al. [112]. The reaction rates calculated using the estimated
kinetic parameters for LSCF fall in between those of YSZ and LNO. In all cases, the overall
oxygen surface exchange processes are limited by the dissociative adsorption/desorption, Eq. 6-
12 (R, in Figure 6-5). This is consistent with the results by Bouwmeester et al., in which they
measured the reaction rates of Eq. 6-12 and Eq. 6-13 for YSZ, LNO and BSCF using a pulse
isotopic exchange technique and showed that the dissociative adsorption/desorption was rate-
limiting. In addition, it is shown that oxygen surface exchange reactions estimated numerically

for LSCF membrane are slower than those on LNO and BSCF, and faster than those on YSZ.
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Figure 6-5 The oxygen surface exchange reaction rates for LSCF estimated by the spatially
resolved physical model. Experimentally determined exchange rates for YSZ, LNO and
BSCEF [112]. Ry is the global surface exchange reaction rate for Eq. 6-11, while R; and R,
corresponds to Eq. 6-15 and Eq. 6-16 for the two rate-limiting reactions.

6.3.2. Catalytic fuel conversion kinetics

Perovskite membranes have been proposed for fuel conversion applications such as oxy-
fuel combustion and oxidative coupling of methane and have been shown to have some catalytic
activity towards hydrocarbon conversion [83]. When implemented as high temperature
membrane reactors, they can be used for either oxy-fuel combustion to yield completely oxidized
products, i.e., carbon dioxide and water [40] or oxidative coupling of methane to produce higher
hydrocarbons, i.e., ethane or ethylene [99]. Although they have also been employed for syngas
production, the product selectivity for syngas is substantially low without an additional catalyst
mounted on the membrane surface [45]. The catalytic activity of perovskites for syngas

production is not as strong as typical fuel conversion catalysts such as Nickel, Rhodium or
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Platinum, and the extent of fuel conversion from these membrane reactors is significantly low
[61]. In addition, the product selectivity is difficult to control when homogeneous chemistry
plays a role and influences the final products. To control the fuel conversion and product
selectivity effectively, the catalytic fuel conversion processes in a membrane reactor should be
investigated further.

So far, the reaction mechanisms on a perovskite membrane surface have not been
identified, and available measurements are not sufficient to formulate detailed surface reaction
models. In light of this, I start with a set of global reactions for a number of reactants, i.c.,
methane, carbon monoxide and hydrogen, to model catalytic fuel conversion on the membrane
surface. The reaction rate parameters for catalytic fuel conversion are estimated by using the
spatially resolved physical model described so far and experimentally measured permeation rates
introducing methane [39, 101], carbon monoxide [105] or hydrogen [106] to a sweep side.
Among the measured fuel conversion, product selectivity and permeation rate, the oxygen
permeation rates are most reliable, as the other two are more sensitive to gas-phase reactions.
The experimental conditions at which the permeation measurements were carried out, i.e., the air
and sweep gas flow rates, the molar compositions, and temperature, are used as boundary
conditions at the air and sweep gas inlets for the model. Given these inlet conditions, the pre-
exponential factor or activation energy or both for reaction rate constants was manually adjusted
in order to obtain the same permeation rates as measured experimentally. Note that homogeneous
chemistry is also implemented during the estimation of catalytic fuel conversion kinetic
parameters in order to account for the possible influence of gas-phase reactions on the oxygen

permeation and fuel conversion processes.
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6.3.2.1. CHj catalytic conversion

Experimental work has suggested that methane is catalytically converted in an ITM
reactor, which produces ethane or ethylene [39, 100-102]. Oxygen permeates through the
membrane in the form of oxygen ions. The surface reactions of these oxygen ions with methane
on the sweep side yield C, hydrocarbons while inhibiting the formation of COy through the
homogeneous-phase chemical reactions by reducing the availability of gas-phase oxygen [61].
This increases the C, selectivity of ITM reactors. It has been shown that a C;Hg/O, co-feed
reactor with no catalyst results in higher COy yields than when an LSCF surface is placed in the
reactor [101]. This implies that the production of CO, takes place in the homogeneous phase and
that LSCF can suppress the production of COy by acting as an oxidative coupling of methane
catalyst. It should be noted, however, that this study was carried out under fuel rich conditions
and this conclusion may not necessarily hold true for fuel/oxygen ratios closer to the
stoichiometric ratio. On the other hand, Tan et al. [40] proposed that methane oxidation to carbon
dioxide is also catalytically supported. However, they used a co-feed fixed bed reactor packed
with granular LSCF, and hence their measurements are not representative of ITM reactors. To
elucidate if perovskites can act as an oxidative coupling of methane catalyst or an oxidation
catalyst, measurements such as product concentrations in the vicinity of the membrane are
needed. Since they are not available, this study relies on the conventional wisdom that
perovskites can contribute to catalytic conversion of methane to methyl radical [58] when they
are primarily used for oxidative coupling of methane. If experimental evidence showing that COy
is also a primary product from catalytic reactions is available, its reaction will need to be
included in the surface kinetic model.

Most researchers agree that, in oxidative coupling, two successive steps can describe the
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overall processes [58], although the detailed conversion mechanism for methane on the ITM

surface is still not resolved:

i. adsorption of methane, its conversion to methyl radicals by an oxygen ion on the
membrane surface and the desorption of methyl radicals to the gas-phase

ii. association of two methyl radical molecules in the gas-phase to form ethane or ethylene

With respect to the step (i), Wang and Lin [58] has proposed the following reaction,

2CH, + 0 —22 352CH, + H,0+V," : Surface reaction 3 Eq. 6-18

In this step, the methane conversion reaction consumes the oxygen directly on the membrane
surface, competing with the reaction discharging oxygen into the gas-phase (i.e., backward
reaction of Eq. 6-11). The methyl radicals produced from this reaction can be oxidized or
combined to form higher hydrocarbons such as ethane in the gas-phase (step (ii)), which is
resolved by detailed homogeneous chemistry implemented in our numerical model. The reaction

rate of Eq. 6-18 is expressed as,

2
. Y,
R = k"{lv)v ch (ec,,) Eq. 6-19

The activation energy of k,, was evaluated by ten Elshof et al. [39] using their LSCF
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membrane reactor. To obtain the pre-exponential factor of %, ,, we use the spatially resolved

physical model and the experimental measurements of the oxygen permeation rates by Xu and
Thomson [101] with methane in the sweep gas mixture. The experimental conditions at which
they acquired the measurements, including the air and sweep gas flow rates, their .molar
compositions and temperature, are used as boundary conditions at the air and sweep gas inlets in
the model. Given the inlet conditions, we conduct the numerical simulations while tuning the

pre-exponential factor of k,, in order to obtain the same permeation rates as measured

experimentally. The estimated value of the parameter is shown in Table 6-1 for a temperature
range of 1073K to 1223K and methane concentrations 25% to 100% on a molar basis. Since the
kinetic parameters for the methane decomposition reaction obtained in this study is based on an
ITM reactor experiment, they are more representative of the membrane catalytic activity than the
values previously estimated [58], in which it was assumed that perovskite membranes behave
catalytically in a way similar to Li/MgO membranes leading to a significantly lower activation
energy.

During the parameterization of the catalytic CHs conversion reaction using the overall
model, the homogeneous-phase chemical reactions were found to be relevant only near the
membrane surface. Figure 6-6 shows the gas-phase molar production rates of methane, methyl
radical, ethylene and ethane as estimated by the spatially resolved physical model incorporating
the heterogeneous methane decomposition, given the sweep side conditions considered in the
experiment. These are negligible in most of the gaseous domain on the sweep side, with the
exception of the region approximately 1 mm from the membrane. Since the operating
temperature, 1098 K, considered in the experiment is well below the ignition temperature for the

onset of homogeneous chemistry, the effect of gas-phase reactions was suppressed. However, if
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the sweep gas inlet temperature is raised above this value, homogeneous chemistry can be
initiated, and its coupling with catalytic surface reactions can be important. In the immediate
vicinity of the membrane, the methyl radicals produced from the surface reaction, Eq.18, are

combined in the gas-phase to form ethylene and ethane, indicating the oxidative coupling of

methane.
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Figure 6-6 The molar production rate of CH4, CH3, C;Hgs and C;H, from the homogeneous-
phase reactions as predicted by the spatially resolved physical model, given the sweep side
conditions considered in experiments performed by Xu and Thomson [101]. The surface
molar production rate of CHj is —1.02 kmol/m?/s, while that of CHj is 1.02 kmol/m”/s.

In addition, when this ethane reacts further with the methyl radicals produced from

heterogeneous chemistry, the formation of methane in the gas-phase is favored through the
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following reactions,

CH,+C,H, <> C,H,+CH, Eq. 6-20

This effect reduces the extent of the overall CH, conversion, even if the conversion of methane is
catalytically supported at the membrane surface. I conclude that the interactions between
homogeneous and heterogeneous chemistry are important and should be considered in the

analysis of fuel conversion processes in ITM reactors.

6.3.2.2. CO surface oxidation

In addition to methane conversion, the surface oxidation of carbon monoxide to carbon
dioxide can be supported by the catalytic activity of perovskite membranes. van Hassel et al.
[113] and ten Elshof et al. [105] demonstrated that the oxygen permeation rates increase when
introducing carbon monoxide in the sweep side, in comparison with those at sweep side
conditions using an inert sweep gas. They also showed that the oxygen permeation flux is raised
with an increase of the carbon monoxide concentration in the sweep stream, arguing that the
catalytic oxidation of carbon monoxide with oxygen on the membrane surface may contribute to
the enhancement of the oxygen permeation rate. In addition, it has been shown that carbon
monoxide produced from methane in the gas-phase reactions can reach the membrane surface
when the gas-phase reaction zone approaches the membrane. Therefore, the following carbon

monoxide oxidation reaction should be included in the development of heterogeneous chemistry,

CO+0;—225c0,+V;" : Surface reaction 4 Eq. 6-21
o 2 o}
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The catalytic oxidation of carbon monoxide consumes the oxygen directly on the membrane

surface, which enhances oxygen permeation. The reaction rate of Eq. 6-21 is expressed as,
. Y,
R, =k,, (M)(QC%) Eq. 6-22

The activation energy of k,, was evaluated by ten Elshof et al. [105] using their LSF

membrane reactor. Assuming that LSCF membranes show similar catalytic behavior to that of
the LSF membrane, we use the same value of the activation energy. To obtain the pre-

exponential factor of k,,, we use the spatially resolved physical model and the experimentally

measured oxygen permeation rates by ten Elshof et al., introducing carbon monoxide to the
sweep side. The operating conditions at which they acquired their measurements, including the
air and sweep gas flow rates, the molar compositions and temperature, are used as boundary
conditions at the air and sweep gas inlets. Given the inlet conditions, we perform the numerical

simulations while changing the pre-exponential factor of k,, in order to obtain the same

permeation rates as those measured experimentally. The estimated value of the parameter is
shown in Table 6-1 for a temperature range of 1173K to 1323K and carbon monoxide
concentrations of 5% to 25% on a molar basis.

During the estimation of the kinetic parameters for carbon monoxide catalytic oxidation,
the effect of the homogeneous chemistry on CO oxidation and oxygen permeation were found to
be negligible. Figure 6-7 shows the gas-phase molar production rates of carbon monoxide and
oxygen as estimated by the overall spatially resolved physical model incorporating the

heterogeneous CO oxidation, given the sweep side conditions considered in the experiment.

167



These are negligible throughout the gaseous domain on the sweep side, indicating the
suppression of the homogeneous-phase reactions. This can be attributed to the absence of the
hydroxyl radical which is required to oxidize carbon monoxide in the gas-phase. Since we did
not introduce hydrogen-containing gas in the sweep stream, the hydroxyl radical could not be
formed or contribute to carbon monoxide oxidation in the gas-phase. In cases when methane is
added to the sweep stream, it will provide the hydroxyl radical, and homogeneous oxidation will

be accelerated. The relative roles of both depend on the condition and will be investigated in a

future study.
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Figure 6-7 The molar production rate of CO and O; from the homogeneous-phase
reactions as predicted by the spatially resolved physical model, given the sweep side

conditions considered in experiments performed by ten Elshof et al. [105]. The surface
molar production rate of CO is —5.51 kmol/m?"/s.
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6.3.2.3. H; surface oxidation

Perovskite membranes may contribute to the catalytic oxidation of hydrogen. Tan et al.
[106] showed evidence that the oxygen permeation flux is raised with an increase of the
hydrogen concentration in the sweep stream, and a large amount of water is produced due to the
reactions. Furthermore, I showed that hydrogen produced from methane in the gas-phase
reactions can reach the membrane surface when the gas-phase reaction zone is established in the
vicinity of the membrane. I therefore propose to use the following oxidation reaction to account
for the perovskite membrane catalytic activity for hydrogen oxidation, when constructing

heterogeneous chemistry,

H,+0, X SH,O+V) : Surface reaction 5 Eq. 6-23

The catalytic oxidation of hydrogen consumes the oxygen directly on the membrane surface,

increasing the oxygen permeation rate. The reaction rate of Eq. 6-23 is expressed as,

R =k, (’;;/ e ](QCO(,;) Eq. 624

To obtain the activation energy, exponent for temperature and pre-exponential factor of %; 5, we

use the spatially resolved physical model and the experimentally measured oxygen permeation
rates by Tan et al. [106] introducing hydrogen into the sweep side. They use the LSF membrane
reactor in their experiments. Assuming that LSCF membranes show similar catalytic activity for

hydrogen oxidation to that of the LSF membrane, we use their measurements against which the
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kinetic parameters of Eq. 6-23 are fitted. Again, the numerical boundary conditions are taken
from the experimental investigation, and the activation energy, exponent for temperature and
pre-exponential factor are manually adjusted to achieve optimal agreement between the
measured and calculated fluxes. Since the oxygen permeation flux is predominantly dependent

on the membrane temperature, the sensitivity of &, to the temperature is first examined. The

activation energy and temperature exponent are varied simultaneously until achieving the same
temperature dependency of the predicted permeation rates as that of the measurements. Then, the
pre-exponential factor is tuned to obtain the same oxygen permeation rates as those measured by
Tan et al. The estimation of the kinetics parameters is summarized in Table 6-1 for a
temperature range of 973K to 1273K and a hydrogen concentration of 30.8% on a molar basis.

In contrast to the other two cases in which methane or carbon monoxide was added to
the sweep gas (refer to Section 6.3.2.1 and 6.3.2.2), a substantial impact of gas-phase reactions
on hydrogen oxidation is demonstrated by the numerical simulations given the sweep side
conditions considered in the experiment. Figure 6-8 shows the contribution of the catalytic
surface reactions and the gas-phase reactions to hydrogen oxidation predicted by the model.
Whereas gas-phase reactions are slow at low temperature, their role in hydrogen conversion is
substantial and comparable to the catalytic reaction at high temperature. It has been typically
assumed that homogeneous chemistry does not play a role in oxygen permeation and fuel
conversion within ITM reactors. However, as I show in this study, both homogeneous and

heterogeneous chemistry should be taken into account.
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Figure 6-8 Contribution of catalytic surface reactions and homogeneous-phase reactions to
hydrogen oxidation predicted by the numerical model, given the sweep side conditions
considered in experiments performed by Tan et al. [106]

6.3.2.4. Evaluation of catalytic fuel conversion Kkinetic parameters

The kinetic parameters for catalytic fuel conversion acquired in this analysis are based
on the local thermodynamic state in the immediate vicinity of the membrane surface, on both
sides and above and below the surface, as represented by the species concentrations in Eq. 6-19,
Eq. 6-22 and Eq. 6-24. The spatially resolved physical model accounts for these local
concentrations. Mass transport and chemical reactions along the inlet and exit channels can
change the species concentration and temperature significantly, which could lead to errors in the
estimation of the kinetic parameters and the flux dependence on the operating conditions unless
these effects are considered in the models. The spatially resolved physical model predicts this
local thermodynamic state, and hence the kinetic parameters derived from it are more
representative of what occurs on the membrane surface. As shown in Figure 6-9, the set of the

reaction rate parameters for catalytic fuel conversion evaluated in this work provides estimates of
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the oxygen permeation rates that are in good agreement with measurements.
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Figure 6-9 The comparison of the oxygen permeation rates estimated by the catalytic fuel
conversion Kinetic parameters obtained in this study and those measured by ten Elshof et al.
[105] and Tan et al. [106]

The catalytic activity for methane conversion and carbon monoxide oxidation
predominantly govern the overall surface reactions on the membrane surface. Figure 6-10 shows
the three reaction rate constants obtained in this study for CHj, catalytic conversion CO and H;
surface oxidation. The reaction rate constant of CHy catalytic conversion is strongly dependent
on temperature, whereas those of CO and H, surface oxidation are less sensitive to temperature.
As a result, at low temperature (< 850 °C) CO surface oxidation limits the overall kinetics, while
CHy catalytic conversion is rate-limiting at high temperature (> 850 °C). Since ITM reactors

operate at high temperature (i.e., above 900 °C), the CH,4 catalytic conversion reaction may play
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an important role in fuel conversion and the enhancement of oxygen permeation. Furthermore,
comparing Eq. 6-19, Eq. 6-22 and Eq. 6-24, the CH, catalytic conversion reaction is a second-
order reaction with respect to the gas-phase species concentration, while the other two are first-
order reactions. Therefore, given the same gas-phase species concentration in the immediate
neighborhood of the membrane, the catalytic CH4 conversion reaction is faster than other two

reactions, and its effect is stronger in determining fuel conversion and oxygen permeation.
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Figure 6-10 The Kinetic parameters for catalytic fuel conversion estimated by the spatially
resolved model (k;; = CH, conversion reaction rate coefficient, k 4 = CO oxidation

reaction rate coefficient, k,; = H; oxidation reaction rate coefficient)

6.4. Local thermodynamic state

Heterogeneous chemistry parameters evaluated in this work are based on the local
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thermodynamic state at the membrane estimated by the spatially resolved physical model. The
variables defining this state are difficult to measure experimentally and, at this point, can only be
calculated using the model described here. When chemical reactions take place in the gas-phase
and on the surface, the gas-phase species concentration and temperature measured outside the
reactor can be substantially different from those in the immediate vicinity of the membrane. Thus,
the spatially resolved physical model must be used to estimate the thermodynamic state and
developing high fidelity heterogeneous chemistry. As shown in Figure 6-11, when the mass
transfer in the gas-phase is substantial, the local thermodynamic state including species
concentration and temperature varies significantly in the direction normal to the membrane,
given the air and sweep gas inlet conditions considered when estimating the kinetic parameter of
the oxygen surface exchange reactions (Section 6.3.1). As the temperature is raised, the gas-
phase oxygen concentration varies more extensively throughout the air and sweep gas domain.
These spatial variations in the thermodynamic state have also been observed experimentally,
using a specially designated experimental ITM reactor [65]. The operating temperature of ITM

reactors is nearly or above 900 °C, and hence the local species concentrations near the membrane

could be significantly different from those measured outside the reactor.
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Figure 6-11 The spatially resolved gas-phase oxygen concentration in both sides of the
membrane, given the air and sweep gas conditions considered in the estimation of the
kinetic parameters for the oxygen surface exchange reactions

Figure 6-12 shows the bulk oxygen ion concentration and oxygen partial pressure near the
membrane on the sweep side, along with the sweep gas inlet conditions, for the same conditions
considered when evaluating the oxygen surface exchange kinetic parameters (Section 6.3.1) and

catalytic fuel conversion (Section 6.3.2).
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Figure 6-12 The bulk oxygen ion concentration and the oxygen partial pressure in the
immediate vicinity of the membrane on the sweep side evaluated using the spatially
resolved physical model given the sweep gas inlet conditions when an inert sweep gas [31]
or a reactive sweep gas [106]

These results show that, when introducing a reactive sweep gas, the bulk oxygen ion on the
sweep side is smaller than that of an inert sweep gas because catalytic fuel conversion consumes
oxygen ions directly on the membrane surface. As discussed in Section 6.3, catalytic fuel
conversion competes for oxygen ions with oxygen discharge to the gas-phase, which, coupled
with gas-phase reactions, results in a lower oxygen partial pressure in the vicinity of the
membrane. The results show that substantial differences in these local species concentrations
between two conditions (i.e., inert sweep gas and reactive sweep gas), emphasizing the
importance of considering the local thermodynamic state when modeling oxygen surface

exchange and catalytic fuel conversion in the ITM reactor analysis.
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6.5. Conclusions

Numerical simulations have been conducted to develop heterogeneous chemistry for a
perovskite membrane in terms of the local thermodynamic state in the immediate neighborhood
of the membrane and on its surface. In Chapter 2, 1 developed a spatially resolved physical
model that resolves spatially the gas-phase flow, incorporates detailed homogeneous chemistry
and accounts for oxygen permeation. In this chapter, this model is revised to incorporate
heterogeneous chemistry on the membrane surface. The surface and bulk species and their
reactions are coupled with the local thermodynamic state near the membrane in the gas phase.
Using spatially averaged, i.e., reactor-level, measurements available in the literature, numerical
simulations have been used to develop the heterogeneous chemistry that resolves both oxygen
surface exchange and catalytic fuel conversion. A multi-step oxygen permeation mechanism is
considered, which accounts for a sequence of bulk diffusion and surface exchange processes.
While bulk diffusion is resolved by the charged-species transport, surface exchange processes
are described by two rate-limiting reactions including dissociative adsorption/desorption and
charge-transfer incorporation. In addition, I consider three surface reactions for methane, carbon
monoxide and hydrogen oxidation reactions to describe the catalytic activity of perovskite
membranes.

Oxygen surface exchange and catalytic fuel conversion are resolved by the local
thermodynamic state including gas-phase, surface and bulk species concentrations and
temperature, and rate-limiting reactions are elucidated. The reaction rates of heterogeneous
chemistry are expressed and evaluated in terms of the local species concentrations and
temperature near the membrane or on the membrane surface. We show that oxygen surface

exchange is limited by dissociative adsorption/desorption of oxygen molecules onto/from the
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membrane surface. The estimated oxygen surface exchange reaction rates for LSCF fall in
between the measured values for YSZ and LNO. In addition, while the catalytic conversion of
methane to methyl radical governs the overall surface reactions at high temperature (> 850 °C),
carbon monoxide oxidation on the membrane surface is dominant at lower temperature (<
850 °C). Given the experimental conditions, gas-phase reactions also play an important role,
highlighting the importance of both homogeneous and heterogeneous chemistry. We conclude
that the local thermodynamic state should be accounted for when constructing and examining
heterogeneous chemistry, though it should be noted that there are only very limited studies
considering the local thermodynamic state experimentally or numerically and that more work is
needed. In addition, many of the kinetic rate parameters for the heterogeneous reactions
presented in this work were inferred from permeation measurements obtained without
knowledge of the local thermodynamic state (which was inferred using the numerical model).
Thus, in addition to spatially resolved experimental characterization of the thermodynamic state
within an ITM reactor, there is a need for a more direct characterization of the surface processes.
This includes the experimental identification of the most relevant catalytic fuel conversion
reactions over all operating regimes of an ITM reactor, as well as the parameterization of the

associated rate expressions. Future work will consider both these needs.
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Chapter 7 Conclusions ‘

7.1. Summary

In this thesis, I examined the key features of oxygen permeation and fuel conversion
processes within ITM reactors using numerical simulations for which an one-dimensional
stagnation flow configuration is considered. The comprehensive physical model incorporates
detailed chemistry and transport in the gas-phase, enabling us to obtain the spatially resolved
profiles of species concentration, temperature, velocity and reaction rates. The model was first
used to develop the oxygen permeation rate expression examined in terms of the local
thermodynamic state in the immediate neighborhood of the membrane. Then, I investigated the
influence of operating conditions on oxygen permeation, assuming an inert sweep gas introduced
to the sweep side. Next, considering a reactive sweep gas such as methane, a homogeneous-
phase reaction zone established on the sweep side of an ITM was characterized. In addition, the
interactions between oxygen permeation and homogeneous-phase fuel oxidation reactions were
examined. Moreover, the numerical model was used to obtain the kinetic parameters for
heterogeneous oxygen surface exchange and catalytic fuel oxidation reactions on the membrane
surface in terms of the local thermodynamic state in the immediate vicinity of or on the
membrane surface.

The results from this study show that the local thermodynamic state should be
considered when examining the oxygen permeation rate at the conditions relevant for ITM
reactor operation. Given data on the thermodynamic state measured at the outside of the

membrane facility, the oxygen permeation flux expression was parameterized in terms of the
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oxygen partial pressure near the membrane surface on both sides, which are estimated by the
spatially resolved physical model. In comparison with the permeation rate evaluated by the
species concentration measured at the outside of the membrane facility, the oxygen permeation
flux calculated by this expression shows that the local thermodynamic state should be accounted
for when constructing an oxygen transport model. It has been demonstrated that this is a more
accurate and general representation that allows the application of the resulting expression over a
wider range of conditions, in particular, at low sweep flow rate and high temperature, which is an
operating regime of ITM reactors.

It is important to perform the detailed analysis with spatial resolutions to control
hydrocarbon conversion processes in ITM reactors. The homogeneous-phase reaction zone
established on the sweep side of the membrane features a laminar oxy-fuel non-premixed flame
coupled with oxygen permeation. In such diffusion-supported reactions, the local thermodynamic
state including species concentration and temperature play significant roles in establishing stable
reactions and determining the reaction products. In addition, unlike typical diffusion-controlled
combustion in which the temperature is so high that the overall hydrocarbon conversion rate is
governed almost solely by diffusion, the temperature in an ITM reactor is kept low to protect the
membrane, and hence chemical kinetics play an important role in determining the fuel
conversion rate. In this regard, the spatially resolved physical model incorporating detailed
chemistry and transport proposed in this study has elucidated the fuel conversion processes and
captured the important features (e.g., the location, temperature, thickness and structure of a flame)
of laminar oxy-fuel diffusion flames stabilized on the sweep side of an [ITM.

To control and examine the permeation rate and the amount of fuel converted, the

diffusion-controlled oxidation kinetics, the reactor geometry and mass and heat transfer have to
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be taken into account. When a reactive gas is employed on the sweep side of an ITM, the local
thermodynamic state changes significantly between the membrane surface and the opposite wall
or sweep gas inlet, through the variations of the dependent variables by influencing the chemical
reactions and the energy and species transport. The local thermodynamic state is governed by the
diffusion-controlled oxidation reactions and the mass and heat transfer in the gas-phase, and vice
versa. Therefore, stream parameters measured at the outlet of an ITM reactor cannot predict
correctly the thermodynamic state in the immediate vicinity of the membrane and hence the
oxygen permeation rate in the case of an ITM reactor. A parametric study with respect to key
operating conditions, which include the fuel concentration in the sweep gas, its temperature, flow
rate and the geometry, elucidated the sweep side conditions at which substantial fuel conversion
and oxygen permeation can be obtained attributed to homogeneous-phase chemical reactions. In
addition, the conditions for which surface catalytic reactions along with homogeneous chemistry
may play an important role on the sweep side of the membrane were examined.

The catalytic activity of perovskite membranes has been determined by the local
thermodynamic state. The Kinetic parameters for heterogeneous chemistry, which accounts for
oxygen surface exchange and catalytic fuel conversion, have been obtained by using permeation
rate measurements and the physical model. It has been shown that oxygen surface exchange is
limited by dissociative adsorption/desorption of oxygen molecules onto/from the membrane
surface. In addition, while the catalytic conversion of CH4 to CH; governs the overall surface
reactions at high temperature, CO oxidation on the membrane surface is dominant at low
temperature. Given the sweep side conditions considered in ITM reactor experiments, gas-phase
reactions also play an important role, indicating the importance of both homogeneous and

heterogeneous chemistry and their coupling.
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7.2. Future Work

7.2.1. Operating regimes (guidance for experiments)

Complex catalytic surface and gas-phase hydrocarbon conversion processes coupled
with oxygen permeation require detailed analysis to elucidate feasible ITM reactor operating
conditions and their effect on the fuel conversion and oxygen permeation rate. Since the oxygen
permeation rate is not known a priori and rather depends on the local thermodynamic state of the
membrane, i.e., oxygen concentration on both sides of the membrane and its temperature,
hydrocarbon conversion reactions on the sweep side may alter the extent of oxygen permeation
significantly, and vice versa. Whereas conventional catalytic reactors operate typically at low
temperature, which reduces the chemical kinetic rates and results in negligible gas-phase
reactions, a high temperature is required to yield oxygen permeation sufficient for fuel
conversion processes. To enable oxygen permeation through the membrane, the temperature
above 800 °C is required. When ITMs are employed for hydrocarbon conversion, a higher
temperature of 800 ~ 1000 °C has been considered. In this high temperature regime,
homogeneous-phase as well as catalytic surface reactions may play an important role in
determining the extent of fuel conversion and the product selectivity. The coupling between
homogeneous and heterogeneous fuel conversion and oxygen permeation is substantial.
Therefore, to investigate ITM reactor operating regimes and control fuel conversion and oxygen
permeation, the detailed numerical modeling work that accounts for the coupling of oxygen
permeation and both homogeneous and heterogeneous chemistry is needed. This should be a

good guiding map for experiments to follow.
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7.2.2. Product selectivity

Product selectivity is one of key parameters that need to be controlled in ITM reactors.
Although multiple applications including oxidative coupling, syngas production and oxy-fuel
combustion have been proposed, what governs the product selectivity has not been addressed in
detail. Since the oxygen permeation rate is not known a priori and rather depends on the local
thermodynamic state, it is difficult to control or evaluate the product selectivity by experiments.
To control the product selectivity and optimize ITM reactor operation, the reaction pathway
analysis supported by detailed chemical kinetics and spatially resolved species concentration and

temperature is necessary.

7.2.3. Radiation in the gas-phase

Gases introduced to the sweep side of the membrane could result in substantial radiation
in the gas-phase. To control the reaction zone and membrane temperature, a large amount of
diluents, such as carbon dioxide, is introduced to the sweep side along with a fuel. The diluents
and fuel may contribute to radiative heat transfer, which changes the gas temperature and hence
the reaction kinetics. Therefore, radiation in the gas-phase needs to be considered to see its effect

on the overall heat transfer and fuel conversion processes.
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