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Carbon dioxide is considered as the major greenhouse gas responsible for the current global
climate change. There exist several technologies for reducing the emission of CO2 by
capturing it in the utility industries. Oxy-fuel combustion carbon capture technology offers
a brighter future for emission-free society. The key concept of oxy-fuel combustion
technology is the use of pure oxygen, obtained via air separation technologies, for
combustion instead of air. Currently, the membrane separation technology is gaining high
momentum due to its flexibility for different applications. In this study, two approaches
were employed for the application of the oxy-methane combustion in gas turbine and firetube boiler applications. In the first approach, a face-to-face two-porous-plates reactor was
developed to mimic the processes of oxygen permeation and oxy-fuel combustion in hightemperature membrane reactors (HTMR). In the second approach, numerical modeling of
oxygen transport membrane (OTM) reactor for application in a two-pass fire tube boiler
was conducted. It involved the analyses of oxygen permeation and oxy-fuel combustion
characteristics to replace the existing fire-tube burner with bundles of OTM reactors that
can supply power in the range from 1 to 5 MWe. In both approaches, methane was supplied,
as a fuel, after being mixed in a sample stream with CO2, as a diluent, while pure oxygen
was supplied across the porous plates (in the first approach) and across the membrane feed
xxii

side (in the second approach). In both approaches, flow and oxy-fuel combustion
characteristics were studied over wide ranges of oxidizer/diluent and equivalent ratios as
well as gases inlet conditions. The combustion characteristics of the porous plate reactor
were investigated experimentally and numerically. The results indicated enhanced mixing
zone created beside the trailing edge of the porous plate and the flame located downstream
of the porous plates. The temperature at the trailing edge of the porous plate ranges from
1130 K (at Φ=0.4) to 1240 K (Φ=1.0), which lies within the operating limit of operation of
the ceramic membranes when the results are projected on HTMR operation. The minimum
limit of %O2 to allow for a visible flame was found to be about 21% (79% CO2) at
stoichiometric condition. The combustor stability in terms of lean blow-out limit is affected
by the fuel firing rate, equivalence ratio and the percentage of CO2 addition. The numerical
modeling of the two-pass OTM reactor revealed that, for the non-reactive conditions, the
effects of gases inlet temperature and mass flow rates on oxygen permeation along the
length of the membrane were meager within the scope of this study. The gases inlet
conditions dictate the rate of oxygen permeation under reactive conditions. The
relationship between membrane thickness and O2 permeation was inversely proportional
under both reactive and non-reactive conditions. The gases inlet temperature and mass flow
rates control the amount of heat transfer to the load (Outer pipe). The sweep gas inlet
condition was more critical to the stability of the combustion reaction. The boiler operating
condition modeled based on the thermal load has insignificant effect on the heat transfer at
fixed fuel firing rate. The radiative properties of the OTM reactor materials plays a major
role in the total heat transfer to the load. The current design of the proposed OTM reactor
can deliver power output in the range from 1 to 5 MWe.
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عنوان الرسالة:

تحليل حرق الوقود باألكسجين لﻤفاعالت األغشية الﻤسامية وأغشية نقل األكسجين
الﻤستخدمة في الغاليات والتطبيقات اﻻخرى

التخصص:

الهﻨدسه الﻤيكانيكية

تاريخ الدرجة العلمية:
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يعتبر ثاني أكسيد الكربون هو العنصر الرئيسى فى الغازات الدفيئة المسؤولة عن التغير الحالى للمناخ العالمى .توجد
عدة تقنيات للحد من انبعاث ثاني أكسيد الكربون في صناعات المرافق .توفر تكنولوجيا الحرق باألكسجين إلحتجاز
الكربون مستقبالً أكثر إشراقًا من أجل مجتمع خالي من إنبعاثات الكربون .إن المفهوم األساسي لتكنولوجيا حرق الوقود
باألكسجين هو استخدام األكسجين النقي ،الذي يتم الحصول عليه عبر تقنيات فصل الهواء ،فى عملية االحتراق بدالً من
الهواء .حاليا ،تكتسب تقنية الفصل بالغشاء زخما عاليا بسبب مرونتها للتطبيقات المختلفة .في هذه الدراسة ،تم استخدام
طريقتين لتطبيق احتراق الميثان باألكسجين تشمل تطبيقات التوربينات الغازية وغاليات أنابيب الحريق .في النهج األول
 ،تم تطوير مفاعل ثنائى األلواح المسامية والمتقابلة وجها ً لوجه لمحاكاة عمليات فصل األكسجين وحرق الوقود
باألكسجين في مفاعالت األغشية عالية الحرارة .في النهج الثاني ،تم إجراء النمذجة العددية لمفاعل غشاء نقل األكسجين
للتطبيق في غالية أنبوب الحريق ثنائية المسار .وقد اشتملت الدراسة على تحليالت فصل األكسجين وخصائص حرق
الوقود باألكسجين من أجل استبدال الموقد الموجود في غالية أنبوب الحريق بمجموعة من مفاعالت غشاء نقل
األكسجين التي يمكن أن تزود الطاقة في نطاق يتراوح من  1إلى  5ميجاوات كهرباء .في كال النهجين ،تم تزويد
الميثان ،كوقود ،بعد خلطه فى سريان واحد مع ثاني أكسيد الكربون ،كمخفف ،في حين تم تزويد األكسجين النقي عبر
األلواح المسامية (في النهج األول) وعبر جانب التغذية للغشاء (في النهج الثاني) .في كال النهجين ،تم دراسة خصائص
السريان وحر ق الوقود باألكسجين على مدى نطاقات واسعة من المؤكسد/المخفف والنسب المتكافئة وكذلك ظروف
دخول الغازات .تم دراسة خصائص االحتراق للمفاعل ثنائى األلواح المسامية تجريبيا وعدديا .أشارت النتائج إلى تكون
منطقة خلط محسنة بجانب الحافة الخلفية للوحة المسامية حيث استقر عندها اللهب .تراوحت درجة الحرارة عند الحافة
الخلفية للوحة المسامية بين  1130كلفن (عند نسبة تكافؤ  )0.4إلى  1240كلفن (عند نسبة تكافؤ  )1والتي تقع ضمن
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الحد التشغيلي لتشغيل األغشية السيراميكية عند اسقاط النتائج على حالة استخدام مفاعالت األغشية عالية الحرارة .تم
العثور على الحد األدنى المسموح من تركيز األكسجين من أجل الحصول على لهب مرئي حوالى  %79( %21ثانى
أكسيد كربون) عند الحالة المتكافئة .يتأثر استقرار اللهب من حيث حد انطفاء اللهب عند الخلط الهزيل بمعدل إحتراق
الوقود ونسبة التكافؤ والنسبة المئوية إلضافة ثانى أكسيد الكربون .كشفت النمذجة العددية لمفاعل غشاء فصل األكسجين
ثنائي الممرات ،بالنسبة للظروف غير التفاعلية ،أن تأثيرات درجة حرارة مدخل الغازات والكتلة المتدفقة على معدل
نفاذ األكسجين على طول الغشاء كانت ضئيلة في نطاق هذه الدراسة .تحدد ظروف دخول الغازات للمفاعل معدل نفاذ
األوكسجين في ظل ظروف التفاعل .العالقة بين سماكة الغشاء ومعدل نفاذ األكسجين كانت متناسبة عكسيا تحت كل
من الظروف التفاعلية وغير التفاعلية .تتحكم درجة حرارة دخول الغازات وتدفق الكتلة في كمية نقل الحرارة إلى
الحمل .كانت حالة دخول غاز الكسح هي أكثر أهمية الستقرار لهب االحتراق .وجد أن حالة تشغيل الغالية المصممة
على أساس الحمل الحراري لها تأثير ضئيل على نقل الحرارة عند معدل حرق ثابت للوقود .تلعب الخواص اإلشعاعية
دورا رئيسيًا في نقل الحرارة الكلي إلى الحمل .التصميم الحالي لمفاعل غشاء فصل
لمواد مفاعل غشاء فصل األكسجين ً
األكسجين المقترح يمكن أن يولد ناتج طاقة في المدى من  1إلى  5ميجاوات كهرباء.
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1 CHAPTER 1

INTRODUCTION

1.1

Global Warming and CO2 Emissions

Even though there have been different views about the causes of global climate change,
there has been also unanimity in its occurrence and numerous climate experts are of the
believe that greenhouse gases (GHG) anthropogenic emission in the atmosphere has been
the ultimate cause of the current climatic change [1]. Among the main sources of
anthropogenic greenhouse gases emissions, burning of fossil fuels has been identified as
the main concern in the current century [2]. As reported by the International Energy
Agency [3], the global energy consumption based on fossil fuel amounts to about 80% of
the total global energy demand. This results in the emission of 32.3 Gt of CO2 to the
atmosphere in the year 2014 [3]. Recent findings indicated that about 40% of the global
CO2 emission is a result of electricity generation, with more than 30% coming from fossil
fuels [3]. The current and future energy policy will be shaped by the fight against climate
change, by committing to the emission reductions pledged by countries under the United
Nations Framework Convention on Climate Change (UNFCCC) to achieve the 2oC
temperature rise by 2035 as agreed in Paris, 2015. Several routes for lowering CO2
emissions can be applied including increasing of plant efficiency (provides reduction of
CO2 emission by 2-3% for increase of plant efficiency of 1%); decreasing of carbon content
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in the fuel by utilizing less carbon fuels; reducing unnecessary fuel consumption and
employing carbon capture and sequestration technologies (CCS) [2, 4]. A lot of efforts are
being put to curtail the CO2 emission by exploiting the latter option in the utility industries
via research and development. In order to achieve the targeted 2oC temperature rise limit
by 2050, one-sixth of the planned reduction in GHG emissions, is anticipated to be
achieved through the application of CCS technologies [5].

1.2

Carbon Capture Technologies

CCS is the process of capturing, purifying, compressing, transporting and storing of
unwanted CO2 emitted from the above-mentioned sources. These technologies prevent the
release of CO2 into the atmosphere by storing it in underground geological formations or
in depleted oil and gas fields [6]. The CCS technologies, as summarized in Figure 1.1, have
been categorized as post-combustion, pre-combustion and oxyfuel combustion [7-10]. In
pre-combustion process, the fuel carbon is converted into syngas at initial stage before the
combustion process. This can convert up to 90% of the carbon contained in the fuel into a
synthetic gas via reforming or gasification processes. The pre-combustion is still a
premature technology that requires major modifications to the current fossil power plants
and huge investment if is to be applied to new fossil fuel power plants [8]. In postcombustion technology, carbon dioxide emission is mitigated by separation and removal
of CO2 from the flue gases via absorption using solvents (basically amines), adsorption
using metal organic framework, as well as CO2 selective membrane separation. This
technology is yet to be available in commercial scale due to the challenges in large scale
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amine processes, high purity of flue gas requirements by most sorbents, extraction of steam
to regenerate solvents and additional water consumption. This technology requires
additional energy (25 to 30%) for plant operation as well as high capital and recovery costs
[11]. In oxy-fuel combustion technology, pure oxygen is being used for the combustion of
fuel resulting in only H2O and CO2 as by-products of combustion. Oxy-fuel combustion
process results in high combustion temperature and hence part of the flue gas is recycled
into the combustion zone to lower the combustion temperatures to within allowable limits
to maintain material integrity. The flue gas of high CO2 concentration is usually dried,
purified, and compressed for further storage as mentioned.

Among the fossil fuel sources of CO2 emissions, combustions of natural gas (usually
containing about 95% methane) has been an important contributor globally. The United
States Energy Information Administration projected that the contribution of the CO2
emission from natural gas combustion may reach about 8.6%, exceeding the 2007
contribution of 5.93% of the world's energy-related CO2 emissions [12]. Although coalfired steam power plants (SPP) have been the focal point of most studies on CCS
technologies due to its higher CO2 emissions, the natural gas-fired combined cycle (NGCC)
power plants are also being considered. The current 350g CO2/kWhel specific emissions
of natural-gas in NGCC power plants can be reduced to below 100g CO2/kWhel by the
application of the CCS technologies [13].
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1.3

Oxy-fuel Combustion Technology

CCS Oxy-combustion technology is among the foremost technologies that are being
considered recently for CO2 capture from power plants. Oxy-fuel combustion is the process
of combusting/burning fuels with pure O2 rather than air. It is characterized by high flame
temperatures which necessitate the recycling of some part of the flue-gases back in to the
combustor in order to control the flame temperature. There has been significant progress
in the development of oxyfuel combustion technology after the International Panel for
Climate Change (IPCC, 2005) publication of its special report on CO2 capture and storage
[14]. Most of the existing power plants utilize air as the oxidizer for combustion,
meanwhile oxyfuel combustion concept requires the use of pure oxygen. This necessitates
the oxygen separation from air using various techniques in order to fit into the conventional
as well as the future power plants. As shown in Figure 1.2, the three main air separation
processes are cryogenic, membrane and solid sorbent processes [15, 16]. The most
established technology among the three is the cryogenic distillation which allows for large
scale production of O2 at very high purities (up to 99%) at low temperature [16, 17]. Despite
the production of high purity of O2 by this technique, the design complexity, high energy
demand as well as low exergetic efficiencies (15-24%) necessitate the investigation of
alternative air separation concepts [18, 19]. The solid sorbent (adsorption) process, despite
having O2 purity of up to 95%, has not been fully mutualized due to excessive capital
requirements of the solvent [17, 20]. The most recent separation technology is the
membrane separation which includes the use of polymeric membranes (PM) and high
temperature ion transport ceramic membrane (ITM). The polymer-based membrane can
provide O2-enriched air at higher concentrations (60–80%) with low energy consumption
4

in comparison with the cryogenic and adsorption techniques [16, 21]. Whereas, the PM can
enrich the oxygen content in air up to 80% and ion transport membranes can achieve near
100% oxygen purity, even though both types of membranes are still under developmental
[16, 21]. The use of ITMs for O2 separation has been given significant attention much
research due to its potential of reduction in cost of energy requirement for the production
of O2 by about 35%. This can be ascertained by assessing the file of patents and research
publications on the matter over the last decade [20]. There are some proposals to combine
the above membrane technologies to produce high purity O2, however the ideas have not
been yet fully exploited [16].

Recently, many researchers, with interest in the study of oxy-fuel combustion using
membranes for air separation, dwell more on the use of mixed ionic and electronic
conducting ceramic membranes. This can be seen from the current effort by many
industries in the development and optimization of these membrane technologies for
combustion as well as synthetic gas (syngas) production via methane partial oxidation [2226]. Among the membrane materials for O2 permeation that are currently under extensive
studies, are basically the perovskite type ceramic membranes with some recent
modifications [22, 26, 27]. Successful implementation of oxy-fuel combustion on mixed
ionic-electronic conducting (MIEC) membranes is the ultimate goal that will allow
conventional combustors to be replaced with oxygen transport membrane reactors
(OTMRs), where oxygen separation and oxy-combustion are co-located at the membrane
instead of being performed separately.
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Figure 1.1: CO2 Capture Technologies [9, 10].
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Figure 1.2: CO2 Capture Options [15].

The present research study is focused on experimental testing and numerical simulations
of oxy-fuel combustion characteristics in a face-to-face two porous-plates reactor. Also,
numerical simulations of oxygen transport membrane reactor for application in fire tube
boilers were performed. All numerical simulations involved validation of the different
numerical models with the currently available experimental data in available literature and
with the experimental data collected from the present studies. Combining the process of
oxygen separation using ceramic membrane with the oxy-fuel combustion of fuel in the
sweep side of the membrane using the separated oxygen results in a compact unit for power
production that is called as high-temperature membrane reactor (HTMR). One of the goals
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of the present study is to mimic the process of oxygen separation and oxy-combustion
inside HTMR using the porous-plate reactor.

In the porous-plates reactor studies, both the flow field and oxy-methane combustion
characteristics were investigated experimentally and numerically over wide ranges of
mixing conditions and equivalent ratio. This reactor mimics the process of oxygen
permeation and oxy-fuel combustion inside the HTMR. The process of oxy-combustion
inside the HTMRs is difficult to be achieved at normal lab conditions and the oxygen
permeation flux across the membrane still not enough for complete fuel combustion.
Because of that, porous plates are used in the present study instead of membranes to
investigate the flame characteristics and location with respect to the porous plate that
should help in the development of HTMRs. Firstly, the non-reactive flow characteristics
were investigated experimentally and numerically to predict the flow mixing behavior and
the location of the flame zone. Particle Imaging Velocimetry (PIV) technique was used to
visualize the non-reactive flow in the main channel under oxygen permeation in terms of
average axial velocity of the main stream flow, velocity vectors and streamlines. Secondly,
flow field and oxy-combustion characteristics of methane were investigated numerically
over ranges of operating conditions. Experimental investigation of the combustion
characteristics and lean blow-out (LBO) limits of non-premixed oxy-methane diffusion
flames in a porous-plate reactor were performed over wide ranges of operating conditions.
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1.4

Research Objectives

The present research study is focused on experimental testing and numerical simulations
of oxy-fuel combustion characteristics in a porous-plate reactor. Also, numerical
simulations of ion transport membrane reactor for application in fire tube boilers are
performed. All numerical simulations will involve validation of the different numerical
models with the currently available experimental data in the open literature and with the
experimental data collected from the present experiments. The following are the specific
objectives:
1.

To investigate the flow and combustion characteristics in a porous plate reactor for
oxy-fuel combustion applications.

a.

To experimentally determine the non-reactive flow-field characteristics at fuel-lean
equivalence ratios:
i.

Velocity vectors

ii.

Streamlines

iii. Velocity profiles
iv. Average velocities
b.

To experimentally determine the combustion characteristics at different
equivalence ratios and diluent/oxidizer ratios on:
i.

Flame structure

ii.

Exhaust temperature

iii. Lean flammability limits (Lean Blowout, LBO)
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c.

To develop and validate numerical models of non-reactive flow and oxycombustion to determine the influence of the following parameters on the flame
structure, combustion temperature and exhaust compositions:
i.

Mixture fractions

ii.

Effects of equivalence ratio

iii. Effects of diluent addition
2.

To develop and validate numerical models for oxygen separation and oxycombustion in a two-pass oxygen transport reactors (OTR).

a.

To develop the geometry of the two-pass OTR for fire-tube boiler applications.

b.

To investigate numerically the characteristics of oxy-combustion of methane in the
two-pass OTR in terms of:
i.

Effects of inlet temperatures of feed and sweep gas on O2 permeation flux.

ii.

Effects of feed and sweep gas inlet mass flow rates on O2 permeation flux.

iii. Effects of diluent flow rates on O2 permeation flux.
iv. Thickness of the oxygen transport membrane (OTR) on O2 permeation flux.
c.

To study the effects of the following parameters on heat transfer to the water jacket
along the OTR.
i.

Gas streams inlet temperatures.

ii.

Gas streams inlet mass flow rates.

iii. Diluent mass flow rates.
iv. Operating temperature of the boiler.
v.

Emissivity of the inner and outer pipes.
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2 CHAPTER 2

LITERATURE REVIEW

2.1

Carbon Capture and Storage Technologies

The major GHG contributor to the recent climate change has been the carbon dioxide gas
from combustion of fossil fuels and other industrial processes. For a decade estimate (from
2000 to 2010), out of about 78% of the total increase in GHG emissions throughout the
period resulted from the emissions of CO2 via combustion of fossil fuels as well as other
industrial practices [28]. Among the fossil fuel sources of CO2 emissions, combustion of
natural gas (usually containing about 95% methane) has been an important contributor
globally. The main reason of natural gas being a strong competitor in CO2 emission amid
other resources is its profusion and vigorous production. Its fuel efficiency and cleaner
combustion made it more salient for new power plants among other fuels such as other
petroleum products or coal [29]. As projected by the International Energy Outlook 2016
(IEO2016), the worldwide natural gas consumption will upsurge from 120 to 203 trillion
cubic feet (Tft3) in the period from 2012 to 2040 as shown in Figure 2.1 [29]. As reported
by the IEO2016 [29], the natural gas industrial consumption increases by about 1.7%
annually, while the consumption will increase by about 2.2% annually for electricity
generation purposes within the period from 2012 to 2040 as shown in Figure 2.1. Although
the coal-fired steam power plants (SPP) have been the focal point of most studies on CCS
technologies due to its higher CO2 emissions, the power plants based on natural gas-fired
11

combined cycle (NGCC) are also being considered. The current and future energy policy
will be shaped by the fight against climate change by committing to the emission reductions
pledged by countries under the United Nations Framework Convention on Climate Change
(UNFCCC) to achieve the 2oC temperature rise by 2035 as agreed in Paris, 2015. The CCS
technologies, as summarized in Figure 2.2, has been classified as pre-combustion, postcombustion, and oxy-fuel combustion [7-10].
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Figure 2.1: World natural gas consumption from 2012 to 2040 [29].

2.1.1 Pre-combustion carbon capture
Pre-combustion carbon capture entails the reaction of fuel with air or O2 and/or steam
thereby producing a fuel gas (synthetic gas or syngas), consisting primarily a mixture of
carbon-monoxide (CO) and hydrogen (H2). The CO is then reacted with the steam using
catalyst to produce more H2 and CO2 and a process called shift conversion. This can convert
12

up to 90% of the carbon contained in the fuel into a synthetic gas via reforming or
gasification processes [11]. In the steam reforming process, steam is reacted with fuel to
generate syngas (Reaction I). When O2 is added to liquid or gaseous fuels in a process
refers to as “partial oxidation reaction”, the syngas is as well formed, and the process is
called “gasification” when solid fuel is used for the oxidation (Reaction II). The final
conversion of the syngas into CO2 and H2O by steam addition is termed as “water-gas shift
reaction as shown in Reaction III [11, 29, 31].

Figure 2.2: Three CO2 capture processes [30].

The schematic diagram of pre-combustion capture for power generation as well as its’
principles of operations are shown in Figures 2.3 and 2.4, respectively.
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Steam reforming:
CaHb + aH2O ↔ aCO + (a + b/2) H2

REACTION I

Partial oxidation:
CaHb + a/2 O2 ↔ aCO + (b/2) H2

REACTION II

Water-gas shift:
CO + H2O ↔ CO2 + H2

REACTION III

The CO2 generated is separated through a physical or chemical absorption process and
further purified for compression and storage, while providing H2-rich fuel that can be
utilized for various applications, like in furnaces, fuel cells, gas turbines, boilers, etc. [11].
The pre-combustion path to CO2 capture in the existing power plants has been applied to
Integrated Gasification Combined Cycles (IGCC) as well as Natural Gas Combined Cycles
(NGCC). Currently only about four power plants operating on IGCC are in operation
worldwide but without CO2 capture implementation. The US Kemper County-Mississippi
Power has been the only known IGCC plant equipped with CO2 capture technology even
though it is not yet operational at full scale [11]. The additional cost for the generation of
syngas made NGCC less economically palatable in comparison to other carbon capture
options [32, 33]. The pre-combustion technologies which is still premature require major
modifications to the current fossil power plants and require huge investment if is to be
applied to new fossil fuel power plants [8].

14

Figure 2.3: Schematic diagram of pre-combustion capture for power generation [11].
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Figure 2.4: Principle of pre-combustion CO2 capture [34].

2.1.2 Post-combustion carbon capture
In post-combustion technologies, the carbon dioxide emission is mitigated by separation
and removal of CO2 from the flue gases via absorption using solvents (basically amines),
adsorption using metal organic framework, as well as CO2 selective membrane separation,
as shown in Figure 2.5. The use of liquid solvents (amine based) has been the most
established technology for the post-combustion CO2 capture [35-37]. The solid sorbents
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adsorption concept has also been considered as promising alternative technologies [36, 38].
The adsorption technology has been extensively studied for the gas separation in industrial
based processes such as purification of H2 [39], air separation and drying [40, 41],
separation of hydrocarbons [42], etc. This technology is yet to be available in commercial
scale due to the challenges in large scale amine processes, high purity of flue gas
requirements by most sorbents, extraction of steam to regenerate solvents, additional water
consumption etc., requiring additional energy (25 to 30%) for plant operation as well as
high capital and recovery costs [11, 43].
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Exhaust to
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Figure 2.5: Principle of post combustion CO2 capture [34].

2.1.3 Oxy-fuel combustion carbon capture
In oxy-fuel combustion process, mainly pure O2 is being utilized for the fuel combustion
resulting in only H2O and CO2 as the by-products of the combustion. Oxy-fuel combustion
process produces very high temperature and hence part of the flue gas is usually recycled
into the combustion zone to lower the exhaust temperatures to within allowable limits to
maintain material integrity. The flue gas containing mostly CO2 is usually dried purified
and compressed for further storage as mentioned. The schematic diagram of oxycombustion capture process is shown in Figure 2.6.
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Figure 2.6: Principle of oxy-fuel combustion CO2 capture [34].

2.1.4 CO2 Transport and storage
There have been plenteous ways of transporting gaseous CO2 captured based on the above
capture technologies in a safe, economical and reliable fashion. These include surface or
underground pipeline transportation, across sea or oceans on ships, road tankers [44]. The
transport technology is speedily being developed based on the adoption of progress made
in the natural gas transportation in the recent history. The captured CO2 can either be
utilized or stored in underground geological reservoirs [45, 46]. The CO2 can be utilized
by recycling it for reuse in food industries, agriculture, as fire extinguishers, refrigeration
systems, energy productions, mineralization process, methane and methanol production via
photo-catalysis of CO2 etc. [45-49].

The major factors that need to be considered in CO2 storage is the ability of the storage
sites to possess; little environmental influence, high level of safety characteristics and
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capability to conform to technical and geological standards [50-52]. On these bases, there
are three major ways through which storage of the captured CO2 may be achieved:
geological storage, ocean storage and calcination process. Out of the three methods of CO2
storage outlined above, geological storage happened to the highly considered one since it
is also used by petroleum industries for decades to improve their rates of production and to
ensure total productivity lifespan of the field [53]. Geological storage consists of three key
options which include injection into: coal bed, deep saline aquifers or depleted hydrocarbon
reservoirs [54, 55]. CO2 storage in a deep saline aquifers and depleted hydrocarbon
reservoirs normally achieved at a depth of 800 m and lower where it is believed that the
conditions (i.e. temperature and pressure) will enable the CO2 to be stored in a supercritical
state (31.1 oC and 7.38 MPa). At this situation, there will be no distinction between vapor
and liquid phase and the CO2 will possess both gas-like property (i.e. compressible fluid)
and liquid-like property (i.e. density in the rage of that of crude oil) [50, 51] which
eventually make it suitable for replacement. Figure 2.7 shows typical injection of CO2 into
depleted hydrocarbon reservoir. In case of ocean storage, CO2 is injected to ocean at a
depth below 1000 m where the pressure, temperature and salinity are good enough to
maintain both the stability and long-time storage of the CO2. The calcination process
involves the conversion of CO2 to inorganic solid carbonates by using alkaline oxides.
Though, the process may be natural, but it occurs very slowly.
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Figure 2.7: Layout showing typical injection of CO2 into depleted hydrocarbon reservoir [50].

2.2

Characteristics of Oxy-fuel Combustion

Oxy-fuel combustion technology is among the proposed CO2 capture technology with
promising prospect for power generation and carbon free society. Since technology involve
combustion of fuel with pure O2 rather than air, the exhaust flue gas mostly comprises of
CO2 and H2O. The water can be condensed, and other possible contaminants also removed
from the exhaust stream leaving only stream of pure CO2 that can be reused or compressed
and stored. One of the main characteristics of this combustion is relatively high
temperatures in the combustion zone. Nitrogen has been providing dilution in the reaction
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zone, but that effect is no longer available since only pure O2 is being reacted. Hence
portion of the exhaust flue gas is being recirculated back in to the combustion zone to
provide the required temperature moderation as well as compensate for the dilution lost in
the combustion process [56].

There has been extensive research on oxy-fuel combustion as reported in many literatures.
Currently, the mainstream of the oxycombustion research are focused on the combustion
of pulverized coal [57]. The main items of interest as reviewed by [57-61] focused mainly
on fundamentals of oxy coal combustion, with keen interest in combustion emissions, heat
transfer, flame stability, issues related to ash, CFD modelling as well as techno-economic
evaluation of pulverized fuel combustors. They recognized the need for more research to
further understand the fundamental changes that occurs when applying the oxy-coal
combustion technology to the conventional air-fired combustors and the new plants. These
include the effect of feed oxygen concentration as well as the recycled CO2 ratio, heat
transfer, ignition delay, emissions, burn-out, retrofitting cost and the overall CO2 capture
cost. Similarly, the following conclusions were made with regards to the application of
oxyfuel technology to pulverized fuel combustion as reported by [62-77]: (1) the
aerodynamics of pulverized fuel particles and turbulent flows of air-fired coal combustion
can easily be modified and applied to oxyfuel combustion. (2) Refinement of models for
gaseous radiative heat transfer as well as soot formation in oxycombustion applications.
(3) Refinement of the global turbulence–chemistry interaction to a more robust one due to
the high-concentration CO2 and H2O in the oxycombustion process which has effect on the
combustion at gas phase. (4) About 70-80% reduction in NOx emission in oxyfuel
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combustion with similar fuel bound NOx to air-fired combustion. (5) Modification to the
WSGGMs currently being implemented to eliminate the discontinuity problem and
improvement of particle radiation which overwhelms gas radiation in pulverized fuel
combustors. (6) Requirement of more experimental and numeral data with regards to
ignition and burnout under precise oxy-fuel conditions. (7) The need to study the effect of
oxycombustion conditions on the amount of inorganic elements released and their
corrosive effect as well as formation of aerosols, aggravate pollution, and fly ash emissions.
(8) Investigation into the fundamental basics of advanced oxy-fuel technologies like
flameless and mild oxycombustion as well as biomass oxycombustion. (9) Need for more
research and developments for low energy penalty, low capital costs, higher efficiency in
form of design, modeling and optimization of CCS systems.

To obtain the same mass fraction of O2 in atmospheric air in a CO2-O2 mixture, the volume
fractions of CO2 and O2 has to be 70 and 30% respectively [56]. Also, the increase in CO2
and H2O from the recycling process in oxycombustion results in higher emissivity and heat
capacity of the exhaust mixture which enhances both convection and radiation heat transfer
[56]. The main factor for sizing an oxy-combustor has been found to be the higher radiation
heat release [19]. This due to the increased CO2 and H2O concentrations in the exhaust
stream. Recently, Martin et al., [78] studied the radiative heat release from oxy-methane as
well as oxy-syngas in a laboratory scale premixed combustor. They assess the effects of
equivalence ratio, diluent (CO2) addition, firing input as well as H2 addition on the radiation
heat released. They found that for the syngas flames, the higher the firing inputs the lower
the radiative heat release factor. Whereas the same trend was also observed due to increase
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CO2 recirculation ratios on the radiative heat release factor, the opposite was the case when
H2 content was increased.

Gas turbine model combustor was used to study the oxyfuel flames at atmospheric
pressure. The flame structure and stability of partially premixed and swirl stabilized
combustor, with equivalence ratio range of 0.5 – 1.0, O2 mole fractions of 20 – 40%, and
power of 10 – 30 kW were studied by [79] by using OH- chemiluminescence imaging.
Their results showed that the lower limit of O2 mole fraction was 22% below which
instability as well as blow-out were observed, even at stoichiometric and higher power
operation. Similar range of equivalence rations were investigated by [80], for the flame
structure and stability at various O2/CO2 ratios, ranging from 100/0 to 25/75, in a model
gas turbine combustor. They also reported 21% O2 as the lower stable and blow-out limit.
They also achieved lower exhaust gas temperature with increase in equivalence ratio. The
stability of the oxyfuel flame is usually affected if the percentage O2 in the oxidizer mixture
is less than 25% with extinction at condition below 21% as reported by [81]. Under
premixed oxyfuel laminar combustion conditions, the effect of adding CO2 and H2O on the
laminar burning velocity of CH4/O2/N2/H2Og as well as CH4/O2/CO2/H2Og in a combustor
at atmospheric pressure and 100oC reactants inlet temperature, for the range of equivalence
ratio of 0.5 to 1.5 showed a quasilinear drop in flame speed in both diluted cases [82]. The
decrease in flame speed was also reported by [83] when CO2 replaces N2 in the oxidizer
there by decreasing the performance of the combustor in terms of the species and
temperature distributions.
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On the study of the chemical effects of CO2 recirculation on the heat release rates and the
flame speed, several works have been reported [83-86]. As reported by [85], the burning
velocity of methane combustion is signiﬁcantly reduced because of CO2 chemical eﬀect.
When compared with air-fired combustion, the chemical effects of CO2 in oxyfuel
combustion reduce the combustion temperature in a manner analogous to the physical
effects of CO2 in an atmosphere containing 36% O2 and 64% CO2 [84]. Whereas for the
mole fractions between 20 to 28%, the heat release rates due to the reactions OH + CO ⇔
CO2 + H and CO2 + CH2(S) ⇔ CO + CH2O are usually the most profoundly impacted by
the addition of CO2, the effect of the CO2 on the basic reactions when the O2 mole fraction
was increased from 28 to 32% counterbalance each other [84].For the range of O 2 mole
fractions from 32 to 36%, the most impacted reactions heat release rates are that of H2 +
OH ⇔ H2O + H and O2 + H ⇔ OH + O, and for the range of 36 to 50%, the reaction OH
+ HO2 ⇔ O2 + H2O is the most highly influenced by CO2 addition [84].

In order to maintain stable flame under oxy-combustion conditions, there should be certain
minimum amount of oxygen concentration in the oxidizer to enable sufficient temperature
levels within the combustor to sustain the combustion reactions. The premixing of O2 and
CO2 as oxidizer at certain ratios reported to exhibit poor burnout and flame instability [87].
Heil et al. [88] also reported flames lift-off and poor burnout when the O2 molar
concentration in the oxidizer mixture (CO2+O2) was set to 21% and stable flame and full
fuel burnout were obtained while increasing this ratio above 27%. While increasing O2
concentration in the oxidizer mixture, the temperature of the combustion exhaust gases was
increased as well as excess O2 in the exhaust stream was reported. Liu et al. [89] reported
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24%/76% molar ratio of O2/CO2 as the minimum oxidizer lower stability limits for gas
turbine combustion applications. Peter Kutne et al. [79] studied the stability of swirl
stabilized flames based on oxy-methane combustion for the range of equivalence ratio from
0.5 to 1 and thermal power from 10 to 30 kW for O2 mole fraction in the inlet oxidizer
mixture from 20% to 40%. They reported unsuccessful combustion when the O2 mole
fraction was below 22% for all considered ranges of power and equivalence ratio due to
blowout and flame instabilities. Carbon dioxide addition, as a diluent, affects the oxycombustion characteristics of natural gas flames in terms of variations in the following
parameters within the combustor [82-86, 90-96] (a) adiabatic flame temperature of the
mixture, (b) radiative heat transfer, (c) transport properties-viscosity, mass diffusivity,
thermal conductivity, (d) specific heat of the mixture, (e) chemical kinetic, and (f) flame
structure. Therefore, oxy-methane combustion in an environment of high CO2
concentrations provides fresh combustion challenges and opportunities for the study of the
above parameters.

The use of porous plate reactors has been increased significantly due to its flexibility of
introducing the oxidizer mixture through the whole combustion chamber. This is of
immense importance in case of oxy-fuel combustion to uniformly distribute O2 through the
whole combustion chamber and, accordingly, reduce the creation of elevated temperature
spots within the flame zone. Habib et. al., [97] studied the characteristics of oxy-fuel
combustion in a porous plate reactor experimentally and numerically for the reactive and
non-reactive cases. The results showed uniform temperature distribution through the
porous plates due to the uniformity of oxygen distribution through the combustion zone.
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The effect of oxy-fuel mixing is significant especially for porous plate reactors as it affects
directly the combustion chemistry within the combustor. Mixture fraction is defined as the
fraction of the fluid mass that originates as fuel. Mass fractions for all other species can be
derived based on state relationships from the mixture fraction [98].

Combustion models based on the mixture fraction concept has been commonly used to
simulate and evaluate the combustion characteristics in combustors and fire models,
including the Fire Dynamics Simulator (FDS) developed at the National Institute of
Standards and Technology (NIST) [99]. Numerical simulations, using the Commercial
CFD software, CFX-11, were performed by Dharavath et al. [100] to investigate the effect
of equivalence-ratio on the combustion behavior and air-fuel mixing on the full-scale
scramjet combustor of a hypersonic air-breathing vehicle with ethylene fuel at ground test
conditions by solving species transport equations, k-ω turbulence model as well as the
three-dimensional RANS equations. They validated the computational results against an
experimental data available in the literature and then performed parametric study of the
full-scale combustor performance parameters, namely: total pressure loss, combustion
efficiency, and thrust [100]. A similar work was conducted by Han et al. [101] to
investigate the effects of air–fuel mixing quality on combustion parameters for two low
temperature diesel combustion regimes using conventional diesel combustors. They found
that the intake and injection pressures are the most crucial factors influencing the air–fuel
mixing process. To achieve the different combustion regimes, they varied the concentration
of intake oxygen. The improvement of air–fuel mixing with enhanced combustion process
in the two cases was studied [101].
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2.2.1 Lean blow-out limit
Flame blowout occurs when the flame is incapable of sustaining combustion at locations
downstream from the exit of the combustor [102, 103]. Karbasi and Wierzba [104] studied
the effect of dilution of fuel jet for a co-flow arrangement in order to determine the
velocities at the flame blowout. The diluents used were Nitrogen, Helium, and carbon
dioxide. It was found that the addition of the diluent in the co-flow has a greater influence
on the blowout limit in comparison to the case when the diluent was premixed within the
fuel jet. The diluents, in descending order of their influence, are CO2, N2 and He. Several
models were developed based on flow exit velocity and fuel properties to estimate the
blowout limits. The method relies heavily on how the fuel velocity and diluent, or co-flow
are measured. Mostly, the blowout limit is found to decrease with increase in the flow
velocity [102]. The LBO has been theoretically characterized using two different
approaches [105-107]. The first approach is based on the Damköhler (Da) number concept,
defined as the ratio of characteristic mixing time to the characteristic chemical reaction
time. It is based on the postulation that lean blowout occurs when the residence time is not
sufficient time enough to allow for the chemical reactions to occur. The second method
considers the ratio of the flame speed to the flow speed based on the assumption of
flamelet-like combustion, in that, the lean blowout occurs when the flow speed exceeds the
flame speed at critical positions within the combustor [108]. In both the approaches, lean
blowout is influenced by heat content, fuel kinetic characteristics, diffusivity, and the flow
field of the combustor [109].
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2.3

Modeling of Oxy-fuel Combustion

Computational fluid dynamics (CFD) refers to the analysis of systems involving heat
transfer, fluid flow, as well as the other related phenomena using computer-based
simulation [110]. The CFD has become a very important tool with many areas of
application spanning across many fields such as: power plants, combustion systems, ships
hydrodynamics, vehicles and aircraft aerodynamics, turbomachinery, electrical and
electronic, chemical processes, marine engineering, oceanography and hydrology,
meteorology, biomedical engineering, heating-ventilation and air-conditioning, etc, [110115]. There have been enormous applications of CFD in design optimizations,
troubleshooting and analysis in various engineering and non-engineering fields.

2.3.1 Reduced reaction mechanism for oxy-fuel combustion
Combustion related applications of CFD technique has also been reported in many
literatures employing detailed and reduced reaction mechanisms. The application of the
CFD in industries is usually computationally demanding [116]. This necessitate the use of
reaction mechanisms that are simplified to minimize the computing task. Despite the recent
use of detailed reaction mechanism in combustion as the result of the current upsurge in
computational capabilities and more accuracy, the reduces or global mechanisms are still
preferred due to economic considerations [117]. Some of the most recent applications of
the reduced mechanism in CFD combustion simulations available in the literature are
reported by [117-128]. It is widely accepted that, in order to simulate complex geometries
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as well as complex geometry, simplified kinetic mechanisms are essential. Among the
well-known applicants of the reduced schemes are Westbrook and Dryer (WD) and Jones
and Lindstedt (JL) [129, 130].

The higher temperature associated with oxy-fuel combustion make application of the
reduced mechanisms less valid. Most of the reduced mechanisms do not include
dissociation reactions as well as radicals. Thus, in order to implement the schemes for
oxycombustion systems, the mechanisms are being re-modified and validated against
available experimental data [117-128]. In the case of combustion of methane with air, when
temperature or CO concentration are of interest the reaction rate parameters need to also
be modified, the frequently used simplified global reaction mechanisms are those
developed and offered by Westbrook and Dryer as well as Jones and Lindstedt, as shown
in the Appendices A - H.
Two-Step Westbrook and Dryer Mechanism
The WD mechanism consists of two reactions with the last reaction being reversible. The
mechanism is listed in the form of three irreversible steps as follows:
CH4 + 3/2 O2 → CO + 2 H2O

REACTION IV

CO + 1/2 O2 → CO2

REACTION V

CO2 → CO + 1/2 O2

REACTION VI

Appendix A shows the 2-steps Mechanism and their kinetic data, consisting of two
reactions of CH4 and CO with O2, where the reaction of CO with O2 is a reversible reaction
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for CO2 decomposition making the third reaction [131]. The modified WD reaction
mechanism for oxy-fuel conditions that was validated with a detailed chemical kinetic
mechanism by retaining the first CH4 and O2 reaction, while refining the second CO-CO2
reactions so as to improve the computation of the concentrations of major species and to
account for the pressure dependence as well as the appropriate heat of reaction for the
[CO]/[CO2] equilibrium [116, 131]. The modified WD reaction mechanism is shown in
Appendix B. Similar reaction rates parameters for the original and refined WD mechanism
were reported by [116] as shown in Appendices C and E respectively.
Four-Step Jones and Lindstedt Mechanism
The four-step global reaction mechanism developed by Jones and Lindstedt [132] for
methane combustion with air in premixed diffusion flames are given by Reactions VII-X
below:
CH4 + 1/2 O2 → CO + 2 H2

REACTION VII

CH4 + H2O → CO + 3 H2

REACTION VIII

H2 + 1/2 O2 ↔ H2O

REACTION IX

CO + H2O ↔ CO2 + H2

REACTION X

The mechanism comprises of the first two irreversible contending reactions for the fuel
breakdown, and the last two reversible reactions, controlling the reaction rates for H2 and
CO. The reaction rate parameters/expressions were initially estimated based on equilibrium
assumptions [128-132]. Appendices D and H shows the four-step JL reaction mechanism
with the kinetic rate data for methane combustion based on different units of conversion.
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Similar approach was employed for the modifications and validation of the rate parameters
to account for the oxy-fuel combustion characteristics. Some of such modified and
validated parameters are shown in Appendices E, G, H based on different applications and
variations in unit conversions [116, 128-132].

2.3.2 General Conservation Equations
The general mathematical equations for modeling combustion process are the conservation
of mass, momentum, and energy as well as equation of species transport. These governing
equations are elliptic as well as three-dimensional that are suitable for modeling
combustion phenomena. These equation as provided by [133, 134] are given below.

2.3.2.1 Continuity equation
The general form of continuity equation or mass conservation equation is given by
Equation (2.1).
𝜕𝜌
𝜕𝑡

+ ∇ ∙ (𝜌𝑣⃗) = 𝑆𝑖

(2.1)

where 𝑆𝑖 is the external addition mass source term. When there is no external mass source
addition and the system operates at steady state, the Equation 2.1 reduces to Equation 2.2
∇ ∙ (𝜌𝑣⃗) = 0

(2.2)
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2.3.2.2 Momentum Equation
The general form of continuity or mass conservation equation for both compressible and
incompressible flows can be written as (Equation 2.3)
𝜕
𝜕𝑡

(𝜌𝑣⃗) + ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + 𝜌g
⃗⃗ + ∇ ∙ (𝜏̿)

Where the stress tensor, 𝜏̿ = μ [(∇𝑣⃗ + ∇𝑣⃗ 𝑇 ) −

2
3

(2.3)

∇ ∙ 𝑣⃗𝐼]

μ is the viscosity; the term ∇𝑣⃗ 𝑇 is the effect of volume dilation; I is the unit tensor. The
Equation 2.3 can also be reduced to Equation 2.4 for a Newtonian fluid
∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + μ∇2 𝑣⃗

(2.4)

2.3.2.3 Energy Equations
The energy equation in its steady form, as shown in Equation 2.5, accounts for energy
transfer due to conduction, viscous dissipation, species diffusion, as well as energy source
terms [135] [136]
𝜕
𝜕𝑡

(𝜌𝐸) +

𝜕
𝜕𝑥𝑗
𝑃

𝜕

𝜕𝑇

((𝜌𝐸 + 𝑃) ∙ 𝑣⃗) = 𝜕𝑥 (𝐾𝑒𝑓𝑓 (𝜕𝑥 ) − ∑𝑗 ℎ𝑗 𝐽𝑗 + 𝜏̿𝑒𝑓𝑓 ∙ 𝑣⃗) + 𝑆ℎ

Where 𝐸 = ℎ − 𝜌 +

𝑗

𝑣2
2

𝑗

(2.5)

; 𝐾𝑒𝑓𝑓 = 𝑘 + 𝑘𝑡 , and Sh which is the energy source term comprises

of the heat of chemical reaction and radiation heat exchange. The Equation 2.5 can as well
be reduced to Equation 2.6.
(𝜌𝐶𝑃 )𝑣⃗ ∙ ∇𝑣⃗ = ∇ ∙ (k∇𝑇) + 𝑆ℎ
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(2.6)

2.3.2.4 Species transport equation
The species transport equation provides the mass fraction or concentration of each species
𝑌𝑖 , by solving the coupled convection–diffusion equation for the 𝑖 𝑡ℎ species.
𝜕
𝜕𝑥𝑖

𝜕

(𝜌𝑣⃗𝑌𝑖 ) = − 𝑌𝑚,𝑖 + 𝑅𝑖 + 𝑆𝑖
𝜕𝑥

(2.7)

𝑖

𝜕𝑌

where 𝑌𝑚,𝑖 = −𝜌𝐷𝑚,𝑖 𝜕𝑥𝑖 ; and 𝐷m,i =
𝑖

1−𝑋i
𝑋
∑𝑗,𝑗≠1( i )
𝐷i,j

2.3.2.5 Mixture fractions
The mixture fraction is a non-dimensional conserved quantity that indicate the local fueloxygen ratio in non-premixed mixture as given by Equation (2.8) and the stoichiometric
mixture fraction as given by Equation (2.9) [137-140]. Equivalence ratio of oxy-fuel
combustion is defined as the ratio of stoichiometric oxidizer to fuel ratio divided to the
actual oxidizer to fuel ratio. A unique relation between the equivalence ratio and the
mixture fraction has been developed by [137, 139] as shown in Equation (2.10).
𝑍=

𝜈𝑌𝑓 − 𝑌𝑂 + 𝑌𝑂,2

(2.8)

𝜈𝑌𝑓,1 + 𝑌𝑂,2

𝑍𝑠𝑡 = 𝜈𝑌

𝑌𝑂,2

𝑓,1

(2.9)

+ 𝑌𝑂,2

𝑍(1−𝑍𝑠𝑡 )

𝜙=𝑍

𝑠𝑡

(2.10)

(1−𝑍)

For Z < Zst (fuel lean); Z > Zst (fuel rich); Z = Zst (stoichiometric mixture)
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2.3.3 Radiation Modeling
The Radiative heat transfer is one of the most important heat transfer mechanism in which
heat is transferred from a medium by virtue of its temperature without a need for a material
medium for the transfer. Heat transfer by radiation can be categorized into only surface-to
surface effect (wall radiations) and the volumetric (participating media) effect in which
both the walls and the fluid medium it confines participate in the radiations. The second
case of participating gas is more prominent in combustion researches and applications
[141]. The analysis of radiative heat transfer must involve the knowledge of spectral or
total radiative properties of surfaces and/or media through which the radiative energy
transfer occurs. These properties are basically emissivity, absorptivity, and reflectivity
which define the ultimate magnitude of radiative energy exchange in any process involving
heat transfer and vary for different materials and media [142]. For an absorbing, emitting,
and scattering medium, radiative transfer equation (RTE) must be solved to establish
radiation contribution in the overall heat transfer. The RTE is then coupled to the energy
equation for total heat transfer analysis of the system.
𝑑𝐼(𝑟,𝑠)
𝑑𝑠

= 𝑘𝐼𝑏 − (𝑘 + 𝜎𝑠 )𝐼(𝑟, 𝑠)

(2.11)

Due to the complexity of radiation and its coupling with the other modes of heat transfer
in turbulent reacting flows, several models were proposed aimed at some simplification.
The choice of any model will depend on the problem at hand as well as the application
among other things. In the commercial ANSYS Fluent version 16.0 code, the available
radiation models are:
a) Discrete Transfer Model
b) P-1 Model
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c) Rosseland Model
d) Surface-to-Surface (S2S) Model
e) Discrete Ordinates (DO) Model

2.3.3.1 Discrete Ordinate (DO) Radiation Model
The DO radiation model solves radiative heat transfer problems that include both surfaceto-surface and participating medium. The surfaces in question could be a semi-transparent
wall among other surfaces. Also, the model can be used for gray and non-gray radiation
using a gray-band model. The Weighted-Sum-of-Gray-Gases (WSGGM) Model is
employed for the determination of absorption coefficient (a property dependent on the gas
composition and temperature). While the WGSSM holds under some assumptions, it is
more accurate than the oversimplified gray gas model as it takes into account particular
absorption bands. Ultimately, the models are adequate to predict the thermal radiation
exchange between the combustion gases and the combustion chamber walls.

The RTE depicted as a field equation in direction 𝑠⃗ is used in the DO model [143]. The
equation is given as;
∇ ∙ (𝐼( 𝑟⃗, 𝑠⃗ ) 𝑠⃗ ) + (a + 𝜎𝑠 )𝐼(𝑟⃗, 𝑠⃗) = 𝑎𝑛2

𝜎𝑇 4
𝜋

+

𝜎𝑠 4𝜋
∫ 𝐼(𝑟⃗, 𝑠⃗)𝛷(𝑠⃗, 𝑠⃗ ′ ) 𝑑Ω′
4𝜋 0

(2.12)

Based on the WSGGM, the total emissivity over the distance s can be computed using;
𝜀 = ∑𝐼𝑖=0 𝑎𝜀,𝑖 (𝑇)(1 − 𝑒 −𝜅𝑖 𝑝𝑠 )

(2.13)
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The absorption coefficient for i = 0 is assigned a value of zero to account for windows in
the spectrum between spectral regions of high absorption (∑𝐼𝑖=1 𝑎𝜀,𝑖 < 1) and the
corresponding weighting factor can be obtained using;
𝑎𝜀,0 = 1 − ∑𝐼𝑖=1 𝑎𝜀,𝑖

(2.14)

The temperature dependence of 𝑎𝜀,𝑖 is evaluated using;
𝑎𝜀,𝑖 = 1 − ∑𝐽𝑗=1 𝑏𝜀,𝑖,𝑗 𝑇𝑗−1

(2.15)

Where 𝑏𝜀,𝑖,𝑗 are the polynomial coefficients for emissivity.

2.4

Membranes for Oxygen Separation

The ceramic-based membranes for oxygen separation are layers of material(s) that allows
a gas to permeate through it by applying driving force. The partial pressure gradient of the
gas to be permeated and/or an electric potential difference across the material acts as the
driving force. Four among the most common concepts of the permeable membranes as
shown in Figure 4.2.1 are [144, 145]: (i) solid electrolyte membrane, (ii) dual phase
membrane, (iii) mixed ionic–electronic conducting (MIEC) membrane, and (iv)
asymmetric porous membrane with graded porosity. The solid electrolytes-based
membranes are pure O2 conducting membranes that provides O2 permeation in a controlled
manner based on the amount of external electric current supplied, as shown in Figure 2.8(i).
The membrane configuration shown in Figure 2.8(ii), is referred to as the dual phase type.
It the metallic phase dispersal in the matrix of O2 ion-conducting oxide/material. Despite
the report of increase in the electronic conductivity of dual phase membranes as the result
of increase in the concentration of the doping material, the solubility of the solid
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multivalent material limits the level of increase in the conductivity. They are strong
evidence of damage of the dual phase membranes as the result of incessant electronic
conduction with accompanying O2 permeation in oxygen sensors and fuel cells [146].

Figure 2.8(iii) shows the schematic configuration of the MIEC membrane. The electronic
conductivity of the MIEC membranes provides the necessary internal short-circuit and
maintain neutrality of the total charge by concomitant electron – ion (O2−) fluxes balance.
These are densely impermeable to gas molecules, but only permit oxygen ions (O2−) and
the electrons (e) exchange across them based on pressure gradients. This involves the
dissociation and ionization of the oxygen molecule (O2) which allows the O2− permeation
from the side that has higher partial pressure to the side with lower oxygen partial pressure.
The MIEC membranes produces higher pure O2 than the other conducting counterparts.
The MIEC membrane proven to be practically attractive due to their conduction of both
electrons and oxygen ions without application of external circuitry. The schematic
configuration of the porous membrane with graded porosity is shown Figure 2.8(iv). These
types of membranes have better mechanical support as well as greater surface area to
volume ratio. They are typically made from materials like γ-Al 2O3, α-Al 2O3, SiO2 and
TiO2. MIEC membranes are known to offers higher electronic conductivity at higher
temperatures (700-1000oC). Despite the higher O2 permeation characterized by the
perovskites-type membranes than the non-perovskites, the oxygen generation cost is higher
in the case of perovskites-type due the requirement of the temperature elevation higher than
that of the non-perovskite [147].
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Figure 2.8: Four concepts of conduction mechanism for dense ceramic membranes: (i) solid electrolyte, (ii)
dual phase, (iii) MIEC, and (iv) asymmetric porous with graded porosity [145].

2.4.1 Mixed Ionic and Electronic Conducting (MIEC) membranes for oxygen
separation
The MIEC membranes that are being used for O2 separation has been giving significant
attention by many researchers due to their potentials of reduction in cost of energy
requirement for the production of O2. They are made up of mostly dense ceramic
membranes that usually works at elevated temperatures (80-100oC). They are given
different acronyms like: MIEC, OTM (Oxygen Transport Membranes), ITM (Ion
Transport Membranes) [26, 144, 148-150]. The MIEC materials, also known as perovskite
materials, are ceramic materials that possesses crystal structure similar to that of calciumtitanium oxide (CaTiO3) having a general chemical formula of ABO3 [144]. Whereas the
A-site cation can be an alkali, rare earth, or an alkaline earth ion, e.g. Ba, Ca, La, Na, Sr
etc., the B-site is mostly transition metal, e.g. Co, Cu, Ni, Fe, Ti, Zr, etc., and O is oxygen
atom [151].
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The phase structures of an ideal ceramic-based membrane are shown in Figure 2.9. The Aatoms are situated at the center of the crystal and each atom is surrounded by 12 equidistant
oxygen atoms. The six B-atoms are positioned at the corners of the cube and the oxygen
atoms are at the centers of the edges of the cube. An ideal structure of ABO3 does not have
ionic conductance capacity until there is partial replacement of the cations at the A-site and
B-site which will provide the necessary oxygen vacancies that can be used for the
conduction of the oxygen ions. The general formula representing thr doped perovskite
membrane by partial substitution of the cations is given as AxAʹ1-xByBʹ1-yO3-δ, where x and
y vary from 0 to 1 and δ is the oxygen vacancies concentration in the structure. Many Asite and B-site cations partial substitution strategies have been developed to provide
economically viable oxygen fluxes as shown by many researchers [20, 144, 152-154]. The
most currently studied MIEC membranes are the La1-xSrxCo1-yFeyO3-δ (LSCF) and Ba1xSrxCo1-yFeyO3-δ

(BSCF). SrFe0.9Ta0.1O3−δ, Sr0.7Ba0.3Fe0.9Mo0.1O3−δ, Pr0.4Sr0.6CoxFe1−xO3−δ

(0 ≤ x ≤ 1), Ba0.95La0.05FeO3−δ, and SrCo1−yNbyO3−δ (0.025 ≤ y ≤ 0.4). Other types of
perovskite O2 semi-permeable membranes include structured ceramic (e.g. Sr1.4
La0.6GaFeO3-δ), modiﬁed ceramics (e.g. SrFeCo0.5Ox), dual-phase ceramic–metal (e.g.
Sr0.2La0.8Fe0.69Co0.1 Cr0.2Mg0.01O3 + 50Ag/50Pd), thin dual phase with chemically stable
lead and yttria-stabilized zirconia, BaBi0.4Co0.2Fe0.4O3−δ (BBCF), BaTi0.2Co0.5Fe0.3O3−δ
(BTCF),

La0.4Ca0.6FeO3−δ

(LCF),

La0.5Sr0.5CoO3−δ

SrCo0.8Fe0.2O3−δ (SCF), etc, [24-27, 155-159].
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(LSC),

La2NiO4+δ

(LNO),

Figure 2.9: Ideal ABO3 perovskite crystal structure [144, 147].

2.4.2 Oxygen transport mechanism in MIEC membranes
The O2 transport requires a driving force for its migration across the membrane. This is
usually the partial pressure gradient between the permeate and the feed side of the
membrane. The transport will occur from high O2 partial pressure side (feed side), to the
lower O2 partial pressure side (sweep or permeate side), by using the gradient of O2
chemical potential based on the temperature of the membrane. The bulk diffusion and/or
the surface exchange resistance limits the oxygen permeability of ITMs. Figure 2.10
present the schematic diagram of the oxygen transport mechanism in an ITM based of the
following stages [153, 160, 161].
(i)

O2 mass transfer from the higher oxygen partial pressure feed stream to the surface
of the membrane surface.

(ii)

O2 adsorption and dissociation into ions at the surface layer of the membrane.
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(iii)

Bulk ionic diffusion in the membrane lattice structure.

(iv)

Oxygen ionic recombination at the opposite interface

(v)

O2 mass transfer from the surface to the lower oxygen partial pressure sweep
stream.

(a)

(b)
Figure 2.10: Schematic representation of O2 transport in dense ceramic MIEC membranes [20, 152, 153].
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The kinetics surface exchange reactions govern the two interfaces reactions at stages (ii)
and (iv) while the bulk diffusion occurs at the stage (iii). The material properties of the
membrane dictate the resistance levels at the two interfaces I and II. These include the
perovskite composition, the total surface area exposed to the transport as well as the
thickness [153, 160].

2.4.3 Configurations of ITM for reactor applications
The three most studied geometric configurations of ITM are: disk or planar, hollow fiber
and tubular as shown in figure tubular, and hollow fiber, as shown in Figure 2.11. The
planar as well as the tubular configurations have been utilized for large scale commercial
applications [26, 162]. The larger surface area of the hollow fiber membranes is making
them popular nowadays due to it relatively higher surface area to volume ratio than that of
the disk, planar or the tubular counterparts. Conversely, the lower thickness of the hollow
fiber membranes due to their lesser thickness lower their mechanical strength in
comparison to other configurations making their assembling in the reactor very difficult
[163].
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Figure 2.11: Configurations of ITMs [164].

The flow configuration of the ITM reactor could be either co-current or counter current
flows. Whereas in co-current configuration the feed and sweep gases are passed in the same
axial direction, the opposite direction of the flow of the two gases made the flow to be
counter-current. The ITM membrane are being modified to include various forms of porous
layers as well as asymmetric configurations [165]. The addition of the porous layers,
metallic reinforcement or catalysts to the membranes tends to increase their mechanical
strength as well as the surface reactions in order to improve desired reaction or oxygen
permeation [166, 167]. This can permit the use of much thinner membranes for the oxygen
exchange reaction.
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2.4.4 ITM oxygen flux fundamentals
Separation of oxygen from a gaseous stream such as air has been primary objective of
ITMs. In order to develop or utilize an improved membrane for optimum performance,
there is need for proper understanding of the permeation processes across the ITM. The
oxygen transport across an ITM involves the concomitant exchange of the oxygen ions
with electrons. The maximum amount of oxygen at a given total conductivity occur when
the electronic and ionic transference numbers are equal. As defined by [145], the electronic
or ionic transference number refers to the fraction of the total current carried by that
electron or the ion when passing through a solid or an electrolyte. The schematic
representation of O2 transport in an ITM has been shown in Figure 2.10.

The resistances between the membrane and the gas phase are customarily neglected since
they are mostly very small and hence the surface exchanges of stages (ii) and (iv) and the
bulk diffusion of stage (iii), as described in section 2.4.2, are mostly being considered
when developing the oxygen transport equations [22, 168, 169]. There are many sub series
involved in the surface exchange processes as properly explained by [170]. The oxygen
bulk diffusion which is usually influenced by the oxygen vacancy, electron holes as well
as the electrons has been commonly depicted using the prominent Wagner theory for a
fairly thick membrane with the oxygen flux as shown in Equation 2.16, based on the
following assumptions [145, 152]:
1. The diffusion of oxygen ions determines the overall rate of oxygen permeation across
the membrane lattice or the electronic charge transport across the bulk oxide [145];
43

2. The electrons and oxygen ions are in local equilibrium with oxygen molecules [152].

𝑅𝑇

′
𝑝𝑂

𝜎𝑒 𝜎𝑖

𝐽𝑂2 = 16𝐿𝐹2 ∫𝑝′′ 2 𝜎
𝑂2

𝑒

+ 𝜎𝑖

𝑑ln𝑝𝑂2

(2.16)

Where 𝐽𝑂2 is the flux of oxygen permeated (mol/m2-s)

The surface exchange reactions occurring at the two interfaces of the membrane surfaces
are shown in Equation 2.17 and 2.18 for the feed and sweep sides, respectively. While the
oxygen ion vacancies to generate electron holes and oxygen ions in the feed side, the
reverse is the case in the sweep side where the electron holes and oxygen ions combine to
generate molecular oxygen thereby creating other oxygen ion vacancies.
𝑘𝑓 ⁄𝑘𝑟

0.5 𝑂2 + 𝑉𝑂̈ ↔
𝑘 ⁄𝑘𝑟

𝑓
𝑂ο + 2 ℎ̇ ↔

𝑂ο + 2 ℎ̇

(2.17)

0.5 𝑂2 + 𝑉𝑂̈

(2.18)

The bulk diffusion as well as the surface exchange kinetics were incorporated in to a single
equation (Equation 2.19) by some researcher based on the following sets of assumptions
in addition to those taken for the derivation of Equation 2.16 [144, 171, 172]:
1. Neglecting the gas radial diffusion.
2. The gas phase is assumed to be ideal.
3. The same oxygen partial pressures at both the shell and the tube sides of the surface
of the membrane.
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The Equation 2.19 was derived in details by [173-175] for tubular configuration of ITMs
and it was reported to work successfully in LSCF and BSCF hollow fiber membranes [169,
176].

Kf
dNo2
=
dl
K f ln(r2 / r1 )

Dv

(

Po2' − Po2''

)

Po2'
Po2''
Po Po +
+
2r1
2r2
'
2

(2.19)

''
2

Where No2 is the oxygen molar ﬂowrate, Kf is the forward reaction rate constant, l is the
variable length of the membrane, p'o2 and p″o2 are partial pressures of oxygen at the feed
and sweep sides, respectively.

The characteristic thickness of the membrane (Lc) is the thickness at which the surface
exchange reactions equate the permeation resistance by bulk diffusion of oxygen. It is
given by:

Lc =

Dv  1
1 
+
2 K f  Po2'
Po2' ' 


(2.20)

The characteristic thickness is a function of oxygen partial pressures as well as the
temperature. It is also inversely proportional to the amount of oxygen flux that can
permeate across the membrane. Hence, the smaller the thickness of the membrane the
higher the oxygen permeation in the case where the bulk diffusion remains predominant.
For thicker membranes, the Wagner theory (Equation 2.16) can predicts the bulk oxygen
diffusion with reasonable accuracy [22, 177].
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According to many researchers [123, 160, 168, 169, 178, 179], the oxygen permeation flux
relationships for disk/planar and tubular perovskites type membranes are expressed in
Equations 2.21 and 2.22 respectively.

Jo2 =

DV K r

(

Po2' −

(

2 K f L Po2' Po2'' + DV

Po2''

)

Po2' +

Po2''

)

)

(

Po2' − Po2''
Jo2 =
D r
D r
2 K f (ro − ri ) Po 2' Po2'' + V m Po2' + V m
ri
ro
DV K r

(2.21)

Po

''
2

(2.22)

where rm = (ro - ri)/ln(ro - ri). The coefficients Kf, Kr and Dv, are temperature dependent,
that can be obtained by using Arrhenius law as shown in Equations 2.23 to 2.25,
respectively. The activation energy and pre-exponential coefficients are usually obtained
experimentally [160, 180, 181].
(−𝐸𝐾𝑓 ⁄𝑅𝑇)

(2.23)

𝐾𝑟 = 𝐾𝑟𝑜 𝑒 (−𝐸𝐾𝑟 ⁄𝑅𝑇)

(2.24)

𝐾𝑓 = 𝐾𝑓𝑜 𝑒

𝐷𝑉 = 𝐷𝑉𝑜 𝑒 (−𝐸𝐷𝑉

⁄𝑅𝑇 )

(2.25)

2.4.5 Oxygen permeation flux through BSCF membranes
Separation The mathematical model for predicting oxygen permeation through a BSCF
membrane has recently been developed as given in Equation 2.28 [182] by modifying the
generalized (Dv, Kf, Kr) DKK model suggested by Xu et al., (Equation 2.27) [169]. The
model incorporated the effect of the feed and sweep gas flow rates. The permeation flux is
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dependent on the membrane temperature (T), membrane thickness (t) and the oxygen
partial pressure difference between the feed and permeate sides. The mass flow rate of
oxygen permeated across the membrane is computed from Equation 2.26:
𝑚̇𝑂 2 = 𝐽𝑂 2 . 𝑀𝑂 2 . 𝐴

(2.26)

The general DKK model is given as:

𝐽𝑂 2 =

𝑛
𝑛
𝐷𝑣 𝐾𝑟 (𝑃O2−f
−𝑃O2−s
)
𝑛
𝑛
𝑛
𝑛
2𝑡𝐾𝑓 𝑃O2−f
.𝑃O2−s
+𝐷𝑣 (𝑃𝑂2−𝑓
+𝑃O2−s
)

(2.27)

Where the coefficients Kf, Kr and Dv, are given in Equations 2.23 – 2.25, respectively.
The oxygen flux through the BSCF membrane can be computed from Equation 2.28 using
the Kf, Kr and Dv, coefficients given in Equations 2.29 – 2.31 [182]:

𝐽𝑂 2 =

Where

0.25
0.25
𝐷𝑣 𝐾𝑟 (𝑃O2−f
−𝑃O2−s
)
0.25 0.25
0.25
0.25 )
2𝑡𝐾𝑓 𝑃O2−f
.𝑃O2−s+𝐷𝑣 (𝑃O2−f
+𝑃O2−s

92709

𝐷v = 5.9807 . 10−5 . exp (− 8.314 𝑇)
146680

𝐾f = 41.688 . exp (− 8.314 𝑇 )
102910

𝐾r = 1.166 . 104 . exp (− 8.314 𝑇 )

(2.28)

(2.29)

(2.30)

(2.31)

PO2-f and PO2-s are the oxygen partial pressures at feed and sweep side, respectively, Kr, Kf
and Dv are the surface exchange reverse and forward reaction rate constants and the bulk
diffusion coefficient, respectively.
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2.5

Oxygen Transport Membrane Performance

The The largest source of carbon dioxide (CO2) emission in to the atmosphere is believed
to come from the combustion of fossil-based fuels in power plants. The CO2 emission is
considered as the major greenhouse gas responsible for the current global climate change.
There exist several technologies aiming at reducing the emission of greenhouse gas by
capturing the CO2 in the utility industries. These include pre-, post- and oxy-fuel
combustion carbon capture technologies. Oxy-fuel combustion technology has the
potential of zero emission due to the use of oxygen only instead of air in which near
stoichiometry, the end products of the combustion are mainly CO2 and H2O. The water
vapor can easily be condensed, and the CO2 stored. But the oxy-fuel combustion process
is associated with high temperatures and hence recirculating the flue gas (mainly CO 2) or
other inert gas lowers the combustion temperatures[1, 183]. Application of oxy-fuel
combustion technology to power plants is currently getting special attention. As reported
by Buhre at al., [58], there was one-third reduction in NOx emissions and decrease in CO
from a conventional coal-fired boiler as the result of integrating oxy-fuel combustion
technology. Replacing N2 from air with CO2 as diluent in oxy-fuel combustion resulted in
lesser fuel consumption as well as lower combustion temperatures [184, 185]. The cost of
the conventional cryogenic air separation process as well as its thermodynamic inefficiency
has been the driving force for the quest of Ion Transport Membranes (ITM) as alternatives
[56]. They are mostly dense, mixed conducting and nonporous ceramics materials that
permit electrons and oxygen ions transport from the higher to the lower oxygen partial
pressure sides at higher temperatures [186]. The factors influencing the permeation flux of
oxygen depends on the type of materials and thickness of membrane along with the
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conditions of the oxygen permeation such as temperature and pressure, as well as sweep
gas flow rate [187]. Axisymmetric geometry has been the most widely adopted design for
the ITM reactors [24].

There are several literatures investigating the oxygen permeation performance across
perovskite membranes. The prominent ones that studied the permeation performance at
higher pressures were reported by [150, 188, 189]. The oxygen permeation flux was found
to increase linearly with increase in the logarithmic value of p'O2/p″O2, where p'O2 and p"O2
are the feed and permeate sides oxygen partial pressures, respectively. Therefore, high
oxygen permeation flux can be achieved by supplying high pressure air. The effect of
membrane thickness on oxygen permeation flux on has been observed by many researchers
[182, 190-192]. They concluded that increase in membrane thickness reduces the oxygen
permeation flux due to the effect of bulk diffusion. The critical membrane thickness was
obtained to be approximately 1.0 mm for the membrane operating temperature range of
700–1000 oC [193]. Temperature has been among the most sensitive factors influencing
oxygen permeation flux of membranes. Among the countless literatures that reported
increase in O2 permeation due to temperature increase include [138, 190, 194-196]. The
oxygen permeation flux was insignificant at temperatures below 600 °C. While, when the
temperature was increased to 650 °C, there were significant oxygen permeation flux with
sharp increase when the temperature was above 800 °C as the result of improved surface
reaction rate and/or oxygen ionic diffusion.
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Fairly recently, Mezghani and Hamza [197] reported that Ba0.5Sr0.5Co0.8Fe0.2O3-δ is the
most promising material for ion transport membranes due to its higher oxygen permeation
flux. However, the main problem associated with the use of BSCF was inadequate chemical
stability in the vicinity of higher CO2 concentrations. They use methane gas to evaluate the
performance of BSCF membranes for oxy-fuel combustion applications at optimized
methane flow rates of 0.65 ml/min at 920 °C. They reported that the BSCF membrane was
more stable when operating at fuel lean mixture. The rate of oxygen permeation of the
membrane reduces when all the oxygen generated is instantly consumed during the
combustion reaction without excess oxygen. The more the excess oxygen in the combustor
the higher the long-time stability of the BSCF membrane. The performance investigation
of Ba0.5Sr0.5Co0.8Fe0.2O3δ oxygen transport membrane was conducted numerically in a
botton-cell reactor model for oxygen separation from air and instantaneous combustion
with methane by Ahmed et al., [195]. They considered both reactive and non-reactive cases
for the study of O2 permeation and the effect of percentage of methane on reactivity. The
reactivity as well as oxygen permeation were proportional to the percentage of CH4 due to
increase in volumetric flow rates. Similar findings were reported by Nemitallah [178] using
oxygen permeation model for reacting flows in a modified design of the button-cell reactor
to study oxy-methane combustion characteristics. An initial performance analysis of a
single pass carbon-free fire-tube boiler integrated with ITM has been conducted by BenMansour et al., [194] at elevated temperatures. They studied the effects of the reactor wall
temperature on oxygen permeation, reaction rate as well as heat flux. Their findings
indicated optimum improvement of both combustion characteristics and heat transfer at
temperature of 1100 oC and 6% methane mass fraction, while the variation in fuel flow
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rates did not show substantial effect on the performance of the reactor due to low flow
rates. In order to obtain sufficiently higher heat fluxes, they recommended scaling-up of
the ITM reactor. A four-channels two-crossing membranes ITM rector geometry was
utilized in the design of an ITM reactor for possible fire tube boiler applications at elevated
pressure [150]. They considered a reactor length of 1.8 m and 20 bar operating pressure to
determine the effects of percentage of CH4 in the sweep side and the flow configurations
on the boiler performance in the power range of 5-8 MWe. About 12,500 units of ITM
reactors, 5 m high, with total volume of 45.5 m3 was calculated. When using ITM reactors
under reactive conditions with CO2 as the diluent, the flame thickness is maximum near
the surface of the membrane and the diffusion flame temperature decreases due to the influx
of the cold oxygen [198]. The focus of most of the application of ITM reactors is more on
to the gas turbine combustors with only few available researches on to fire tube boilers
despite its eminent potentials of curving CO2 emissions in large scale industrial boilers
[199].
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3 CHAPTER 3

METHODOLOGY

3.1

Introduction

This section describes the procedures followed for the purpose of achieving the objectives
of this work. It consisted of three sections: firstly, the experimental methodologies for the
investigation of the flow and combustion characteristics in the porous reactors; secondly,
the numerically modeling of the flow and combustion analyses of the porous reactors and
thirdly, numerical modeling of a two-pass oxygen transport reactor (OTR) for fire-tube
boilers application.

3.2

Experimental Setup of Porous Combustor

In order to investigate the flow as well as the combustion characteristics in a porous plate
combustor for oxy-fuel combustion applications as the first objective, two experimental
setups were manufactured. The first setup was meant to study the non-reacting flow-field
characteristics at fuel-lean equivalence ratios using PIV system for flow visualization and
velocity and flow characterization in terms of velocity vectors, streamlines, velocity
profiles as well as average velocities. The second setup is meant for the determination of
the combustion characteristics at different equivalence ratios and diluent/oxygen ratios.
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3.2.1 Non-reacting experimental setup
A porous plate reactor with rectangular cross-sectional area was constructed for oxy-fuel
combustion to mimic ITM reactor. As shown in Figure 3.1b, the porous plate reactor
comprises three sections; the central combustion chamber where fuel feed and oxygen are
being mixed, the upper and lower chambers where oxygen is being supplied. The oxygen
chambers are made of stainless steel with a ceramic porous plate attached to permit oxygen
supply. Pure oxygen is supplied in the two oxygen chambers from a pressurized oxygen
gas cylinder while the fuel (methane), together with the diluent (carbon-dioxide) were also
supplied in their pure form from their respect pressurized cylinders, as shown in Figure
3.1a. Each pressurized cylinder was connected to a mass flow controller which regulates
the gas flow rate entering into the sections. The fuel and diluent are mixed upstream of the
reactor in a mixing chamber. The length of the mixing chamber was 80 cm. In reaction
zone (central zone), the fuel supplied, and diluent mix with the incoming oxygen
permeating through the porous plate from both the upper and the lower oxygen chambers.
The oxygen permeates through the two porous plates with specifications as provided in
Table 3.1. The plates provide uniform oxygen distribution due to its uniformity of porosity
of the two plates.

The porous plate used are ‘porous alumina cover plate (ELS 42520-X) made by ESL
Electro-Science, USA, having the properties shown in Table 3.1. The upper and lower
oxygen chambers are closed, hence all the pressurized oxygen supply passed through the
porous plate in to the central combustion zone. The combustion zone is made up of the two
oxygen zones and two quartz glass plates from opposite sides for flow/combustion
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visualization. The nominal height of the two oxygen sections is 30mm each, while the
reaction zone is 25mm with length of 400mm, and width of 55mm, as shown in Figure
3.1c. The quartz glass plates have a thickness of 2mm each.

(a)

(b)
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(c)
Figure 3.1. Schematic diagram of the overall experimental setup of the reactor: (a) overall flow
configuration, (b) descriptive view of the reactor, (c) 2-D representation of the reactor.

Table 3.1. Properties of Porous Alumina Cover Plate 42520
Material

Length Width Thickness Porosity Maximum

Recommended

Temperature Temperature
Fired
alumina

150mm

5mm

1mm

40%

ceramic
plates
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1550 oC

1450 oC

In order to study the non-reacting flow-field characteristics, a PIV system was setup for
flow visualization, velocity and flow characterization. The set up involves the use of tracer
particles as flow seeding and a laser light sheet to illuminate the particles. A high speed
digital camera was used to capture the images of the flow of the illuminated particles due
to the reflection of the laser light at very small time-intervals (micro-seconds) as shown in
Figure 3.2. The images are pre-processed and analyzed using different correlation analysis
methods depending on the nature of the fluid flow in question. The velocity distribution
and other related parameters were obtained by post-processing the analyzed flow images
as outline by [200, 201].

Figure 3.2: PIV setup of the reactor.
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A manual RayPower 2000 Laser from DANTEC Dynamics [202], was used to supply the
laser light sheet of about 45mm from the base plate with a wave length of 532nm and output
power of about 2000mW. This light beam illuminates the seeding particles (Al2O3, 0.9
g/mol weight) supplied with the fuel (CH4). Phantom high-speed camera, SpeedSense 9040
series, from Vision Research - AMETEK Material Analysis Division, with maximum
resolution of 1632 x 1200 pixels was calibrated and used to acquire stream of images at a
trigger rate of 600 f/s. Detailed specifications of the Laser, Camera and the Lens are shown
in Tables 3.2 – 3.4, respectively.

Table 3.2. Laser Specifications
Specification

Raypower 2000

Lasing medium

Gas

Wavelength

532 ± 1 nm

Output power

> 2000 mW

Beam diameter at the aperture

3.0 nm

Polarization ratio

> 100:1

Operating temperature

10 – 35 oC

Mains supply

100 – 240 V AC, 3 A max, 50 – 60 Hz

TTL modulation frequency

max 10 kHz

57

Table 3.3. Camera Specifications
Specifications

Speedsense Camera 9040

Sensor type

CCD progressive scan monochrome

Chip size

18.77 × 13.8 mm

Resolution

1632 × 1200 pixels

Pixel size

11.5 μm

Bit depth

8, 12, 14

Maximum exposure time

2 μs

Fps (full frame)

1016/508 f/s

Table 3.4. Lens Specifications
Specifications

Nikon AF Micro Nikkor 60 mm f/2.8 D

Focal length

60 mm

f-number

2.8 - 32

Distance scale

0.219 - ∞ m

3.2.1.1 Experimental runs
The detailed procedure of the PIV experiments runs started with setting up of the required
gas flows for an equivalence ratio from the experimental plan for the reactor at 1.36 kW
power (Table 3.5) using the overall flow setup shown in Figure 3.1. As suggested by [203,
204], the camera intensity calibration was conducted by keeping the cap on the camera
assembly in order to obtain a reference of the intensity. Also, the optimization of the laser
repetition rates and current follow the technique enlisted by [203]. The laser was receiving
continuous trigger signal matching the set-frequency before it was switched to external
mode. The camera mode was set to continuous grab and the particle images were well
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focused. The camera was being controlled by a computer program Phantom Camera
Control (PCC). Steady state videos were recorded in cine format and then converted into
1000 images and saved. The same procedure was repeated for all the three runs of the
experimental plan.

Table 3.5. Non-Reactive Experimental Plan at Reactor Power of 1.36 kW
Experiment

Volume Flow rate (lit/min)

O2/ CO2

φ

8.3

1.0

0.6

10.0

10.0

1.0

0.5

12.5

12.5

1.0

0.4

No.

CH4

CO2

O2

Case 1

2.5

8.3

Case 2

2.5

Case 3

2.5

The flow images were acquired as single frames with the camera using the PCC studio.
Proceeding to the PIV analysis, the images were exported to Dantec Dynamic Studio and
stored in the database. The software was designed to acquire, analyze and post-process
data. The field of view method of calibration was used to inspect and modify origin and
scale factor used in converting image plane (pixels) to object plane (metric units) by
specifying the height which is equivalent to the height of the reaction zone. An analysis
sequence for the gas flow was build-up as shown in Figure 3.3 and utilized to obtain the
velocity vectors, velocity profiles, and the streamlines from the images. The following
steps shows the details of the analysis sequences:
1.

Making Double Frame; this process is applied to the raw images to convert them from
single frames to double frames by combining them in twos. This was done by
specifying N/2 double images in the option.
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2.

Image Min and Max; this method is a subset of Image Processing category and it is
used to determine the field of minima/maxima over a series of images. Here, the
method was used to extract the field of minima from the paired raw images obtained
from the previous conversion and returns one image.

3.

Image Arithmetic; this method allows performing arithmetic (addition, subtraction,
multiplication and division) on pixel values of the image. It was used to subtract the
minimum image from step (2) from the raw images in step (1). This is a form of
background subtraction technique to remove background noises from the raw images.

4.

Image Mean; this calculates the average intensity of corresponding pixels (pixels with
identical coordinates) in all selected images. The images must be compatible in terms
of dimensions and grayscales. The inputs for this step are images from step (3) and the
output is a single map.

5.

Image Processing Library (IPL)-Blur; this module contains filters like low-pass and
high-pass filters, Morphology, signal processing, utility and threshold that can be used
to smooth images, detect edges, enhance image contrast, carryout non-linear
calculations. The image from step (4) was processed to reduce the particle image
intensity by blurring.

6.

Image Arithmetic; this is used to subtract output image of step (5) from the raw images
obtained in step (3). The aim is to reduce the intensity of each image in the ensemble.

7.

Image Processing Library (IPL); here Gaussian filters (5×5) was applied twice to
images from step (6) to smooth the images. This step makes the images of particles
more visible. The Gaussian filter is a linear low-pass filter like mean filters but differs
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in the sense that it weighs grayscale at the center of kernels higher than those at the
edges.
8.

Image Min and Max; this step selects the minimum field form images from the output
of step (7).

9.

Image Arithmetic; this is used to subtract output image of step (8) from the raw images
obtained in step (7). The aim is to check the numeric diffusion that may have been
introduced by applying filters.

10. Adaptive Correlation; Correlation algorithm was applied to the output images from
step (9) to generate vector maps. Adaptive correlation is a form cross-correlation with
additional post-processing algorithms like local validation. Additionally, processes
like local validation to detect bad vectors, the overlap of IA to compensate for the loss
of vector field resolution, high accuracy module, and window deformation were
applied to the images using this correlation type. Local validation was achieved
through Peak Validation and Local Neighborhood Validation. The overlap of IA was
achieved with 50% overlap between IA pairs in both horizontal and vertical directions.
The velocity vectors were obtained from displacement vectors and time interval using
the Central Difference Scheme which was the most accurate methodology suitable for
PIV measurement. The high accuracy sub-pixel interpolation is part of the adaptive
correlation algorithm that is used to determine correlation peak.
11. Vector Statistics: this calculates statistics from multiple vector maps and presents the
results of mean velocity vectors in a vector map. Other parameters obtained were the
streamlines and the velocity profiles.
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Figure 3.3: PIV analysis sequence.

3.2.1.2 Measuring equipment for non-reacting flows
a.

PIV Setup: This includes; (1) A manual RayPower 2000 Laser from DANTEC
Dynamics [202], (2) Phantom high-speed camera, SpeedSense 9040 series, from
Vision Research - AMETEK Material Analysis Division; (3) Camera precision focus
Lens. Details of each equipment can be found in Tables 3.2 – 3.4.

b.

Mass flow controllers: Controls the species mass flow rates, Bronkhorst ‘D’ type
flow controllers ‘In-flow’ with an uncertainty of ± 0.5% were used. The capacity of
the flow controllers is ranging from 10 L/min to 70 L/min. The flow controllers are
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connected to data acquisition system via a computer system which controls the gases
mass flow rate.
c.

Rotameters: The species flow rate can be controlled either using the mass flow
controllers or manually. For manual operation, flow rate can be set by opening or
closing of the valve and the flow rate can be measured by means of rotameters that
are installed in lines of different species.

d.

Pressure gauges and regulators: To measure the oxygen supply pressures, Keller Leo
1 type digital pressure gauges were used having an uncertainty of ± 0.2%. All the gas
cylinders are equipped with pressure gauges and regulators for the control of the line
pressures.

3.2.2 Combustion Experimental Setup (Reacting)
The aims of this experiment are to determine the combustion characteristics of the porous
reactor at different equivalence ratios and diluent/oxidizer ratios. The major parameters to
be determined includes the flame structures, the lean blowout limits, the exhaust gas
temperature distribution, and the flue gas compositions. The same setup shown in Figure
3.1 was used for the combustion measurements with slight reduction in cross-sectional area
of the fuel-diluent mixture inlet section of the reactor and high temperature porous material
with pressure drop of up to 1.7 bar (absolute), as shown in Figure 3.4(a). The dimensions
of the reactor were 240mm in x-direction from the fuel-diluent inlet of the combustor,
25mm in y-direction, and 45mm in z-direction. The cross-section of the fuel-diluent inlet
(y-z) was 1mm x 2mm, while the porous oxygen inlet cross-section (x-z) was 120mm x
25mm.
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3.2.1.2 Combustion experimental conditions
The fuel (CH4) and the diluent (CO2) were premixed in the mixing chamber prior to the
reaction zone and mixed with the oxygen permeate from the porous oxygen zone. The same
procedure for the flow settings of the non-reacting flow experiments were adopted based
on the experimental plan shown in Tables 3.6 - 3.9. In Tables 3.6 and 3.7, the fuel flow rate
was fixed at 2.76 l/min (equivalent to 1.5 kW calorific value of the fuel) while varying the
percentage of CO2 in the oxidizer at a fixed equivalence ratio and varying the oxygen flow
rates to achieve different equivalence ratios.

The temperature and pressure of the inlet gases were 21 oC and 1 atm, respectively. The
exhaust gas temperatures as well as steady state flame visual images were
measured/recorded at each set of the experiments. The fuel lean flammability limits were
studied at different fuel power and different equivalence ratios by varying percentage of
CO2 in the oxidizer mixture. Tables 3.8 and 3.9 show the detailed experimental plans for
studying the effect of fuel firing rates on the blowout limit at different equivalence ratios.
The lean stability limits were determined by starting stable flames at a fixed equivalence
ratio (fixed mass flow rates of fuel and oxygen) while increasing the diluent (CO2) flow
rate up to the blow out limits. The flame was ignited, manually, at very low flow rates of
O2 and CH4 (2 and 1 L/min, respectively) before increasing the flow rates and supplying
the diluent as well to the required plan.
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(a)

(b)

Schematic diagram of the combustor geometry

3D representation of the solution domain of the reactor

(c)

Fuel-Diluent mixer

Figure 3.4: The combustor geometry.
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The temperature distributions in the combustor were measured using an R-type
thermocouple with temperature range of up to 1480 ± 1.5 oC. Three-dimensional
temperature measurements were conducted near the outlet of the combustion chamber by
inserting the thermocouple probe from the exhaust of the combustion chamber, as
illustrated in Figure 3.4. The temperatures were measured horizontally, vertically and
longitudinally at scheduled locations shown in Figure 3.5 and Figure 3.6. The temperatures
were measured for a constant fuel firing rate of 1.5 kW.

Figure 3.5: Outlet Nodalization of Horizontal and Vertical temperature measuring points.

Figure 3.6: Nodalization of longitudinal temperature measurement.
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3.2.2.1 Measuring equipment for combustion experiment
The equipment listed in section 3.2.1.2 were also used for the combustion experiments
except the PIV setup (a). Other equipment utilized are:
a.

High Resolution Camera: Canon OS-80D with precision focus camera for flame
structure imaging.

b.

Thermocouple: The Rhodium type (R-type) thermocouple with grade wire
temperature range of -50 to 1480oC, for exhaust temperature distribution
measurements. It has an uncertainty of ± 1.5 oC or ± 0.25% (whichever is greater).

Table 3.6: Experimental plan for the combustion at different concentrations of CO2
and a fixed fuel firing rate of 1.5 kW for a range of equivalence ratio
ϕ = 1.0
%

ϕ = 0.7

ϕ = 0.5

𝑄̇𝐶𝐻4

𝑄̇𝑂2

𝑄̇𝐶𝑂2

𝑄̇𝑂2

𝑄̇𝐶𝑂2

𝑄̇𝑂2

𝑄̇𝐶𝑂2

(L/min)

(L/min)

(L/min)

(L/min)

(L/min)

(L/min)

(L/min)

70

2.76

5.52

12.87

7.88

18.39

11.03

25.75

55

2.76

5.52

6.74

7.88

9.63

11.03

13.49

45

2.76

5.52

4.51

7.88

6.45

11.03

9.03

35

2.76

5.52

2.97

7.88

4.24

11.03

5.94

27

2.76

5.52

2.04

7.88

2.92

11.03

4.08

0

2.76

5.52

0.00

7.88

0.00

11.03

0.00

CO2|oxidizer
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Table 3.7: Effect of equivalence ratios at fixed fuel firing rate of 1.5 kW.

1.0

𝑄̇𝐶𝐻4
(L/min)
2.76

𝑄̇𝑂2
(L/min)
5.52

0.9

2.76

6.13

0.8

2.76

6.90

0.7

2.76

7.88

0.6

2.76

9.20

0.5

2.76

11.03

ϕ

Table 3.8: Effect of fuel firing rates at different equivalence ratios.
1.5 kW
ϕ

1.0 kW

0.75 kW

0.5 kW

1.0

𝑄̇𝐶𝐻4
(L/min)
2.76

𝑄̇𝑂2
(L/min)
5.52

𝑄̇𝐶𝐻4
(L/min)
1.84

𝑄̇𝑂2
(L/min)
3.68

𝑄̇𝐶𝐻4
(L/min)
1.38

𝑄̇𝑂2
(L/min)
2.76

𝑄̇𝐶𝐻4
(L/min)
0.92

𝑄̇𝑂2
(L/min)
1.84

0.9

2.76

6.13

1.84

4.09

1.38

3.07

0.92

2.04

0.8

2.76

6.90

1.84

4.60

1.38

3.45

0.92

2.30

0.5

2.76

11.03

1.84

7.36

1.38

5.52

0.92

3.68

Table 3.9: Effect of fuel firing rates at different stoichiometric equivalence ratio

0.75

𝑄̇𝐶𝐻4
(L/min)
1.38

𝑄̇𝑂2
(L/min)
2.76

1.00

1.84

3.68

1.50

2.76

5.52

2.00

3.68

7.36

2.50

4.60

9.20

3.00

5.52

11.03

Fuel firing rate
(kW)
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3.3

Numerical Modeling of Porous Plate Combustor

The numerical simulations of the combustion were of two folds, first, 2D modeling of the
non-reactive flow and oxy-methane combustion in the porous plate combustor and
secondly, 3D oxy-methane combustion modeling of porous combustor to determine the
combustion characteristics at different equivalence ratios and diluent/oxygen ratios as
stipulated in the objectives of this research. In all the cases, mesh grid independence tests
were conducted to avoid the effects of mesh size on the accuracy of the numerical results.
The mesh sizes with least effects on the results of the parameters of interest were applied
for the simulations. Details of one of the grid independence test will be discussed in Chapter
5. Also, the models were validated with the experimental data from this work and other
available experimental data from the literature.

3.3.1 2D Non-reactive modeling
A finite volume approach of computational fluid dynamics (CFD) was employed to
simulate the effect of oxygen permeation on the fuel feed velocity profile of a porous plate
reactor, based on the CFD method devised by Habib et al., (2015) [97]. The flow geometry
considered for the simulation of the porous plate reactor was a 2-D flow domain as shown
in Figure 3.1(c). The commercial ANSYS 15.0 Workbench software was used to build the
2-D geometry, mesh the geometry into 144,000 cells, having 289,980 faces and 145,977
nodes with maximum aspect ratio of 1.7. The total volume was 0.036 m3. Finer mesh grids
were considered at the relevant boundaries and the combustion zone were higher gradients
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are expected. These mesh details were adopted after conducting mesh grid independence
test. The general conservation equations (continuity, momentum and specie conservation)
used by the software for the computations of the velocity, pressure, and concentration of
the species were given in Section 2.2.2 of this report.

ANSYS 15.0 Fluent software based on finite volume approach was employed for the
discretization of the conservation equations used for the numerical simulation. PressureVelocity coupling was achieved using an inbuilt 2D double precision solver semiimplicitly. Second-order upwind schemes was used for the species and momentum
discretization while standard scheme was applied for the pressure. Advanced Multi Grid
solver (AMG) was used to ensure convergence using the following under-relaxation
factors: pressure = 0.3; density = 1; momentum = 0.7; body force = 1; energy = 0.8 and
species = 1. Recursive ‘f-cycle’ process was set, and gradient stabilized bi-conjugate
method was used to prevent convergence irregularities. Absolute convergence check
criteria were set at 10-6 for all the residuals which implies convergence after all the
residuals falls below the set criteria. Three cases (as shown in Table 3.5) were run and the
average velocities were obtained at three sections of the IA for the purpose of model’s
validation. The species mass fractions were also obtained and utilized for the calculations
of the mixture fractions, as well as average local equivalence ratios across the combustor.
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3.3.2 2D Reactive modeling
The same CFD approach for the non-reactive flow simulation was employed for the
combustion of both the 2D and 3D representations of the combustors via solving the same
governing equations with additional energy and radiation heat transfer models described in
Sections 2.3.2.3 and 2.3.3.2, respectively. In addition, Discrete Ordinate (DO) radiation
model was used for computing radiative heat transfer for both the exhaust gases which are
mostly participating media and surface-to-surface radiation. In order to determine the
absorption coefficient of the exhaust gas mixture, ANSYS Fluent that Weighted-Sum-ofGray-Gases (WSGG) Model was used. The model predicts the thermal radiation heat
transfer between the flue gases, the walls of the combustor and the surrounding. The
modified Westbrook-Dryer reduced methane chemical oxidation reaction mechanism for
oxyfuel reaction with kinetic rate data provided by Andersen et al., [116] (Appendix B)
was adapted for the chemical kinetics of the oxy-methane reactions. The scope of the
experimental plan shown in Tables 3.10 were considered for the numerical simulations of
the 2D combustor shown in Figure 3.1.

3.3.3 3D Reacting modeling
The combustor setup shown in Figure 3.4 that was used for the combustion experiments
was modeled using 3D representation of the geometry. The same CFD approach for the 2D
simulation described in Sections 3.3.2 was employed for the 3D modeling of the combustor
shown in Figure 3.4 (b) by solving the same governing equations using the 3D double-
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precision ‘SIMPLE’ solver. The scope of the experimental plan shown in Tables 3.6 were
also considered for the numerical simulations in the 3D combustor.

Table 3.10. Sets of numerical cases for the analysis of oxy-combustion
characteristics within the porous-plate reactor at various equivalence ratios

Case No.

O2

CO2

ratio (ϕ)

1

2.41

7.71

1.0

2

2.67

8.56

0.9

3

3.01

9.63

0.8

3.44

11.0

0.7

5

4.01

12.8

0.6

6

4.81

15.4

0.5

7

6.02

19.3

0.4

4

3.4

Mass Flow rates x10-4 (kg/s) Equivalence
CH4

0.60

ITM Numerical Modeling

Application of oxy-fuel combustion in a two-pass Oxygen Transport Reactor (OTR) was
intended for application in fire-tube boilers. Two-pass fire tube boiler design was
considered with the schematic diagram of the geometry shown in Figures 3.7. In this
design, several OTR units are used in lieu of the fire tubes available in conventional fire
tube boilers. The OTR will be applied to a typical fire tube boiler for the generation of
power in the range from 1 to 5 MWe to be fueled by natural gas (methane). This will
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involve the replacement of the fire box (burner) with bundles of tubular OTM combustors
that will supply the required power range. The fuel (Methane) pre-mixed with the
sweep/diluent gas (CO2) was burnt with pure oxygen selected by the ITM. Among the two
types of the ITMs discussed in Section 2.4.1 BSCF-type was used for the oxygen
permeation modeling due to its highest oxygen permeation flux. The geometry of the
oxygen transport reactor was optimized to achieve the required boiler specifications. The
membranes thickness was also optimized to provide the required amount of oxygen for the
near stoichiometric combustion of the fuel.

The geometry was modeled using 2D representation of the OTR due to its axisymmetric
nature as shown in Figures 3.7(b). The commercial ANSYS 17.1 Workbench software was
used in developing the 2D mesh file of the geometry. The CFD approach that was
developed for the combustion numerical modeling of section 3.3.2 was applied for the
simulation of the OTR. A source/sink term (Si) that is responsible for accounting for the
transport of the O2 across the OTM was included in the general equations shown in Section
2.3.2. The modified continuity and transport equations that takes care of the O2 movement
from the feed side to the permeate side as suggested by [205, 206] are given by Equations
3.1 and 3.2 respectively.
∇ ∙ (𝜌𝑣⃗) = 𝑆𝑖

(3.1)

∇ ∙ (𝜌𝑣⃗𝑌𝑖 ) = −∇ ∙ (𝜌𝐷𝑖,𝑚 ∇𝑌𝑖 ) + 𝑅𝑖 + 𝑆𝑖

(3.2)
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Where ρ is density, 𝑣⃗ is velocity vector, Si is mass source term, Yi is mass fraction of i-th
specie (local), Di,m is diffusion coefficient of species in the mixture and Ri is the rate of
production of i-th specie due to chemical reaction. The diffusion coefficient of the mixture,
Di,m for specie transport, can be computed as (Equation 3.3) [196]:
𝐷i,m =

1−𝑋i

(3.3)

𝑋
∑𝑗,𝑗≠1( i )
𝐷i,j

Where Di,j is binary mass diffusion coefficient which can be evaluated using ChapmanEnskog equation by utilizing kinetic theory [207].

In oxygen transport membrane the mass source term Si, accounts for the oxygen mass influx
into the reaction zone via permeation as well as the mass deficit (sink) of the feed zone as
shown in Equation 3.4:
−
𝑆𝑖 = {

+

𝐽𝑜2 ∙𝐴𝑐𝑒𝑙𝑙 ∙𝑀𝑜2
𝑉𝑐𝑒𝑙𝑙
𝐽𝑜2 ∙𝐴𝑐𝑒𝑙𝑙 ∙𝑀𝑜2
𝑉𝑐𝑒𝑙𝑙

𝑓𝑒𝑒𝑑 𝑠𝑖𝑑𝑒
𝑠𝑤𝑒𝑒𝑝 𝑧𝑜𝑛𝑒

(3.4)

Where Jo2 is oxygen permeation flux, Acell and Vcell are the cells’ area and volume,
respectively, Mo2 is the oxygen molecular weight.
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Figure 3.7: (a) Schematic diagram of the OTR, (b) 2D representations of the OTR.
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3.4.1 Geometry description and boundary conditions
The geometry consisted of concentric tubes with inner-most pipe made of OTM (1 mm
thick, 20 mm internal diameter and 500 mm long). Despite the potential of increase in O2
flux at lower OTM thickness, there is a critical thickness beyond which its structural
integrity will be affected by the pressure difference across it, hence 1 mm was considered
[208]. The second pipe is made of low thermal conductivity material (0.1 [W/m-K], 0.95
outer surface emissivity) with a thickness of 3 mm and outer diameter of 40 mm. The outer
pipe, which is in contact with the saturated steam at constant boundary temperature
(corresponding the saturation condition) is made of aluminum having internal diameter of
50 mm. Air at elevated temperature is supplied through the central pipe (feed side) while a
mixture of methane and sweep gas (carbon dioxide) were supplied through the annulus
between the second inner pipe and the central OTM tube. The outer annulus conveyed the
exhaust gases after combustion and transferred the exhaust gas heat to the saturated steam
at the outer surface of the outer pipe. Mass flow inlet boundary conditions were specified
at both the sweep and feed inlet sections while pressure outlet was specified for the two
exit sections. Mass source boundary condition at the membrane interface were specified
via the UDF. The OTM permeates oxygen ions from the feed side into the sweep side
where it reacts with the CH4 in the sweep side. The 1 mm thick BSCF membrane used has
a density of 3000 kg/m3, specific heat capacity of 0.871 kJ/kg-K and thermal conductivity
of 20 W/m-k.
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Due to significantly large power range of the proposed boiler as well as the current state of
the art in the OTM development, the fuel, diluent as well as the air flow rates must be
explored to achieve the overall goal of carbon emission free boiler. Also, the current
dependence of oxygen transport membrane on temperature elevation necessitate the
temperature optimization for sufficient oxygen permeation. Hence Tables 3.11, which
show the set of boundary conditions for the parametric studies of the effects of inlet
temperature of the gases on the combustion as well as heat transfer to the saturated steam
has been considered in this work. It involves three sets of boundary conditions whereby
the effect feed inlet temperature cases considered were shown in the second block of Table
3.11, the effect of sweep gases inlet temperature cases in the third block and the combine
effect of both feed and sweep temperatures shown in the last block, while keeping the mass
flow rates of both the feed and sweep gases constant at 0.0005 kg/s. In a similar fashion,
the effect of change in mass flow rates of the gases were considered in Table 3.12 while
keeping the inlet temperatures of both the feed and sweep gas streams at 900 oC.
Furthermore, the operating conditions of the intended boiler will also affect the combustion
performance. This effect has been evaluated by considering six sets of parametric boundary
conditions as shown in Table 3.13. In each case, the temperature and mass flow rates of
the gas streams were kept at 900 oC. and 0.0005 kg/s, respectively, while varying the outerpipe surface temperatures corresponding to the saturation temperature and pressure of
steam from 10 – 50 bars.
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Table 3.11: Effect of feed and sweep streams inlet temperatures
Feed inlet temp.
Tfeed
Tsweep

Sweep inlet temp.
Tfeed
Tsweep

Feed and Sweep temp.
Tfeed
Tsweep

ṁfeed

ṁsweep

[kg/s]

[kg/s]

[oC]

[oC]

[oC]

[oC]

[oC]

[oC]

5.0E-04

5.0E-04

800

900

900

800

800

800

5.0E-04

5.0E-04

850

900

900

850

850

850

5.0E-04

5.0E-04

900

900

900

900

900

900

5.0E-04

5.0E-04

950

900

900

950

950

950

5.0E-04

5.0E-04

1000

900

900

1000

1000

1000

Table 3.12. Effect of feed and sweep streams inlet mass flow rates
Feed inlet flow rate Sweep inlet flow rate
ṁfeed
ṁsweep
ṁfeed
ṁsweep

Feed and Sweep flow rate
ṁfeed
ṁsweep

Tfeed

Tsweep

[oC]

[oC]

[kg/s]

[kg/s]

[kg/s]

[kg/s]

[kg/s]

[kg/s]

900

900

1.0E-05

5.0E-04

5.0E-04

1.0E-05

1.0E-05

1.0E-05

900

900

5.0E-05

5.0E-04

5.0E-04

5.0E-05

5.0E-05

5.0E-05

900

900

1.0E-04

5.0E-04

5.0E-04

1.0E-04

1.0E-04

1.0E-04

900

900

5.0E-04

5.0E-04

5.0E-04

5.0E-04

5.0E-04

5.0E-04

900

900

1.0E-03

5.0E-04

5.0E-04

1.0E-03

1.0E-03

1.0E-03

Table 3.13. Effect of steam saturation temperature at the outer pipe surface
ṁfeed

ṁsweep

Tfeed

Tsweep

[kg/s]

[kg/s]

[oC]

[oC]

5.0E-04 5.0E-04

900

900

10

180

5.0E-04 5.0E-04

900

900

15

199

5.0E-04 5.0E-04

900

900

20

212

5.0E-04 5.0E-04

900

900

25

224

5.0E-04 5.0E-04

900

900

30

234

5.0E-04 5.0E-04

900

900

50

264
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Psat

Tsat

[bar] [oC]

The diluent (CO2) mass flow rates were varied from 0.000225 to 0.00123 kg/s in order to
study its effect on O2 permeation flux. The six cases considered were enumerated in Table
3.14. In all the cases, the inlet temperatures of both the feed and sweep gas streams were
kept at 900 oC while the mass flow rate of the feed gas stream was maintained at 0.0005
kg/s. The effect of OTM thickness on the oxygen permeation flux was consider as shown
in Table 3.15 while keeping the inlet temperatures and mass flow rates of both the feed and
sweep gas streams at 900 oC and 0.0005 kg/s, respectively.

Table 3.14: Effect of diluent (CO2) inlet mass flow rates

%CH4

%CO2

ṁCH4
[kg/s]

ṁCO2
[kg/s]

ṁsweep
[kg/s]

ṁfeed
[kg/s]

Tsweep

Tfeed

[oC]

[oC]

0.10

0.90

2.5E-05

2.25E-04

2.50E-04

5.0E-04

900

900

0.08

0.92

2.5E-05

2.88E-04

3.13E-04

5.0E-04

900

900

0.06

0.94

2.5E-05

3.92E-04

4.17E-04

5.0E-04

900

900

0.05

0.95

2.5E-05

4.75E-04

5.00E-04

5.0E-04

900

900

0.04

0.96

2.5E-05

6.00E-04

6.25E-04

5.0E-04

900

900

0.02

0.98

2.5E-05

1.23E-03

1.25E-03

5.0E-04

900

900

Table 3.15: Effect of OTM thickness
OTM thickness

Tfeed

Tsweep

ṁfeed

ṁsweep

[mm]

[oC]

[oC]

[kg/s]

[kg/s]

0.8

900

900

5.0E-04

5.0E-04

1.0

900

900

5.0E-04

5.0E-04

1.2

900

900

5.0E-04

5.0E-04
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To evaluate the influence of thermal properties of the OTR materials on the combustion
characteristics as well as the heat transfer, the emissivities of the inner and outer pipes are
critical to the radiation heat transfer within the OTR. Hence, Tables 3.16 and 3.17 were
used for the analyses of their effects on the radiation heat transfer while keeping other
boundary conditions constant.

Table 3.16: Effect of inner-pipe thermal conductivity

kinner-pipe

Tfeed Tsweep

ṁfeed

ṁsweep

[W/m-K]

[oC]

[oC]

[kg/s]

[kg/s]

0.05
0.10
0.30
0.50
0.70
0.90
0.95
1.00

900
900
900
900
900
900
900
900

900
900
900
900
900
900
900
900

5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04

5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04

Table 3.17: Effect of inner-pipe emissivity
Inner-pipe

Tfeed

Tsweep

ṁfeed

ṁsweep

emissivity

[oC]

[oC]

[kg/s]

[kg/s]

0.05
0.10
0.30
0.50
0.70
0.90
0.95
1.00

900
900
900
900
900
900
900
900

900
900
900
900
900
900
900
900

5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04

5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
5.0E-04
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3.4.2 Geometry description and boundary conditions
Due to axisymmetric nature of the considered geometry, the oxy-fuel combustion was
modeled in a single, two-dimensional OTR unit that was presented in Figure 3.7. The CFD
code ANSYS Fluent Release: 17.1.0 was used in double-precision for the combustion
modelling. The solver type used for computing the solution was pressure-based, which
enables the pressure-based Navier-Stokes solution algorithm. This was choosing due to the
very low flow rates and its higher convergence speed. The pressure-based solver uses a
coupled algorithm. This solves the pressure-based continuity equation and the momentum
equations in a coupled manner. A relative velocity formulation was used since the domain
was moving. Steady state, Laminar flow was considered due to the low flow rates with
maximum Reynolds number of 1914 at the feed side. Energy model was used to solve the
energy equations. Discrete Ordinate Model was considered for the two non-reacting
species that participate in the radiation. Species transport was enabled for the mixture of
the combustion exhaust gases with inlet diffusion. The set of oxygen permeation Equations
2.28 – 2.31 provided in Section 2.4.5 were used for the modeling the oxygen permeation
flux across the tubular OTM. The generalized finite-rate chemical kinetics model was used
to simulate the chemical kinetics of the volumetric reactions. This required importing a
chemical kinetic (CHEMKIN) file containing the reaction mechanisms in to the FLUENT
solver. The oxygen permeation flux equation was defined in the FLUENT 17.1.0 via a User
Defined Function (UDF) written in C++ language. The code was, then, compiled and
hooked to the ANSYS FLUENT software. The possible problem of hydraulic jump across
the membrane was fixed by patching the cells of the permeate as well as the sweep sides
with the mass fractions of the species which determines the partial pressures of species.
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The SIMPLE Pressure-Velocity coupling scheme was chosen. The discretization scheme
for Pressure, Density, Momentum, Energy and Species and the Discrete Ordinate were all
set to Second Order Upwind. Enhancement of the solution convergence was ensured by
employing the aggressive advanced multi-grid (AMG) scheme. For the coupled equations
consisting of continuity, momentum, energy, and species, AMG ‘f-cycle’ was set as a
recursive method. To evade irregular convergence, the available bi-conjugate gradient
stabilized scheme was used. The solution convergence criteria were set as below 10-9 for
the continuity and energy residuals. Also, in order to confirm the convergence, mass
fractions of carbon dioxide and water, outer-pipe surface heat flux and exhaust gas
temperatures were monitored until their values became constant. Mesh grid dependency
test was performed to ensure mesh size independency for accurate solutions and the model
was validated with available experimental data.
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4

CHAPTER 4

RESULTS AND DISCUSSIONS FOR THE POROUS

COMBUSTOR

This section contained the results of both experimental and numerical modeling studies of
the flow field and oxy-fuel combustion characteristics inside the porous-plates reactor. The
results are presented under four sub-sections: non-reactive flow-field experimental
analysis, 2D numerical modeling of the flow and combustion characteristics, experimental
testing of oxy-fuel combustion, and 3D numerical modeling of oxy-fuel combustion. The
non-reactive flow characteristics were investigated experimentally and numerically to
predict the flow mixing behavior and the location of the flame zone. Among the nonreactive flow-field characteristics studied, the investigation includes the velocity vectors,
flow streamlines, velocity profiles, and average velocities at some chosen locations within
the mixing zone using PIV technique. Then, flow field and oxy-combustion characteristics
of methane were investigated numerically over ranges of operating conditions. The nonreactive flow model was used for further analyses of the flow-field as well as methane
combustion studies. The non-reactive flow setup was adjusted based on the previous results
to cater for hot oxy-methane combustion. The temperature distributions downstream of the
combustor were measured and the flames shape were captured and analyzed. A 3D model
was developed for the reactor and the results from the combustion experiments were used
for the model validation. The flame structure, stability, temperature distributions as well
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exhaust emissions were investigated using both the experimental studies and the numerical
model. Methane was used as fuel and premixed with the diluent (CO2) prior to the
combustion zone inlet while pure O2 was supplied to the combustion zone through the two
face-to-face porous plates.

4.1

Non-Reactive Experiments

The three sets of experiments planned in Table 3.5 were conducted to determine the effect
of oxygen permeation across the two porous plates on the velocity profile within the central
(mixing) zone of the reactor under non-reactive flow conditions. In all the three cases, a
constant fuel volume flow rate of 2.5 lit/min and fixed volumetric flow rate ratio of CO2/O2
of 1.0 were considered. This low fuel flow rate was considered to mimic the operation of
High-Temperature Membrane Reactors (HTMRs) combining both oxygen separation and
oxy-combustion of the fuel using the permeated oxygen in the permeate side of the
membrane. Still oxygen separation membranes are under development to produce higher
oxygen permeation flux for complete combustion of the fuel for HTMR applications. In
this study, two face-to-face porous-plates are used instead of membranes to allow ease
control of oxygen supply enabling the study of flow field and oxy-combustion
characteristics of HTMRs. The experiments were conducted at different O2 flow rates. Case
1 represent oxygen flow rate 8.3 l/min at equivalence ratio of 0.6, Case 2 represent oxygen
flow rate 10 l/min at equivalence ratio of 0.5, 10.0 while Case 3 was conducted at 12.5
l/min of oxygen for equivalence ratio of 0.4.
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From the PIV analyses, the averaged velocity vectors and the streamlines plots for the first
apart of the IA (Figure 3.2) are presented for the three considered cases shown in Figures
4.1 and 4.2 respectively. Near the walls (porous plates), the velocity vectors were scarce,
shorter in length indicating low velocity in the mixing boundary layer and deflected as the
result of the oxygen gas permeation from the oxygen zone into the central zone seeded with
particles. As shown in Figure 4.1, the level of mixing increases with the decrease of
equivalence ratios. This can be attributed to the increase in oxygen flow rate associated
with the increase in equivalence ratio. This behavior can be seen more evidently from the
contours of streamlines presented in Figure 4.2. The third case, having the highest oxygen
flow rate, showed increased fluctuation near the porous plates due to enhanced flow
mixing. If the results are projected on HTMR operation, this enhanced flow mixing should
help reducing oxygen partial pressure at the permeate side of the membrane resulting in
increased oxygen permeation flux. Also, this enhanced mixing zone beside the membrane
protects the membrane against the flame elevated temperature and helps in flame anchoring
and stabilization within the HTMR.
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Figure 4.1: Velocity vectors at different equivalence ratios.
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Figure 4.3 shows the traverse velocity profiles of the fuel-diluent and oxygen mixture
obtained at three different sections of the IA for the considered range of experiments.
Section a, b and c are located at 10 mm, 35 mm and 70 mm from the leading edge of the
porous plate axially, as presented in Figure 4.3d. As per Figure 4.3, the velocity profiles
tend to deviate from the known parabolic profile of internal flows along the length of the
porous plate due to permeation of oxygen across the porous plates. At a given equivalence
ratio, the total permeation flow rate of oxygen increases along the reactor in the axial
direction, from section a to section c, resulting in an increase in flow velocity and more
distortion of the profiles at the end of the IA, which corresponds to the middle zone of the
porous plates. Whereas, the distortion of the velocity profiles due to oxygen mixing also
increases with decrease in equivalence ratio. While decreasing the equivalence ratio, the
maximum velocity increases due to the increase in compression of the fuel-diluent stream
by the increase in the pressure of the oxygen cross-flow.
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Figure 4.2: Streamlines at different equivalence ratios.
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The mean velocities of the fuel and diluent mixture before the porous plates were calculated
to be 0.100, 0.116 and 0.140 m/s ± 0.5% for equivalence ratios of 0.6, 0.5 and 0.5
respectively, as shown in APPENDIX I. The images from the flows were analyzed using
the PIV system for the interrogation area (IA) of 25.3x750mm2 (first half of the porous
plate) for the two sets of experiments with φ of 0.5 and 0.6, and the overall length of the
porous plate (Figure 4.3d, sections a-f) for the case of φ = 0.4. Average velocities were
obtained at different axial locations in the central zone between the two porous plates for
all the cases considered and tabulated in APPENDIX J.

25

15
10
5
0
0.00

a
b
c

20

Distance (mm)

20

Distance (mm)

25

section
a
b
c

15
10
5

0.05

0.10 0.15 0.20
Velocity (m/s)

0.25

0.30

(a) Φ = 0.6

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Velocity (m/s)

(b) Φ = 0.5

89

25

a
b
c

Distance (mm)

20

15

10

5

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

d e f

Velocity (m/s)

(c) Φ = 0.4

(d) Sectional descriptions of IA

Figure 4.3: Experimental velocity profiles at the three different sections (a, b and c) within the porousplate reactor for different equivalence ratios

4.1.1 Averaged axial velocities
When the experimental conditions were simulated numerically using the present CFD
model at the corresponding equivalence ratios, the corresponding average velocities of the
flow in the central zone between the two porous plates at the six sections of the flow domain
were extracted from the mass-weighted average surface integrals. These sections
correspond to the same sections used during the PIV experiments to give room for
comparison. Both experimental and numerical values of average velocities are compared
as shown in Figure 4.4. The comparison of average velocities shows good agreement
between the experimental and simulated results with absolute error of less than 4%. Due to
continuous oxygen permeation across the porous plates to the central channel, the total
volume flow rate is increased, resulting in increase in the average velocity in the axial
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direction downstream of the porous plate. Projecting the analysis to the HTMR operation,
the excess oxygen permeated from the end parts of the membranes in the axial direction
cools down the flame temperature and protect the membrane against excessive temperature
rise. Also, the enhanced velocity downstream of the membrane helps better flame
anchoring and stabilization downstream of the membrane zone.

Figure 4.4: Comparison of experimental and numerical values of average velocities along the combustor at
the three equivalence ratios.
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4.1.2 Local distributions of mixture fraction and equivalence ratio
The mass fractions of CH4, CO2 and O2 were obtained numerically at different axial
positions, and Equations 2.8 through 2.10 were applied to compute the mixture fractions
and the local equivalence ratios through the reactor as presented in Figures 4.5 and 4.6,
respectively. From Figure 4.5, the mixture fraction decreases axially along the porous plate
section and remain constant downstream of the porous plate at all operating equivalence
ratios. The results show no oxygen at the beginning of the porous plate. The mass flux of
the oxygen increases almost linearly up to about three-quarters of the porous section and
then increases exponentially toward the end of the porous plate. The mixture fraction
reaches its’ lowest value at the end of the porous plate and remains constant up to the exit
section of the reactor since there was no more oxygen inflow. These results coincide with
the findings by Farooqui et al., (2013)[209] for oxygen permeation inside a HTMR. The
results show insignificant increase of mixture fraction with the increase in the overall
operating equivalence ratio through the center of the reactor as the oxygen flow is
introduced from top and bottom porous plates. Figure 4.6 shows the variation of average
local equivalence ratio along the length of the porous plate reactor. Since there is little
amount of oxygen at the beginning of the porous plate, the average equivalence ratio is the
highest, and it decreases rapidly to the stoichiometric value towards the end of the porous
plates due to oxygen permeation across the porous plates. Downstream of the porous plates,
the local equivalence ratio decreases to the set value (global equivalence ratio) for the three
cases. This shows that the reactor attains an averaged equivalence ratio equal to the set
value, based on the inlet flow rates, just downstream of the porous plate. This gives an idea
about the position in the reactor where the set equivalence ratio is achieved and,
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accordingly, the location of the flame downstream of the porous plates. The interaction
between the permeated oxygen and the main flow creates recirculation zone across the
entire length of the reactor which helps stabilizing the flame and acts as flame anchoring
point for the flame downstream of the porous plates. The location of the flame downstream
of the membrane for the operation of HTMRs of similar design protects the membrane
against high flame temperature and allows for complete fuel conversion.

Figure 4.5: Variation of fuel mixture fraction along the test section.
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Figure 4.6: Variation of the average local equivalence ratio along the test section.

The analysis of the average equivalence ratio paved the way for establishing a general
relationship between the inlet (global) equivalence ratio and the position within the reactor
where this value is achieved. This has been depicted in Figure 4.7. A linear relationship
between the global equivalence ratio and the axial position where it occurs was obtained
as follows (Equation 4.1):
ϕg = 4.1857 – 12.86χ

(4.1)

where χ (m) is the position, from the origin. The plot shows that the higher the set
(global) equivalence ratio, the lower the mixture fraction and the shorter the axial
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distance at which it is achieved. This means that for operation toward stoichiometric
combustion, the flame will be shifted upstream. This may be attributed to the reduced
flow rate of O2 and CO2 and reduction in total axial flow velocity.

Figure 4.7. Position of average equivalence ratio along the porous flow domain.

For more insight, the traverse variations of mixture fraction and local equivalence ratio
within the reactor, in the zone between the two porous plates, are presented in Figures 4.8
and 4.9 respectively. The results in Figures 4.8 indicate that higher oxygen mass fractions
are obtained at the end of the porous plates, and the profile is sharper at the centerline of
reactor with a steep decrease towards the porous plates. The variations in the profile of
mixture fraction in the traverse direction are reduced downstream of the porous plates
indicating better mixing. The improved mixing downstream of the porous plates is
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assured by the distributions of local equivalence ratio as shown in Figure 4.9a at inlet
equivalence ratio of 0.6 and Figure 4.9b for three cases studied. Note: Higher local
equivalence ratios were truncated in Figure 4.9 due to their irrelevance. The values of
mixture fraction and the equivalence ratio increases in the traverse direction, from the
surface of the porous plates toward the center of the reactor where their maximum values
are attained, for all operating set equivalence ratios. The higher the equivalence ratio the
higher the mixture fraction and the local equivalence ratio.

Figure 4.8: Traverse variation of fuel mixture fraction downstream of the porous plates.
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(a) Φ = 0.6

(b)

three different equivalence ratios

Figure 4.9: Traverse variation of equivalence ratios downstream of the porous plates.
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4.2

Numerical Simulations of Oxy-combustion Characteristics

This section investigates the characteristics of oxy-combustion with the porous plate
reactor numerically to determine the location of the flame with respect to the porous plate
and the distributions of temperature and species concentrations. This should give an idea
about the generated flame when the case is projected on HTMR applications. Numerical
calculations were performed considering the 2-D porous plate reactor geometry presented
in Figure 3.1(c) at the reactor power of 3 kW. Grid independence study was performed,
and it was found that there were no significant variations of the results (<1%) beyond the
grid points of 29,520 which was used in the current simulations. The mass flow inlet
boundary condition was selected for all gas flows with inlet temperature of 298 K, while
pressure outlet boundary condition was set at the common exit section of the reactor. The
thermal boundary conditions applied to the porous plates and the inner walls supporting
them was ‘coupled’. Under this condition the solver will directly compute the heat transfer
from the adjacent cells solutions and hence, no additional thermal boundary conditions are
required. For the other external walls ‘mixed’ thermal boundary condition was applied
which accounts for both convective and radiative heat transfer to the ambient at
temperature of 298K, external emissivity of 1 and heat transfer coefficient of 20 W/m 2K.
All the walls were modeled as opaque while the quartz glass was modelled as semitransparent. The outlet boundary condition was constant atmospheric pressure at
temperature of 298 K. The energy, momentum and species transport as well as the radiative
transfer equations were solved using steady pressure-based solver in the ANSYS Fluent
16.5 software. The energy and radiation models are implemented one after the other
(uncoupled) sequentially, using the conservative finite-volume scheme [210]. The
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pressure-velocity segregate algorithm used was the Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) with higher order of the relaxation terms. Table 3.10 showed
the seven cases considered for the analysis of oxy-combustion characteristics inside the
porous-plate reactor over a range of equivalence ratio from the stoichiometric condition
down to very lean operation at equivalence ratio of 0.4.

In all cases, fuel mass flow rate is kept constant at 0.6 x10-4 kg/s (reactor power of 3 kW),
and the volumetric percentage of O2 in the CO2-O2 oxidizer is kept fixed at 30%. in order
to obtain similar adiabatic temperature for the case of normal air combustion [211]. The
flow rates of fuel and oxidizer are kept within the low range to mimic the processes of
oxygen permeation and oxy-combustion in side HTMRs for clean power production
applications.

Figure 4.10 shows the effect of equivalence ratio, over a range from 0.4 up to 1.0, on the
distributions of temperature in the traverse and axial directions for the all the cases
considered in Table 3.10. As per Figure 4.10(a), the traverse distributions of temperature
(at the trailing edge of the porous plate) show improvement in the temperature level within
the reactor while increasing the equivalence ratio toward stoichiometry. This may be
attributed to improved convective heat transfer within the rector at lower equivalence ratios
due to the associated increase in the total oxidizer (O2 plus CO2) flow rate. The high flow
of CO2 at lower equivalence ratio slows down the reaction kinetic rates by absorbing part
of the combustion energy released and, consequently, the combustion temperature is
reduced. The excess amount of permeated oxygen from the trailing part of the porous plate
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cools down the combustion products and reduces the combustion temperature at lower
equivalence ratio. However, in HTMRs, oxygen is permeated through a membrane which
consumed portion of the heat of combustion for oxygen separation. Based on that and from
economic point of view, HTMRs are preferred to work under stoichiometric conditions
(Φ=1.0). At Φ=0.9 in Figure 4.10(a), the main stream temperature at the center of the
reactor is higher than the obtained temperature at Φ=1.0. This can be attributed to the
reduced level of mixing between the permeated oxygen and the main flow stream
containing the fuel due to the reduction of the amount of permeated oxygen at Φ =1.0. As
per Figure 4.10(a), the temperature on the trailing edge of the porous plate ranges from
1130 K (at Φ=0.4) to 1280 K (Φ=0.9). This temperature range lies within the operating
limit of operation of the ceramic membranes when the cased is projected on HTMR
operation. At all equivalence ratios, the intense reactions are delayed in the main flow to
the downstream region of the porous plate as per the temperature plots in Figure 4.10(b)
and the temperature contours in Figure 4.11.
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(a)

(b)
Figure 4.10: Effect of equivalence ratio on the outlet temperature at 3 kW. (a) Traverse variation, (b)
Axial variation.
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The improved mixing in the downstream region of the porous plate results in improvement
in the combustion temperature as per Figures 4.10(b) and 4.12. The lean combustion
operation resulted in better mixing and higher flame temperature as compared to
stoichiometric combustion. However, the excess amount of oxidizer under lean operation
cools the exhaust stream down to reach similar temperature as the stoichiometric
combustion at the exit section of the reactor. These results support the operation of the
reactor under stoichiometric condition from both economical and performance points of
view, especially when the case is projected on the HTMR operation. As shown in Figure
4.12, the present reactor design keeps the zone beside the porous plate hot due to initiation
of reactions once oxygen appears in the central zone. This feature of the present reactor
design is very crucial for the operation when the porous plate is replaced by ceramic
membrane for HTMR applications, as the membrane should be kept at elevated
temperature to be activated for oxygen permeation. The lower amount of permeated oxygen
and reduced level of mixing with the main stream results in elongated flame at
stoichiometric condition when compared to lean operation as shown in Figure 4.12.

There was a linear relationship between the average outlet temperature and inlet
equivalence ratio within the range under study and the range outside can be extrapolated
using Equation 4.2, as shown in Figure 4.11.
Average Temperature (K) = 92Φ + 1165
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(4.2)

Figure 4.11: Effect of equivalence ratio on the averaged outlet temperature at 3 kW.
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Figure 4.12: Contour plots of temperature (K) over a range of equivalence ratio at reactor power of 3 kW.

For the same reasons, methane depletion rate within the reactor was lower at stoichiometric
condition compared to lean operation as shown from the contour plots of methane
concentrations presented in Figure 4.13. Also, full conversion of the fuel is delayed in the
downstream zone close to the exit section at higher equivalence ratios as shown in Figure
4.13.
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Φ = 0.5

Φ = 0.4

Figure 4.13: Contour plots of mass fractions of CH 4 over a range of equivalence ratio at reactor power of
3 kW.
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The effect of the inlet equivalence ratio on the species consumption and production along
the combustor at various equivalence ratios has been presented in Figure 4.14. The mass
fractions of all the species remain constant before the (from 0 to 0.125m). CH4 mass
fraction decreased from the beginning of the porous plate to the end of the combustor where
it was fully consumed with the exception of the case with equivalence ratio of 1.0, where
about 0.1% still remained at the outlet of the combustor as shown in Figures 13 and 4.14a.
The oxygen mass fraction shown in Figure 4.14b increases from zero at the beginning of
the porous plate but suddenly consumed due to mixing with the fuel and swiftly rise to
maximum at the end of the porous plate, before further decreasing up to the outlet. The
CO2 mass fraction, contrary to that of the O2, decreases and increase at the early portion of
the porous plate due to O2 permeation and consumption in the region, as shown in Figure
4.14c. The mass fraction also decreases drastically to its minimum due to higher O2
concentration before increasing towards the outlet. There was a switch among the profiles
of the CO2 with respect to inlet equivalence ratios from cases with higher equivalence ratios
having lower CO2 mass fractions to the same cases having higher CO2 mass fractions due
to increased CO2 production associated with the higher equivalence ratios during
combustion. The water production shown in Figure 4.14d increases with increase in
equivalence ratio and along the combustor due to CH4 consumption.
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Figure 4.14: Effect of equivalence ratio on the average mass fractions of the species (CH4, O2, CO2, H2O).
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4.3

Oxy-combustion Experiments (Reactive)

This section focused on the results from experimental testing of oxy-fuel combustion
characteristics in the porous plates reactor over wide ranges of mixing conditions and
equivalent ratios. The experimental study aimed at investigating the combustion
characteristics and lean blow-out limits of oxy-methane diffusion flames over wide ranges
of operating conditions as described in section 3.2.2.

4.3.1 Flame shapes/structures
4.3.1.1 Effects of CO2 addition
The experimental plan structured in Table 3.6 was followed using the set up and procedure
described in section 3.2.2. The flame shapes were the visible flame images of the oxymethane combustion captured at steady state combustion conditions for various
percentages of CO2 addition at equivalence ratios of 0.5, 0.7, 0 and 1.0 for the power of
1.5kW. Two flame-sheets were observed anchored to the upper and lower breadths of the
fuel+CO2 inlet section and elongated along the longitudinal axis of the combustor as shown
in Figure 4.15. The dark regime is the portion where there was no visible flame in the
combustor while the colored portion attached to the fuel+CO2 inlet represented the flame
regime. For the pure methane combustion case, without the CO2 addition (0% CO2), the
flame remains highly whitish glow indicating the luminous intensity of the light at all the
lean equivalence ratios under study.

108

At all the equivalence ratios studied in this laminar diffusion combustion, the flame length
increases with increase in the percentage of CO2 in the mixture contrary to the effect of
CO2 addition in a swirl stabilized turbulent flows [212, 213] where the flame length
decreases and become more compact due to turbulent mixing with increase in percentage
CO2 in the mixture. The observed increase in length in this laminar combustion studies was
as the result of CO2 being supplied together within the fuel inlet. This increases the fuel
side Reynolds number causing a jet behavior with higher momentum that extended the
mixing zone. This has been visualized in all cases as shown in Figure 4.15 (a), with the
case having highest percentage of CO2 in the oxidizer mixture (70%) having the most
elongated flame. Detailed flame images for other %CO2 additions and equivalence ratios
can be found at Appendix K.

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2

No Flame
(i) Φ = 0.5
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0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(ii) Φ = 0.7

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2

(iii) Φ = 1.0
(a) Effect of %CO2 in the oxidizer mixture at three different equivalence ratios
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Φ = 1.0
Φ = 0.7
Φ = 0.5
(i) 0% CO2

Φ = 1.0
Φ = 0.7
Φ = 0.5
(ii) 35% CO2

Φ = 1.0
Φ = 0.7
Φ = 0.5

No Flame

(iii) 70% CO2
(b) Effect of equivalence ratio at different %CO2 in the oxidizer mixture
Figure 4.15: Effects of operating conditions on the flame structure at 1.5kW.

Flame Nondimensionalization
Normalizing flame length with the effective diameter has been reported to be helpful in
combustor and furnaces design. In physical meaning, this represent the characteristic length
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of the flame that will conceptually allow the same mass and momentum flux as the actual
length [214, 221]. In this work, the flame length has been nondimensionalized by the width
of the rectangular cross-section of the fuel+CO2 inlet section.

In Figure 4.16 (a), the effect of CO2 addition elongates the normalized flame length to more
than double of its length without the CO2 addition at all the equivalence ratios studied.
Whereas there was significant flame length increase due to CO2 addition, the flame length
slightly decreases with increase in equivalence ratio when CO2 was added as shown in
Figure 4.16 (b). This was likely due to the increase in mixing of the species as well as
decrease in excess oxygen that lowers the flame temperature resulting in more compact
flames as also seen in Figure 4.15 (b). Note: the flame extinguished at equivalence ratio of
0.5 with 70% CO2 addition due to low fuel percentage in the mixture to support the flame.
Visually, the flame luminous intensity decreases with increase in CO2 percentage in the
mixture as shown in Figure 3 at each equivalence ratio. The addition of CO2 increases the
convection and radiation heat loss from the reaction zone which entails lower flame
temperatures. Since the flame luminosity is directly correlated to the flame temperature,
the cases with higher % CO2 had lower luminous intensities due to lower flame
temperatures. Similar luminous behavior has been reported by other researchers [213].
Also, the higher the equivalence ratio the higher the luminous intensity at a constant %CO2
due to the increase in flame temperatures as shown in Figure 4.16 (b). The raw flame length
data can be found in Appendix K.
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(a)

(b)
Figure 4.16: Effect of operating conditions on the normalized flame length. (a) % CO2 in the oxidizer, (b)
equivalence ratio (lf,n = lf /w).
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4.3.2 Horizontal temperature distributions at the exhaust
The horizontal temperature distributions were measured across z-axis at five symmetric
locations as shown in Figure 3.5. The results of the measurements were presented in
Appendix K for three representative equivalence ratios at various percentages of CO2
addition. The temperature decreases horizontally from the center of the combustor outlet
to the walls, irrespective of the equivalence ratio and %CO2 in the mixture, as shown in the
figures. This was anticipated as the result of radiation heat loss via the quartz glass plates
at the two sides of the combustor to the cold ambient at about 293 K. The variations were
also symmetrical with the peak temperature at the center due to the symmetry of the inlets
of the species. In order to capture the actual cooling effect of the CO2 additions that was
overshadowed by the flame radiation as the result of longer flames as discussed earlier, the
exhaust temperatures were normalized by the non-dimensional flame length and the results
were presented in Figures 4.17. As shown in Figure 4.17, the higher the percentage of CO2
the lower the normalized temperatures in all the three cases. The pure oxy-combustion case
(0% CO2) was characterized by having the highest flame temperature as evident in the
highest luminous intensity. The higher the equivalence ratio the higher the exhaust gas
temperatures were observed in all the cases despite decrease in the flame length. The higher
flame temperatures at higher equivalence ratio overwhelmed the radiation effect due the
slight increase in the flame lengths. This was more vividly clear for the case without CO2
addition, where the increase in flame length due to decrease in equivalence ratio, was
insignificant, as shown in Figure 4.16 (b). Also, there was no flame at equivalence ratio of
0.5 with 70% CO2 addition as shown in Figure 4.16 (c).
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Figure 4.17: Normalized horizontal temperature variation at the outlet, for fuel firing rate of 1.5kW (Tnorm = T/lf,n).
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4.3.3 Vertical temperature distributions at the exhaust
When the temperature distributions were measured vertically across y-axis at the seven
symmetric nodal locations, the results were presented in Appendix K for the raw
measurements and Figures 4.18 for the normalized data (Temperatures normalized by the
nondimensional flame length). Parabolic profiles were obtained as in the case of horizontal
measurements for the stoichiometric oxy-methane combustion case shown in Figure 4.17
(a). Whereas flat temperature distributions were observed vertically at the center of the
combustor outlet when CO2 was added for fuel lean cases, as shown in Figure 4.18 (b), (c),
parabolic profiles were obtained at stoichiometric mixtures shown in Figure 4.18 (a). The
maximum temperature occurred at the center irrespective of the percentage of CO2 in the
mixture. For the fuel lean conditions, the temperature profiles ‘flattened’ at the center when
the %CO2 was ≥ 35% (Figure 4.18 (b), (c)). This was due to upper and lower flame sheets
being more distinctly separated at higher % CO2 addition and longer flames. The higher
the equivalence ratio the higher the temperatures as stated earlier. The vertical temperature
profiles were fully parabolic during pure oxy-methane combustion as well as
stoichiometric mixtures with CO2 addition at all the three equivalence ratios under study.
When the oxygen content was increased (fuel lean cases) while the percentage of CO2 also
added the profiles becomes more uniformly distributed at the center.
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Figure 4.18: Normalized vertical temperature variation at the outlet, for fuel firing rate of 1.5kW.
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4.3.4 Longitudinal temperature distributions near the exhaust
The longitudinal temperature measurements were taken from the outlet of the combustor
upstream along x-axis for the seven nodal earmarked points illustrated in Appendix K for
the raw measurements. The thermocouple’s maximum temperature range limits the
distance upstream of the flame. The measured temperatures were normalized by the nondimensional flame length and plotted in Figure 4.19. All the results elucidated linear
temperature drops downstream of the flame zone along the x-axis (Figure 4.19). The flame
temperature behavior corroborates that of the luminous intensities of the flame images. The
addition of CO2 decreases the temperature due the decrease in flame temperatures as seen
in the previous sections. The higher the percentage of CO2 added to the fuel stream, the
lower the temperature downstream of the combustor due to the thermal dilution effect of
the CO2. At the steady stoichiometric combustion (Figure 4.19 (a)) the temperature drops
downstream of the combustor at an average slop of 2.4 K/mm irrespective of the % CO2 in
the mixture. As the amount of oxygen was increased to the two lean conditions the step
temperature decrease reduces to 1.8 K/mm and 1.2 K/mm at equivalence ratios of 0.7 and
0.5 respectively, while still maintaining the fuel firing rate at 1.5 kW. These step decrease
in temperature due to increase in oxygen (lean condition) can be use as design parameters
for estimation of the combustion size with respect to the desired exhaust temperature
requirements.
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Figure 4.19: Normalized longitudinal temperature variation towards the exhaust at fuel firing rate of 1.5kW.
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4.3.5 Averaged exhaust temperatures
The normalized horizontal and vertical temperature variations at the exit of the combustor
as discussed in sections 4.3.2 and 4.3.3 were averaged for each % CO2 addition to provide
a more general overview of the effect of dilution and change in equivalence ratio on the
flue gas temperatures as shown in Figure 4.20. At all the three equivalence ratios, the higher
the percentage of CO2 addition the lower the normalized temperatures due to CO2 thermal
dilution effect. The CO2 was supplied at low energy level corresponding to less than 300
K (< 75 K, normalized) and exited with higher energy levels gained from the combustion
heat release, and thus, lowering the overall combustor energy level. Fuel leaner equivalence
ratio mixtures produces lower exhaust gas temperatures in comparison with its
stoichiometric counterpart due to the presence of excess oxygen that acts as a heat sink.
Hence at all the percentages of CO2 considered the highest equivalent ratio mixture resulted
in more flue gas temperatures.

Figure 4.20: Normalized average outlet temperature variation at fuel firing rate of 1.5kW.
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4.3.6 Lean flammability limits
The lean stability limits in terms of flame blow-out were determined by starting stable
flames at a fixed equivalence ratio (fixed mass flow rates of fuel and oxygen) while
increasing the diluent (CO2) flow rate up to the blow out limits. The effect of equivalence
ratio on the flame blowout limits at fixed fuel firing rate of 1.5 kW was shown in Figure
4.21 for a range of equivalence ratio, from 0.5 to 1.0. The results indicated increase in the
LBO limit with the increase in the equivalence ratio. The flame blown out at about 65%
CO2 concentration in the oxidizer at the lowest operating equivalence ratio (φ=0.5). This
increase to about 79% CO2 at stoichiometric operating condition. A similar trend has been
reported by Sayad et al. [215]. Decrease in equivalence ratio lowers the reaction
temperatures and consequently reduces the capacity to overcome the activation energy
for reactions to occur, and hence results in a decrease in flame speed. As reported by
Kondo et al. [108], the flame blowout occurs when the flow speed exceeds the flame
speed. Also, Chan et al. [216] concluded that for methane combustion, the laminar flame
speed decreased with increasing CO2 dilution as a result of decrease in the net rate of
reaction due to low concentrations of reactants. Also, CO2 addition acts as a heat sink, by
lowering the combustion temperature and consequently decreasing the capacity to
overcome the activation energy for reactions to occur [216]. Dirrenberger et al. [217] also
reported that for methane-air combustion, the laminar flame velocity was directly
proportional to the equivalence ratio up to stoichiometric equivalence ratio. Hence the
leaner the mixture the lower the flame speed and the higher the flow speed, which causes
flame blowout at the critical condition (residence time). The minimum obtained limit of
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O2 percentage in the oxidizer to allow for a visible flame was found to be about 21% (79%
CO2) at stoichiometric equivalence ratio as shown in Figure 4.21.

Figure 4.21: Effect of operating equivalence ratio on blowout limits at fixed fuel firing rate of 1.5 kW.

The combustor can be operated with visible flame within the flame zone. Similarly, the
effect of fuel firing rates on blowout limits has been obtained at different equivalence
ratios as shown in Figure 4.22. It was found that the percentage of CO2 in the oxidizer at
blowout limit decreases with the decrease in equivalence ratio irrespective of the fuel
firing rate. The fuel firing rate was found to influence the concentration of CO2 at the
blowout limit at fixed equivalence ratio. The effect of fuel firing rate on blowout limits
at stoichiometric operating equivalence ratio can be seen more vividly in Figure 4.23,
where the increase in the fuel firing rate at stoichiometric equivalence ratio decreases the
percentage of CO2 in the oxidizer to cause flame blowout due to attainment of the
required flow speed that overwhelmed the increase in the flame speed. An experimental
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correlation between the effect of CO2 % addition and fuel firing rate (Pf) was developed
as shown in Equation 4.3, which can be used to extrapolate the blowout limit at any fuel
firing rate.
% CO2 = 83 – 2.3 Pf

(4.3)

Figure 4.22: Effect of fuel firing rate on blowout limits over a range of operating equivalence ratio.

Figure 4.23: Effect of fuel firing rate on blowout limits at stoichiometric operating equivalence ratio.
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4.4

3D Combustion Modeling (Reactive)

This section contains the numerical results of oxy-methane combustion modeling of
atmospheric diffusion flame. A 3D model was developed for the reactor and the results
from the combustion experiments were used for the model validation. The flame structure,
temperature distributions as well as exhaust emissions were investigated using the
numerical model and compared with the experimental results presented in section 4.3.
Numerical calculations were performed considering the 3D porous plate reactor geometry
presented in Figure 3.4(b) at the reactor power of 1.5 kW. Grid independence test was
conducted, and it was found that there were no significant variations of the results (<1.2%)
beyond the mesh having 301,623 nodes and 280,800 cells which was adopted for the 3D
simulations. The mesh has a maximum orthogonal skew of 0.061 and maximum aspect
ratio of 2.34. The mass flow inlet boundary condition was selected for all gas flows with
inlet temperature of 298 K, while pressure outlet boundary condition was set at the common
exit section of the reactor. The energy, momentum and species transport as well as the
radiative transfer equations were solved using steady pressure-based solver in the ANSYS
Fluent 17.1 software. The energy and radiation models are implemented one after the other
(uncoupled) sequentially, using the conservative finite-volume approach. The SIMPLE
pressure-velocity segregate algorithm was used with higher order of the relaxation terms.
Table 3.6 showed the cases considered for the analysis of oxy-combustion characteristics
for the three equivalence ratios from the stoichiometric condition down to lean operation
at equivalence ratio of 0.5 with the exception of the first row at 70% CO2. In all cases, fuel
mass flow rate was kept constant at 2.76 L/min (corresponding to reactor power of 1.5
kW), with varying volumetric percentage of O2 in the CO2-O2 oxidizer mixture. The flow
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rates of fuel and oxidizer are kept within the laminar range to mimic the processes of
oxygen permeation and oxy-combustion inside HTMRs for clean power production
applications.

4.4.1 Flame description
The numerical results were used to characterize the flames in more details using the
temperature contours generated at three dimensional planes which were not captured
during the experiment. The steady state temperature contours from the combustion process
modeled at stoichiometric condition are presented in Figure 4.24 for three different
percentages of CO2 addition as representative of the all conditions investigated. The red
colored portions are the high temperature zones which indicated the reaction zone while
blue portions represent the low temperature (colder) zones. In each case, the contours were
extracted at the three different xyz planes to capture the overall flame shape. The
temperature contours at the center of the combustor (x-y planes), as shown in Figures 4.24
(i’s) for the three cases, depicted two flame sheets anchored to the upper and lower breadths
of the CH4+CO2 inlet section and elongated along the longitudinal axis of the combustor
forming ‘an inverted V’ shape. The flame sheets have an average thickness of about 2mm
with their tips contacting each other at an angle of about 15o. The y-z planes were captured
at a longitudinal distance of 2cm from the origin (near the flame base) in order to view the
horizontal configuration of the flames as shown in Figures 4.24 (ii’s). The contours
depicted that the flames were not perfectly rectangular, rather they were curved at the
longitudinal edges due to the fuel and oxygen diffusions. Whereas flame from the case
having 55% CO2 curved inward thereby encircling the fuel stream due to higher Reynolds
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number of the fuel stream that causes elongation of the reaction zone, the case without CO2
addition, having lowest Reynolds number of the flue stream had their flames curved
outwards while the flames remained relatively flat for the case of 35% CO2 additions as
seen in Figures 4.24 (ii’s). The x-z planes shade more lights on the flame shapes based on
the percentage of CO2 added. The contours shown in Figure 4.24c (iii’s) were extracted at
inclined angles in line with the flame inclinations to capture the reaction zones. The case
with no CO2 addition showed a relatively rectangular flame while the elongation of the
flame shape due to addition of the CO2 causes the flames to thin at both the anchored
position as well as the flame tips. This can also be explained by the geometrical difference
between the breadth of the fuel stream inlet cross-section and that of the porous plate crosssection.

4.4.2 Flame shapes comparison with experiments
The comparison between the experimental visible flame images of the oxy-methane
combustion captured at steady state conditions for various percentages of CO2 addition at
equivalence ratios of 0.5, 0.7, and 1.0 for the power of 1.5kW and numerical temperature
contour plots are shown in Figure 4.25 and Appendix L. The images and the contour plots
covered the field of view of the combustion zone of the reactor from the inlets to the outlet.
The contour plots were extracted at the center of the combustor (x-y planes at z = 0), while
the flame images were captured through the transparent quartz glass from a distance of
about 100 cm using the high-speed camera rather than from the central plane. Also, the
temperature contours give the general perspective about the high temperature regions
which are synonymous with flame chemiluminescence.
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(i) x-y plane at z = 0cm

(ii) y-z plane at
x=2cm

(iii) x-z plane at y = (0.8, -0.2) cm
(a)

55% CO2

(i) x-y plane at z = 0cm

(ii) y-z plane at
x=2cm

(iii) x-z plane at y = (0.8, -0.7) cm
(b)

35% CO2

(i) x-y plane at z = 0cm

(ii) y-z plane at
x=2cm

(iii) x-z plane at y = (0.8, -1) cm
(c)

0% CO2

Figure 4.24: Three-dimensional flame shapes at stoichiometric operating equivalence ratio.
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The dark regime in the experimental images are the portion where there was no visible
flame in the combustor while in the numerical contours, blue portion represent the lowest
temperature regions with reddish regions being the highest temperature zones based on
standard RGB color gradient. For the pure oxy-methane combustion case, without the CO2
addition (0% CO2) shown in Figure 4.25a, the highly whitish glow of the experimental
flame that indicated the luminous intensity of the light showed similar trend compared to
the numerical results at all the three equivalence ratios studied. This indicated very good
agreement between the numerical contours and the experimental images despite fact that
the experimental images do not show low temperature gradients regions. This good
agreement has also been observed when CO2 was added as shown in Figures 4.25 b-d, except

for Figure 4.25e, when the percentage of CO2 addition reaches 55%. At this higher
percentage, the hot regions of the numerical plots were slightly longer than that of the
experimental visible flames, especially at very leaner equivalence ratio of 0.5. This slight
overprediction/increase in length was as the result of CO2 being supplied together within the
fuel inlet which resulted in increase in the fuel stream Reynolds number causing a jet behavior
with higher momentum that extended the mixing zone. In all the cases compared, increase in
equivalence ratio resulted in more compact flame with higher temperatures due to slight
decrease in the fuel stream Reynolds number which was responsible for the elongation of the
reaction zone. Also, the effect of CO2 addition to the flame length was more pronounced due
to significant change in the fuel stream Reynolds number which was responsible for the
elongation of the reaction zone in comparison to that of equivalence ratio. More vivid
comparisons between experimental and numerical flame shapes at different % of CO2 in the

oxidizer mixture for were presented in Appendix L.
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Φ = 1.0 Num
Φ = 1.0 Exp
Φ = 0.7 Num
Φ = 0.7 Exp
Φ = 0.5 Num
Φ = 0.5 Exp
(a)

0% CO2

Φ = 1.0 Num
Φ = 1.0 Exp
Φ = 0.7 Num
Φ = 0.7 Exp
Φ = 0.5 Num
Φ = 0.5 Exp
(b)

27% CO2
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Φ = 1.0 Num
Φ = 1.0 Exp
Φ = 0.7 Num
Φ = 0.7 Exp
Φ = 0.5 Num
Φ = 0.5 Exp
(c)

35% CO2

Φ = 1.0 Num
Φ = 1.0 Exp
Φ = 0.7 Num
Φ = 0.7 Exp
Φ = 0.5 Num
Φ = 0.5 Exp
(d)

45% CO2

Φ = 1.0 Num
Φ = 1.0 Exp
Φ = 0.7 Num
Φ = 0.7 Exp
Φ = 0.5 Num
Φ = 0.5 Exp
(e)

55% CO2

Figure 4.25: Comparison between experimental and numerical flame shapes at different equivalence ratio
for % of CO2 in the oxidizer mixture.

(Note: Num = Numerical; Exp = Experimental)
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4.4.3 Temperature comparisons with experiments
4.4.3.1 Vertical temperature distributions comparison
The vertical temperature distributions that were measured across y-axis at the seven
symmetric nodal locations shown in Figure 3.5, are compared with the numerical results
after being normalized with the non-dimensionless flame length, at different operating
conditions, as presented in Figures 4.26. In general, there were good agreements between
the experimental measurements and the numerical results at all the conditions with the
numerical results slightly overpredicting the experimental measurements. The maximum
percentage difference between the experimental and numerical results were at pure oxymethane combustion (0% CO2) in which it reached up to about 14% at stoichiometric
equivalence ratio, 11% and 13% at equivalence ratios of 0.5 and 0.7 respectively. This
deviation between the numerical results and the experimental data might be attributed to
imperfection of the temperature probe positioning during the measurements and heat loses
due to imperfect sealing between the quartz glass and the other combustor walls. The higher
the percentage of CO2 addition in the mixture the lower the percentage difference between
the results due to lower combustion temperatures characterized by the thermal dilution
effect of CO2 as the result of its higher molar heat capacity. Detailed percentage difference
between the experimental data and numerical results can be found in the Appendix M. The
temperature profiles were parabolic with maximum values obtained at the center point
except for the case of 55% CO2 addition at equivalence ratio of 0.5, where there were two
temperature peaks due to upper and lower flame sheets being more distinctly separated at
the tips and longer flames.
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Figure 4.26: Comparison between vertical numerical and experimental gas temperatures at outlet for
different operating conditions.

(x = 0.26, -0.01 ≤ y ≤ 0.01, z = 0)
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4.4.3.2 Horizontal temperature distributions comparison
Figure 4.27 shows the comparison between numerical and experimental gas temperatures
at the combustor outlet for different operating conditions. The temperature distributions
were measured across the z-axis at the 5 symmetric nodal locations shown in Figure 3.5.
The experimental data were compared with the numerical results in a similar fashion as
discussed in section 4.3.3.1. The numerical results are well compared with the experimental
data within a maximum of about 14% difference at stoichiometric equivalence ratio for all
the cases considered. The percentage difference decreases to about 5% and below at
equivalence ratios of 0.7 and 0.5 respectively. The percentage of CO2 addition in the
mixture decreases the percentage difference between the results in this case. The
temperature distributions were also symmetrical with the peak temperature occurring at the
center due to the symmetry of the inlets of the species at all the conditions. In all the three
cases, the higher the percentage of CO2 the lower the normalized temperatures. Increasing
the equivalence ratio resulted in increase in the percentage difference between the results
due to increase in combustion temperatures.
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Figure 4.27: Comparison between horizontal numerical and experimental gas temperatures at outlet for
different operating conditions.

(x = 0.26, y = 0, -0.025 ≤ z ≤ 0.025)
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4.4.3.3 Longitudinal temperature distributions comparison
The longitudinal temperature measurements were conducted downstream of the combustor
due to the thermocouple range limitation. The measurements covered the seven nodal
locations as stated in Figure 3.6. The numerical simulations under the same conditions
provided the opportunity of understanding the overall longitudinal temperature variations
starting from origin. For the sake of comparison, the numerical results were truncated to
the range of the experimental data as shown in Figure 4.28 for different operating
conditions. The agreement between the experimental data and the numerical results were
within a maximum of below 10% difference at all the equivalence ratio for the cases of
pure oxy-methane combustion. The percentage of CO2 addition in the mixture increases
the percentage difference between the results in almost all the cases except at 55% CO2 at
stoichiometry where the difference decreases to below 10%. The percentage differences
were more prominent upstream of the combustor due to increase in temperature beyond the
limit of the thermocouple at some instance.
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Figure 4.28: Comparison between longitudinal numerical and experimental temperatures at the
combustor centerline for different operating conditions.

(0 ≤ x ≤ 0.26, y = 0.26, z = 0)
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4.4.4 Numerical temperature distributions
4.4.4.1 Vertical temperature distributions
The vertical temperature distributions were obtained numerically at the combustor exhaust
across y-axis at the center for different operating conditions as presented in Figures 4.29.
Figures 4.29-a indicates the effect of equivalence ratio on the vertical temperature
distribution normalized by the non-dimensional flame length, as discussed earlier, for three
representative percentage of CO2 additions. The temperature profiles are symmetric with
maximum occurring at the center and decreased towards the upper and lower walls for all
the %CO2 additions except for the case of 55% where two maximum temperature peaks
occurred between the center and the upper and lower walls due to the flame elongation to
near the outlet, as shown in Figure 4.25-e for numerical results at equivalence ratio of 0.5
(φ = 0.5 num). For all percentages of CO2 additions, the higher the equivalence ratio the
higher the temperature due to increase in reactivity as the result of increase in fuel
percentage in the combustor and decrease in excess oxygen which act as a heat sink.

For the case of 0% CO2 addition, the exhaust gas temperature was much higher than the
CO2 added counterparts which was the characteristics of pure oxy-methane combustion.
This was more clearly presented in Figure 4.29-b where addition of the CO2 resulted in
lowering the exhaust gas temperatures at all the equivalence ratios studied. Whereas
uniform temperature distributions were observed vertically at the center of the combustor
outlet at higher % CO2, as shown in Figure 4.29-b, parabolic profiles were obtained at pure
oxy-methane conditions. When the oxygen content was increased (fuel lean cases) while
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the percentage of CO2 addition also increased, the temperature profiles becomes more
uniformly distributed at the center, with the variation being increase with decrease in the
CO2 addition. This is caused by the thermal dilution effect of CO2 that resulted in the
reduced flame temperatures and enhanced exhaust gas mixing.

(a) Effect of equivalence ratios

(b) Effect of % CO2

Figure 4.29: Effect of equivalence ratio and percentage of CO2 addition on the normalized vertical
temperature distribution at the exhaust.

(x = 0.26, -0.01 ≤ y ≤ 0.01, z = 0)
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4.4.4.2 Horizontal temperature distributions
The horizontal temperature distributions across z-axis at the combustor exhaust obtained
numerically for different operating conditions were presented in Figures 4.30. Figures
4.30-a shows the effect of equivalence ratio on the vertical temperature distribution
normalized by the non-dimensional flame length, for three representative percentage of
CO2 additions. The temperature decreases with increase in horizontal distance from center
of the combustor outlet irrespective of the equivalence ratio and %CO2 in the mixture, as
shown in the Figures 4.30. This was expected as the result of radiation heat loss through
the quartz glass plates at the two sides of the combustor to the cold ambient at about 293
K. The variations were also symmetrical with the peak temperature at the center due to the
symmetry of the inlets of the species. For all percentages of CO2 additions, increase in
equivalence ratio resulted in the elevation of temperature due to increase in reactivity as
the result of increase in fuel percentage in the combustor and decrease in excess oxygen
which act as a heat sink. This was more vividly clear for the case with 0% CO2 addition,
where the increase in flame length due to decrease in equivalence ratio, was insignificant,
as shown in Figure 4.30-b.
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(a) Effect of equivalence ratios

(b) Effect of % CO2

Figure 4.30: Effect of equivalence ratios and percentage of CO2 addition on the normalized horizontal
temperature distribution at the exhaust.

(x = 0.26, y = 0, -0.025 ≤ z ≤ 0.025)
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4.4.4.3 Longitudinal temperature distributions
The normalized longitudinal temperature variations along x-axis, starting from the origin
to the exhaust of the combustor at the centerline are shown in Figure 4.31 for both the
effects of change in equivalence ratios and percentage of CO2 addition. Note that the
longitudinal centerline temperatures do not represents the maximum flame temperature
since the two flame sheets were situated away from the center as shown in Figure 4.25 with
their tips meeting at the centerline. Hence maximum temperature locations shown in Figure
4.31 were the locations the tips coincidence. All the results elucidated higher temperatures
at higher equivalence ratios. The addition of CO2 decreases the centerline temperatures due
the decrease in flame temperatures as seen in the previous sections. The higher the
percentage of CO2 added to the fuel stream, the lower the temperature downstream of the
combustor due to the thermal dilution effect of the CO2. Addition of the CO2 in the mixture
elongated the reaction zone due to increase in Reynolds number of the fuel stream and
hence resulted in the increase in the maximum temperature locations. At the stoichiometric
equivalence ratios (Figure 4.31-b) the temperature rises suddenly due to the initiation of
the combustion reaction and reached it maximum due to the flame temperature rise and
drops downstream of the combustor polynomially, irrespective of the % of CO2 in the
mixture. As the amount of oxygen was increased to the lean conditions the temperature
decrease reduces to approximately linear.
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(a) Effect of equivalence ratios

(b) Effect of CO2 %

Figure 4.31: Effect of equivalence ratios and percentage of CO2 addition on the normalized longitudinal
temperature distribution at the centerline.

(0 ≤ x ≤ 0.26, y = 0, z = 0)
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4.4.5 Exhaust gas concentration
The exhaust gases are composed of five species, mainly CO2, H2O, CO, CH4 and O2 which
are the dominant species in the reduces chemical reaction kinetics model applied for the
combustion modeling. The species mass fractions were averaged at the combustor outlet
for every combustion condition using mass-weighted averaging. Mass-weighted averaging
involves the ratio of the summation of the value of a specie mass fraction multiplied by the
product of the outlet area and momentum vectors to the summation of the value of the
product of the outlet area and momentum vectors [133]. The effect of percentage of CO2
addition on the averaged exhaust gas species mass fractions were presented in Figure 4.32.
At lower equivalence ratio (φ = 0.5), without CO2 addition, the mass fractions of the fuel
components (CH4 and CO) reduced to almost zero at the outlet due to complete combustion
of the fuel at lean equivalence ratio. The combustion products were mainly CO2 and H2O
with the excess O2. The averaged mass fractions of the CO2 at the outlet was increased
from about 30% without addition of CO2 in the fuel stream to about 82% when the CO2
added was 55%. This indicated that addition of the CO2 lowered the combustion
temperature which in turn slightly decreases the rate of reactivity. This can be seen more
evidently from the increase in unburned CH4 and the decrease in H2O production as the
percentage of CO2 addition increases (Figure 4.32-a). The decrease in excess O2 mass
fractions were attributed to the overwhelming CO2 addition.
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Figure 4.32-b which presents the gas species mass fractions at equivalence ratio of 0.7
showed similar trends with the leaner equivalence ratio for all the combustion conditions
considered. But there was decrease in excess O2 from about 45% to 25% when no CO2 was
added due to the increase in equivalence ratio. The CO2 mass fractions increases due to the
decrease in O2 mass fraction at higher equivalence ratio as well as the inlet CO2 addition.
There was also increase in H2O mass fractions due to lower O2 mass fractions. The CO
concentration at 0% CO2 addition increases to about 200ppm in comparison to the leaner
counterpart that was less than 50ppm. This increase in CO is attributed to the lower oxygen
availability for complete combustion. The amount of unburned CH4 slightly increased to
about 0.4% (although still negligible) when the CO2 addition reached 55%. This was due
to the dilution effect of the CO2 which lowered the combustion temperature and elongated
the reaction zone. At stoichiometric equivalence ratio, the trends of CO2, H2O and CH4
mass fractions were similar to those at equivalence ratio of 0.7 at all the conditions but with
higher magnitude due to increase in reactivity, combustion temperature and the decrease
in excess O2 to almost zero as shown in Figure 4.32-c. There was slight increase in O2 mass
fraction at the outlet as the CO2 addition increases due to increase in unburned CH4 and
CO that should have reacted with the available O2. The CO concentration increased slightly
when CO2 addition increases up to 35% and then increases more rapidly when the CO2 was
further added beyond 35%.
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Figure 4.32: Effect of percentage of CO2 addition on the averaged exhaust gas species concentrations.
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The effects of equivalence ratio on the averaged exhaust gas species concentrations are
shown in Figure 4.33. For the two fuel lean equivalence ratios (φ=0.5 and φ=0.7) the O2
mass fractions at the outlet decreases with increase in the percentage of CO2 addition as
shown in Figure 4.33-a. This is due to the overwhelming increase in CO2 concentrations.
The most leaner equivalence ratio, φ=0.5, was having higher values of O2 mass fraction
compared to φ=0.7 due to decrease in the inlet O2 mass flow rates for the same amount of
fuel. At stoichiometric equivalence ratio, the O2 was mostly consumed during combustion
prior to the outlet at lower percentages of CO2 additions due to higher reactivity at elevated
temperatures. There was about 2% of un reacted O2 mass fraction when the percentage
inlet CO2 addition reached 55% due to very low combustion temperature, elongation of the
reaction zone to near the outlet as shown in Figure 4.25-e. The averaged mass fractions of
CO2 at the outlet for the three equivalence ratios investigated were presented in Figure
4.33-b. The results showed that the higher the equivalence ratio the higher the CO2 mass
fraction due to the decrease in the excess oxygen concentrations. Also, the influence in the
inlet CO2 addition was reciprocal to the increase in CO2 mass fractions at the outlet. For
the H2O mass fractions, as shown in Figure 4.33-c, the effect of increase in equivalence
ratio form lean conditions up to the stoichiometric condition was similar to that of CO2.
The higher the equivalence ratio the higher the mass faction of H2O due to the decrease in
excess oxygen concentration relative to the increase in H2O concentration due to complete
combustion at lower equivalence ratio. The inlet addition of CO2 resulted in the decrease
in H2O mass fractions due to the offsetting increase in CO2 concentration by the CO2
addition at the inlet.
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The operating equivalence ratio played important role in the fuel consumption during the
combustion reaction. As shown in Figure 4.33-d, increase in equivalence ratio reduces CH4
reactivity due to decrease in oxygen availability for the combustion reaction. Hence,
resulted in increase in unburned CH4 at the outlet, irrespective of the percentage of CO2
added at the combustor inlet. Up to 27% inlet CO2 addition, the effect of the CO2 addition
on the CH4 availability was very lower but heightened afterwards due to low reactivity as
the result of low temperatures caused by CO2 thermal dilution effect. The mass fraction of
the CH4 at the outlet increased by a factor of 5 from equivalence ratio of 0.5 to 1.0 due to
decrease in O2 availability and flame stretching to the outlet which were susceptible to
incomplete combustion at the outlet, even though the maximum CH4 mass fraction was
less than 0.7% even at the stoichiometric condition. As for Figure 4.33-e, the effect of
equivalence ratio on the unreacted CO availability at the combustor outlet was similar to
that of CH4 due to the same reasons.
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5

CHAPTER 5

RESULTS AND DISCUSSIONS FOR THE OTM REACTOR

MODELING

This part of the results and discussion presents the numerical modeling studies of a twopass oxygen transport membrane reactor for oxygen permeation and oxy-fuel combustion
characteristics analyses for the purpose of its application to fire tube boilers. This will
involve the replacement of the fire box (burner) with bundles of OTM combustors that will
supply the required power range, from 1 to 5 MWe. The development and validation of
numerical models for oxygen separation and oxy-methane combustion in the two-pass
oxygen transport reactors are presented under several sub-sections: geometry optimization
for optimum performance, oxy-methane characteristics analyses, and the effects of the key
reactor controlling parameters such as effect of inlet gases temperatures and flow rates on
the combustion heat transfer to the saturated water and steam as the load in a fire-tube
boiler, the effect of saturated water and steam condition on the OTR unit heat transfer
performance and the effects of thermal and radiative properties of some of the reactor
materials in order to obtain optimum operating conditions and parameters. The adopted
reactor geometry as described in section 3.4 and Figure 3.7, is of cylindrical configuration
with several concentric tubular OTRs. A single unit of the OTRs was considered for the
analyses which was elaborated in more details in section 3.4.1. The geometry was
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represented using a 2D-axissymetry to reduce the intense computational requirements for
the solution. The sets of operating and boundary conditions used to achieve the set
objectives were presented in Tables 3.11 - 3.18.

5.1

2D Model Validation

To ensure the accuracy of the numerical results, the developed mesh was tested to ensure
grid independence and the models were validated using available experimental data from
open literature. It consists of the mesh size dependency test, oxygen permeation model
validation as well as the methane consumption under oxy-fuel reaction.

5.1.1 Mesh size independence
The mesh grid independence test was performed to ensure the accuracy of the numerical
solutions. The test consisted of four different discretized geometries with the number of
cells ranges from 6,375 to 51,000 cells (0.6375x104, 1.275x104, 2.55x104, 5.1x104 cells
for mesh-1, mesh-2, mesh-3 and mesh-4, respectively). The mass flow rates of oxygen
permeated across the OTM and the total heat received by the outer-pipe were computed
under the same conditions using the four grid meshes and plotted in Figure 5.1. The
maximum variation in O2 mass flow rate between mesh-1 and mesh-4 was found to be
2.84%, between mesh-2 and mesh-4 was 0.16%, and between mesh-3 and mesh-4 was
0.01%. Similarly, the maximum variation between the total heat received by the outer-pipe
between mesh-1 and mesh-4 was found to be 0.61%, between mesh-2 and mesh-4 was
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0.11%, and between mesh-3 and mesh-4 was 0.0002%. Figure 5.1 elaborated these
variations graphically. Both the O2 total mass flow rates and the heat transferred were over
predicted by the low-quality meshing with lower grids and the variables remains relatively
constant from mesh-3 to mesh-4. From the above analysis, the variation of results of mesh3 with respect to mesh-4 were insignificant. Hence mesh-3 was choosing for the subsequent
analyses. The mesh orthogonal quality usually is in the ranges of 0 - 1, with values
approaching 0 corresponding to low quality mesh. The maximum orthogonal skew of
mesh-3 was 0 while the minimum orthogonal quality was 1 and the maximum aspect ratio
was 2.23. The mesh contained 25,500 cells, having 53,086 faces and 27,583 nodes.

Figure 5.1: Mesh independence analysis
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5.1.2 Model Validation
The OTM permeation model presented in Equations 2.28 – 2.31of section 2.4.5 were
applied to the experimental work conducted by Behrouzifar et al., [182] and Mezghani and
Hamza [197]. In the former experiment [182], O2 permeation flux was measured across a
1 cm diameter disk-shaped BSCF OTM at various values of thickness under different
elevated temperature conditions without reaction under steady laminar flow. They supplied
synthetic air (nitrogen + oxygen mixture) at a volume flow rate of 150 cm3/min in the feed
side and pure helium at volume flow rate of 60 cm3/min in the permeate (sweep) side at
atmospheric pressure. The experimental results at varied temperatures and membrane
thickness were shown in Figure 5.2 (symbols). The same conditions were modeled in this
work and the comparison with the experimental data as shown in the Figure 5.2 (solid lines)
indicated the same trend of increase in O2 permeation flux with increase in temperature
and the inverse with increase in membrane thickness with reasonable degree of accuracy.
The later experimental data of Mezghani and Hamza [197] was conducted using a 2.5 cm
diameter disk-shaped BSCF OTM having thickness of 1 mm over a period of 100 hrs. They
supplied helium at constant volume flow rate of 5.0E-7 m3/s in the sweep side and air at
constant volume flow rate of 3.3E-7 m3/s in the feed side, at 920 oC. They achieved constant
oxygen permeation flux of 0.0126 mol/m2-s over the100 hrs period. They also obtained O2
flux of 0.0091mol/m2-s when they replaced the inert helium gas with 1.083E-8 m3/s of
gaseous methane as fuel to enable oxy-methane combustion. They reported complete
combustion of methane with excess O2 flow rate of 20 ml/min. These two experimental
conditions were modeled using the current model and the results obtained were reasonably
compared within an error of less than 6% as shown in Figure 5.3.
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Figure 5.2: Comparison of O2 permeation flux between numerical and experimental data (solid lines from
this numerical model and symbols from experimental work of Behrouzifar et al., [182])

Figure 5.3: Comparison of O2 permeation flux between numerical and experimental data (circular
symbols from this numerical model and triangular symbols from experimental work of Mezghani and
Hamza [197])
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5.2

OTR Geometry Development

The two-pass OTR geometry shown in Figure 3.7 was optimized to support the combustion
of methane with enough oxygen from the OTM for application in fire tube boilers. The
geometric parameters that were optimized include: length of the OTM, surface area of the
OTM, volume of the combustion annulus, thickness of inner-pipe and outer-pipe surface
area. The lengths of the OTM studied ranges from 100mm to 2000mm. It was found that
the oxygen permeation was insignificant after 500mm. Hence the length of 500mm of the
OTM was considered. The outer surface area of the OTM was determined by the diameter
at the fixed length. To obtain enough oxygen for the combustion, the membrane surface
area should be reasonably large. Hence the diameter of the membrane was optimized to
200mm based on the laminar velocity requirement due to typical membrane physical
strength limitations as well as the higher oxygen partial pressure requirement for effective
permeation from feed side to the sweep side. The volume of the combustion zone was
determine based on the fuel flow rates as well as adequate residence time within the length
of the OTM. It was found that a cross-sectional area of about 600mm2 is adequate for the
500mm long OTM. This corresponds to the inner-pipe internal diameter of 34mm. The
thickness of the inner-pipe was also optimized to provide adequate heat transfer resistance
to protect the low temperature combustion reaction from quenching. The thickness of 3mm
was adopted based on the thermal properties of the selected material for the inner pipe from
the results of preliminary simulations. The outer-pipe surface area was determined based
of the heat transfer rate requirements. This was related to the velocity of the exit gases that
transferred their heat through convection as well as the outer-pipe temperature (load). The
detailed parameters of the geometry were presented in Appendix N.
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5.3

Oxygen Permeation Flux

The oxygen permeation across the BSCF membrane was modeled by considering the fuel
stream (CO2) as sweep gas to convey the permeate and (CH4+CO2) as sweep to react with
the permeate, this was categorized into non-reactive and reactive conditions, respectively.
In the non-reactive conditions, the fuel stream acted as a sweep gas only, in order to
investigate the OTM permeation capabilities under several operating conditions. In the
reactive conditions, the volumetric reaction model was used to simulate the species
combustion reaction at the sweep zone. The oxygen permeation due to the two categories
were presented in Figures 5.4 to 5.8, under different conditions. The dependence of oxygen
permeation flux on the membrane temperature has been fully established by many
researchers where they fixed the membrane temperatures at elevated levels to improve
permeation. But in practical applications, supplying the gases at elevated temperatures is
more realistic. Hence, the inlet temperatures of the gases were varied to obtain an optimum
temperature matrix for effective applications in both non-reactive and reactive conditions.
Similarly, the effects of sweep and feed inlet mass flow rates as well as the diluent mass
fractions were parametrized for the reactor optimization. These effects were presented in
the subsequent sections.
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5.3.1 Effect of gases inlet temperature on O2 permeation flux
The influence of feed and sweep inlet temperatures on the oxygen permeation flux across
the OTM are shown in Figure 5.4 for both the non-reactive and reactive conditions. As for
the non-reactive conditions shown in Figure 5.4-i, the effect of inlet temperature was
considered for the fixed gases inlet mass flow rates of 5E-4 kg/s based on an optimized
near stoichiometric mixture condition. In Figure 5.4-i(a), the sweep gas inlet temperature
was fixed also at 900oC, while the feed gas (air) temperatures were varied from 8001000oC. The oxygen permeation along the length of the membrane varied exponentially at
all the feed inlet temperature conditions. The maximum permeations were observed at the
sweep inlet due to the maximum oxygen partial pressure difference since there was no
oxygen in the sweep stream, resulting the maximum driving force that led to maximum
oxygen permeations. The oxygen permeation drops drastically near the inlets, along the
membrane due to the increase in oxygen partial pressure at the sweep side which decreases
the driving force. The oxygen partial pressure differences became nearly constant toward
the trailing edge of the membrane. The higher the feed inlet temperature the higher the
oxygen permeation flux, despite the little variations. This was attributed to the increase in
partial pressure difference of oxygen at elevated temperatures. This trend was observed
when the feed inlet temperature was fixed at 900oC while varying the sweep inlet
temperatures as shown in Figure 5.4-i(b). The effect of the sweep inlet temperature resulted
in slightly lower permeation in comparison to the feed effect. Even when both the feed and
sweep gases inlet temperatures were varied sequentially (kept at the same value in each
case), the oxygen permeation flux profiles along the OTM were similar. But the variations
in permeation due to effect of temperature changes were more prominent.
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The effect of inlet gases temperature on the oxygen permeation flux across the OTM for
the reactive conditions are presented in Figure 5.4-ii. The oxygen permeation trend near
the sweep inlet started with the maximum value due to the maximum oxygen partial
pressure difference between the feed and sweep sides and decreases sharply within the first
10mm along the length of the OTM at all the inlet gas temperature conditions for the
reactive cases. The oxygen permeation flux then suddenly shoots up after 10mm to another
maximum value as the result of the initiation of the combustion reaction which caused high
temperature release. The temperature elevation due to oxy-methane reaction reduces the
membrane surface exchange resistance thereby increasing the oxygen permeation. The
increase in temperature has been reported to be responsible for higher oxygen vacancies
disorder [218-220]. The surge in the oxygen permeation was also attributed to the oxygen
consumption during the reaction near the membrane surface in the permeate side thereby
reducing the partial pressure of the oxygen which consequentially increases the oxygen
permeation driving force across the OTM. These phenomena were observed when the inlet
gas temperature was more than 850oC for the feed, sweep and both, as shown in Figure
5.4-ii (a), (b) and (c), respectively. When the inlet gases were supplied at temperature range
of 800-850oC, the combustion reaction was quenched due to the low temperature within
the combustion zone caused by the low temperature at the outer pipe. Hence the permeation
profiles at lower temperature were similar to those discussed in the non-reactive conditions.
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(i)

Non-reactive case
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(ii) Reactive case
Figure 5.4: Effect of gas inlet temperature on the rate of O2 permeation flux across the OTM at an inlet
gases flow rate of 5E-4 kg/s.
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When the total oxygen permeation flux where computed for both the non-reactive and
reactive conditions, as shown in Figure 5.5, the effect of gases inlet temperature were more
distinct. The higher the gases inlet temperature the more the oxygen permeation rate for all
the inlet conditions. As for the non-reactive case, at lower gas inlet temperatures (below
900oC), there was slight increase in oxygen permeation rate for the case of feed inlet
conditions compared to the sweep due to the higher constant temperature of the sweep side
(900oC) for the feed case which led to the increase in oxygen vacancies disorder. While at
higher gas inlet temperatures (above 900oC) the reverse was the case, the feed temperature
effect became lower than that of the sweep due to the same oxygen vacancies disorder.
When both the feed and sweep gases inlet temperatures were the same, there was lower
oxygen permeation at temperatures below 900oC and higher permeation above 900oC due
to the double effect. The same trends were observed as for the case of reactive conditions
with the feed case providing higher oxygen permeation at lower temperatures and slightly
lower permeations at higher temperatures. As shown earlier in Figure 5.4-ii, there was no
combustion reaction influence at lower temperatures (below 900oC) due to the low
temperature effect.
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Figure 5.5: Effect of gases inlet temperature on the rate of O 2 permeation across the OTM at inlet gases
flow rate of 5E-4 kg/s.

5.3.2 Effect of gases inlet mass flow rate on O2 permeation flux
The trend of the O2 permeation flux profiles for the effect of gas inlet mass flow rate across
the OTM at an inlet gases temperature of 900oC are presented in Figure 5.6 for both the
non-reactive and reactive conditions. The mass flow rates were varied from 1E-5 kg/s to
1E-3 kg/s in all cases. As for the non-reactive conditions as shown in Figure 5.6-i, the
higher the gases inlet mass flow rates the higher the oxygen permeation flux in all the cases.
Increasing the feed inlet mass flow rates resulted in lower value of the maximum oxygen
flux at the beginning of the OTM as compared to increase in sweep gas flow rates. This
due to the increase in oxygen vacancies at the membrane surface in the sweep side as the
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result of higher sweep flow rates. The oxygen permeation flux drops drastically for all the
non-reactive condition along the length of the OTM due to the increase in oxygen
concentration in the sweep zone which reduces the magnitude of the driving force by
increasing the oxygen partial pressure at the sweep side.

As for the reactive conditions as shown in Figure 5.6-ii, the effect of gas inlet mass flow
rate on the oxygen permeation flux across the OTM were similar to the trends of the nonreactive cases at lower flow rates. When the feed gas inlet mass flow rate was considered
the variable (Figure 5.6-ii(a)), while the sweep gas was kept at a fixed flow rate of 5E-4
kg/s and the inlet temperature of both inlet streams at 900oC, there were increase in the
oxygen permeation flux as the feed gas inlet mass flow rate increases at all the range of
flow rates considered. The oxygen permeation at feed flow rates lower than 5E-4 kg/s
resulted in insufficient oxygen fluence to support steady combustion due to high sweep
flow rate and thermal dilution effect of the 95% CO2 in the 5E-4 kg/s sweep flow rate.
Hence, the combustion reaction was not sustained, leading to the permeation profiles
becoming similar to the non-reactive counter-parts. The combustion reaction was sustained
when the feed gas inlet flow rates reached 5E-4 kg/s with distinct oxygen permeation flux
peak at the reaction zone as shown in Figure 5.6-ii(a). This was attributed to the increase
in oxygen consumption at the reaction zone which generated more oxygen vacancies on
the permeate side of the membrane that consequently derived more oxygen across the
OTM. The temperature raise due to oxy-methane reaction also decreases the membrane
surface exchange resistance thereby increasing the oxygen permeation. When the sweep
gas inlet mass flow rate was made the variable by fixing the feed gas inlet mass flow rate
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at 5E-4 kg/s, the oxygen permeation trends were similar to the feed case as shown in Figure
5.6-ii (b), but with highest combustion reaction intensity occurring at sweep gas inlet flow
rate of 5E-4 kg/s. When the sweep gas inlet mass flow rate exceeded 5E-4 kg/s, its high
velocity decreases the mixture residence time within the thermal protection zone (reaction
zone) as well as further cooling the reaction zone due to the high content of the diluent
thereby cooling the flame. This was also observed when both the feed and sweep inlet
streams were kept at the same mass flow rates as shown in Figure 5.6-ii (c), but with lowest
permeation at lower inlet mass flow rates due to the double effect.
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(i) Non-reactive case
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(ii) Reactive case
Figure 5.6: Effect of gas inlet mass flow rate on the rate of O2 permeation flux across the OTM at an inlet
gases temperature of 900 oC.
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The effect of gases inlet mass flow rates on the total oxygen permeation flux for both the
non-reactive and reactive conditions, were presented in Figure 5.7, for the three-inlet mass
flow rate conditions. There was increase in the oxygen permeation rate due to increase in
the inlet mass flow rate for all the inlet conditions when there was no reaction, as shown in
Figure 5.7-a. This was due to the simultaneous decrease in oxygen partial pressure at the
sweep side. At higher gases inlet mass flow rate, beyond 5E-4 kg/s, the effect of feed gas
inlet temperatures provided higher oxygen flow rates due to the sustained combustion
reaction. The higher sweep inlet mass flow rates exceeding 5E-4 kg/s resulted in lower
oxygen permeation flux due to overwhelming sweep Reynolds number which lower the
reaction zone temperature that quenched the flame. The oxygen permeation slightly
increased when both the feed and sweep gases temperature were increased beyond 5E-4
kg/s.

Figure 5.7: Effect of gases inlet mass flow rate on the rate of O2 permeation across the OTM at inlet gases
temperature of 900oC.
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5.3.3 Effect of OTM thickness on O2 permeation flux
The membrane thickness plays important role in the oxygen bulk diffusion resistance
across it. Among the techniques of improving oxygen permeation of membranes is
reducing the thickness thereby decreasing the diffusion resistance. Despite the selection of
OTM thickness of 1 mm as the base case in this work due to its potential with respect to
mechanical strength and sufficient oxygen fluence, in this section, the thickness of the
OTM was varied from 0.8 to 1.2 mm to determine its influence on O2 permeation at fixed
inlet gases temperature and mass flow rate of 900oC and 5E-4 kg/s, respectively. The
results were obtained under both non-reactive and reactive conditions as presented in
Figure 5.8. There was decrease in oxygen permeation with increase in OTM thickness as
expected due to the increase in oxygen bulk diffusion resistance at larger thickness under
both non-reactive and reactive conditions. The effect of the combustions reaction resulted
in the increase in oxygen permeation by more than 150% as compared to the non-reactive
counterparts due to the increase in the temperature at the sweep side. The decrease in the
rate oxygen permeation at membrane thickness of 1mm as compared to 0.8mm was less
than 2% under reactive condition and less than 3% under non-reactive condition.

166

Figure 5.8: Effect of OTM thickness on oxygen permeation at fixed gases inlet temperature and mass flow
rates of 900oC and 5E-4 kg/s, respectively.
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5.4

OTR Heat Transfer Characteristics

5.4.1 Effect of gas inlet temperature on heat transfer
The oxy-methane combustion effects on the heat transfer to the outer-pipe (load) are
presented in this section with focus on the effects of inlet gas temperature for constant feed
and sweep inlet gases mass flow rate of 5E-4 kg/s. These include both the convection and
radiation components to evaluate the total heat transfer to the load. Figure 5.9 shows the
effect of gas inlet temperatures on heat transfer to the load at fixed inlet gases mass flow
rate of 5E-4 kg/s for (a) feed, (b) sweep and (c) combined feed and sweep. The dash-dot
line represents the convection component of the heat transferred to the load, the dash line
represents the radiation component while the solid line is the total heat transferred to the
load. As for Figure 5.9-a, the sweep gas inlet temperature was kept constant at 900oC while
the feed gas inlet temperatures were varied from 800 – 1000oC. The convection, radiation
and the total heat transfers were found to increase with increase in the feed gas inlet
temperature. At lower feed inlet temperatures (800 – 850oC) the convective heat transfer
rates was less than 180W, which swiftly increase to about 310 W at 900oC. This heat
transfer surge was as the result of the combustion reaction that was sustained at 900oC
below which there was no significant reactions. The same heat transfer behavior was
observed for the case of radiation heat transfer but the increase in the heat transfer rate was
more than that of the convection heat transfer due to the high radiative emissivity of both
the outer surface of the inner-pipe and the inner surface of the outer-pipe. The total heat
transferred to the load was also replicated the same trend since it is the summation of the
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two. Hence the radiative heat transfer accounted for about 67-69% of the total heat
transferred to the load while convection component was about 31-33%.

When the feed gas inlet temperature was maintained at 900oC while the sweep gas inlet
temperature was parameterized from 800 – 1000oC, the heat transfer profiles were shown
in Figure 5.9-b. The heat transfer profiles were similar to the case of variable feed gas inlet
temperatures discussed earlier. In comparison to the feed gas inlet temperature conditions,
the convective heat transfer values were higher at lower sweep gas inlet temperatures due
to and lower heat transfer values at higher sweep temperatures in. Likewise, the radiation
heat transfer values were lower at lower sweep gas inlet temperatures and higher at higher
sweep gas temperatures as compared to the feed counterparts. The lower heat transfer at
lower sweep temperatures were attributed to the lower thermal energy content of the
reaction zone mixture as compared with the feed case since there were no reaction. The
higher heat transfer at higher sweep inlet gas temperatures was ascribed to the thermal
energy release during the combustion reaction. The convective heat transfer at lower sweep
inlet temperatures were slightly higher than that of the feed case due to the sweep gas
temperature effect and lower at high sweep gas inlet temperatures due to the lower feed
gas temperature. Nevertheless, the increase in the rate of heat transfer due to the gas inlet
temperature effects were barely trivial (~ 1 W) for both non-reactive and reactive situations.
The effect of maintaining the feed and sweep gases at the inlet temperatures as shown in
Figure 5.9-c, were almost the same as the effect sweep gas (Figure 5.9-b). This indicated
that the heat transfer rates were merely dictated by the sweep gas inlet temperatures.
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Figure 5.9: Effect of gas inlet temperatures on heat transfer to the outer-pipe (load) at inlet gases mass
flow rate of 5E-4 kg/s.
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5.4.2 Effect of gas inlet temperature on combustion heat transfer
The contribution of the combustion heat released, and the gases initial inlet thermal heat
were shown in Figure 5.10 for the three gas inlet temperature conditions. These were
evaluated based on the energy balance across the OTR boundaries. The heat transfers were
assumed to be at steady state conditions thereby neglecting the heat required to preheat the
inner-pipes. This enabled the assessment of combustion component of the overall heat
transferred to the load. In all the three conditions examined in this part (Figure 5.10, a-c),
the combustion heat contribution at inlet gas temperatures below 900oC was insignificant
due to the flame quenching at steady state. Hence, all the heat transferred to the load were
mainly via the inlet gases heat contents. This can be seen in Figure 5.10 were the inlet gas
component overlapped with the total heat transferred to the load while the combustion heat
transferred was merely zero. There were roughly equal contributions between the
combustion heat transferred and the gas inlet thermal heat transferred when all the gases
were supplied at 900oC. This was depicted by the coincidence of both the heat transfer
components at the same values, as shown in Figure 5.10. When the gases inlet temperatures
were beyond 900oC, the combustion component of the heat transferred to the load increases
with increase in gas temperatures due to the increase in the overall combustor energy level
while the inlet contribution decreases at all the three conditions.

At feed inlet gas temperatures beyond 900oC, while the sweep gas inlet temperature was
kept constant at 900oC (Figure 5.10-a), the amount of combustion heat transferred to the
load was lower than the heat transferred for the sweep gas cases (Figure 5.10-b). This was
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due to the fact that increasing sweep gas inlet temperature led to more heat transfer
attributable to the increase in both convection and radiation. When both the feed and sweep
gas inlet temperatures where varied, as shown in Figure 5.10-c, there were much higher
increase in the amount of heat transferred to the load as compared to the individual streams,
beyond 900oC. This was correlated to the increase in both convection and radiation heat
transferred as the result of higher energy level of the OTR. As for the gases inlet heat
contributions, the sweep gas effect contributed the most as compared to the feed effect, this
was due to direct contact of the sweep gas with the outer-pipe which aided the heat transfer.
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Figure 5.10: Effect of gas inlet temperatures on combustion heat transfer to the outer-pipe at inlet gases
mass flow rate of 5E-4 kg/s.
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5.4.3 Effect of gas inlet mass flow rate on heat transfer
The effect of gas inlet mass flow rates on heat transfer to the outer-pipe (load) at fixed inlet
gases temperature of 900oC while varying the mass flow rates from 1E-5 to 1E-3 kg/s for
(a) feed, (b) sweep and (c) feed and sweep conditions were studied in this section and the
results were presented in Figure 5.11. As for the condition whereby, the feed gas inlet mass
flow rate was varied from 1E-5 to 1E-3 kg/s while keeping the sweep gas inlet mass flow
rate constant at 5E-4 kg/s indicated increase in both convection and radiation heat
transferred to the load consequently increased the total heat transferred as the feed gas mass
flow rate was increased, as shown in Figure 5.11-a. This increase was meager at low feed
flow rates (1E-5 to 1E-4 kg/s) due to lack of combustion reaction but surged afterwards as
the result of the chemical energy released during combustion reaction. In a similar fashion
with the effect of feed gas inlet temperatures, the radiation component of the total heat
transferred was twice that of convection heat transferred at all the feed gas inlet flow rates.
This is due to the radiative properties of the CO2-rich exhaust gas mixture as well as the
high emissivity of the inner radiating surfaces in contrast to the convective heat transfer
coefficient of the same mixture. At feed gas inlet mass flow rate of 5E-4 kg/s, the total heat
transferred was about 1000W out of which 68% was by radiation. This increased to about
1150 W at feed gas inlet flow rate of 1E-3 kg/s.

The effect of sweep gas inlet mass flow rates on the heat transfer to the load at fixed feed
gas inlet mass flow rate of 5E-4 kg/s, were presented in Figure 5.11-b. Under this condition,
the rate of heat transfer at low sweep flow rates were less than that of the feed case with

174

convection component being below 80 W, radiative component below 270 W and the total
heat transferred was below 340 W, even at sweep gas inlet mass flow rate of 1E-4 kg/s.
This was due to the low thermal energy content of the sweep gas at low flow rates (< 5E-4
kg/s) since there was no combustion reaction at these conditions. It was interesting to note
that the maximum radiative and total heat transferred to the load occurred at sweep gas
inlet mass flow rates of 5E-4 kg/s, as shown in Figure 5.11-b, beyond which the they
decreased. Meanwhile the convection heat transferred continued to increase with increase
in the sweep gas inlet mass flow rates. The decrease in the radiative heat transfer when the
sweep gas inlet mass flow rate exceeded 5E-4 kg/s, was attributed to the low reactivity of
the mixture due to low residence time within the thermal protection zone (reaction zone)
as well as further cooling the reaction zone due to the high content of the diluent. This
phenomenon was also observed when both the feed and sweep inlet streams were kept at
the same mass flow rates as shown in Figure 5.11-c, but with slight improvement in the
radiative heat transferred at higher sweep gas flow rate due to the feed effect. This indicated
that the sweep gas inlet mass flow rate is among the most decisive controlling parameters
in the total heat transfer to the load.
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Figure 5.11: Effect of gas inlet mass flow rates on heat transfer to the outer-pipe (load) at inlet gases
temperature of 900 oC.
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5.4.4 Effect of gas inlet mass flow rate on combustion heat transfer
Figure 5.12 shows the effect of gas inlet mass flow rates on combustion heat transfer and
the gases inlet thermal heat transferred to the load at constant inlet gases temperature of
900 oC while varying the mass flow rates from 1E-5 to 1E-3 kg/s for (a) feed, (b) sweep
and (c) feed and sweep conditions. As we have seen in the previous discussions, the
contributions of the chemical heat released during combustion was negligible at low flow
rate feed gas inlet mass flow rates between 1E-5 to 1E-4 kg/s as shown in Figure 5.12-a.
The inlet thermal heat contributed to all the heat transferred (426 to 455 W) to the load.
Although there was slight increase in the inlet gas thermal heat transferred of about 30 W
when the feed gas inlet mass flow rate was increased to 5E-4 kg/s, the combustion reaction
contributed almost equivalent rate of heat transfer at steady state. Hence the total heat
transfer was elevated to about 1000 W as the result of the double effect. There was increase
in the combustion heat transfer due to increase in the feed gas inlet mass flow rate beyond
5E-4 kg/s due to the increase in the oxygen permeation resulting in increased oxy-fuel
reaction which raised the OTR overall thermal energy. The inlet gas thermal heat
contribution slightly decreased but remained relatively constant despite the increase in the
feed gas flow rate.

Figure 5.12-b depicted the effect of sweep gas inlet mass flow rate variations at fixed feed
gas inlet mass flow rate of 5E-4 kg/s on the combustion heat transfer to the load. From the
results, there were limited combustion reactions at low sweep gas inlet mass flow rates as
indicated by low combustion heat transfer contributions which increases with increase in
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the sweep gas flow rate to the maximum at 5E-4 kg/s. It was affirmed that there was no
combustion reaction at sweep gas inlet mass flow rate of 1E-3 kg/s due to zero combustion
contribution. The gases inlet heat transferred to the load was proportional to the increase
in the sweep gas flow rate due to the increase in the rate specific energy of the sweep gas.
There was almost no combustion reaction when both the feed and sweep gases flow rates
were fixed between 1E-5 to 1E-4 kg/s due to insufficient oxygen permeation flux to sustain
steady reaction, as shown in Figure 5.12-c. The only mass flow rate condition that sustained
steady combustion was when both the gas streams were at 5E-4 kg/s. The combustion
reaction was extinguished at 1E-3 kg/s of both the streams due to the flow speed
overwhelming the laminar flame speed.
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Figure 5.12: Effect of gas inlet mass flow rates on combustion heat transfer to the load at inlet gases
temperature of 900 oC.
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5.4.5 Effect of outer-pipe surface condition on heat transfer
The proposed OTR fire tube boiler was intended to deliver saturated steam at pressure and
temperature typical to the conventional fire-tube boilers. This saturation condition at the
outer-pipe of the OTR is the load expected to be delivered at steady state operation. Hence,
the saturation pressure range of 10-50 bars (corresponding to saturation temperatures of
453-537 K) were studied to determine the effect of oxy-fuel combustion characteristics on
the deliverability of the expected load. To isolate the effect of the load on the combustion
characteristics, a base case was considered in which both the feed and sweep gases were
maintained at fixed inlet mass flow rate and temperature of 5E-4 kg/s and 900oC. This set
of conditions (base case) was demonstrated to be the most promising optimum condition
to deliver the load at 10 bar and 453 K, based on the previous analyses. Hence, the load
was increase from 10 to 50 bar and the heat transferred to the load at these conditions were
studied as presented in Figure 5.13. There was slight increase in heat transferred through
radiation and more decrease in convection heat transfer due to the increase on the outerpipe surface temperature at fixed reactor firing rate. Apparently, the total heat transferred
to the load decreases by only about 2% at 50 bar. Therefore, the load has insignificant effect
on the heat transfer at fixed fuel firing rate.
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Figure 5.13: Effect of outer-pipe surface condition (saturation temperature and pressure of steam) on heat
transfer at base case condition.

5.4.6 Effect of outer-pipe surface condition on combustion heat transfer
The combustion contribution of the total heat transferred to the load while varying the load
at the base case condition were evaluated as shown in Figure 5.14. The dotted-line
represents the oxygen permeation at the varying load conditions. There was equivalent
contribution between the combustion heat transferred and the gas inlet heat transferred at
10 bar beyond which the combustion component decreases at higher loads. The decrease
in combustion heat transferred was about 16% at 50 bar attributed to the increase in oxygen
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permeation which consequentially acted as diluent that lower the reaction zone
temperature. This excess oxygen was also responsible for increase in the inlet heat transfer
at higher load up to about 11% at 50 bar. Effectively, the thermal energy level of the outerpipe (load) affects the rate of combustion heat transferred to the load due to increase in
oxygen permeation.

Figure 5.14: Effect of outer-pipe surface condition on combustion heat transfer at base case condition.
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5.4.7 Effect of inner-pipe emissivity on heat transfer
The dominant heat transfer mode to the load of this OTR design was principally by
radiation from the outer surface of the inner-pipe as well as the flue gas mixture to the inner
surface of the outer-pipe. Hence, optimization of the radiative properties of the OTR tubes
to maximize the heat transfer to the load was worthwhile. In this section, the effects of
inner-pipe surface emissivity on the heat transfer to the load with the outer-pipe fixed at
emissivity of 0.95 were presented in Figure 5.15. The inner-pipe emissivity was varied
from 0.1 to 1 under fixed feed and sweep inlet gases temperature and mass flow rates of
900oC and 5E-4 kg/s respectively and constant load corresponding to 10 bar. The total heat
transferred to the load slightly decreases as the emissivity of the inner-pipe increases up to
the emissivity of 0.95 after which the heat transferred decreased drastically at emissivity
of 1, as shown in Figure 5.15. There was maximum heat exchange between the low
temperature outer-pipe and the reaction zone via the inner-pipe which resulted in lowering
the flame zone temperature that extinguished the combustion reaction at steady state.
Meanwhile, the maximum decrease in total heat transferred to the load up to inner-pipe
emissivity of 0.95 was less than 3%. The radiation heat transferred increases with increase
in emissivity up to the point of sustained combustion reaction (up to emissivity of 0.95),
while the convection heat transfer decreases with increase in the emissivity to the flame
limit.
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Figure 5.15: Effect of inner-pipe surface emissivity on heat transfer at base case condition.

5.4.8 Effect of inner-pipe emissivity on combustion heat transfer
Figure 5.16 shows the effect of inner-pipe surface condition on combustion heat transfer at
the base case condition. The combustion contribution was highest at the lowest inner-pipe
emissivity and decreases with the increase in emissivity. This was due the low heat
exchange across the inner-pipe at low emissivity which protects the combustion zone from
the low temperature of the outer-pipe. At higher emissivity, the rate of heat transfer across
the inner-pipe increases which consequently lower the combustion zone temperature which
resulted in decrease in the heat transfer to the load. This can also be substantiated by
considering the trend of oxygen permeation with respect to the increase in emissivity of
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the inner-pipe. The oxygen permeation decreases in a similar fashion with the combustion
heat transfer. This indicates that the OTM was experienced higher temperature at lower
emissivities which derived more oxygen as compared to higher emissivity cases with lower
combustion temperatures. The inlet heat contribution increases with increase in the pipe
emissivity which compensate for the decrease in combustion to maintain the total heat
transferred to be relatively constant. Also, at inner-pipe emissivity of 1, the combustion
heat transfer was zero, the inlet heat contribution upsurge and the oxygen permeation
dropped significantly which affirmed the quenching of the flame at steady state condition.

Figure 5.16: Effect of inner-pipe surface emissivity on combustion heat transfer at base case condition.
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5.4.9 Effect of outer-pipe emissivity on heat transfer
The emissivity of the outer pipe also plays an important role in the amount of heat transfer
to the load. To evaluate the influence of the outer-pipe emissivity on the heat transfer, the
inner-pipe was fixed at emissivity of 0.95 and at base case conditions (feed and sweep inlet
gases temperature and mass flow rates of 900 oC and 5E-4 kg/s respectively and constant
load corresponding to 10 bar). The total heat transferred to the load remained relatively
constant as the emissivity of the outer-pipe was varied from 0.1 to 0.95, beyond which the
heat transferred reduced drastically at emissivity of 1, as shown in Figure 5.17. The
decrease in the total heat transfer was attributed to the flame extinguishing at outer-pipe
emissivity of 1 due to the excessive heat loss from the reaction zone to the outer-pipe which
led to the cooling of the reaction zone at steady state. The radiation heat transferred
increases with increase in the outer-pipe up to emissivity of 0.95, while the convection heat
transfer decreases with increase in the emissivity to the flame limit and further dropped
due to flame quenching at emissivity of 1. In general, the trend of the influence of the outerpipe emissivity at base case condition on the heat transferred to the load was similar to that
of the inner-pipe emissivity as described in section 5.4.7.
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Figure 5.17: Effect of outer-pipe surface condition on heat transfer at base case condition.

5.4.10 Effect of outer-pipe emissivity on combustion heat transfer
The effect of outer-pipe surface emissivity on combustion heat transfer at the base case
condition is shown in Figure 5.18. The trends were similar to those of the inner-pipe
emissivity as described in section 5.4.8 with the combustion contribution being higher at
the lower outer-pipe emissivity and decreases with the increase in the emissivity. The
oxygen permeation as a function of the outer-pipe emissivity corroborated the effect of
combustion heat transferred. There was no combustion contribution at outer-pipe
emissivity of 1 due to the flame extinguishing. The inlet heat contribution also increases
with increase in the outer-pipe emissivity. There was upsurge inlet heat contribution at
inner-pipe emissivity of 1 due to lack of combustion reaction which also led to sudden
decrease in oxygen permeation at steady state.
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Figure 5.18: Effect of outer-pipe surface condition on combustion heat transfer at base case condition.

5.5

Number of OTR Units for Fire-Tube Boiler Application

The results of the total heat transfer to the load at base condition of the current design, a
single unit of the OTR supplies about 1,000 W (1 kW), with combustion heat transfer
contributing 50% of the total heat. To supply 1-5 MWe, there should be 1,000-5,000 units
of the OTRs based on the total heat supply. By considering only the combustion
component, there should be 2000-10,000 units of the OTRs. The current design of the OTR
has an outer diameter of 0.05m and a nominal longitudinal distance of 0.505m. Hence, the
total surface area of the 1mm membrane required will be 63.5-317 m2 to deliver the
required power output based on first law thermodynamic efficiency.
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6

CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The present research study focused on experimental testing and numerical simulations of
oxy-fuel combustion characteristics in a porous-plate reactor as well as numerical modeling
of oxy-fuel combustion in oxygen transport reactor for fire-tube boiler applications. The
work has been reported under two major categorizations: the two face-to-face porous plate
reactors experimental and numerical analyses and the numerical modeling of the OTR. In
the porous-plates reactor analyses, experimental and numerical modeling studies of the
flow field and oxy-fuel combustion characteristics were conducted under non-reactive
flow-field experimental analysis, 2D numerical modeling of the flow and combustion
characteristics, hot experimental testing of oxy-fuel combustion, and 3D numerical
modeling of oxy-fuel combustion. The non-reactive flow characteristics were investigated
experimentally and numerically to predict the flow mixing behavior and the location of the
flame zone. Among the non-reactive flow-field characteristics studied includes the velocity
vectors, flow streamlines, velocity profiles, and average velocities at some chosen locations
within the mixing zone using particle imaging velocimetry technique. Then, flow field and
oxy-combustion characteristics of methane were investigated numerically over wide
ranges of operating conditions. The non-reactive flow model was used for further analyses
of the flow-field as well as oxy-methane combustion characteristics. The non-reactive flow
setup was adjusted based on the previous results to cater for hot oxy-methane combustion.
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The temperature distributions downstream of the combustor were measured and the flames
shape were captured and analyzed. A 3D model was developed for the reactor and the
results from the combustion experiments were used for the model validation. The flame
structure, stability, temperature distributions were investigated using both the experimental
studies and the numerical modeling while the exhaust emissions were numerically
modeled. Methane was used as fuel and premixed with the diluent (CO2) prior to the
combustion zone inlet while pure O2 was supplied to the combustion zone through the two
face-to-face porous plates.

As for the numerical simulations of oxygen transport membrane reactor for application in
fire tube boilers, a two-pass oxygen transport membrane reactor was considered for
analyses of oxygen permeation and oxy-fuel combustion characteristics in order to replace
the existing fire-tube burner with bundles of OTM combustors that will supply the required
power range, from 1 to 5 MWe. The work involved geometry development for the required
performance, oxy-methane characteristics analyses, and the effects of the key reactor
controlling parameters such as effect of inlet gases temperatures and flow rates on the heat
transfer to the saturated water and steam as the load in a fire-tube boiler, the effect of
saturated water and steam condition on the OTR unit heat transfer and the effects of
radiative properties of some of the reactor materials in order to obtain optimum operating
conditions and parameters. The adopted reactor geometry was of cylindrical configuration
with several concentric tubular OTRs. A single unit of the OTRs was considered for the
analyses and model using 2D-axissymetry to reduce the intense computational cost for the
solution.
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6.1

Conclusions

A low-power porous-plate reactor has been used to study experimentally and numerically
the flow field and oxy-fuel combustion characteristics over a range of operating equivalent
ratio. The reactor was used to mimic the processes of oxygen permeation and oxycombustion inside high-temperature membrane reactors (HTMRs). Numerical simulations
supported by experiments have been conducted to investigate the flow behavior while
oxygen permeation through the porous-plates under non-reactive flow conditions. Particle
Imaging Velocimetry technique has been used to measure the average axial velocity of the
main stream flow and to study the velocity vectors and the streamlines to visualize the
effect of oxygen permeation on the velocity field. The experimental results were in good
agreement with the results obtained from numerical simulation under the same conditions
with absolute error of less than 4% deviation. It was found that enhanced mixing zone was
created near the trailing edge of the porous plate affected by oxygen permeation. It was
found that the higher the set equivalence ratio, the shorter the axial position where it is
achieved, and the lower the mixture fraction. The set equivalence ratio was achieved locally
downstream of the porous plates, which predicted the diffusion flame location downstream
of the porous plates in the reactive flow. A linear relationship between the equivalence
ratio and the axial position where it occurs was obtained. It was found that the higher the
set equivalence ratio the shorter the axial position where it will be achieved and the lower
the mixture fraction. Similarly, radial variations of mixture fractions and average
equivalence ratio was found to increase towards the centerline of the combustion zone with
maximum at the center.
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The combustion simulations provided more clear insight of the oxy-combustion
characteristics and the location of the flame inside the porous-plate reactor. The nonreactive flow predictions for locations of enhanced mixing zones and flame downstream of
the porous plates were confirmed in the reactive flow from the distributions of species and
temperature within the reactor. The creation of enhanced flow mixing zone beside the
porous plate enhanced flame anchoring and stabilization. Location of the flame
downstream of the porous plates helps protecting the membrane against high flame
temperature in case of HTMR operation. The predicted temperature beside the porous plate
lies within the operating limits of ceramic membranes which proves the applicability of
HTMRs. Also, a hot zone was created through the entire length of the porous plate, which
helps in keeping high oxygen flux of the membrane when the results are projected on
HTMR operation.

The results from experimental studies of non-premixed oxy-fuel combustion
characteristics in the porous plates reactor aimed at investigating the combustion
characteristics and lean blow-out limits of oxy-methane diffusion flames over wide ranges
of mixing conditions and equivalent ratios. Visual flame studies have been conducted to
determine the flame shapes, length and luminous intensities at the slated operating
conditions. It was found that addition of CO2 elongates the normalized flame length. The
flame luminous intensity was found to be decreasing with increase in CO2 percentage in
the mixture at all the equivalence ratios due to lower flame temperatures as the result of
increase in the convection and radiation heat loss from the reaction zone. The temperature
distributions measured at the combustor outlet were found to be radially parabolic and
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longitudinally flattened at all stated conditions. The concentration of CO2 in the oxidizer
at lean blowout limit was found to be directly proportional to equivalence ratio with
maximum percentage of 79% up to stoichiometric condition. Increasing the fuel firing rate
at stoichiometric equivalence ratio resulted in the decrease in percentage of CO2 in the
oxidizer to instigate flame blowout.

The porous plates reactor was further studied by developing a 3D model of the reactor and
the results from the combustion experiments were used for the model validation. The flame
structure, temperature distributions were investigated using the numerical model and
compared with the experimental results. There was good agreement between the
experimental flame images with the numerical temperature contours. The numerical
temperature contours at the center of the combustor depicted two flame sheets anchored to
the upper and lower breadths of the fuel stream inlet section and elongated along the
longitudinal axis of the combustor forming ‘an inverted V’ shape with average thickness
of about 2mm and tip contact angle of about 15o based on the current design. In general,
there were good agreements between the experimental temperature measurements and the
numerical results at all the conditions with the numerical results slightly overpredicting the
experimental measurements. The maximum percentage difference between the
experimental and numerical results were at pure oxy-methane combustion in which it
reached up to about 14% at stoichiometric equivalence ratio, 11% and 13% at equivalence
ratios of 0.5 and 0.7 respectively. This deviation might be attributed to imperfection of the
temperature probe positioning during the measurements. For all percentages of CO2
additions, the higher the equivalence ratio the higher the flame temperature due to increase
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in the rate of reactivity as the result of increase in fuel percentage in the combustor. The
higher the percentage of CO2 added to the fuel stream, the lower the temperature
downstream of the combustor due to the thermal dilution effect of the CO2. Addition of the
CO2 in the mixture elongated the reaction zone due to increase in Reynolds number of the
fuel stream. The exhaust gas was composed of five species, mainly CO2, H2O, CO,
unburned CH4 and excess O2 which are the dominant species in the reduced chemical
reaction kinetics model applied for the combustion modeling. While the O2 mass fractions
at the outlet decreases with increase in the percentage of CO2 addition due to the
overwhelming increase in CO2 concentrations at the inlet, the CO concentration increased
with CO2 addition.

The numerical modeling of the two-pass oxygen transport membrane reactor for oxygen
permeation and oxy-fuel combustion characteristics analyses for fire tube boilers
application revealed that, for the non-reactive conditions, the effects of gases inlet
temperature and mass flow rates on oxygen permeation along the length of the membrane
were meager within the scope of this study. The gases inlet conditions dictate the rate of
oxygen permeation under reactive conditions. The relationship between the membrane
thickness and the O2 permeations was inversely proportional under both reactive and nonreactive conditions. Also, the gases inlet temperature and mass flow rates control the
amount of heat transfer to the load. The sweep gas inlet condition was more critical to the
stability of the combustion reaction. The boiler operating condition modeled based on the
thermal load has insignificant effect on the heat transfer at fixed fuel firing rate. The
radiative properties of the OTR materials plays a major role in the total heat transfer to the
load.
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6.2

Recommendations

The first part of this work focused on low-power porous-plate reactor by experimentally
and numerically studying the flow field and oxy-fuel combustion characteristics over a
range of operating conditions. The second part was numerical simulations of a two-pass
oxygen transport membrane reactor for fire tube boilers application. The following are
some possible areas for future work based on the outcomes of this dissertation:
•

The effect of geometric configuration of the porous plate combustor can be studied
by considering other geometries such as cylindrical.

•

The combustion flow field can be investigated using the particle imaging velocimetry
for better understanding of the reaction field.

•

There is very limited application of porous plate reactor in the open literatures, hence,
more experimental and numerical works are required using different porous materials
with different porosity.

•

Detailed chemical reaction kinetics of the fuel can be employed to capture more
detailed combustion characteristics.

•

Other types of fuels can be employed such as LPG, Syngas, Liquid fuels, etc, in case
of mobile applications.

•

The operating range of the combustors should be expanded to ascertain the most
critical operating conditions.

•

The development of membrane technology is still progressing and the oxygen
permeability as well as mechanical strength of the membranes is always being
improved. Hence there is need for continuous research in the development of oxygen
permeation model.
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Appendices

APPENDIX A: The original WD reduced mechanism with kinetic rate data; with units
given in [J], [K], [kmol], [m] and [s], [131]
Rate of Reaction [kmol/(m3s)]

S/No Reactions
1

CH4 + 3/2O2 → CO + 2H2O

2

CO + 1/2O2 → CO2

3

CO2 → CO + 1/2 O2

𝑑[CH4 ]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [CH4 ]0.7 [O2 ]0.8
𝑑𝑡
𝑑[CO]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [O2 ]0.25 [CO][H2 O]0.5
𝑑𝑡
𝑑[CO2 ]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [CO2 ]
𝑑𝑡

A

b

5.012E11

0

E
2.0E08

2.239E12

0

1.7E08

5.000E08

0

1.7E08

APPENDIX B: The modified Westbrook-Dryer (oxyWD) reduced mechanism for
oxyfuel reaction with kinetic rate data. The units are in [J], [K], [kmol], [m], [s] [131]
Rate of Reaction [kmol/(m3s)]

S/No Reactions
1

CH4 + 3/2O2 → CO + 2H2O

2

CO + 1/2O2 → CO2

3

CO2 → CO + 1/2O2

A

𝑑[CH4 ]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [CH4 ]0.7 [O2 ]0.8
𝑑𝑡
𝑑[CO]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [O2 ]0.25 [CO][H2 O]0.5
𝑑𝑡
𝑑[CO2 ]
= 𝐴𝑇 𝑏 𝑒 −𝐸/(𝑅𝑇) ∙ [CO2 ][O2 ]−0.25 [H2 O]0.5
𝑑𝑡

b

E

5.03E11

0

2.00E08

2.24E06

0

4.18E07

1.10E13

-0.97 3.28E08

APPENDIX C: Global Multi-Steps Combustion Mechanism for Methane by Westbrook
and Dryer with Kinetic Rate Data (units in cal, cm, mol and s) [116]
Mechanism Reactions

A

β

Ea

Orders of reaction

WD1

CH4 + 3/2 O2 → 2 H2O +

1.59 × 1013

0

47800

[CH4]0.7[O2]0.8

WD2

CO

3.98 × 1014

0

40700

[CO][O2]0.25[H2O]0.5

WD2r

CO + 1/2 O2 → CO2

5.0 × 108

0

40700

[CO2]

CO2 → CO +1/2 O2
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APPENDIX D: Jones Lindstedt Global Multi-Steps Combustion Mechanism for
Methane with the Kinetic Rate Data [128]
no.

Reactions

JL1
JL2
JL3a
JL3b
JL4

CH4 + 0.5 O2 → CO + 2 H2
CH4 + H2O → 3 H2 + CO
H2 + 1/2 O2 → H2O
H2 + 1/2 O2 → H2O
CO + H2O → H2 + CO2

A
13

7.82 × 10
0.30 × 1012
4.45 × 1018
1.21 × 1018
2.75 × 1012

β

Ea

Orders of reaction

0
0
-1
-1
0

30000
30000
40000
40000
20000

[CH4]1/2[O2]4/3
[CH4][H2O]
[H2]1/2[O2]9/4[H2O]-1
[H2]1/4[O2]3/2
[CO][H2O]

APPENDIX E: Modified Multi Steps Combustion Mechanisms for Methane with
Kinetic Rate Data [116]
Reaction no.

Reaction Equation

A

β

Ea

reaction orders

WD1
WD2(modified)
WD3(modified)
JL1
JL2
JL3(modified)
JL3 reverse
JL4

CH4 + 3/2 O2 → CO + 2 H2O
CO + 1/2 O2 → CO2
CO2 → CO + 1/2 O2
CH4 + 1/2 O2 → CO + 2 H2
CH4 + H2O → CO + 3 H2
H2 + 1/2 O2 → H2O
H2O → H2 + 1/2 O2
CO + H2O ↔ CO2 + H2

1.59 × 1013
3.98 × 108
6.16 × 1013
7.82 × 1013
3.00 × 1011
5.0 × 1020
2.93 × 1020
2.75 × 1012

0
0
-0.97
0
0
-1
-0.877
0

47800
10000
78400
30000
30000
30000
97900
20000

[CH4]0.7[O2]0.8
[CO][O2]1/4[H2O]1/2
[CO2][H2O]1/2[O2]-1/4
[CH4]1/2[O2]1.25
[CH4][H2O]
[H2]1/4[O2]3/2
[H2]-3/4[O2][H2O]
[CO][H2O]

APPENDIX F: JL 6-steps reaction mechanism for oxy-combustion [130]
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APPENDIX G: Optimize JL parameters for oxycombustion application [128]

APPENDIX H: The refined JL combustion mechanisms for oxy-combustion of natural
gas, with the units of kinetic rate data in form of [m], [s], [kmol], [J], [K] [132]
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APPENDIX I: Comparison between calculated and numerical simulation of Average
Velocity of the fuel side before the porous plates.
Φ = 0.6

Average Velocity
before the Porous
Plate (m/s)
% Error

Φ = 0.5

Φ = 0.4

Measured

Numerical

Measured

Numerical

Measured

Numerical

0.100

0.100126

0.116

0.116134

0.140

0.140145

- 0.13

- 0.12

- 0.10

APPENDIX J: Comparison between experimental and numerical simulation of average
velocity of the reaction zone within the porous plates.
Φ = 0.6

Axial
Distance

Exp.

Num

135

0.101782

0.101645

160

0.105831

195

Φ = 0.5
%

Φ = 0.4
%

Num

0.13

0.120865

0.117776

2.56

0.142978 0.144712

0.68

0.104124

1.61

0.122576

0.120450

1.73

0.148294 0.147715

2.42

0.105397

0.106593

-1.13

0.122121

0.123150

-0.84

0.151266 0.147931

2.35

205

-

0.107634

-

-

0.124018

-

0.152123 0.148484

2.39

240

-

0.114745

-

-

0.135546

-

0.154424 0.160278

-3.79

265

-

0.132059

-

-

0.158052

-

0.225934 0.219778

2.72

(mm)

Error
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Error

Exp

Num

%

Exp

Error

APPENDIX K: Flame Images

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2

No Flame
(i)

Φ = 0.5

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(ii)

Φ = 0.6
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0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(iii)

Φ = 0.7

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(iv)

Φ = 0.8
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0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(v)

Φ = 0.9

0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2
(vi)

Φ = 1.0
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0% CO2
27% CO2
35% CO2
45% CO2
55% CO2
70% CO2

(vii)

Φ = 1.1

Figure K1: Effect of CO2 addition for different equivalence ratios at 1.5kW.

φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6
φ = 0.5
(a)

0% CO2

225

φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6
φ = 0.5
(b)

27% CO2

φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6
φ = 0.5
(c)

35% CO2
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φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6
φ = 0.5
(d)

45% CO2

φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6
φ = 0.5
(e)

55% CO2
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φ = 1.0
φ = 0.9
φ = 0.8
φ = 0.7
φ = 0.6

No Flame

(f)

φ = 0.5

70% CO2

Figure K2: Effect of equivalence ratios for different % CO2 addition at 1.5kW.
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(a)

(b)
Figure K3: Effect of operating conditions on the visible flame length. (a) % CO2 in
the oxidizer, (b) equivalence ratio (lf,n = lf /w).
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Figure K4: Horizontal temperature variation at the outlet, for fuel firing rate of 1.5kW.
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Figure K5: Vertical temperature variation at the outlet, for fuel firing rate of 1.5kW.

231

Figure K6: Longitudinal temperature variation towards the exhaust at fuel firing rate of 1.5kW.
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APPENDIX L: Experimental and Numerical Comparison of Flame Shapes
% CO2
0% Num
0% Exp
27% Num
27% Exp
35% Num
35% Exp
45% Num
45% Exp
55% Num
55% Exp
(a)

Φ = 0.5
0% Num
0% Exp
27% Num
27% Exp
35% Num
35% Exp
45% Num
45% Exp
55% Num
55% Exp

(b)

Φ = 0.7
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% CO2
0% Num
0% Exp
27% Num
27% Exp
35% Num
35% Exp
45% Num
45% Exp
55% Num
55% Exp
(c)
Φ = 1.0
Figure L: Comparison between experimental and numerical flame shapes at
different % of CO2 in the oxidizer mixture for equivalence ratios of (a) Φ = 0.5, (b)
Φ = 0.7, (c) Φ = 1.0

APPENDIX M: Maximum Percentage Difference between Experimental and Numerical
Combustor Temperatures
% CO2
0
27
35
45
55

Longitudinal
ϕ = 0.5 ϕ = 0.7 ϕ = 1.0
9.16
8.41
9.87
15.03
10.00
8.86
15.40
12.37
11.42
15.44
14.10
11.55
16.92
15.56
9.13

Maximum % difference
Horizontal
ϕ = 0.5 ϕ = 0.7 ϕ = 1.0
3.34
5.60
13.29
3.55
4.84
14.07
4.35
5.39
13.47
4.95
4.02
12.72
5.10
4.84
13.83
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Vertical
ϕ = 0.5 ϕ = 0.7 ϕ = 1.0
12.86
10.84
14.07
10.41
10.25
13.17
12.42
9.45
13.16
11.00
9.26
12.15
10.77
9.22
11.23

APPENDIX N: OTR Base Case Parameters
Geometry [mm]:
Representation = 2D Axisymmetric
ITM radius = 10
Inner-pipe radius = 17
Inner-pipe thickness = 3
Outer-pipe radius = 25
Length of ITM = 500
Length of Outer-pipe = 500
Length of Inner-pipe = 505
Extension for return = 10
Boundary Conditions:
Air zone:
Air inlet mass flow rate = 5e-4 [kg/s]
Air inlet temperature = 900 [oC] = 1173 [K]
Fuel stream zone:
Fuel stream inlet mass flow rate = 5e-4 [kg/s]
Fuel stream inlet temperature = 900 [oC] = 1173 [K]
Inner-pipe:
Inner surface emissivity = 0.1
Outer surface emissivity = 0.95
Outer-pipe:
Emissivity = 0.95
Temperature = 453 [K] (corresponding to saturation temperature of water and
steam @ 10 bar)
Exits = Pressure outlets
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APPENDIX O: OTR Oxygen Permeation Flux

Figure O1: Effect of gas inlet mass flow rate on the rate of O2 permeation flux across the OTM at an inlet gases temperature of
900 oC - Non-reactive.

Figure O2: Effect of gas inlet mass flow rate on the rate of O2 permeation flux across the OTM at an inlet gases temperature of
900 oC - Reactive.
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Figure O3: Effect of gas inlet temperature on the rate of O2 permeation flux across the OTM at an inlet gases flow rate of 5E-4
kg/s - Non-reactive.

Figure O4: Effect of gas inlet temperature on the rate of O2 permeation flux across the OTM at an inlet gases flow rate of 5E-4
kg/s - Reactive.
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Figure O5: Effect of gas inlet mass flow rates on the rate of O2 permeation across the
OTM at inlet gases temperature of 900 oC under reactive and non-reactive conditions.

Figure O6: Effect of gas inlet temperatures on the rate of O2 permeation across the OTM
at inlet gases temperature of 900 oC under reactive and non-reactive conditions.
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APPENDIX P: OTR Heat Transfer Characteristics

Figure P1: Effect of gas inlet mass flow rates on the average reaction zone and exhaust gas temperatures at inlet gases
temperature of 900 oC.

Figure P2: Effect of gas inlet temperatures on the average reaction zone and exhaust gases mass flow rate of 5E-4 kg/s.
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Figure P3: Effect of gas inlet temperatures on combustion heat transfer to the outer-pipe at inlet gases mass flow rate of 5E-4
kg/s.

Figure P4: Effect of gas inlet temperatures on heat transfer to the outer-pipe at inlet gases mass flow rate of 5E-4 kg/s.
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APPENDIX Q: Effect of outer-pipe surface condition on OTR temperature contours

Figure Q1: Effect of outer-pipe surface condition on OTR temperature contours at
base case condition.

241

APPENDIX R: User Defined Function using C++ for O2 permeation across the OTM

/***** UDF for Oxygen permeation *****/

#include "udf.h"
#define WALLSIDE1 11
#define WALLSIDE2 21
#define P_0 101325
#define UDM_NEIGHBOUR_C 0
#define UDM_NEIGHBOUR_TC 1
#define UDM_MASS_SOURCE 2
#define UDM_flux

3

#define UDM_PP

4

#define TOLERANCE 1E-10
#define SPECIES_NUMBER 0

DEFINE_INIT(init_function,d)
{
Thread *tc1, *tc2;
Thread *tf1, *tf2;
cell_t c1, c2;
face_t f1, f2;
real f_c1[2], f_c2[2];
thread_loop_c(tc1,d)
{
begin_c_loop(c1,tc1)
{
C_UDMI(c1,tc1,UDM_NEIGHBOUR_C)

= 0.0;

C_UDMI(c1,tc1,UDM_NEIGHBOUR_TC) = 0.0;
C_UDMI(c1,tc1,UDM_MASS_SOURCE) = 0.0;
}
end_c_loop(c1,tc1)
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}
tf1 = Lookup_Thread(d,WALLSIDE1);
tf2 = Lookup_Thread(d,WALLSIDE2);

begin_f_loop(f1,tf1)
{
F_CENTROID(f_c1,f1,tf1);
c1 = F_C0(f1,tf1);
tc1 = THREAD_T0(tf1);

begin_f_loop(f2,tf2)
{
F_CENTROID(f_c2,f2,tf2);

if (fabs(f_c1[0]-f_c2[0]) <= TOLERANCE &&
fabs(f_c1[1]-f_c2[1]) <= TOLERANCE )
{
c2 = F_C0(f2,tf2);
tc2 = THREAD_T0(tf2);

C_UDMI(c1,tc1,UDM_NEIGHBOUR_C) = c2 + 0.1;
C_UDMI(c2,tc2,UDM_NEIGHBOUR_C) = c1 + 0.1;
C_UDMI(c1,tc1,UDM_NEIGHBOUR_TC) = THREAD_ID(tc2) + 0.1;
C_UDMI(c2,tc2,UDM_NEIGHBOUR_TC) = THREAD_ID(tc1) + 0.1;
}
}
end_f_loop(f2,tf2)
}
end_f_loop(f1,tf1)

Message("\n Membrane initialisation completed.\n"),
}
DEFINE_SOURCE(source_mass,c,t,ds,eqn)
{

243

ds[eqn] = 0.;
return C_UDMI(c,t,UDM_MASS_SOURCE);
}

DEFINE_ADJUST(adjust_sources, d)
{
Thread *tc1, *tc2,
Thread *tf1;
cell_t c1, c2;
face_t f1;
real mass_flux, face_area, face_area_vector[3];
real massfrac1_CH4, massfrac1_O2, massfrac1_CO2, massfrac1_H2O, massfrac1_CO,
massfrac1_N2, cell_volume1;
real massfrac2_CH4, massfrac2_O2, massfrac2_CO2, massfrac2_H2O, massfrac2_CO,
massfrac2_N2, cell_volume2;
real molefrac1_O2, molefrac2_O2;
real CH4_mwt, O2_mwt, CO2_mwt, H2O_mwt, CO_mwt, N2_mwt,
real P1, P2, PP1, PP2;
real L, kr, kf, Dv, T, Told, Tcal;

CH4_mwt = 16.04;
O2_mwt = 31.9988;
CO2_mwt = 44.00995;
H2O_mwt = 18.01534;
CO_mwt = 28.00995;
N2_mwt = 28.0134;

L = 0.001;

tf1 = Lookup_Thread(d,WALLSIDE1);
begin_f_loop(f1,tf1)
{
F_AREA(face_area_vector,f1,tf1);
face_area = NV_MAG(face_area_vector);
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c1 = F_C0(f1,tf1);
tc1 = THREAD_T0(tf1);
cell_volume1 = C_VOLUME(c1,tc1);
c2 = (int)C_UDMI(c1,tc1,UDM_NEIGHBOUR_C);
tc2 = Lookup_Thread(d, (int)C_UDMI(c1,tc1,UDM_NEIGHBOUR_TC));
cell_volume2 = C_VOLUME(c2,tc2);

massfrac1_CH4 = C_YI(c1,tc1,0);
massfrac2_CH4 = C_YI(c2,tc2,0);
massfrac1_O2 = C_YI(c1,tc1,1);
massfrac2_O2 = C_YI(c2,tc2,1);
massfrac1_CO2 = C_YI(c1,tc1,2);
massfrac2_CO2 = C_YI(c2,tc2,2);
massfrac1_H2O = C_YI(c1,tc1,3);
massfrac2_H2O = C_YI(c2,tc2,3);
massfrac1_CO = C_YI(c1,tc1,4);
massfrac2_CO = C_YI(c2,tc2,4);
massfrac1_N2 = C_YI(c1,tc1,5);
massfrac2_N2 = C_YI(c2,tc2,5);

molefrac1_O2 =
(massfrac1_O2/O2_mwt)/((massfrac1_O2/O2_mwt)+(massfrac1_CH4/CH4_mwt)+(massfrac1_CO
2/CO2_mwt)+(massfrac1_H2O/H2O_mwt)+(massfrac1_CO/CO_mwt)+(massfrac1_N2/N2_mwt));

molefrac2_O2 =
(massfrac2_O2/O2_mwt)/((massfrac2_O2/O2_mwt)+(massfrac2_CH4/CH4_mwt)+(massfrac2_CO
2/CO2_mwt)+(massfrac2_H2O/H2O_mwt)+(massfrac2_CO/CO_mwt)+(massfrac2_N2/N2_mwt));

P1 = molefrac1_O2*((C_P(c1,tc1)+P_0)/P_0);
P2 = molefrac2_O2*((C_P(c2,tc2)+P_0)/P_0);

PP1=P1;
PP2=P2;
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Told = C_T(c1,tc1);

kf = 41.688 * exp(-146680/(8.31446 * C_T(c1,tc1)));
kr = 11660 * exp(-102910/(8.31446 * C_T(c2,tc2)));
Dv = 0.000059807 * exp(-92709/(8.31446 * C_T(c1,tc1)));

mass_flux = O2_mwt/1000 *face_area * ((kr * Dv * (pow(PP1,0.25)-pow(PP2,0.25)))/(((2 * L * kf
* pow(PP2,0.25) * pow(PP1,0.25))+((pow(PP1,0.25) + pow(PP2,0.25)) * Dv))));

C_UDMI(c1,tc1,UDM_MASS_SOURCE) = -mass_flux / cell_volume1;
C_UDMI(c2,tc2,UDM_MASS_SOURCE) = +mass_flux / cell_volume2;
C_UDMI(c2,tc2,UDM_flux) = mass_flux;
C_UDMI(c1,tc1,UDM_PP) = PP1;
C_UDMI(c2,tc2,UDM_PP) = PP2;

Tcal = C_T(c1,tc1);
C_T(c1,tc1) = (0.1 * Tcal) + ((1-0.1)* Told);
}
end_f_loop(f1,tf1)
}
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